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Abstract. One of the directions in the modern automotive 
industry is related to optimizing processes of the working 
cycle of internal combustion engines, which is related on 
another hand to reducing fuel consumption. This article 
presents calculation results of fuel consumption of a 
passenger car Honda Accord with automatic gearbox which 
are based on experimentally obtained power characteristics 
by using a chassis dynamometer DYNO COSBER. The fuel 
consumption was determined at different speeds of the car 
on a road without a slope and with 2%, 4% and 6% slope 
by using the chassis dynamometer and diagnostic 
equipment. The results of calculations about the influence of 
road resistances on fuel consumption were compared and 
analyzed with those obtained from measurements. 

Keywords: fuel consumption, slope, passenger car chassis 
dynamometer, road resistances. 
 

I. INTRODUCTION 
Important operating properties of the car are its fuel 

economy characteristics. They are evaluated by the fuel 
consumption when the vehicle is driving in different road 
conditions [1]. The fuel consumption of the car depends 
on the fuel economy of the internal combustion engine 
(ICE). 

Internal combustion engines are the main source of 
energy for vehicle for various purposes [3]. Recently, 
more attention is devoted to problems related to the 
ecology and emissions release by ICE of vehicles.  

Modern cars are equipped with ICE with relatively 
higher power. Designers are looking for solutions to 
reduce weight and fuel consumption and to improve the 

aerodynamic characteristics by using modern electronic 
systems for controlling the ICE and the vehicles as a 
whole. Significant portion of the currently available 
studies in the area of ICE and vehicle optimization are 
focused on the impact of the different factors on the fuel 
consumption. The effect of the change of the 
transmission efficiency of useful action on the fuel 
economy was determined analytically in [4], while in [5] 
the influence of the aerodynamic resistances on the fuel 
consumption was investigated. 

Researches of various parameters of the car can be 
conducted in laboratory conditions or through road tests. 
In recent time, chassis dynamometers are increasingly 
used to conduct various tests [2, 6, 7, 8]. The chassis 
dynamometers are used to measure the power 
performances of the car and the engine, but they are also 
used to realize various loads and simulate road conditions 
[6, 7]. The researchers in [8] do investigate on the fuel 
consumption of a conventional car and a hybrid, with 
road conditions realized via chassis dynamometer. 

The purpose of the study is a calculation and 
experimental measurement of the influence of road 
resistance of the fuel consumption of a passenger car with 
an automatic transmission. The experimental 
measurements were carried out on a COSBER 
dynamometer and with the application „Car Scanner Pro“ 
connected via Bluetooth LE (4.0) adapters to the 
electronic control unit (ECU) of ICE through which 
current fuel consumption data were obtained. 

https://doi.org/10.17770/etr2023vol3.7273
https://creativecommons.org/licenses/by/4.0/
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II. METHODS OF THE DETERMINATION OF FUEL 
CONSUMPTION 

Fuel consumption can be determined analytically and 
experimentally.  

Resistance forces applied on a moving car are 
opposite to its direction of motion and they are overcome 
by the tractive force F. Figure 1 presents when the car 
with front-wheel drive without trailer steady moving on a 
slope. Total resistance force in steady motion can be 
presented by 

,tot f i aF F F F= ± +    (1) 

where fF  is rolling resistance force; iF  is gradient 
resistance force; and aF  is aerodynamic drag force.  

 
Fig. 1.  Resistance forces acting on a moving car on a slope. 

Rolling resistance force and gradient resistance force 
are represented by the sum by force Fψ , known as road 
resistance and is determined by [1] 

cos sin ,f iF F F fG G Gψ α α ψ= ± = ± =   (2) 

where f is rolling resistance coefficient, [-], which  
depends on many factors,  and varies as a value, but in 
the study of performance properties it is usually assumed 
to be constant for the relevant road condition; G is the 
weight of the car; ψ  is the road resistance coefficient 
and is determined by [1] 

,f iψ = +   (3) 

where i is a slope of the road, [%]. 
Aerodynamic drag force is distributed over the entire 

surface of the car, but is considered as force applied at a 
single point and it is determined by the formula [1] 

21 ,
2 13a A A

vF c Sρ=   (4) 

where Ac  is the aerodynamic drag coefficient, [-]; Aρ  is 
the mass density of air; S  is the frontal area of the car, 
which is the projected area of the car in the driving 
direction, [m2]; v is the car velocity, [km/h]. 

The fuel consumption in [l/100 km] of traveled 
distance with a steady speed of the car is calculated 
according to [1] 

,
10

е сg P
Q

vρ
=     (5) 

where gе is specific fuel consumption of ICE, [g/kW.h]; v 
is the car velocity, [km/h]; ρ   is  density of the fuel, 
[kg/l];  Pс is the engine power, necessary for the motion 
of the car and can be represented by 

,
3,6

c
c

t

F v
P

η
=   (6) 

where ηt  is transmission efficiency. 
Taking into account the above dependencies for fuel 

consumption is obtained 

( )
.

36
е вg F F

Q
v

ψ

ρ
+

=        (7) 

In the cases when the fuel economy characteristic of 
the engine is not available, the specific effective fuel 
consumption can be determined by an empirical formula 
[1] 

e p pg g k kω= ,   (8) 

where gp is the specific fuel consumption at maximum 
engine power and it is ( ) min1,05 1,15p eg g= ÷ , [g/kW.h]; 
kp is the coefficient which takes into account the effect of 
the engine load on ge; kω is the coefficient which takes 
into account the effect of the of the angular velocity of 
the crankshaft on ge. 

The coefficients kp and kω are determined by 
empirical dependences from [1]. 
  The object of this study is a passenger car Honda 
Accord Executive (CL9), with petrol engine (K24A3). 
The electronic control unit (37820-RBB-E57) of the ICE 
and automatic transmission has modified Firmware. 
Table 1 presents parameters of the car [9] and necessary 
coefficients. 

TABLE 1 PARAMETERS OF THE CAR AND COEFFICIENTS. 
Parameters Designation  Unit Value 

Total mass m  [kg] 1610 
Aerodynamic drag coefficient cA  [-] 0,26 
Frontal area  S  [m2] 2,11 
Acceleration due to gravity g  [m/s2] 9,81 
Rolling resistance coefficient f  [-] 0,01 
Mass density of air ρA [kg/m3] 1,225 
Width of the tire htire  [m] 0,225 
Aspect ratio of the tire - % 45 
Rim diameter  d  [m] 0,432 
Radius of the tire rk  [m] 0,310 
Air pressure of tire ptire  [MPa] 0,23 
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The experimental studies were carried out by using a 
chassis dynamometer DYNO COSBER 4000 in a 
laboratory of TU-Sofia, Plovdiv branch (fig. 2).  The 
environmental parameters in which measurements were 
made are presented in the table 2. The tests were 
performed when the hydrodynamic torque converter was 
operating in mode 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = М𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , torque ratio 

1k =  and clutch is locked-up. In locked-up mode the 
impeller, turbine and stator of the torque converter rotate 
as one and there are no losses.  

The experimental studies and calculations were made 
for the car steady moves on a horizontal road and at the 
three values of the road slope. The slopes of 2%, 4% and 
6% are aligned with the regulations in [10]. 

 

 
Fig. 2. Experimental study of a passenger car Honda Accord 2.4. 

TABLE 2 ENVIRONMENTAL PARAMETERS. 

Parameters Unit Value 
Temperature 0С 19 
Pressure  kPa 101 
Humidity % 46 

Figure 3 shows the input data to the chassis 
dynamometer software. 

 
Fig. 3.  Work screen with details of the passenger car and road 

parameters.  

Figure 3 shows the „Road simulation“ mode used in 
the chassis dynamometer measurements. Fuel 
consumption measurements were made when the 
passenger car was in operated like a manual transmission 

for steady speed values when driving the car in third, 
fourth and fifth gear respectively and at the 
corresponding values of road resistance without a slope, 
and slope 2%, 4% and 6%. 

 
Fig. 4.  „Road simulation“ mode. 

The „Car Scanner Pro“ application enables real-time 
reading of various engine and car parameters. This data 
can also be saved to a log file for further processing and 
analysis. Figure 5 shows some of the data obtained 
through the experiment. 

 

Fig. 5.  Work screen of software “Car Scanner Pro“. 
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III. RESULTS AND DISCUSSION  
Figure 6 presents the experimentally obtained power 

performance of the passenger car and engine 
performance. The engine performance is derived from the 
car power performance by taking in consideration the 
transmission efficiency.  

 

Fig. 6.  Power performance of the passenger car and performance of 
the engine. 

The obtained measurement result on the chassis 
dynamometer for maximum engine  power (154 kW) 
with modified firmware of ECU is higher than the 
original one (140 kW). 

The fuel consumption of the car with the third, fourth 
and fifth gears engaged was calculated by usage of 
equations (2), (3), (7) and (8) in combination with the 
experimentally determined power performance of the car 
and the engine. For the calculation of the fuel 
consumption for the gears, the change in the 
transmission efficiency was taken into account. 
 Figures 7, 8, 9 and 10 present the results of the fuel 
consumption in third, fourth and fifth gear at road 
resistances without a slope and slope of 2%, 4% and 6%, 
respectively, derived from the calculations and the 
experimental measurements. 

 
Fig. 7.  Fuel consumption in third, fourth and fifth gear without a 

slope. 

 
Fig. 8.  Fuel consumption in third, fourth and fifth gear at 2% slope. 

 
Fig. 9.  Fuel consumption in third, fourth and fifth gear at 4% slope. 

 
Fig. 10.  Fuel consumption in third, fourth and fifth gear at 6% slope.  

The fuel consumption of the car increases as the slope 
of the road increases. From the obtained results, it can be 
seen that lower fuel consumption is obtained in the fifth 
gear when the car is moving without a slope, and slope of 
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2% and 4%. At road of 6% slope the fuel consumption is 
lowest in fourth gear and at this road gradient the car 
cannot move in fifth gear.  

 

IV. CONCLUSIONS 
An experiment was performed to validate the results 

of the analytical dependences for determining the fuel 
consumption of a Honda Accord passenger car. The 
results obtained from the analytical dependences are 
close to the experimental results.  

The small differences between the calculated and 
experimental fuel consumption values are due to some 
specifics of the system which controls the continuously 
variable camshaft phasing system used on the intake 
camshaft of DOHC engine (intelligent-VTEC) and some 
peculiarities in the setting of ECU's firmware of car's 
engine. The peculiarities of the methodology for 
analytical determination of fuel consumption also have an 
influence on this difference. 
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Abstract. The article presents and analyzes the results 
obtained from an experimental study of the content of toxic 
components in the exhaust gases during the operation of a 
car engine with gasoline and liquefied petroleum gas (LPG). 
The study was conducted in laboratory conditions by 
loading the driving wheels with a roller-type chassis 
dynamometer, corresponding to the established movement 
of the car with constant speed on a horizontal road section. 

Keywords: Car, Engine, Exhaust Gases, Experimental Study, 
Gasoline, LPG and Toxic Components. 
 

I. INTRODUCTION 
Environmental pollution has been one of the current 

topics in recent decades. The road transport is one of the 
main polluters. The exhaust gases of internal combustion 
engines contain a large number of chemical compounds, 
the concentration of which varies depending on the type 
of fuel used and the nature of the combustion process [1], 
[2], [3], [4]. The nature of the combustion process in turn 
depends on the technical condition of the internal 
combustion engine and its mode of operation. This article 
aims to study the concentration of certain toxic 
components (CO, CO2, CH) at different car speeds and 
assess the pollution levels in established modes of car 
motion, such as constant speed driving. For this purpose, 
the movement of the car is simulated in laboratory 
conditions using a chassis dynamometer. A resistance 
force is created of the driving wheels, which depends on 
the speed of the car. A gas analyzer was used to measure 
the content of harmful components in the exhaust gases. 
The experimental study was performed on a Honda Civic 

Aerodeck, with engine displacement - 1500 cm3, rated 
power of 84 kW/6500 min-1 and meeting the 
environmental standard Euro 2. The car was equipped 
with a three-way catalytic converter with a mileage of 
approximately 430,000 km at the time of the experiment, 
and also a new catalytic converter, produced by BM 
Catalysts – UK. It had a car gas system (CGS) as well, 
installed with an LPG electronic control unit, made by the 
company STAG, model STAG 300 ISA2. The multiplier 
map for the gas ECU was done manually, not by the 
automatic determination algorithm. 
 

II. MEANS FOR MEASURING AND METHODS 
The roller-type chassis dynamometer used in the 

experiment was a the Dyno Cosber 4000. The 
dynamometer offers various features, including "Road 
simulation". Before starting the "Road simulation" mode, 
the car's data is entered into the system, such as vehicle’s 
mass, rim and tire parameters, tire type, transmission type, 
speed/engine rpm ratio, drag coefficient, projected frontal 
area of the vehicle, slope angle of the road, etc., were 
entered into the system The software then calculated the 
value of the total resistance force at the respective speed, 
and the chassis dynamometer loaded the driving wheels 
accordingly. The driving wheels of the tested car are on 
the front axle. 

The Dyno Cosber 4000 is equipped with a digital O2 
sensor controller LC-2, made by Innovate Motorsports 
and a wideband lambda sensor Bosch LSU 4.9. This 
sensor is specifically designed to measure the proportion 
of oxygen in the exhaust gases of various types of 

https://doi.org/10.17770/etr2023vol3.7304
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automotive engines, including those, powered by gasoline, 
LPG, or diesel fuel. The wideband lambda sensor LSU 4.9 
is a planar ZrO2 dual-cell limiting current sensor with an 
integrated heater  in it [5]. 

 
Fig. 1. Chassis dynamometer DynoCosber 4000 [6]. 

 
Fig. 2. Window with the technical data of the tested car [8]. 

TABLE 1 TECHNICAL SPECIFICATION OF A CHASSIS DYNAMOMETER 

Parameter Unit 

Max.  absorption power 883 kW 

Max. torque 2350 Nm 

Max. speed 250 km/h 

Max. axle weight 2000 kg x 2 

Max. continual loading time 15 min 

Roller axle separation 430 mm 

Roller length 860 mm 

Roller diameter 216 mm 

Wheel base ajustment 2180-3380 mm 

Air/Fuel ratio for gazoline 
(λ) 

7.35-22.39 
(0.5 - 1.5) 

 

The Dyno Cosber 4000 offers a precise simulation of 
defined road load conditions, enabling measurements of 
fuel consumption and exhaust analysis. When operating in 
the "Road simulation" mode with a constant speed, the 
PID (proportional integral derivative) controler and the 
power absorbing unit adjust the engine load to simulate 
normal road driving, accounting for a number of factors, 
such as slope angle, rolling resistance, and air resistance. 
Rolling resistance power results from the tire and road 
surface deformation as a function of speed, while air 
resistance power is proportional to the vehicle's frontal 
surface area and air resistance coefficient. In a “Road 
simulation” mode at a constant speed, the inertial drag 
power is zero. 

 
Fig. 3. Gas analyzer DEK DG-04IR. 

TABLE 2 TECHNICAL SPECIFICATION OF A GAS ANALYZER  

Compo-
nent 

Measurement  
range 

Measuring  
accuracy 

CO 0 to 15% vol. ±0.02% vol. ±3% 

CO2 от 0 to 20% vol. ±0.3% vol. ±3% 

HC 0 to 15000 ppm vol. 
n-hexane 

propane - ±8ppm vol. ±3% 

O2(*) 0 to 25% vol. ±0.1% vol. ±5% 
 

A DEK gas analyzer, model DEK DG-04IR [7], was 
used to measure the content of harmful components in the 
exhaust gases. The gas analyzer has a certificate for an 
approved type BG 04 No. 4245 of a measuring device 
from the State Agency for Metrological and Technical 
Supervision. It measures the CO, CO2 and HC content of 
the exhaust gases. The content of CO, CO2 is in %, and of 
HC - in ppm. The DEK gas analyzer has a clamp for 
measurement of the engine's rpm and a sensor for 
measuring the an engine's oil temperature. A screen from 
the gas analyzer software is shown in fig. 4. Before 
starting the measurement, the type of the engine's fuel 
must be selected - gasoline (BENZIN in gas analyzer’s 
software) or LPG. 

 

Fig. 4. Full screen mode of the DEK DG-04IR gas analyzer software. 
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III. RESULTS AND DISCUSSION 
The measurements were performed in laboratory 

conditions - fig. 5 and 6. 
To ensure comparability of the results, the 

measurements for both fuels were performed at: 
- the same adjusment of valve clearance 

(according to the prescriptions of the manufacturer);  
- the same ignition timing setting (according to the 

prescriptions of the manufacturer);  
- established engine temperature condition 

(constant coolant temperature) of the engine; 
- the same atmospheric conditions (measurements 

conducted within a few hours). 

 
Fig. 5. Measurement of the content of toxic components in the exhaust 

gases. 

 
Fig. 6. Data from the software of  Dyno Cosber 4000 and the gas 

analyzer, used in the experimental study. 

During the measurements, the car was set at its 5th 
gear. 

The measurements were carried out at an established 
speed of the vehicle. The selected speed values were 
respectively 50, 70, 90, 110, 120, 130 and 140 km/h. The 
obtained results are presented graphically in Figures 7, 8 
and 9. 

 
Fig. 7. Experimental study of the content of CO, [%] in the exhaust 

gases of a car Honda Civic Aerodeck 1.5 iLS. 
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Fig. 8. Experimental study of the content of CO2, [%] in the exhaust 

gases of a car Honda Civic Aerodeck 1.5 iLS. 
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Fig. 9. Experimental study of the content of CH, [ppm] in the exhaust 

gases of a car Honda Civic Aerodeck 1.5 iLS. 

The measurements of the air/fuel ratio (AFR) and λ  are 
presented as shown by the Dyno Cosber 4000 software. 
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Fig. 10. Experimental study of the content of λ in the exhaust gases of a 

car Honda Civic Aerodeck 1.5 iLS. 

The content of carbon monoxide depends mostly on 
the value of the air/fuel ratio. The content of hydrocarbons 
in the exhaust gases depends on both the value of the AFR 
and the ignition advance angle. 

Figure 7 shows that the highest values of carbon 
monoxide in the exhaust gases are observed when the car 
motion speed is 140 km/h. In this case λ=0,89 (when the 
engine operates on gasoline).  When the engine runs on 
gasoline, the value of carbon oxides is 41,59% lower than 
when it works on LPG. The lowest values of carbon 
monoxide in the exhaust gases are registered at a car 
motion speed of 90 km/h. 

Figure 8 indicates that the highest values of CO2 in the 
exhaust gases when the engine runs on gasoline or LPG 
are observed at the car motion speed of 130 km/h, and the 
lowest values are registered when the car motion speed is 
90 km/h. There are no big differences in the measured 
value of carbon dioxide at different vehicle speeds.  

Figure 9 illustrates that the highest values of 
hydrocarbons in the exhaust gases are reached when the 
car motion speed is 140 km/h. In this case λ=0,89 (when 
the engine runs on gasoline).  When the engine operates 
on LPG at a vehicle speed of 140 km/h, the value of 
hydrocarbons is 32% lower than when it runs on gasoline. 
The lowest values of hydrocarbons in the exhaust gases 
are observed at a car motion speed of 90 km/h. 

In general, the nature of the change in the content of 
harmful components in the exhaust gases at different car 
speeds follows almost a similar pattern. The  observed 
differences are due to a suboptimal multiplier map for the 
gas ECU. 
 

IV. CONCLUSIONS 
From the study of toxic components in the exhaust 

gases, the following conclusions and suggestions could be 
pointed out: 

1. When driving at a constant speed and the engine is 
running in the mode “lean burn control“ i.e. λ>1, the 
amount of measured harmful components in the exhaust 

gases is lower. The most significant difference is observed 
for carbon monoxide. 

2. During the operation of a car engine at a constant 
rpm (constant car speed) with a LPG the amount of 
hydrocarbons in the exhaust gases is lower than it is when 
working with gasoline. 

3. The use of an additional device to control the 
ignition advance angle when the engine runs on LPG will 
lead to lower CO values and thus improve the 
environmental performance of the engine.    

4. For more accurate determination of fuel-air 
mixtures when the engine is runs on LPG, it may be 
recommended to use an LPG electronic control unit, 
which has communication on the diagnostic socket via the 
appropriate diagnostic communication protocol.      
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Abstract. The application of welding processes during 
manufacturing of metallic products result in changes of the 
properties of the base materials. Process simulation enables 
evaluation of the effect of heat application in proximity to 
the weld seam. The availability and use of input data, 
relevant for the specific material, is essential for the 
reliability of the results. The thermal characteristics of the 
materials, required for the heat modelling were identified. 
Their dependency on the material temperature was 
investigated and the formulas were presented. Particular 
values were found in existing data sources, for specific 
structural steels, stainless steels, nickel and titanium alloys. 
The values of the thermal characteristics were represented 
and in graphical and tabulated formats, facilitating direct 
implementation in calculations, assessment of variation 
trends and applicability for specific purposes.  

Keywords: thermal characteristic, modelling, welding process. 
 

I. INTRODUCTION 
The properties of the welded joints could not be 

assessed in full after the completion of the structures 
manufacturing. Welding is a special process [1] and 
control before, during and after the completion of the 
works is necessary, if comprehensive quality requirements 
are to be met [2]. In fusion welding a heat source or 
sources are applied to the material, melting and joining the 
neighbouring parts. The increase of the temperature from 
an initial value (T0) is very fast, and the decrease of the 
temperature is slower, depending on variable conditions, 
process and material characteristics. Standard 
recommendations regarding the process variables [3], [4] 
are issued for the most common materials, like ferritic 
steels, and information is provided by the manufacturers 
of advanced materials [5]. The common evaluation is 
based on calculation or estimation of the cooling time in 
the temperature range between 800 and 500 °C, the t8/5 
time. 

The calculation of the cooling time is possible 
according to standard formulas, valid under limited range 
of values of essential variables, defines by the standards 
[4], [6]. For example, a three-dimensional heat dissipation 
the equation was formulated: 

𝑡𝑡8 5⁄ = (6700− 5 ⋅ 𝑇𝑇0) ⋅ 𝑄𝑄 ⋅ � 1
500−𝑇𝑇0

− 1
800−𝑇𝑇0

� ⋅ 𝐹𝐹3  (1) 

where: 

T0 – initial temperature of the material, 

Q – heat input, 

F3 –  seam geometrical factor. 

The properties of the materials are not considered in 
(1), and the formula is only valid for ferritic steels. 

The cooling time t8/5 is calculated in the immediate 
proximity to the weld seam, where the cooling rate is the 
highest. This area is considered as the most vulnerable to 
base material properties deterioration. 

During the welding process, the t8/5 is regulated by 
controlled application of heat at specified initial 
temperature. At process qualification, the resulting 
material properties are checked by non-destructive and 
destructive tests on sample pieces.  

This simplified approach is applicable to limited range 
of standard conditions. The zone of the base material, 
affected by the heat (HAZ) is of complicated three 
dimensional shapes. The properties in the volume of the 
HAZ vary in each direction. More detailed analysis is 
necessary in the cases of welding conditions outside of the 
limits defined by the standard [3]; for materials of 
chemical composition outside the defined limits; of 
special properties obtained by a manufacturing treatment, 
that could be influenced by the heat; in cases of significant 
importance of the structure built and in all cases when the 
standard approach results should be additionally verified. 

https://doi.org/10.17770/etr2023vol3.7202
https://creativecommons.org/licenses/by/4.0/
mailto:valentin.anguelov@ims.bas.bg
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The modeling of the welding requires reliable data in 
order to achieve simulations in close agreement to the real 
process results. 
 

II.  MATERIALS AND METHODS 

A. Overview  
The simulation of the temperature profile includes 

building of appropriate model of the heat source (e.g. 
welding arc, laser beam), simulation of the heat flow 
within the base materials volume, as well as to and from 
the surrounding ambience. 

The execution, validation and verification workflow of 
the numerical welding simulation was standardized in [7]. 
The application of the models and the methods used were 
described in a significant number of scientific papers, 
including [8], [9] and [10]. 

The simulation of the temperature profile includes 
building of appropriate model of the heat source (e.g. 
welding arc, laser beam), simulation of the heat flow 
within the base materials volume, as well as to and from 
the surrounding ambience.  

The heat transfer equation,   

 𝛻𝛻2𝑇𝑇 = 𝜌𝜌 ⋅ 𝐶𝐶𝑝𝑝
𝑘𝑘
⋅ 𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

   (2) 

 

was initially solved for the welding processes as in 
[11]. It was developed in [12] as  
 

𝐶𝐶𝑝𝑝 ⋅ 𝜌𝜌 ⋅
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿

= 𝑘𝑘 ⋅ �𝛿𝛿
2𝑇𝑇

𝛿𝛿𝑥𝑥2
+ 𝛿𝛿2𝑇𝑇

𝛿𝛿𝑦𝑦2
+ 𝛿𝛿2𝑇𝑇

𝛿𝛿𝑧𝑧2
� + 𝑞𝑞      (3) 

 

Formulation for FEA solution was presented in [13] 
and depending on the welding process, developed in order 
to represent the specific heat source in the best way (e.g. 
in [14] and [15]). 

B. Modeling Input Data 
In all solutions, the required input data includes: 

 Process parameters, including power (i.e. welding 
current and voltage of arc welding), movement speed and 
process efficiency. 

The process parameters are measured during the process 
or values of the parameters are decided, in order to create 
simulation of the changes influence. 
Initial values of the process efficiency could be obtained 
in [6]. The value of the process efficiency is used for 
process calibration. 

 Heat source parameters, including shape and power 
distribution. 

Multiple solutions of the heat source characteristics were 
developed, as described in [16]. The values of the heat 
source parameters are used for process calibration. 

 Geometry parameters, including size of the work-
piece, distance of the heat application from the edges of 

the material, distance of the FEM points from the heat 
source. 

The geometry parameters are measured or variations of 
the values are decided, in order to create simulation of the 
changes influence. 

 Material characteristics, including: 

 Cp – specific heat capacity at constant pressure, 

 k - thermal conductivity and , 

 𝜌𝜌 - material density. 

C. Material Characteristics  
The specific heat capacity of a material is the amount 

of heat required to rise the temperature of 1 kg of mass by 
1 K (°C) [21]: 

 𝑄𝑄 = 𝑚𝑚 ⋅ 𝐶𝐶 ⋅ (𝑇𝑇2 − 𝑇𝑇1)  (4) 

where Q is the amount of heat, m is the mass, T1 and T2 
are the initial and final temperatures.  
C is the commonly used symbol for the heat capacity, or 
Cp if considered at constant pressure, with unit of 
measurement (J/(kg.K))  ≡ (J/(kg.°C)). 
 

The thermal conductivity coefficient is regarded in 
[17]. Fourier’s law defines the quantity of heat diffusing 
through a unit surface during a unit of time within a 
material subjected to a temperature gradient: 

 
  𝑞𝑞 = −𝑘𝑘 ⋅ 𝛻𝛻𝛻𝛻   (5) 

 
where k is the commonly used symbol for thermal 
conductivity, with unit of measurement W/(m.K) ≡ 
W/(m.°C). 

 
The density of the materials is commonly represented 

by the symbol 𝜌𝜌in units of kg/m3. 

The above characteristics are specific to each material, 
according to the chemical composition and internal 
structure and depending on the temperature value and 
heating rate [18]. 

The present investigation was targeted at the thermal 
characteristics of weldable metallic materials, in range 
representing temperatures of the base material and the heat 
affected zone in the period of time preceding and 
successive to the application of heat by a moving source. 
Commonly used grades of structural, low alloyed and 
stainless steel, nickel and titanium alloys were 
investigated. The range between -100 °C to 1400 °C was 
considered. 

 

D. Data sources of thermal characteristics of the 
metallic materials 
Limited information regarding the thermal 

characteristic of specific metallic material is readily 
available. The following types of data sources were 
identified: 
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 Regulatory specifications, including EU and USA 
standards and codes [19], [20]. The data includes 
empirical formulas of the structural carbon and stainless 
steel thermal characteristics at temperature ranges. 
The data provided in the specifications is compulsory to 
be considered, when calculating the properties of 
materials, used in construction. 

 Data bases of the modelling software. The welding 
processes modelling software [21], [22] allows for 
definition of the material properties as constant, as 
dependent variable defined by the user, or as a data to be 
obtained from built-in data bases. The data in the bases 
built in the modelling software is limited to their material 
libraries. 

 Data, provided by educational and research 
institutions [23], [24]. The data is limited to specific 
materials that were subject to research. In cases of 
different results obtained by different researchers, both 
results were presented in [25]. 

 Data provided by material manufacturers [26]. The 
data is limited to the materials of each steel producer. 

 Other public data bases. Multiple public data bases 
are available online, providing information about the 
materials thermal characteristics. Some of the data bases 
provide general information, like in [27] and [28], other 
provide specific information, according to referenced 
sources [29], while some of the data was false [30]. 
 

III. RESULTS AND DISCUSSION  

A. Relations of material density, specific heat 
capacity and thermal conductivity to temperature 
In data sources [19], [22], [27] and [29], the values of 

the material properties are presented as constants or  by 
use of empirical formula calculations, depending on the 
temperature, as in Table 1, Table 2 and Table 3. 

TABLE 1 CONSTANTS AND EMPIRICAL FORMULAS OF MATERIAL DENSITY 

Material Temperature 
range, °C Density 𝝆𝝆 (T) , kg/m3 Source 

S 355 J2, 
S 690 QL 

All  Constant, 7850 [19] 

All Constant, 7800 [27] 

(-100) to 704 7911.3− 0.01678428 ⋅ 𝑇𝑇 − 8.018711 ⋅ 10−4 ⋅ 𝑇𝑇2
+1.172796 ⋅ 10−6 ⋅ 𝑇𝑇3 − 1.015971 ⋅ 10−9 ⋅ 𝑇𝑇4 + 3.677737 ⋅ 10−13 ⋅ 𝑇𝑇5

 

[22] 704 to 788 7116.994 + 0.5195388 ⋅ 𝑇𝑇 

788 to 871 8166.523− 0.4696497 ⋅ 𝑇𝑇  

871 to (1400) Constant, 7630 

All Constant, 7850 [29] 

X5CrNi18-10 
(304) 

All  Constant, 7850 [19] 

All Constant, 7800 [27] 

(-100) to 1427 7945.333− 0.1981948 ⋅ 𝑇𝑇 − 3.713764 ⋅ 10−4 ⋅ 𝑇𝑇2
+2.213069 ⋅ 10−7 ⋅ 𝑇𝑇3 − 5.128456 ⋅ 10−11 ⋅ 𝑇𝑇4

 [22] 

All Constant, 8000 [29] 

X2CrNiMoN22-
5-3 (2205) 

All  Constant, 7850 [19] 

All Constant, 7800 [27] 

(-100) to 20 Constant, 7790 

[22] 20 to 400 7871.9− 0.1918817 ⋅ 𝑇𝑇 − 2.088029 ⋅ 10−4 ⋅ 𝑇𝑇2 + 8.9339 ⋅ 10−8 ⋅ 𝑇𝑇3 

400 to (1400) Constant, 7675 

All Constant, 7800 [29] 
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TABLE 1 (CONT.) CONSTANTS AND EMPIRICAL FORMULAS OF MATERIAL DENSITY 

Material Temperature 
range, °C Density 𝝆𝝆 (T) , kg/m3 Source 

NiCr22Mo9Nb 
(Inconel 625) 

All Constant, 8600 [27] 

(-100) to - 20 8308.627 + 0.0376521 ⋅ 𝑇𝑇 − 0.001256698 ⋅ 𝑇𝑇2 + 1.529227 ⋅ 10−6 ⋅ 𝑇𝑇3 

[22] - 20 to 927 8339.072− 0.3000351 ⋅ 𝑇𝑇 + 2.796812 ⋅ 10−6 ⋅ 𝑇𝑇2 − 5.001998 ⋅ 10−8 ⋅ 𝑇𝑇3 

927 to (1400) Constant, 7900 

All Constant, 8440 [29] 

NiCu30Fe (Monel 
400) 

All Constant, 8600 [27] 

(-100) to 1093 8886.029− 0.2533148 ⋅ 𝑇𝑇 − 1.860111 ⋅ 10−4 ⋅ 𝑇𝑇2 + 4.094544 ⋅ 10−8 ⋅ 𝑇𝑇3 
[22] 

1093 to (1400) Constant, 8300 

All Constant, 8440 [29] 

Titan 99.8  
(Titan Grade 1) 

All Constant, 4500 [27] 

(-100) to 871 4534.619− 0.1176636 ⋅ 𝑇𝑇 + 2.570905 ⋅ 10−6 ⋅ 𝑇𝑇2 − 1.218339 ⋅ 10−8 ⋅ 𝑇𝑇3 
[22] 

871 to (1400) Constant, 4385 

All Constant, 4500 [29] 

TiAl6V4 
(Titan Grade 5) 

All Constant, 4450 [27] 

(-100) to 27 4452.817 + 0.02869485 ⋅ 𝑇𝑇 − 6.448869 ⋅ 10−4 ⋅ 𝑇𝑇2
+9.646377 ⋅ 10−7 ⋅ 𝑇𝑇3 − 1.720215 ⋅ 10−11 ⋅ 𝑇𝑇4

 

[22] 27 to 760 4467.094− 0.119171 ⋅ 𝑇𝑇 − 1.275079 ⋅ 10−5 ⋅ 𝑇𝑇2 

760 to (1400) Constant, 4330 

All Constant, 4430 [29] 

 

TABLE 2 CONSTANTS AND EMPIRICAL FORMULAS OF SPECIFIC HEAT CAPACITY 

Material Temperature 
range, °C Specific heat capacity at constant pressure Cp (T) , J/(kg °C) Source 

S 355 J2, 
S 690 QL 

(-100) to 20 Constant, 443 

[19] 

20 to 600 425 + 0.773 ⋅ 𝑇𝑇 − 0.00169 ⋅ 𝑇𝑇2 + 2.22𝑇𝑇 ⋅ 10−6 ⋅ 𝑇𝑇3 

600 to 735 666 + �
13002

738− 𝑇𝑇
� 

735 to 900 545 + �
17820
𝑇𝑇 − 731

� 

900 to (1400) Constant, 650 

All Constant, 470 [27] 

(-100) to 20 Constant, 500 

[22] 20 to 575 −215.730638 + 6.0184999 ⋅ 𝑇𝑇 − 0.0183429321 ⋅ 𝑇𝑇2
+2.414973 ⋅ 10−5 ⋅ 𝑇𝑇3 − 1.07882432 ⋅ 10−8 ⋅ 𝑇𝑇4

 

575 to (1400) Constant, 840 

All Constant, 470 [29] 
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TABLE 2 (CONT.) CONSTANTS AND EMPIRICAL FORMULAS OF SPECIFIC HEAT CAPACITY 

Material Temperature 
range, °C Specific heat capacity at constant pressure Cp (T) , J/(kg °C) Source 

X5CrNi18-10 
(304) 

All 450 + 0.280 ⋅ 𝑇𝑇 − 2.91 ⋅ 10−4 ⋅  𝑇𝑇2 + 1.34 ⋅ 10−7 ⋅ 𝑇𝑇3 [19] 

All Constant, 470 [27] 

(-100) to 37 270.215− 1.210511 ⋅ 𝑇𝑇 + 0.02151566 ⋅ 𝑇𝑇2
−7.511841 ⋅ 10−5 ⋅ 𝑇𝑇3 + 8.136796 ⋅ 10−8 ⋅ 𝑇𝑇4

 

[22] 37 to 1038 109.2073 + 2.571775 ⋅ 𝑇𝑇 − 0.006528099 ⋅ 𝑇𝑇2
+7.787524 ⋅ 10−6 ⋅ 𝑇𝑇3 − 4.167913 ⋅ 10−9 ⋅ 𝑇𝑇4 + 8.090613 ⋅ 10−13 ⋅ 𝑇𝑇5

 

1038 to (1400) Constant, 630 

All Constant, 470 [29] 

X2CrNiMoN22-5-3 
(2205) 

All Constant, 480 [27] 

(-100) to 20 Constant, 482 

[22] 20 to 400 429.285931 + 0.130317584 ⋅ 𝑇𝑇 + 1.56721552 ⋅ 10−4 ⋅ 𝑇𝑇2 

400 to (1400) Constant, 587 

100 Constant, 530 [29] 

NiCr22Mo9Nb 
(Inconel 625) 

All Constant, 440 [27] 

(-100) to 20 Constant, 410 

[22] 20 to 700 337.05099 + 0.247120722 ⋅ 𝑇𝑇 

700 to (1400) Constant, 580 

All Constant, 410 [29] 

NiCu30Fe (Monel 
400) 

All Constant, 439 [27] 

(-100) to 315 −100.987409 + 4.83633162 ⋅ 𝑇𝑇 − 0.0170401517 ⋅ 𝑇𝑇2
+2.74397264 ⋅ 10−5 ⋅ 𝑇𝑇3 − 1.63381644 ⋅ 10−8 ⋅ 𝑇𝑇4

  
[22] 

315 to (1400) Constant, 477 

All Constant, 427 [29] 

Titan 99.8  
(Titan Grade 1) 

All Constant, 540 [27] 

(-100) to 27 −167.746811 + 7.08658306 ⋅ 𝑇𝑇 − 0.0297849253 ⋅ 𝑇𝑇2
+6.04477124 ⋅ 10−5 ⋅ 𝑇𝑇3 − 4.76258862 ⋅ 10−8 ⋅ 𝑇𝑇4

 

[22] 
27 to 627 464.052042 + 0.152465588 ⋅ 𝑇𝑇 + 2.12593015 ⋅ 10−4 ⋅ 𝑇𝑇2

−1.72017085 ⋅ 10−7 ⋅ 𝑇𝑇3
 

627 to 883 −33066.629 + 136.77383 ⋅ 𝑇𝑇 − 0.204810858 ⋅ 𝑇𝑇2
+1.335041 ⋅ 10−4 ⋅ 𝑇𝑇3 − 3.17182178 ⋅ 10−8 ⋅ 𝑇𝑇4

 

883 to (1400) 352.825758 + 0.123047884 ⋅ 𝑇𝑇 + 6.65722934 ⋅ 10−5 ⋅ 𝑇𝑇2 

200 Constant, 560 [29] 

TiAl6V4 
(Titan Grade 5) 

All Constant, 523 [27] 

(-100) to 30 −167.173226 + 6.75429814 ⋅ 𝑇𝑇 − 0.0235237743 ⋅ 𝑇𝑇2
+2.95625708 ⋅ 10−5 ⋅ 𝑇𝑇3

 
[22] 

30 to (1400) 383.351385 + 0.670881806 ⋅ 𝑇𝑇 − 5.35234016 ⋅ 10−4 ⋅ 𝑇𝑇2
+1.63517247 ⋅ 10−7 ⋅ 𝑇𝑇3
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TABLE 3 CONSTANTS AND EMPIRICAL FORMULAS OF THERMAL CONDUCTIVITY 

Material Temperature 
range, °C Thermal conductivity k (T) , W/(m °C) Source 

S 355 J2, 
S 690 QL 

(-100) to 20 Constant, 53.35 

[19] 20 to 800 54− 0.0333 ⋅ 𝑇𝑇 

800 to (1400) Constant, 27.3 

All Constant, 51 [27] 

(-100) to 20 Constant, 53 

[22] 
20 to 800 56.38699− 0.00728786 ⋅ 𝑇𝑇 − 1.988814 ⋅ 10−5 ⋅ 𝑇𝑇2 

800 to 1200 −82.99624 + 0.1669461 ⋅ 𝑇𝑇 − 6.125136 ⋅ 10−5 ⋅ 𝑇𝑇2 

1200 to (1400) Constant, 30 

All Constant, 52 [29] 

X5CrNi18-10 
(304) 

(-100) to 0 Constant, 14.6 

[19] 0 to 1200 14.6 + 0.0127 ⋅ 𝑇𝑇 

1200 to (1400) Constant, 30 

All Constant, 16 [27] 

(-100) to 20 −1.031521 + 0.1813807 ⋅ 𝑇𝑇 − 1.088656 ⋅ 10−3 ⋅ 𝑇𝑇2
+3.411681 ⋅ 10−6 ⋅ 𝑇𝑇3 − 3.988389 ⋅ 10−9 ⋅ 𝑇𝑇4

 
[22] 

20 to (1400) 6.742253 + 0.02864915 ⋅ 𝑇𝑇 

100 16.2 [29] 
500 21.5 

X2CrNiMoN22-5-3 
(2205) 

(-100) to 0 Constant, 14.6 

[19] 0 to 1200 14.6 + 0.0127 ⋅ 𝑇𝑇 

1200 to (1400) Constant, 30 

All Constant, 27 [27] 

(-100) to 20 Constant, 14.24 

[22] 20 to 400 7.134798 + 0.02746063 ⋅ 𝑇𝑇 − 1.233173 ⋅ 10−5 ⋅ 𝑇𝑇2 

400 to (1400) Constant, 20 

100 16 

[29] 300 18 

400 20 

NiCr22Mo9Nb 
(Inconel 625) 

All Constant, 10 [27] 

(-100) to 982 5.482405 + 0.01380594 ⋅ 𝑇𝑇 + 1.678069 ⋅ 10−6 ⋅ 𝑇𝑇2 
[22] 

982 to (1400) Constant, 25.5 

All Constant, 9.9 [29] 

NiCr22Mo9Nb 
(Inconel 625) 

All Constant, 23 [27] 

(-100) to 982 14.14109 + 0.02732033 ⋅ 𝑇𝑇 + 2.257259 ⋅ 10−6 ⋅ 𝑇𝑇2 
[22] 

982 to (1400) Constant, 52 

All Constant, 21.8 [29] 
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TABLE 3 (CONT.) CONSTANTS AND EMPIRICAL FORMULAS OF THERMAL CONDUCTIVITY 

Material Temperature 
range, °C Thermal conductivity k (T) , W/(m °C) Source 

Titan 99.8  
(Titan Grade 1) 

All Constant, 20 [27] 

(-100) to 53 58.17412− 0.4851624 ⋅ 𝑇𝑇 + 0.00288092 ⋅ 𝑇𝑇2
– 8.255595 ⋅ 10−6 ⋅ 𝑇𝑇3 + 8.903946 ⋅ 10−9 ⋅ 𝑇𝑇4

 

[22] 53 to 704 41.95804− 0.1227486 ⋅ 𝑇𝑇 + 2.33331 ⋅ 10−4 ⋅ 𝑇𝑇2
– 1.937431 ⋅ 10−7 ⋅ 𝑇𝑇3 + 6.191111 ⋅ 10−9 ⋅ 𝑇𝑇4

 

704 to (1400) 15.13513 + 0.004158454 ⋅ 𝑇𝑇 + 1.376649 ⋅ 10−6 ⋅ 𝑇𝑇2 

All Constant, 26 [29] 

TiAl6V4 
(Titan Grade 5) 

All Constant, 7.11 [27] 

(-100) to 38 0.1560505 + 0.07648919 ⋅ 𝑇𝑇 − 2.883179 ⋅ 10−4 ⋅ 𝑇𝑇2
+3.68138 ⋅ 10−7 ⋅ 𝑇𝑇3

 

[22] 38 to 538 8.114005− 0.01485211 ⋅ 𝑇𝑇 + 4.468662 ⋅ 10−5 ⋅ 𝑇𝑇2
−2.273481 ⋅ 10−8 ⋅ 𝑇𝑇3

 

538 to (1400) Constant, 13.32 
 

B. Graphical presentation of the physical properties 
of the materials 
The presentation of the physical properties values 

allow for the visual perception of the range of deviations 
in the material properties data, as well as for visualization 
of the values development with temperature changes, as 
well as transition points and extremes. 

In all graphics, the data sourced were represented in 
the following styles: 

 
 S 355J2 structural steel, acc. to EN 10025-2. 

Similar to: 1.0577, ASTM A572 gr.50, GB Q355D 

 
Fig. 1a Density of S 355 J2 structural steel. 

 
Fig. 1b Specific heat capacity of S 355 J2 steel. 

 

 
Fig. 1c Thermal conductivity of S 355 J2 steel. 

 

 S 690 QL structural steel, acc. to EN 10025-6 

Similar to: 1.8928, TStE 690 V, GB Q690E 
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Fig. 2a Density of S 690 QL structural steel. 

 

 
Fig. 2b Specific heat capacity of S 690 QL steel. 

 

 
Fig. 2c Thermal conductivity of S 690 QL steel. 

 

 X5CrNi18-10 stainless steel acc. to EN 10088-2 

Similar to: 1.4301, ASTM 304 

 

 
Fig. 3a Density of X5CrNi18-10 stainless steel. 

 

 
Fig. 3b Specific heat capacity of X5CrNi18-10 steel. 

 

 
Fig. 3c Thermal conductivity of X5CrNi18-10 steel. 

 
 X2CrNiMoN22-5-3 duplex stainless steel acc. to EN 
10088-2 

Similar to: 1.4462, ASTM 2205 
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Fig. 4a Density of X2CrNiMoN22-5-3 duplex steel. 

 

 
Fig. 4b Specific heat capacity of X2CrNiMoN22-5-3. 

 

 
Fig. 4c Thermal conductivity of X2CrNiMoN22-5-3. 

 

 NiCr22Mo9Nb nickel alloy acc. to EN 10095 

Similar to: 2.4856, Inconel 625 

 

 
Fig. 5a Density of NiCr22Mo9Nb nickel alloy. 

 

 
Fig. 5b Specific heat capacity of NiCr22Mo9Nb. 

 

 
Fig. 5c Thermal conductivity of NiCr22Mo9Nb. 

 
 NiCu30Fe acc. to DIN 17443 

Similar to: 2.4360, Monel 400 
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Fig. 6a Density of NiCu30Fe nickel alloy. 

 

 
Fig. 6b Specific heat capacity of NiCu30Fe. 

 

 
Fig. 6c Thermal conductivity of NiCu30Fe. 

 

 Titan Grade 1, Ti 99.8 

Similar to: 3.7025, ASTM B-265 

 

 
Fig. 7a Density of Ti 99.8 (Titan Grade 1). 

 

 
Fig. 7b Specific heat capacity of Ti 99.8. 

 

 
Fig. 7c Thermal conductivity of Ti 99.8. 

 
 Titan Grade 5, TiAl6V4 

Similar to: 3.7165 
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Fig. 8a Density of TiAl6V4, (Titan Grade 5). 

 

 
Fig. 8b Specific heat capacity of TiAl6V4. 

 

 
Fig. 8c Thermal conductivity of Ti 99.8. 

 

IV. CONCLUSIONS 
For the most common material types there are 

multiple sources of available data, obtained through 
experiments, by calculations according to empirical 
formulas or by estimations based on chemical and 
structural similarity. The application of the particular 
source of material properties data in model building 

should consider the purpose and the application of the 
simulation results.  

Estimation could be appropriate source of data for 
purpose of investigating trends and general influences.  

In cases when high level of reliability or accuracy of 
the model results is required, input information from 
verified sources should be used and experimental 
confirmation should be considered, for the particular 
material type, grade, origin, manufacturing lot, and in 
conditions equivalent to the actual application conditions.  

It should be noted, that for some types of steels there 
are significant differences of the material properties data, 
e.g. in the specific heat capacity of the structural carbon 
steels. The calculations according to Eurocode 3 [19] 
show extreme value of 3600 J/(kg °C) at 735 °C, 
compared to values between 400 J/(kg °C) and 800 J/(kg 
°C), from [22], [27] and [19]. The reason of the deviation 
is that in the Eurocode 3 the influence of the phase 
transformation energy effects were considered in a more 
focused way.  

As visible on Fig 1 (a, b, c) and Fig 2 (a, b, c), he 
Eurocode do not differentiate the properties of the 
different grades of structural steels. The assessment of the 
thermal properties of structural steels described in [35] 
and [36] showed differences in the material properties, 
calculated according to Eurocode 3 [19] and the data 
obtained by experiments, for different grades of structural 
steels.  

In critical applications, the use of the input data, 
provided by the regulations is compulsory. More than one 
model results, relevant to building structures, should be 
obtained and evaluated: according to the standard, 
according to data sources considered as reliable and 
according to test data. 
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Abstract. The article discusses the impact of two factors on 
the accuracy of the hole sizes - print speed and layer thickness 
in 3D printing. Nine samples of the ABS polymer were 
printed by using a 3D printer, then the impact of both of the 
factors on the accuracy of 3D printing of the holes was 
evaluated. Taguchi's method was applied with the help of 
DOE in Minitab to evaluate the impact of the two factors. 

Keywords: 3D print, Taguchi's method, DOE, FDM 

I. INTRODUCTION 
3D printing is used to create various models in fields 

such as architecture, engineering, medicine and many 
other areas of modern life. The main goal of 3d printing is  
quickly and accurately manufacturing of  of products that 
are prototypes or technologically difficult to manufacture. 

We know many technologies for 3d printing, the most 
common types being FDM - Fused Deposition Modeling, 
SLA - Stereolithography and SLS - Selective Laser 
Sintering. Material deposition technology has gained 
ground with usage of polymers and t creation of patterns 
from Acrylonitrile Butadiene Styrene (ABS), Polystyrene 
(HIPS) and Polylactic Acid (PLA). 

ABS polymer is most often used for 3D printing, by 
deposition of material. Although material deposition 
technology was created more than 20 years ago, in the last 
few years it has been very actively used because it is more 
technological to apply. The main advantage of it is that the 
material, in this case the ABS polymer, is previously 

created in the form of a thread, so-called filament, which 
is subsequently melted by an extruder with a certain 
polymer melting temperature of 230-250⁰C and an 
extrusion speed, thus get different layers of 3d printing.  

Of scientific interest is t accuracy of 3D printed details 
and possibility for industrial use in various fields of 
technology. [1] – [9] 

Parida used the experimental design proposed by 
Taguchi based on the L27 orthogonal array. It was found 
the optimal combination of different parameters in this 
research. [13] 

Zagorski drew comparisons between the samples in 
terms of surface, print time, volume of material used, 
sample weight and the deviation from the nominal 
geometry. [22] 

II. METHODOLOGY 

A. Material 
 The object of our research is creation of a 3d model 

fig.1.The 3D model is octagonal prism, length of sides- 
80mm with a central hole diameter of which is  22 mm and 
4  holes in circular pattern with  diameter of 16 mm. The 
holes will be measured for dimensional deviations to make 
comparisons in different modes of operation of  3d printer 
using material deposition technology. ABS material has 
been chosen with constant extruder temperature of 235⁰C. 

https://doi.org/10.17770/etr2023vol3.7254
https://creativecommons.org/licenses/by/4.0/
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B. Equipment 
a. 3D printer FlashForge Creator 3[10] 

b. Software FlashPrint[11] 

c. Software AutoDesk Inventor Pro 2023[12] 

d. Software Minitab 2019[13] 

 

 
Fig.1. Model for 3D printing. 

C. Parameters, 
The created 3D model was transferred to  processing 

program slicer FlashPrint 5. For our research, we have 
considered optimization of printing parameters proposed 
by other authors[14]-[21]. We have previously created a 
planning of the experiment according to Taguchi's model 
and we have determined the values of the two parameters- 
printing speed and layer height shown in tab. 1. 

TABLE 1 3D PRINTING PARAMETERS 

Print № Parameter 1 Parameter 2 

1 0,1 10 

2 0,1 45 

3 0,1 80 

4 0,25 10 

5 0,25 45 

6 0,25 80 

7 0,4 10 

8 0,4 45 

9 0,4 80 
 

Constant parameters as follow: 

• Platform temperature: 110 ºC. 

• Extrusion temperature: 235 ºC. 

• Print speed: 10-80 [mm/s]. 

• Travel speed: 120 [mm/s]. 

• Number of shells: 3. 

• Layer thickness: 0,1-0,4 [mm]. 

• Nozzle diameter: 0,4 [mm]. 

Based on the parameters in Table 1, 13 samples were 
printed, the printing process is shown in Fig.2. In order for 
more précised results, the samples were printed from  same 
roll with ABS polymer filament. 

 

 
Fig.2. 3D Printing process. 

 

 
Fig.3. FlashPlot slice process. 

 

III. RESULTS AND DISCUSSION 

The statistical information required for the analysis is 
obtained by using  automatic measuring system ReniShaw 
OMP40 mounted on the CNC Mill HAAS VS2ss. The 
measurement is shown in Fig.4 - 5. 
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Fig.4. Measurement process. 

 

 
Fig.5. Measurement process. 

 

The samples were measured in three vertical directions 
and in two perpendicular horizontal directions. The 
obtained results are averaged and shown in table 2. 

TABLE 2 EXPERIMENTAL RESULTS 

SAMPLE DOWN MIDLE UP S Δ 

1 21.8 21.85 21.97 21.87 0.13 

2 21.71 21.85 21.95 21.84 0.16 
3 21.7 21.85 21.95 21.83 0.17 
4 21.7 21.72 21.84 21.75 0.25 
5 21.65 21.7 21.8 21.72 0.28 
6 21.62 21.62 21.65 21.63 0.37 
7 21.55 21.8 21.85 21.73 0.27 
8 21.56 21.81 21.89 21.75 0.25 
9 21.62 21.65 21.8 21.69 0.31 

 

Mathematical - statistical processing was performed 
with program product MINITAB. The data from Table 2 
were processed and the following regression model was 
obtained: 

Regression Equation 

ln(δ) = -2.873 + 9.46 Layer + 0.00294 Speed 
- 13.68 Layer*Layer 
- 0.0635 Layer*Layer*Speed 
+ 0.000268 Layer*Speed*Speed 

 

В In tables tab. 3 - 5 the results of the regression 
analysis are given.. 

TABLE 3 COEFFICIENTS FOR TRANSFORMED RESPONSE 

Term Coef SE Coef 95% CI T-
Value 

P-
Value VIF 

Constant -2.873 0.148 (-3.345; -
2.401) 

-
19.37 0.000  

Layer 9.46 1.23 (5.54; 
13.38) 7.68 0.005 38.55 

Speed 0.00294 0.00187 
(-

0.00301; 
0.00890) 

1.57 0.214 4.83 

Layer*Layer -13.68 2.63 (-22.05; -
5.32) -5.21 0.014 45.13 

Layer*Layer*Speed -0.0635 0.0286 (-0.1543; 
0.0274) -2.22 0.113 21.91 

Layer*Speed*Speed 0.000268 0.000143 
(-

0.000189; 
0.000724) 

1.87 0.159 22.96 

 

TABLE 4 MODEL SUMMARY FOR TRANSFORMED RESPONSE 

S R-sq R-sq(adj) PRESS R-sq(pred) AICc BIC 

0.0729351 98.33% 95.54% 0.176326 81.53% 94.53 -16.09 

 

TABLE 5 ANALYSIS OF VARIANCE FOR TRANSFORMED RESPONSE 

Source DF Seq 
SS 

Contrib
ution Adj SS Seq MS F-

Value 
P-

Value 

Regression 5 0.938
602 98.33% 0.93860 0.18772

0 35.29 0.007 

Layer 1 0.514
777 53.93% 0.31346 0.51477

7 96.77 0.002 

Speed 1 0.120
495 12.62% 0.01317 0.12049

5 22.65 0.018 

Layer*Layer 1 0.276
909 29.01% 0.14421 0.27690

9 52.06 0.005 

Layer*Layer
*Speed 1 0.007

888 0.83% 0.02626 0.00788
8 1.48 0.310 

Layer*Speed
*Speed 1 0.018

532 1.94% 0.01853 0.01853
2 3.48 0.159 

Error 3 0.015
959 1.67% 0.01596 0.00532

0   

Total 8 0.954
561 100.00%     



Valeri Bakardzhiev, et al. Research into the Accuracy of Holes in 3D Printing Using Taguchi Method 

39 

P - the coefficient of multiple correlation. The multiple 
correlation coefficient is insignificant if the value is less 
than 0.05; 

The analysis of the residuals does not indicate a 
violation of the assumptions of the regression analysis. 
From fig. 6. is seen that all the standardized residuals are 
within the interval ±2. Therefore, it can be concluded that 
there are no gross errors. The histogram shows that the 
distribution of the residuals is normal. 

 

 
Fig.6. Standardized residual. 

 

 
Fig 7.  Main effects plot. 

 

 
Fig 8. Interaction plot. 

 
Fig 9. 3D Surface plot. 

 

 

Fig. 10. S/N ratio printing parameters. 
 

IV CONCLUSIONS 
From the obtained results we may draw the following 

conclusions: 
1. Regression analysis is statistically significant P-

value <0.05. 
2. The coefficient of determination is over 95%, 

therefore the resulting analysis has a very high 
correlation. 

3. The layer height factor has the greatest influence 
and mainly affects size accuracy. 

4. The speed factor has a minor impact on accuracy. 
5. The resulting regression model well and adequately 

describes the influence of speed and layer height on 
printing accuracy. 
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Abstract. The purpose of this article is to determine the 
impact of the two factors – layer thickness and printing speed 
in the adhesion of the layers in the ABS polymer. ABS control 
test tubes were printed and the tensile strength of each tube 
was measured. By means of statistical analysis, it was 
determined the impact of the layer thickness and the print 
speed on the adhesion between the layers. The research was 
focused on one of the most used materials in 3D printing. It 
can be concluded from the obtained results that the layer 
thickness has the greatest impact on the adhesion. 

Keywords: Adhesion between, DOE, FDM  3D print. 
 

I. INTRODUCTION 
3D printing is a technology that has been known for 

over 30 years, but its rapid use and development of the 
technology took place in years after 2000. New materials 
and new technologies were created in order to increase 
speed of creating 3D models and reduce printing time. 

The most common technologies for 3D printing are 
FDM - Fused Deposition Modeling, SLA - 
Stereolithography and SLS - Selective Laser Sintering. 
Material deposition technology has gained ground with the 
use of polymers and the creation of patterns from 
Acrylonitrile Butadiene Styrene (ABS), Polystyrene 
(HIPS) and Polylactic Acid (PLA). 

Material deposition technology is relatively easy to 
implement as it uses an extruder. A polymer is used in the 

form of a thread that melts and builds a 3D model layer by 
layer. Depending on the different printing parameters, the 
layers have different adhesion properties and hence that 
increases the strength of the model being printed. In order 
to be able to use the printed 3D models in industry, we need 
to know their mechanical properties well. Achieving 
optimal printing parameters so  adhesion between layers is 
maximized and results in increased strength of the 3d 
model. Many authors have studied the influence of 
temperature on the characteristics of the printed model 
[9]-[11]. 

One of the main problems of 3D printing is the adhesion 
between the individual layers. Better adhesion leads to  
better  mechanical properties of the printed model and it 
can be used for industrial applications. In order to study the 
adhesion of the layers, we need to set some parameters that 
need to be changed. In our case, these are the main printing 
parameters, of which one parameter is the height of its own, 
and the second parameter is the printing speed. 

We will work with a constant extruder temperature of 
235⁰ C to avoid some additional defects that could occur in 
the printing process, one of which is uneven melt flow. In 
addition, it is possible to clog the extruder as a result of an 
extremely low temperature below 220⁰С or an extremely 
high temperature above 250⁰С. [1] – [3]. 
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II. METHODOLOGY 

A. Material 
The object of our research is the creation of a 3d model 

fig.1. The three-dimensional model is a sample with a 
length of 100 mm and a width of 70 mm. 13 samples have 
been printed, which we are testing in tension. In order 
examination to be as accurate as possible, the samples are 
printed upright as shown in fig. 2. All samples are printed 
from one roll of ABS polymer filament. Printing takes 
place at a constant temperature of 235⁰C ±1⁰C for each 
sample. 

 
Fig. 1. Model for 3D print. 

There are authors who propose different constructions 
of the test tube [9-10], some of which are standardized. 
Considering the used test equipment and the brittleness of 
the material, the selected model in fig. 1 is the most 
optimal. We will test the ultimate tensile force. 

B. Equipment  
a. 3D printer FlashForge Creator 3 [5] 

b. Software FlashPrint [6] 

c. Software AutoDesk Inventor Pro [7] 

d. Software Minitab [8] 

C. Parameters, 
The created 3D model is transferred to the processing 

program slicer FlashPrint 5. We have set the following 
constant parameters: 

• Platform temperature: 110 ºC. 

• Extrusion temperature: 235 ºC. 

• Print speed: 20-120 [mm/s]. 

• Travel speed: 120 [mm/s]. 

• Number of shells: 3. 

• Layer thickness: 0,1-0,4 [mm]. 

• Nozzle diameter: 0,4 [mm]. 

 

 
Fig. 2. Model in the FlashPrint5. 

 

We have previously created a planning of the 
experiment according to Central Composite Design and 
have determined the values of the two parameters print 
speed and layer height shown in tab. 1-2. 

TABLE 1 DESIGN SUMMARY 

Factors: 2 Replicates: 1
Base runs: 13 Total runs: 13
Base blocks: 1 Total blocks: 1  

TABLE 2 3D PRINTING PARAMETERS  

Print № Parameter 1 Parameter 2

1 0,1 80
2 0,35 52
3 0,14 52
4 0,25 80
5 0,14 108
6 0,25 80
7 0,25 80
8 0,25 80
9 0,25 40

10 0,25 80
11 0,35 108
12 0,25 120
13 0,4 80  

 
We have used the parameters in the table. 2 and we have 

printed 13 samples, the printing process is shown in fig.3. 
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Fig. 3. 3D Printing process. 

 

III. RESULTS AND DISCUSSION 
The specimens were tested on a calibrated 

electromechanical tensile machine (fig. 4) 

 

 
Fig. 4. Testing machine. 

 

 
Fig. 5. Measurement process. 

 
Thirteen specimens were tensile tested and the 

experimental results are presented in tabular form, 
Table 3. 

TABLE 3 EXPERIMENTAL RESULTS 

№ Speed Layer kN
1 80 0.10 0.59
2 52 0.35 1.30
3 52 0.14 0.70
4 80 0.25 0.91
5 108 0.14 0.77
6 80 0.25 0.91
7 80 0.25 0.91
8 80 0.25 0.91
9 40 0.25 1.08

10 80 0.25 0.91
11 108 0.35 1.00
12 120 0.25 1.12
13 80 0.40 1.10  

 
Statistical processing of the obtained experimental 

results was made in Minitab software. The obtained results 
of the regression analysis are shown in table 4. 

  
 

Regression Equation 
 

kN = 0.387 +  6.063 Layer -  0.01074 Speed 
- 3.20 Layer*Layer + 0.000115 Speed*Speed 
- 0.03345 Layer*Speed 
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TABLE 4  COEFFICIENT 

Term Coef SE Coef 95% CI T-Value P-Value VIF

Constant 0,39 0,20 (-0.079; 
0.853)

1,97 0,09

Layer 6,06 0,85 (4.065; 8.062) 7,17 0,00 42,42

Speed -0,01 0,00 (-0.01880; -
0.00267)

-3,15 0,02 49,06

Layer*Layer -3,20 1,31 (-6.30; -0.10) -2,44 0,05 25,97

Speed*Spee
d

0,00 0,00 (0.000071; 
0.000159)

6,22 0,00 37,87

Layer*Speed -0,03 0,01 (-0.04903; -
0.01788)

-5,08 0,00 28,7
 

TABLE 5  MODEL SUMMARY 

S R-sq R-sq(adj) PRESS

0,0387538 97,47% 95,66% 0,07

R-sq(pred) AICc BIC

81,96% -19,27 -37,71  

TABLE  6 ANALYSIS OF VARIANCE 

Source DF Seq SS Contri
bution

Adj SS Adj MS F-
Value

P-
Value

Regression 5 0,40 97,47% 0,40 0,081 53,86 0
  Layer 1 0,29 69,47% 0,08 0,077 51,45 0
  Speed 1 0,00 0,61% 0,01 0,015 9,91 0,016

  
Layer*Layer

1 0,02 4,05% 0,01 0,009 5,95 0,045

  
Speed*Speed

1 0,06 14,01% 0,06 0,058 38,7 0

  
Layer*Speed

1 0,04 9,33% 0,04 0,039 25,79 0,001

Error 7 0,01 2,53% 0,01 0,002
  Lack-of-Fit 3 0,01 2,53% 0,01 0,004 * *
  Pure Error 4 0,00 0,00% 0,00 0,000  

 

The regression analysis is statistically significant 
because the Pearson coefficient is above 95%. Figures 7-9 
show the standardized residuals. Experimental results 
number 5 and number 12 have a deviation of more than ± 
2 and appear to be inflectionally accurate to the regression 
equation. Figure 10 shows a normal distribution of the 
residuals. The factor that has the most significant influence 
on the ultimate tensile force of the sample is the height of 
the layer fig.11. The second factor indicates a negligible 
effect on the ultimate tensile force. 

 

 

 

 

 
Fig. 6. Pareto chart. 

 
Fig. 7. Probability plot. 

 
Fig. 8. Versus order. 

 
Fig. 9. Versus fits. 
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Fig. 10. Histogram. 

 
Fig. 11.  Main Effects. 

 

IV. CONCLUSIONS  
In conclusion, we can draw the following conclusions: 

• The central compositional planning made is 
correct. 

• With the used measuring equipment we get 
adequate measurements. 

• After the regression model analysis, the P-
value values are below 0.05, therefore the 
factors are statistically significant. Therefore 
the layer thickness has the greatest 
importance to the tensile strength of the tested 
specimens. The larger the layer thickness, the 
larger the tensile strength of the specimen. 

• The obtained results can serve in the 
development of 3D models requiring 
increased tensile strength. 
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Abstract. This paper deals with the development of a small 
conveyor-type hydropower plant intended for operation in 
shallow river waters without construction of a dam. The 
proposed design offers a closed-shaped flattened conveyor 
equipped with flat-shaped blades. The conveyor is oriented 
perpendicular to the fluid flow. Several identical flat blades 
interacting with fluid flow are mounted on conveyor belt and 
move together with the belt in one straight line direction. 
Then after turning in the reversing mechanism, blades move 
in the opposite direction. The conveyor system has a built-in 
energy generator which drive shaft is connected with one of 
the reversing ends of the plant. Conveyor belt system 
dynamics analysis is performed on the base of equivalent 
model with one degree of freedom. The interaction of a 
moving conveyor flat blade in translation motion with fluid 
flow is studied by computer simulation with program 
Mathcad using a superposition principle. In accordance with 
this approach, a fast-chaotic motion of fluid particles 
(Brownian motion) is separated from the slow-directed flow 
motion, with the given average velocity. Optimization of 
system parameters (blade orientation angle to fluid flow, 
interaction constants of the braking generator) is performed, 
using a generated power as criterion. Simulation results 
confirm the serviceability and operational efficiency of the 
proposed hydropower plant in shallow river waters. 

Keywords: dynamic analysis, flat blades, hydropower plant, 
optimization. 

I. INTRODUCTION 
Hydropower generation is one of the most developed 

and widely applicable sources of renewable green energy. 
Operation efficiency of hydropower plant is primarily 
dependent on the hydraulic head and the rate of fluid flow 
in the turbine. Due to this, the problem of energetic 
efficiency of existing power plants is mainly solved by the 
construction of large dams. Worldwide there are over 
58000 dams with the height up to 15 m, and number of 
dams continues to increase [1]. This trend has a negative 
environmental impact acting as a barrier to fish migration, 
fragmenting rivers and degrading habitats [2] – [4]. 

Other specific feature of existing hydropower plants 
lies in the practical use of turbines with rotating blades 
[5] – [7]. To increase generated power, such blades are 
often made with large radial dimensions. This gives the rise 
to significant vibration problems due to increased level of 
dynamic stresses (especially near the blades attachment to 
the rotor) [8]. Besides, rotating blade can damage fishes 
and other river species in surrounding water area. 

The present paper focuses on the development of a 
small hydropower plant, which operates without 
construction of a dam and can be used in areas where water 
head is even lower than 1 meter. To achieve this goal, it is 
proposed to realize in the hydropower device a new 

https://doi.org/10.17770/etr2023vol3.7229
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Vitaly Beresnevich, et al. Conveyor-type Small Hydropower Plant for Shallow River Waters 

47 

operational principle based on the use of flat blades 
translational motion excited by fluid flow. 

 

II. MATERIALS, MODEL AND METHODS 
Instead of conventional turbine models with rotating 

blades, a new design of wind power plant synthesized on 
the base of a closed loop conveyor equipped with flat-
shaped blades is proposed (Fig. 1). 

 
Fig. 1. Three-dimensional design of hydropower plant. 

 

The conveyor belt is equipped with several identical flat 
blades, which translation motion is excited due to the action 
of fluid flow. Blades move together in one straight line 
direction, then turn in the reversing mechanism by 180 
degrees and move in the opposite direction. The conveyor 
system has a built-in energy generator. The drive shaft of 
the generator can be mounted on one of the axes of the 
reversing ends of the conveyor belt (in Fig. 1 the drive shaft 
is not shown). In the proposed device, the fluid flow load is 
uniformly distributed over the lateral surface of the flat 
blades. This provides a simple way to increase the 
operational efficiency of the device, which can be achieved 
by increasing the area A of blade’s lateral surface. 

Principal model of the hydropower plant synthesized on 
the base of a closed belt conveyor is shown in Fig. 2. 

 
Fig. 2. Principle model of fluid flow power plant on the base of belt 

conveyor: 1 – closed belt conveyor; 2 – flat blade; 3 – rotor; 4 – 
fastening element. 

Closed belt conveyor 1 forms a central part of the plant, 
besides the belt has an ability to move parallel to coordinate 
plane x0y. The conveyor is driven by a fluid flow with 
velocity V0, acting on the blades 2 in parallel to the 0z axis. 
Power is obtained from a generator connected with rotor 3 
of the conveyor 1 (Fig. 2). The flat blades 2 are attached 
tightly to the conveyor 1 with a fastening element 4 (welded 
hinge). Besides, the blades 2 are fixed at the angle β toward 
the x-axis. The model of generator has several flat blades 2. 
Due to the action of air flow V0, translation motion of 
blades 2 along conveyor’s straight and circular sections (in 
final turns) is excited. To obtain useful power, this 
translation motion of blades 2 is transformed into the 
rotation of generator’s rotor 3. 

The interaction of a moving conveyor blade in 
translation motion with a fluid flow is studied using 
superposition principle. In accordance with this approach, 
a fast chaotic motion of fluid particles (Brownian motion) 
is separated from the slow-directed flow motion, with the 
given average velocity. In addition, the space around the 
blade is divided into two zones: one zone is the interaction 
pressure zone on the front side of the movement, and the 
other zone is at the rear, or the suction zone [9], [10]. 
Application of the method makes it possible to study flow 
– blade interaction without the use of experimental lift and 
drag coefficients. The applicability of such approach is 
confirmed by experiments described in [11].  

Model of fluid flow interaction with one thin flat blade 
is shown in Fig. 3. It is assumed that fluid flow has a 
constant velocity V0, but blade is turned by angle β relative 
to flow direction. Due to the action of fluid flow and blade’s 
translational motion along x axis, fluid interaction force N 
is applied to the blade. 

 
Fig. 3. Model of fluid flow interaction with one moving thin blade. 

Basing on fast and slow motions separation principle, it 
is possible to obtain the differential relations of motion for 
the interaction of fluid flow with blades. For this purpose, 
the theorem of classical mechanics for the amount of 
movement changes in the differential form [12] can be 
used. As a result, after integration and summation over the 
entire system of conveyor with one degree of freedom, the 
following differential equation of blade translation motion 
is obtained [10]: 

𝑚𝑚𝑥̈𝑥 = (1 + 𝐶𝐶)𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 ∙ (𝑉𝑉0 cos𝛽𝛽 − 𝑥̇𝑥 sin𝛽𝛽)2 ∙ sin𝛽𝛽
∙ sign(𝑉𝑉0 cos𝛽𝛽 − 𝑥̇𝑥 sin𝛽𝛽) + 𝑄𝑄,   (1) 
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where x is a generalized coordinate (here it is a 
displacement of conveyor one element); m is a mass of one 
blade; C is a fluid flow and blade interaction constant; ρ is 
a density of fluid; B, L are the width and length of one 
blade; K is number of blades; V0 is a fluid flow velocity in 
the direction perpendicular to the x axis; β is a blade 
positioning angle; Q is a remaining part of the generalized 
force, including resistance forces and forces of power 
generator. 

Analysis of motion dynamics of the conveyor system is 
performed by the solution of differential equation (1) with 
program Mathcad. 

 

III. RESULTS AND DISCUSSION 
Variant of the generator with the linear generalized 

resistance force Q in the equation (1) is considered: 

                                     𝑄𝑄 = −𝑏𝑏1𝑥̇𝑥,                (2) 

where b1 is a coefficient of viscous damping in linear 
generator. 

During simulation, power P of linear generator was 
calculated by formula 

                                       𝑃𝑃 = 𝑏𝑏1𝑥̇𝑥2.                            (3) 

Mathematical simulation is performed assuming the 
following values of main system parameters: b1 = 75 kg/s; 
m = 10 kg; K = 5; ρ = 1000 kg/m3; C = 0,5; B = 1 m; L = 1 
m; V0 = 1 m/s; β = 0,039 rad; g = 9,81 m/s2. Results of 
dynamics analysis for blade velocity V and for power P 
obtained in the generator are presented in Fig. 4 and Fig. 5. 

 
Fig. 4. Velocity V of blade translation motion along x axis versus time t. 

By the analysis of diagrams presented (Fig. 4 and Fig. 
5), it can be concluded that stationary motion process 
(when motion velocity along the x axis is almost constant) 
occurs very quickly (within 1,5 – 2 s), without fluctuations. 
The power P of the stationary process is dependent on the 
generator parameter b1 as well on the flow rate V0 and blade 
orientation relative to fluid flow (blade position angle β). 
For example, in the case studied here, the generated power 

P reaches up 7500 – 8000 W even at the relatively small 
fluid flow velocity of V0 = 1 m/s. 

 
Fig. 5. Power P obtained in the generator (for the system parameters b1 

= 75 kg/s, β = 0,039 rad, V0 = 1 m/s). 

As it is seen from simulation results (for example, 
Fig. 4), the velocity V of blade stationary motion 
process is almost constant, and the acceleration is close 
to zero. Therefore, it is possible to optimize this 
process. 

In solution of optimization problem, the power P is 
considered as criterion, but the interaction constant b1 
of the braking generator as well as the blade orientation 
(turning angle β) are taken as variable parameters. 
Parametric optimization problem is solved with the aid 
of program Mathcad. The example of response curve for 
the criterion power P as a function of blade turning 
angle β is shown in Fig. 6. 

 
Fig. 6. Response curve for the optimization criterion P as a function 

of blade turning angle β  
(for the case of V0 = 1 m/s and b1 = 5,5 kg/s). 

As it is seen from the diagram presented (Fig. 6), the 
generated power P reaches maximal values of 7-8 kW 
under the relatively small blade’s turning angle (β = 0,025 
– 0,050 rad). 

Other example of a response surface for the 
optimization criterion power P is shown in Fig. 7. In 
solution of this problem, variation of linear generator 
parameter b1 was held (under the constant turning angle 
β = 0,039 rad). 
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Fig. 7. Response curve for the optimization criterion P as a function 

of interaction constant b1 of the braking generator 
(for the case of V0 = 1 m/s and β = 0,039 rad). 

The renewable power P of linear genarator is 
dependent on its viscous damping force −𝑏𝑏1𝑥̇𝑥, which can 
be varied by changing of interaction constant b1 (e.g., 
by changing the design of generator elements). As it is 
seen from the diagram presented (Fig. 7), the generated 
power P reaches maximal values of 8-9 kW, if damping 
contant b1 of braking generator lies within the range from 
10 till 60 kg/s. And what is practically important, such 
relatively high power can be obtained under the quite a 
small fluid flow velocity of 1 m/s, characteristic for 
shallow river waters.  

 

IV. CONCLUSIONS 
A conveyor-type turbine for small hydropower plants 

(<100 kW), which can operate in shallow river waters 
without construction of a dam, is developed. Instead of 
conventional turbines with rotating blades, the proposed 
model generates useful power from translational motion of 
flat blades excited by fluid flow. 

Due to excluding dams from the structure of the 
proposed hydropower plant, the ecological situation in 
surrounding aqua system will improve significantly (no 
barrier to fish migration, no negative influence on river 
fragmenting and degrading habitats, etc.). Besides, 
compared to turbine with rotating blades, there will be a 
lower risk to damage fish or other river species around the 
translatory moving blade in the proposed device. 

The operational advantage of the conveyor-type 
hydropower device lies in the fact that velocities of all 
points of the lateral surface of the flat blade are the same 
(as opposed to conventional rotary-type devices, in which 
the speeds of the blade ends are sufficiently higher). Due to 
this, the side surface of the blade in the proposed device can 
be used more effectively than in known rotary devices [13]. 
By the results of computer simulation, a generated power 
reaches about 8-9 kW even under the quite small fluid flow 
velocity of 1 m/s. 

Optimization of system parameters (blade orientation 
angle to fluid flow, interaction constant of the braking 
generator) is performed, using a generated power as 
criterion. Simulation results confirm the serviceability and 
operational efficiency of the proposed hydropower plant in 
shallow river waters. 
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Abstract. Nowadays the robotics is relevant development 
industry. Robots are becoming more sophisticated, and this 
requires more sophisticated technologies. One of them is robot 
vision. This is needed for robots which communicate with the 
environment using vision instead of a batch of sensors. These 
data are utilized to analyze the situation at hand and develop a 
real-time action plan for the given scenario. This article 
explores the most suitable algorithm for detecting potential 
road accidents, specifically focusing on the scenario of turning 
left across one or more oncoming lanes. The selection of the 
optimal algorithm is based on a comparative analysis of 
evaluation and testing results, including metrics such as 
maximum frames per second for video processing during 
detection using robot’s hardware. The study categorises 
potential accidents into two classes: danger and not-danger. 
The Yolov7 and Detectron2 algorithms are compared, and the 
article aims to create simple models with the potential for 
future refinement. Also, this article provides conclusions and 
recommendations regarding the practical implementation of 
the proposed models and algorithm. 

Keywords: Machine learning, machine vision, object detection, 
road accidents, CNN. 

I. INTRODUCTION 
Road accidents have become a prevalent problem due to 

the increase in both the number of vehicles and their speed, 

resulting in a higher number of victims and injuries [1-
3]. Current methods of preventing dangerous situations 
on the roads primarily focus on the safety of individual 
vehicles, without considering other road users outside of 
their built-in safety mechanisms [4, 5].  

There is a need to develop methods that can detect 
and notify drivers of potential dangers in areas that are 
currently beyond the capabilities of existing ADAS 
systems to scan for obstacles of varying types [6-8].  

Taking in consideration the current tendencies in the 
tech world, the automotive safety systems should be 
developed using data analysis systems [9-11]. 

Additionally, an important factor for road safety is 
the driver's ability to respond appropriately to changes in 
traffic and information received while driving [12, 13].  

The most dangerous in terms of road behavior are 
bicyclists and motorcyclists, which may rapidly change 
going trajectory [14, 15]. 

As a result, developing and researching new methods 
for monitoring driver behavior, predicting dangerous 
situations while driving, and notifying drivers about 
them is a crucial and relevant task [16-18]. 

https://doi.org/10.17770/etr2023vol3.7299
https://creativecommons.org/licenses/by/4.0/
mailto:oleksandr.byzkrovnyi@nure.ua
mailto:l.savulioniene@eif.viko.lt
mailto:kyrylo.smelyakov@nure.ua
mailto:p.sakalys@eif.viko.lt
mailto:anastasiya.chupryna@nure.ua


Oleksandr Byzkrovnyi, et al. Comparison of Potential Road Accident Detection Algorithms for Modern 
Machine Vision System 

51 

The key trends in terms of road safety research are: 

- improvement of data mining approaches for 
extracting essential for road safety information from 
the data outdoor cameras [19, 20]; 

- investigation of methods for complex analysis of 
data mentioned before [21, 22]. 

Current research aims to estimate an algorithm that has 
the smallest prediction time, smallest size, and good 
accuracy for identifying and preventing road accidents 
based on outdoor video streams. Also, the usage of this 
model in robotic vision systems is one of the main points, 
because of surely high progress in development in this way. 

The main goal of this research is defining the possibility 
of determining possible road accidents in a quick way, using 
machine learning algorithms and clarify the effectiveness 
and which algorithm is more applicable for explained 
problem for quick prediction and usage in robotic vision 
system. 

II. MATERIALS AND METHODS 
The computer vision technologies are very rich and takes 

fast development. The most recent and valuable research 
there is Yolo [23] algorithm family which is developed to v7 
and Detectron2 [24] with Faster R-CNN on backend, which 
has the Facebook origin. Those algorithms are very fast and 
efficient, so they were taken for investigation which one is 
more suitable for task of fast road accidents detection along 
with usage in robot vision system.  

A. ML MODEL METRICS 
The following metrics have been used to calculate 

trained models’ performance: Time to train, Average 
Precision with IoU, Model size, Loss CLS, Used GPU 
memory, Loss box, Inference time. 

The IoU formula is the following 

𝐽𝐽(𝐴𝐴,𝐵𝐵) = |𝐴𝐴∩𝐵𝐵|
|𝐴𝐴∪𝐵𝐵|

, (1) 

The Loss Box formula is the following 

𝐿𝐿𝑏𝑏𝑏𝑏𝑏𝑏(𝑡𝑡𝑈𝑈, 𝑣𝑣) = � 𝐿𝐿1𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ(𝑡𝑡𝑖𝑖𝑢𝑢 − 𝑣𝑣𝑖𝑖)
𝑖𝑖𝑖𝑖{𝑥𝑥,𝑦𝑦,𝑤𝑤,ℎ}

, 
(2) 

 

The Loss cls (classification) formula is the following 

 𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐(𝑝𝑝,𝑢𝑢) = − 𝑙𝑙𝑙𝑙𝑙𝑙 𝑙𝑙𝑙𝑙𝑙𝑙 𝑝𝑝𝑢𝑢 , (3) 

The Precision has the following formula 

𝑃𝑃 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇+𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹)

, (4) 

B. DATA DESCRIPTION 
Current research uses aims to determine the danger 

situations on the road. As far as such video data is very 
hard to find, the own produced video stream is used. The 
only one danger case explained in current article – 
turning left across oncoming lanes, where at least one 
lane is stopped for skipping the car which turn left and at 
least one oncoming lane without cars. The Fig. 1 display 
mentioned case.  

 

 
Fig. 1. Danger case explanation [25]. 

 

So, such cases can be simulated in BeamNG.drive 
[26] computer game and sliced in pictures. The strategy 
for creation of dataset for research was the following: 

- Simulation of at least 5 different road crossing 
with different car setup, with different count of 
oncoming lanes. 

- Do not consider night scenario, because 
infrared cameras are required. 

- The only two classes should be explained: 
danger and non-danger. 

The training dataset consists of 300 pictures, where 
150 has danger class and 150 non-danger. The Fig.2 
provides an example of dataset picture. 

 
Fig. 2. Danger class example [25]. 
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The resolution of pictures is 640x640. 

C. ML ALGORITHMS ARHITECTURES 
The developers of Yolov7 uses Extended ELAN 

architecture to control the shortest gradient path and a deeper 
network may learn effectively. The Detectron2 allows to use 
different algorithms under the hood. In current research the 
Faster R-CNN is used.  

III. EXPERIMENT, RESULT AND DISCUSSIONS 
The experiment includes the following steps: 

- Experiment planning and code preparations; 
- Model training; 
- Evaluation and testing; 
- Results comparison. 

The Google Colab was considered as a platform to train 
and evaluate the models. The following code is used to train 
models [27-28]. 

The following environment specs are there: Python 3 
Google Compute Engine backend (GPU: Tesla T4). 

The models training consists of two steps: training of 
Yolov7 and training of Detectron2 model. 

The Detectron2 model has batch size 64, image size = 
640x640 and epoch count = 1500. The Yolov7 model has 
batch size = 16, image size = 640x640, epoch count = 55.  

The table 1 display resource consumption during 
training of Detectron2 model. 

TABLE 1 RESOURCE USAGE DURING DETECTRON2 MODEL TRAINING 

Resource Name Time, mins 
System RAM 3.7 GB / 12.7 GB 

GPU RAM 8.5 GB / 15 GB 

SSD  25.9 GB / 78.2 GB 
  

The table 2 display resource usage during training of 
Yolov7 model. 

TABLE 2 RESOURCE USAGE DURING YOLOV7 MODEL TRAINING 

Resource Name Time, mins 
System RAM 5.7 GB / 12.7 GB 

GPU RAM 11.4 GB / 15 GB 

SSD  24.9 GB / 78.2 GB 
  

The table 3 displays time to train each model. 

TABLE 3 TRAINING TIME 

Algorithm Time, mins 
Detectron2 51 

Yolov7 15.9 

A. YOLOV7 RESULTS 
The results of training are presented in table and chart 

view. The results of training and evaluation for Yolov7 
model are present in Table 4. 

TABLE 4 YOLOV7 RESULTS 

Value Metric 

0.583 AP@.5:95 

0.926 AP@.5 

0.1916668 s / 
img per GPU Inference time 

74.8 MB Model size 

 

The accuracy of 58% is bad, but this was obtained on 
the 150 images per class. The next figures (Fig. 3, 4) 
represent loss metrics. 

 

 
Fig. 3. The Loss box metric. 

 
Fig. 4. The Loss classification metric. 

The precision significantly decreased during ~42 
epoch. The Fig. 5, 6 display that. But in case, if more 
pictures will be available for training, then higher 
precision may be for the same number of epochs. 
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Fig. 5. AP@.5 metric of Yolov7. 

 

Fig. 6. Fig. 8 AP@.5:95 metric of Yolov7. 

The inference results are on Fig. 7, 8. There are no 
mistakes or incorrect predictions was observed. 

 
Fig. 7. Inference result of Yolov7 [25]. 

On the mentioned inference result the one oncoming lane 
presents and this is non-danger class. The model distinguish 
where the one oncoming lane and where two and more. This 
is very important in undestanding of dangerous situations. 
Because when the two or more lanes exist and only one lane 
is full and when one lane exist and it is full, these are 
different cases. 

 

Fig. 8. Inference result of Yolov7 [25]. 

B. DETECTRON2 RESULTS 
The Detectron2 model has the following results 

values (Table 5). 

TABLE 5 DETECTRON2 RESULTS 

Value Metric 

0.651 AP@.5:95 

0.909 AP@.5 

0.198093 s / 
img per GPU Inference time 

815 MB Model size 

 

The Loss box chart is on the Fig. 9. 

 
Fig. 9. Loss Box for Detectron2. 

The Loss classification chart is on the Fig. 10. 
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Fig. 10 Loss CLS for Detectron2. 

The inference results are on the Fig. 11, 12. 

 
Fig. 11 Inference result of Detectron2 [25]. 

 
Fig. 12 Inference result of Detectron2 [25]. 

IV. DISCUSSIONS 
The discussion section entails a comparison of the 

model's results and identification of the most appropriate 
algorithm for the problem of usage it in robotic vision 

system. Table 6 presents the compilation results for the 
aforementioned algorithms. 

TABLE 6 COMPILATION RESULTS 

Value Detectron2 Yolov7 

AP@.5:
95 0.651 0.583 

AP@.5 0.909 0.926 

Inferen
ce time 0.198093 s / img per GPU 0.191668 s / img per 

GPU 

Model 
size 815 MB 74.8 MB 

GPU 
RAM 8.5 Gb 11.4 GB 

Time to 
train 51 mins 15.9 Mins 

Epoch 1500 55 

 

The results indicate that while there is only a slight 
improvement in accuracy, Yolov7 outperforms 
Detectron2 in other parameters. This is likely due to the 
fact that achieving similar accuracy with Detectron2 
requires even greater amounts of time and resources. It 
is possible that a larger dataset may yield better results 
as using only 300 images is not sufficient for creating a 
high-performing model. Also, the small amount of size 
is better in terms of usage by autonomous system, where 
hardware size has big value. 

V. CONCLUSIONS 
This study presents insights into the most effective 

image detection and tracking algorithm for quickly 
identifying dangerous situations on the road. Given the 
alarming statistics on road accidents resulting in injuries 
and deaths, it is imperative to address this problem. 
Previous studies have focused on statistical approaches 
for predicting road accidents and using regression 
algorithms to make predictions based on various factors 
such as weather, road conditions, time of day, day of the 
week, season, speed, and car condition. 

To prepare the dataset, 300 images with different 
road intersections, outdoor settings, and car setups were 
captured and labeled using the Roboflow service, which 
also allows for image resizing and dataset splitting. The 
research evaluated the performance of two algorithms, 
Detectron2 (with Faster R-CNN) and Yolov7, using 
various metrics, such as Average Precision, Inference 
time, Time for training, Model size, and GPU RAM 
usage. The research found that Yolov7 outperformed 
Detectron2 in terms of performance metrics. 

The study also explores the potential for applying 
these approaches to a single-board computer or robot 
vision systems and provides a starting point for 
researchers conducting similar two-class classification 
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research. Overall, this study offers valuable insights into 
improving road safety through effective image detection and 
tracking algorithms. 
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Abstract. The relevance of the topic of the work was shown by 
the accident of a multi-storey residential building in Miami, 
which was caused by corrosion of steel reinforcement in 
reinforced concrete. 
There is a need to maintain the bearing capacity of structures 
for a long time in a humid climate, aggressive environmental 
influences and temperature fluctuations with a lower 
consumption of materials used. 
The use of titanium will allow changing some parameters of 
titanium concrete structures in comparison with reinforced 
concrete structures. The protective layer of concrete, which 
serves to protect the reinforcement from the effects of the 
external environment, will be significantly reduced. This will 
help to reduce the mass of concrete structures while 
maintaining strength properties and will allow you to create 
lighter structures that can withstand heavy loads. 
Strength tests were carried out on concrete blocks reinforced 
with smooth iron or titanium rods Ø10 mm, which showed 
the prospects of replacing steel reinforcement with titanium 
reinforcement in reinforced concrete. 

Keywords: Concrete, Bending test, Concrete reinforced with 
titanium and iron bars, Durability. 

INTRODUCTION 
Due to the high cost of titanium production, it is 

currently used only in those industries, where the use of 
such an expensive material is economically justified. When 
justifying the use of titanium, not only its strength and 
lightness are taken into account, but also corrosion 

resistance which is comparable to the strength and 
durability of precious metals. Titanium is mainly used in 
the aircraft and transport industries, where the combination 
of strength and lightness is of particular importance [1,2,3]. 

In construction industry, titanium is used in the form of 
titanium cladding, roll roofing and facade cladding [4,5]. 

The utilization of titanium alloys in civil engineering is 
not common, but its applications are becoming more 
prevalent. This is due to two significant reasons: firstly, the 
cost of titanium has considerably decreased over time: 
Although, like other commodities, it is subject to price 
changes, when adjusted for inflation, prices generally tend 
to fall. As of January 2016, the price was $3,750 per metric 
ton. In 2005, the price was $21,000 a ton (Figure 1). 

 
Fig. 1. Inflation adjusted cost of titanium: as of January 2016, the price 
was USD 3750 per ton; in 2005, the price was USD 21,000 a ton. [6]. 

https://doi.org/10.17770/etr2023vol3.7303
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Secondly, there have been occurrences of civil 
infrastructure collapses which have highlighted the 
inadequacies of using carbon steel in structures that are 
exposed to outdoor environments. Civil structures and 
infrastructures generally have a longer design life 
compared to aerospace or medical applications. In several 
developed nations, concrete bridges constructed during the 
economic boom of the 1950s and 1960s were often 
insufficiently reinforced with steel and require repair or 
replacement (as shown in Figure 2). These bridges are 
usually still functional even after 70 years, and the 
drawbacks of replacement are high, not only in terms of 
economic costs but also with regards to carbon emissions 
and sustainability. Recently, titanium has been utilized to 
renovate and prolong the life of bridges, resulting in 
savings in costs and time compared to replacement 
methods [7,8,9]. 

 

   
a) b) c) 

Fig. 2. Becent collapses of reinforced concrete bridges due to the corrosion 
of steel: a) Igaly (Genova), b) Taiwan, c) USA (Pittsburgh). 

 

The durability of titanium is its main advantage, 
surpassing that of other materials such as stainless steel or 
composite materials. Typically, interventions on heritage 
masonry buildings or existing masonry structures are 
intended to endure for many decades, and sometimes even 
for centuries. These buildings are exposed to various 
atmospheric conditions, such as high temperatures, frost, 
solar radiation, humidity, and acid rain, among others, as 
well as the worsening impacts of climate change, resulting 
in new threats from natural disasters. These effects have 
been underestimated to some extent, not just by industry 
and professionals, but also by the scientific community 
working in conservation engineering. Numerous 
interventions carried out in the 1990s and 2000s using 
FRPs or stainless-steel exhibit signs of mechanical wear, 
reinforcement debonding from the masonry substrate, and 
corrosion. In certain instances, these impacts have caused 
irreparable damage to the masonry structure [10]. 

When investigating in the framework of ERDF No. 
1.1.1.1./16/A/85 "Electroslag process for better titanium 
sediment morphology”, the technology for the production 
of titanium and titanium alloys and semi-finished products 
from them allows the production at small and medium-
sized plants similar to foundry at industrial plants. [11,12] 

A large amount of accumulated titanium scrap does not 
find secondary use for the production of high value-added 
titanium products due to the large number of grades of 

titanium alloys alloyed with a wide range of additives, 
which does not allow a correct selection of one grade of 
titanium alloys due to the small dimensions and weight of 
individual parts of titanium scrap. The main use of scrap 
titanium and titanium alloys is to produce ferrotitanium, 
which is used during steel smelting for degassing. But the 
entire volume of titanium scrap exceeds the needs of the 
steel industry. One of the possible applications of excess 
titanium scrap is the manufacture of rebar from titanium 
alloys, averaged over the chemical composition during the 
remelting process. 

 

 
a) b) c) 

Fig. 3. Damage to reinforcement in reinforced concrete blocks in a humid 
environment.  
a) Water enters the concrete. 
b) Steel reinforcement starts to rust, corrosion expands. 
c) The concrete starts to crack and destroys. 

 

The use of titanium will make it possible to change 
some parameters of titanium-concrete structures if 
compared with reinforced concrete structures. The 
protective layer of concrete which serves to protect the 
reinforcement from the external environment will be 
significantly reduced. This will allow to decrease the 
weight of concrete structures while maintaining their 
strength properties and to produce lighter structures that 
can withstand higher loads [13]. 

One of the directions for the effective use of titanium 
and titanium alloys in the construction industry is the 
development and implementation of methods to reduce the 
cost of the material. Methods for extracting cheap titanium 
are discussed in [14]. It has been shown that it can 
economically produce pure titanium metal and alloys for 
applications such as automobiles and electronics. Another 
way is to increase the strength properties of the material 
[15]. 

MATERIALS AND METHODS 

The experimental part of the work provides for the 
manufacture of concrete beams 100x100x500 reinforced 
with steel and titanium bars. Reference mix was designed 
to produce concrete with strength grade C40/45 and 
workability class S3 (in accordance with standard LVS EN 
206). The following ingredients proportions (related to 1 
m3 of fresh mix) were provided: Portland cement CEM I 
42,5 N - 450 kg, gravel 0/8 mm – 1620 kg, water 216 kg, 
polycarboxilate superplasticizer 2,3 kg, water-cement ratio 
0.48.  
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Smooth reinforcing bars with a diameter of 10 mm were 
used to reinforce the beams. In the frame of the experiment, 
the surfaces of steel and titanium bars were compared 
before concretion works. Optical 3D microscope Keyence 
2000 equipped with VHX-20-200 lens was used for visual 
investigation of the surface of iron and titanium rods before 
concreting. Images are shown in Figure 2: On the left is 
steel bar surface, on the right is titanium bar surface. 
Comparative smoothness of iron and titanium bars showed 
that titanium bars are much less rough compared to iron 
ones. 

The bars were placed in the lower part of the sample, 
taking into account the thickness of the protective layer of 
concrete 5 mm. Two samples were made with the steel 
reinforcement and two samples with titanium 
reinforcement. (Figure 4). 

  

  
a) b) 

Fig. 4. Comparison of the surface of iron and titanium rods before 
concreting. a) iron, b) titanium. 

 

The process of production of reinforced concrete and 
titanium concrete beams is shown in Figure 5. Samples 
were tested for three-point bending at the age of 28 days. 
The load was applied in the middle of the span and the 
distance between the supports was 420 mm (Figure 4). The 
load was applied in the middle of the span and during the 
test the numerical values of the applied force and mid-span 
deflection were recorded. 

 
Fig. 5. The process of production of reinforced concrete and titanium 
concrete beams. 

 

Fig. 6. Testing of concrete beams. 
 

RESULTS AND DISCUSSION 

During the experiment, the strength characteristics of 
concrete samples were tested, the results of titanium and 
steel reinforced beams were compared.  Numerical values 
of strength properties of concrete cubical samples and 
reinforced concrete beams are summarized in Table 1. 
Testing results of concrete samples shoved average 
compressive strength 54.7 MPa, that confirms to designed 
strength class C35/45.  

Bending testing curves are showed in Figure 7. Еhe 
results of the bending test indicate that specimens with 
titanium reinforcement have average bending capacity of 
15,78 kN, the specimens with steel reinforcement 25.75 
kN. Thus samples with titanium reinforcement have a 
bearing capacity of 40% less than samples with steel 
reinforcement. The corresponding recalculated bending 
strength is 16.2 and 9.9 MPa respectively. This is not a 
decisive indicator, since titanium grade VT-1 was used 
without alloying - hardening additives. 

Table 1. Strength characteristics of concrete samples 
and reinforced concrete beams 
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Reference concrete 54.7     

Steel reinforced beam      
S-1  25.86 16.3 8.0 30.9 
S-2  25.64 16.2 8.7 33.9 

S-average  25.8 16.2 8.4 32.4 
Titanium reoinforced beam      

T-1  15.75 9.9 6.8 43.2 
T-2  15.81 10.0 9.9 62.6 

T-average  15.8 9.9 8.4 52.9 
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Analyzing the typical load – mid-span deflection curve 
(Figure 7), three characteristic areas can be distinguished.  
The initial linear and ascending section of the curve 
corresponds to the joint work of the reinforcement and the 
concrete matrix. The second characteristic area of the curve 
is the maximum value of the force at which a concrete crack 
is formed in the lower tensioned part of the beam and 
tensile load is redistributed to the reinforcing bars.  The 
third descending section of the curve corresponds to the 
work of the reinforcement in tension and the concrete work 
on compression in the upper part of the beam section. 
Taking into account the above characteristic areas, the 
following behaviour of steel and titanium reinforced beams 
can be distinguished: 

 

 
Fig. 7. Strength characteristics of concrete blocks with titanium and iron 
rods (rods). 
 

In the initial linear area, the curves of specimens with 
titanium reinforcement have a lower angle of inclination, 
which can be explained by the lower modulus of elasticity 
of titanium (110 GPa) compared to the modulus of 
elasticity of steel (200 GPa). 

The lower value of the bearing capacity of samples with 
titanium could be explained with the lower tensile strength 
of titanium bar compared to the strength of steel bar. 
Analyzing the pattern of destruction of samples with steel 
reinforcement (Figure 8a), it can be noted that the 
destruction of the beam did not occur from the rupture of 
steel reinforcement, but destruction occurs due to the action 
of transverse forces. In the case of titanium reinforcement, 
the beam destruction take place in the middle part of the 
beam (in the place with the maximum bending moment). 
Significant tensile deformations of titanium reinforcement 
cause high maximum deflection values compared to steel-
reinforced beams (Figure 8b). 

  
a) b) 

Fig. 8. Destruction mode of beam with steel reinforcement (a) and titanium 
reinforcement (b). 

Evaluating the work of reinforced beams it would be 
advisable to analyze post-cracking areas. Specimens 
reinforced with titanium reinforcement, have a more 
pronounced area of plastic deformations. According to test 
results (Table 1), beams with titanium and steel carry the 
same residual load (8.4 kN) at the same mid-span 
deflection (3.5 mm). However, for beams with steel 
reinforcement, this load is 32% of the maximum breaking 
load, but for beams with titanium - 53% of the breaking 
load. These properties can be an additional safety factor for 
impact energy absorption.  

Furthermore, at elevated temperatures (> 700˚C), 
titanium bars are characterized by a lower decrease in 
strength and elastic modulus than steel. This can have a 
positive effect on the fire safety of structures. An additional 
factor of reliability is the higher chemical resistance of 
titanium compared to steel.  

Lower strength of titanium reinforcement does not 
allow its use in heavily loaded reinforced concrete 
structures. Despite this, titanium reinforcement can find 
application in moderate loaded structures where high 
corrosion resistance, durability, impact resistance and fire 
resistance are required. 

Reduction of concrete protective cover will help to 
reduce the self-weight of concrete structures while 
maintaining strength properties and will allow you to create 
lighter structures with the same bearing capacity. 

CONCLUSIONS 
In this study, laboratory beams were made, using steel 

and titanium reinforcing bars. Comparative tests on the 
strength of concrete blocks reinforced with steel and 
titanium smooth rods showed that: 

1. The bearing capacity of steel reinforced concrete 
beams is greater than that of titanium reinforced (25.8 and 
15.8 kN correspondingly). The use of a stronger titanium 
alloy would have made it possible to obtain higher strength 
results. 

2. Comparative smoothness of iron and titanium bars 
showed that titanium bars are much less rough compared to 
iron ones. When titanium bars are artificially roughened, 
the characteristics may be different, but this requires 
additional research. 

3. A positive property of titanium reinforcement is a 
higher ductility and the ability to withstand large 
deformations. At the same mid-span deflection (3.5 mm) 
steel reinforced beams carry 32% of the maximum 
breaking load, but for beams with titanium - 53% of the 
breaking load. 

Based on the obtained experimental results, a patent 
application and an article for publication in a high-indexed 
journal were prepared. 

Additional reliability factors of titanium reinforcement 
are its significant chemical resistance and possibly higher 
heat resistance. These questions could be considered in the 
future stages of this study. 
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Abstract. The article presents specific practical solutions for 
optimal geometric design of evolvental cylindrical gears with 
an asymmetric profile of cogs in the context of the basic 
principle of cog interlocking. In order to achieve unknown 
until now quality indicators, constructions with a minimum 
number of cogs and a maximum angle of interlocking are 
shown, which allow for the production of off-polar gears and 
significantly increase the gear ratio of the differential and 
planetary mechanisms. In the process of determining the 
geometrical parameters of the cogwheels of the gear, the 
“classical approach” is used by analogy with the parameters 
of the instrument, necessary for the production of the small-
module cogwheels of the gear. 

Keywords: Asymmetrical profile of cogs, Geometric 
optimization, Border angles and number of cogs. 
 

I. INTRODUCTION 
In the classical theory of gear coupling, the parameters 

of the instrument, which is necessary for the production of 
the cogwheels of the gear, are accepted as the source 
parameters for the design. In order to perform geometric 
synthesis of a single evolvent cylindrical gear, four output 
parameters are required: Module size - m, Pressure angle -
α, output contour (loop) displacement factor-x, number of 
teeth – z [11]. The four parameters determine the axiomatic 
design of gear mechanisms at known instrument 
parameters. Through the use of asymmetrical evolvent 
cylindrical gears the uncertainty deriving from the choice 
of independent parameters has been removed and “free 
geometric synthesis” can realized. 

Based on the 20-years experience of the authors and 
over 60 publications on the problems of the asymmetrical 
profile, it has been found that a major problem in its use is 
the reversal of the direction of movement [1,2,3]. As a 
solution, the authors set out [4,5] a basic principle of 
interlocking, allowing the making of gears with an 

unachievable until now quality and strength indicators [12]. 
On the basis of the implications of this principle, three 
approaches have been developed for geometric synthesis 
and realization of unconditional areas of existence in the 
field of independent variables. 
 

II. PRACTICAL IMPLEMENTATION AND OPTIMIZATION OF 
GEARS WITH ASYMMETRIC PROFILE 

The free geometric synthesis of evolvent cylindrical 
gears [4,5] with an asymmetrical profile of the cogs, as 
defined by the authors, allows for various effects expressed 
in: increase the flow rate of hydraulic gear pumps; 
increasing the load capacity of ordinary and epicyclical 
gears; the production of self-locking gears when reversing 
the direction of movement. 

A. Realization in hydraulic gear pumps 
In the process of manufacture, a task has been set for 

designing a gear with a reduced number of cogs by the 
method of centroid wrapping with a non-standard 
instrument of comb type, while maintaining the overall 
dimensions. When the preset requirements for the gear can 
not be satisfied by the symmetrical cog profile with the 
displacement of the output contour, then it is possible to 
apply asymmetry of the profile and obtain a gear with 
different thanthe previously known qualitative indicators. 
A gear pump is realized, using this method, that increases 
its actual flow rate, at the expense of increasing the 
effective area of the pitch surface (bottom land). The main 
advantage of such gear is the possibility of reversing the 
direction of movement while maintaining the gear ratio, but 
with a significant change in quality performance [6]. 

https://doi.org/10.17770/etr2023vol3.7279
https://creativecommons.org/licenses/by/4.0/
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Fig. 1. Magnetization as a function of applied field. 

A new hydraulic gear pump design was developed and 
experimentally tested and the following results were 
established by Protocol No 009/09.05.2002, on a stand of 
Kaproni AD — Kazanlak: The flow rate of pumps of type 
ХЗП 00С 0,5Х047 — for the new design is higher by 20.2 
to 23.3 %, compared to the flow rate of the existing pumps 
in production. 

B. Increase the load-bearing capacity of cog 
interception in epicyclic cog mechanisms 
In addition to the quality indicators of the interception, 

the asymmetrical cog profile can increase the load capacity 
of the gear with and without regard to reversing the 
direction of movement. This makes it possible to optimize 
gear mechanisms in terms of transmitted torque or locking 
stiffness, which are different when reversing the direction 
of movement. 

 
Fig. 2. Blocking contour of reverse differential 2K-H mechanism with 

asymmetric profile of teeth. 

The use of the asymmetrical cog profile in differential 
and planetary mechanisms allows to increase their load 
capacity without changing their gear ratio [13]. In order to 
perform this optimization of the cog profile, blocking 
contours of 2K — H planetary mechanism have been 
developed, allowing the reconciliation of the areas of 
existence in the field of independent displacements of the 
instrument (Figure 2). 

Figure 3 presents a spatial model of the differential 
gear, which served as the basis for the final - element 
analysis and a general view of the carving head 
“TARMATIC”, production of “Balkan” JSC — Lovech 
[5]. 

 

 
 

Fig. 3. Model and general view of carving head “Tarmatic”. 
 

Similarly, a planetary 2K-H gear with an asymmetrical 
profile was developed in an electro-mechanical 
screwdriver of Gabrovo PGI (Figure 4). 

 
 

Fig. 4. Kinematic scheme and general view of electro-
mechanical screwdriver of Gabrovo PGI. 

 

In the two epicyclical mechanisms (Figure 4) with an 
asymmetrical profile of the cogs an effect was achieved of 
increasing the load capacity of the gear while preserving 
the number of cogs and the levels of freedom of the 
mechanism. Therefore, this effect should be used for 
mechanical devices that have a significantly higher load in 
one of the directions of their movement. 

C. Realization of gears with a minimum number of 
teeth 
Evolvent cylindrical gears with a minimum number of 

cogs allow the creation of special gears with reduced 
dimensions and maximum gear ratio.  

In the context of the basic principle of cog interlocking 
in movement, an unconditional area of existence have been 
developed, and a gear layout for gear ratio u=1 and number 
of cogs z1=z2=5 (Figure 5) . 

By using an asymmetric cog profile, it is possible to 
reduce the minimum number of cogs by 40 % from the 
minimal possible for a symmetrical profile with a standard 
contour z1=z2=7 to z1=z2=5 [7]. 

 

  
Fig. 5. Gear with asymmetric profile and minimum number of 

teeth. 
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Based on the depicted area (Figure 5), such a reverse 
gear with an asymmetrical profile of the cogs is realized, 
when the output contour is shifted x1= x2= -0.15, which has 
a frontal overlap coefficient of εα = 1.06 and ε*α = 1.01. 

D. Realization of self-locking gears 
The study of the unconditional areas of existence of an 

asymmetrical profile and external intersection has 
established the following general regularity: as the value of 
one of the interlocking angles increases, the value of the 
other also increases, regardless of its initial value. 
Therefore, the asymmetrical cog profile is characterized 
by: lower frontal overlap coefficients when one of the 
angles of intersection rises in value and higher when one of 
the angles of intersection is reduced (responsive to the 
output contour) compared to the output of symmetrical cog 
profile. This presupposes the existence of additional 
interlocking phenomena, that determines its specificity and 
practical limitlessness, such as the existence of a self-stop 
effect. 

Such a gear with an asymmetrical profile was designed 
according to the classical approach, but due to the extreme 
angles of the comb-type instrument, a thread erosion 
method was used for the production of the wheels, with 
thread thickness of 0.2 mm, at Arsenal JSCo-Kazanlak [8].  

In this gear with external interlock, a self-lock effect has 
been achieved at an angle of interlocking α*w= 48,23° 
(Figure 6), which cannot be achieved with a symmetrical 
profile. This restriction was first established by Prof. V. A. 
Gavrilenko, who recommended that the profile angles of 
the output symmetric contours to be determined by the 
unrestricted inequation α≤35°. 

 

  
Fig. 6. Blocking contour of reverse differential 2K-H mechanism 

with asymmetric profile of teeth. 

E. Realization of gears with internal interlocking 
and minimum number of cogs 
With internal interlocking and minimal difference in 

the number of cogs of evolvental cylindrical gears with 
asymmetrical profile of the cogs, narrowing of the 
unconditional area of existence is observed, due to the 
presence of additional interference. A borderline case are 
the mechanisms with internal interlocking and equal 
number of cogs, in which there is a constant velocity of 
sliding at all points of the active line of interlocking for 
each of the profiles and different load capacity. 

Figure 7 presents an evolvent cylindrical gear with 
asymmetrical profile, internal interlocking and equal 
number of cogs [9]. 

  

Fig. 7. Cog gear with asymmetrical profile and equal number 
of wheel cogs z2=z1=44; profile angles of the instrument α=20° 

and α*=30°. 
 

In the case of fixed gear axes, such a gear is used as a 
clutch, joining two parallel non-coaxial shafts. If the given 
gear is performed as a planetary mechanism, the satellite 
wheel moves translationally, the trajectory of each point 
being a circle with a diameter of 2.aw. 

D. Cog gears with asymmetric profile and 
inclination of cogs 
In order to obtain greater overlap coefficients, it is 

possible to realize gears with an asymmetrical profile and 
inclination of the cogs by using the theorem of reversing 
the direction of movement. 

Figure 8 presents the unconditional area of existence of 
such gear and a layout of an evolvent cylindrical gear with 
an asymmetrical profile and inclination of the cogs.  

Displacement factors x1=x2=0.5 were selected from it, 
with wheel width b=5 mm achieving overlap coefficients 
ε=2,2 (1,61); ε*=2,0 (1.46). 

  
Fig. 8. Cog gear with asymmetric profile and inclination of cogs 

β=20°. 

E. Realization of gears with variable speeds and 
gear ratios 
The eccentric gearbox creates at its output cyclically 

changing speeds and gear ratios. They are modified in a 
similar way to gears with elliptical cog wheels (Figure 9). 
The distance between the geometric centers, the angle of 
interlocking and the overlap coefficient are variables 
during the movement of the gears. At a specified output 
angle of interlocking, the maximum variation in the 
distance between geometric centers is expressed by the 
eccentricity of the gear, which is constant [10]. 
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Fig. 9. Variable gears and asymmetric cog profile: model and 

prototype of comb gear with inclination of teeth, eccentric gear 
with round wheels and elliptical gears with asymmetric profile, 

made with laser cutting. 

 

III. CONCLUSION 
With the help of the basic law of interlocking of 

еvolvent cylindrical gears with asymmetric profile, free 
geometric synthesis and conversion of the classical theory 
of gear interlocking by transforming the independent 
variable — the non-working angle of intersection into a 
dependent one was carried out, which achieved 
optimization of quality and strength performance, 
excluding the geometric parameters of the instrument 
required for the production of the wheels of the gear. 

Summarized and shown is the 20 years of experience of 
the authors in the optimal geometric and strength synthesis, 
the practical implementation of evolvent cylindrical gears 
with asymmetric profile of the cogs, expressed in: 
reduction of the number of cogs on the interlocking with 
preservation of the quality and strength performance, thus 
reduction of the overall dimensions of the gear; 
optimization of epicyclic cog mechanisms; realization of 
gears with self-locking effect; design of gear couplings 
with compensation of shafts with axis inconsistency and 

obtaining mechanisms with variable gear ratio at a 
translation or rotation of the executive unit. A large part of 
the resulting gears with previously unknown quality and 
strength indicators are experimentally tested on test stands 
in production conditions and have been successfully 
implemented in practice. 
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Abstract. The present paper studies the issues of improving 
the reliability of the working bodies of hammer crushers. 
This machine is widely used for grinding grain material in 
animal husbandry and the processing industry. The main 
wear element of such crushers is the hammers and disks to 
which they are attached. To study the strength 
characteristics of these parts, a technique and algorithm for 
studying the stress-strain state of the hammer crusher disc 
employing the finite element method (FEM) using computer 
simulation software products were developed. The 
mathematical apparatus of finite element method simplifies 
the model construction where the stress-strain state must be 
explored. Finite element method provides solutions in the 
form of stress and deformation fields in almost any cross-
section of structural parts. The express analysis module of 
the APM FEM COMPASS system was used as the software 
for this work. The implementation of finite element 
methodwill reduce the metal intensity of the equipment, 
increase the reliability of its operation and reduce the cost, 
improve the quality of the feed produced. The results of the 
study showed that the maximum stresses occur on the 
surface creating the internal holes in the place of 
attachment of the disc to the shaft, but the stresses that 
occur there remain within the normal range. 

Keywords: finite element method, hammer crusher, disc, 
strength characteristics. 

I. INTRODUCTION 
Hammer crushers [1-3] are widely used for feed grain 

grinding in livestock farms and feed mills. They are 
designed with maximum simplicity, flexibility, 
compactness, and reliability in the operation. Hammer 
crushers have a wide range of performances. One of the 
main elements of crushers is rotating discs. 

The strength and durability of the discs determine the 
possibility of achieving high parameters of the machines 
and providing the necessary service life. But the fact is 
that traditional methods of calculating the strength and 
durability of rotating crusher parts can’t provide further 
major improvements in this process [4, 5]. In this regard, 
the development of new methods for calculating the 
stress-strain state and the optimal size of working bodies 
for grinding grain feed machines, which have wider 
technological capabilities, lower energy intensity, metal 
intensity and provide good quality grinding, is an urgent 
task. 

Currently, such basic machine parts as crusher shafts, 
shaft bearings, discs, hammers and their fastenings to the 
disk are calculated for strength in the process of designing 
structural elements of hammer crushers according to 
existing methods [6-11]. Strength calculations of machine 
parts are carried out in terms of the harshest working 

https://doi.org/10.17770/etr2023vol3.7197
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conditions. Harsh working conditions suggest the highest 
possible speed and strict recording of the oscillatory 
processes in individual parts. 

The shaft of the crusher is calculated for strength, 
rigidity, transverse and twisting oscillations. The design or 
preliminary calculation of the shaft for strength is carried 
out according to bending and torsion deformations. The 
section dimensions of individual shaft units are 
determined in this calculation. The length of the shaft 
units is determined for design reasons, taking into account 
the most compact placement of parts. After the structural 
design of the shaft, the machines carry out a verification 
calculation whereby the safety margin coefficients in the 
most dangerous sections are determined. The structural 
dimensions of the disc are selected based on the 
conditions of placing the hammers and ensuring the 
minimum required circumferential speed of the hammer 
[6-8]. A test calculation for determining the actual stresses 
and safety factors in the process of calculating the strength 
of the disc material is carried out. The calculation of the 
suspension of the hammers, the thickness of the disk, the 
jumpers between the holes under the axes of the 
suspension and the outer disk is carried out based on the 
deformation of the cut and crumple. 

The analysis of the calculation methods for the 
structural elements of hammer crushers shows that these 
calculations, based on safety margin coefficients have 
limitations. They don't allow to use effectively the optimal 
design methods, take into account the manufacturing 
quality of parts and implement CAD. The classical 
approach in strength calculations doesn’t reveal the 
mechanism of destruction, which can be presented in 
terms of fracture mechanics with sufficient accuracy. 

Therefore, it is necessary to use a refined method of 
strength calculation (the finite element method (FEM)) in 
the manufacture of the main elements of hammer crushers 
[12-17]. 

The purpose of the paper is to develop a technique and 
algorithm for studying the stress-strain state of the 
hammer crusher disc using computer modeling software 
products. 

II. MATERIALS AND METHODS 
The advantages of finite element method can be 

represented when calculating the disc of a hammer 
crusher. For this purpose, we suggest using the Ascon 
APM FEM COMPASS express analysis module [18-21]. 

According to the accepted research methodology, the 
main stages of solving the problem with the help of finite 
element method are as follows: 

1. The preparation of a geometric 3D model and 
material selection is carried out utilizing the 
COMPASS-3D system. We choose the material 
steel 45 with an allowable voltage of 200 MPa 
for the disc. 

 
Fig. 1. Accounting scheme fourth disks of hammer crushers. 

2. Analysis and determination of boundary 
conditions (fixation, loads). Fixing the disc 
sector is set by forming inner holes, in the place 
of its attachment to the shaft. Fixing and loads on 
the models are shown in Fig. 2. 
 

 
Fig. 2. Scheme of the fastening and loading models. 

3. The generation of a finite element grid on a 3D 
model in APM FEM COMPASS is automatic, 
but the dimensions of the finite elements must be 
preset. 

4. Selecting the desired type of calculation and 
configuring its parameters occurs in the APM 
FEM panel window. We select a static 
calculation. 

5. Obtaining the results of automatic calculation in 
the form of a colour diagram of a deformed 
design model. 

6. Analysis of the values of the main design 
characteristics (voltages, stock coefficients, 
displacements). 

III. RESULTS AND DISCUSSION 
Centrifugal forces, the consequences of which are 

mechanical stresses, arise with the rotation of bodies in all 
elements of their volume. For each element of the volume 
of the body that rotates, a centrifugal force acts, 

2
öf r= ρω where ρ is the specific weight of the material; 

ω is angular speed, r is the rotation radius. Speed n, rpm, 
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is related to angular speed ω, rad/s, by the ratio 
2

n ω
=

π
. 

Since the elements of a rotating body, under the action of 
centrifugal forces, move in the body (within the elastic), 
each element is affected not only by centrifugal forces but 
also by the elastic forces of neighbouring elements. As a 
result, the distribution of mechanical stresses in a rotating 
body will depend on the shape of the body and elastic 
properties of the body µ (the modulus of volumetric 
elasticity (Poisson coefficient)). 

The stress distribution in a disk of constant thickness 
is as follows [22-24]: 

radial voltages (directed parallel to the radius): 

2 2
2 2 2 2 0

0 2
3

8R
R R

R R r
r

 + µ
σ = ρω + − −  

 
 (1) 

Tangential stresses (are directed perpendicular to 
radius):  

2 2
2 2 2 2 0

0 2
3 1 3

8 3T
R R

R R r
r

 + µ + µ
σ = ρω + − −  + µ 

 (2) 

where R is the external radius of the disk; R0 is the 
inner radius of the disk; r is the current radius (Fig. 3. (it 
means that the axis of rotation of the disk coincides with 
the axes of the radii of the disk).  

 
Fig. 3. Distribution radial and tangential stresses in rotating disk. 

Equivalent stresses for plastic materials are 
determined by the fourth theory of strength, Von Mises 
criterion: 

IV 2 2
e 1 2 1 2σ = σ + σ −σ σ  (3) 

Radial movement of the outer surface (deformation) of 
the disk of equal thickness from stresses is determined by 
the formulae: 

( )
22 3

01 3
4

RRR
E R

 ρω   ∆ = −µ + +µ     
 (4) 

The disks of some machines, in addition to their 
inertial load, are additionally subjected to loads from the 
attached parts. For example, the centrifugal inertia forces 
of the hammers in hammer crushers are transmitted 

through the suspension axes to the disks, loading them at 
the radius of the axe installation. Distributing these loads 
evenly over the circumference of the specified radius, it 
can be assumed that in addition to the centrifugal forces of 
inertia, radial forces also act on the disk, evenly 
distributed over concentric ring sections of the radius of 
the axis installation [9]. 

As a result, the disk can be roughly viewed as loaded 
around the circumference by the following force factors: 
radial distributed forces of inertia, which arise in the disk 
itself and act in its middle plane and centrifugal forces of 
inertia of hammers, which act on the radius of installation 
of the axes.  

Since the disc of a crusher with four hammers is a 
symmetrical design in configuration and loading, it is 
possible to consider the equilibrium of a quarter of the 
disk with one hammer (Fig. 1). Using the method of 
kinematics, we apply the force of inertia to the rim of the 
disk: 

cmsd
in

d RmP ⋅⋅= 2ω  

where md is the mass of a quarter of the disk; ω is 
angular speed; Rсms is the distance of the disk sector mass 
to the centre. We apply the force of inertia to the outer 
face of the hammer: 

cmhh
in

h RmP ⋅⋅= 2ω  

where mh is hammer mass; ω - angular speed; Rcmh is 
the distance of mass of the hammer to the centre.  

For specified values ω = 314 s-1, md = 0,034 kg, 
mh = 0,02 kg, Rcms =0,064 m, Rcmh  =0,141 m, we get such 
values of inertial forces: Рin

d. = 214 N, Рin
h. = 284 N. 

When entering design data into the APM FEM 
COMPASS system, the finite element dimensions and 
other parameters of the geometric model (Fig.3) are set 
and the system automatically generates a finite element 
grid on the 3D model. 

In a given system, the finite elements have the shape 
of a tetrahedron, and the number of elements in the 
thickness of the part should range from 4 mm to 6 mm. 
The thickness of the disk is 5 mm, so we take the height 
of the element at 1.5 mm. The finite element grid of the 
model is presented in Fig. 4. 

 
Fig. 4. Certainly element net to models. 
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As a result of the calculation, the diagrams of a 
deformed design model were obtained where the colour 
range depends on the level of stresses at a given place on 
the disk (Fig. 5). Viewing the results obtained and 
analyzing the values of the main design characteristics 
(stresses, reserve coefficients, movements) provide 
information for modifying the model based on the results 
of the calculations (you can change the geometric 
dimensions of the parts or material). Maximum stresses 
occur, as expected, on the surface creating an internal 
opening at the mounting point of the disc to the shaft. As 
the diagram (Fig. 5) shows, the voltage is normal. 

 
Fig. 5. Results of the calculation. 

IV. CONCLUSIONS 
The use of the mathematical apparatus of the finite 

element method simplifies the construction of a pattern 
where the stress-strain state must be explored. Finite 
element method provides solutions in the form of stress 
and deformation fields in almost any cross-section of 
structural parts. These advantages of the method have not 
been used in the design of hammer crushers up to the 
present time. Their implementation will reduce the metal 
intensity of the equipment, increase the reliability of its 
operation and reduce the cost, improve the quality of the 
feed produced. 

The diagrams of the deformed design model obtained 
as a result of the study demonstrate the degree of stress at 
any point of the disk. According to the results of the 
study, peak stress values occur at the place of attachment 
of the disk to the shaft and in the places of the hammer 
holes. These peaks don’t exceed the norm, but when 
changing the modes or operating conditions, as well as 
during grinding other material, the strengthening of the 
structure in these places may be needed. 
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Abstract. The influence of copper as a minority alloying 
element in the process of rapid solidification of Al-Si-Ni 
ribbons produced by Chill Block Melt Spinning (CBMS) was 
investigated. XRD and TEM analyses proved a completely 
amorphous structure of the alloys Al74Ni16Si10 and 
(Al74Ni16Si10)98Cu2. The crystallization behaviour of these 
alloys was studied by DSC analysis. It was found that the 
crystallization of the amorphous alloys (Al74Ni16Si10)100-xCux, 
x=0, 2 runs in two steps. The temperatures Tx1 and Tx2 of 
each of the crystallization steps were determined. It was 
proven that the addition of 2 at. % copper does not 
significantly change Tx temperatures. The temperature 
difference ΔTx was calculated and it showed that more 
thermally stable is the copper containing alloy. Crystalline 
analogues of the amorphous alloys were obtained by 
annealing of the melt-spun amorphous ribbons at a 
temperature which exceeded by 170°C the onset 
crystallization temperature. The type and size of separated 
crystalline phases were determined by XRD. It was found 
that the addition of 2 at. % Cu to Al74Ni16Si10 alloy causes a 
separation of new phases - Cu3.8Ni and (Al, Cu)Ni3 and 54%, 
24% and 7% size increase of the phases Al, Al3Ni, NiSi2 
respectively. 

Keywords: amorphous, nanocrystalline, aluminum, copper, 
silicon, nickel. 

I. INTRODUCTION 
The first amorphous alloys were obtained as ribbons 

about sixty years ago, but the interest in them continues to 
be great, due to their good mechanical and physical 
properties and their high corrosion resistance. The most 
promising applications of amorphous alloys are 
considered to be in the field of electronics and electrical 
engineering. Initially, mainly iron-based amorphous alloys 
were studied, but in recent decades the interest in 
aluminum-based amorphous alloys is constantly growing 
[1] – [4]. Over the past decade, scientists' research has 
focused on studying the properties of both amorphous 
composites [5] and amorphous foams [6]. 

Amorphous aluminum alloys are generally produced 
from various Al–TM–RE ternary alloy compositions (TM 
are transition metals, RE are rare earth elements). The 
resulting alloys show great glass-forming ability (GFA) 
and high mechanical strength [7] – [11], but they contain 
expensive rare earth elements, which we tried to replace 
with cheaper ones. In our previous studies, we obtained 
rapidly solidified ribbons of the Al-Cu-Mg system alloyed 
with minority amounts of Zn, Zr and Ni and studied the 
influence of these elements on the GFA, crystallization 
and corrosion behavior on the newly produced alloys 
[12] – [14].  
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The aim of this research is to obtain amorphous alloys 
from the Al-Si-Ni system and study the influence of Cu as 
a minority alloying element on the GFA and crystallization 
behavior on the Al-Si-Ni-Cu rapidly solidified amorphous 
ribbons. 

II. MATERIALS AND METHODS 
The base Al-Si-Ni  and Al-Si-Ni-Cu alloy were 

synthesized from pure metals Al 99.99 %, Ni 99,99, Cu 
99.99 and pure Si 99.99% in a plant comprising a 
resistance electric furnace installed in a water-cooled 
pneumo-vacuum chamber in argon atmosphere of 99.998 
% purity. 

The Chill Block Melt Spinning (CBMS) method was 
used to obtain rapidly solidified ribbons about 3 - 4 mm 
wide and 26 - 40 µm thick. The production processes of 
the ligatures and the rapidly solidified ribbons are 
described in details in our previous publications [12] – 
[14]. 

Samples of the base Al-Si-Ni and of the Al-Si-Ni-Cu 
rapidly solidified ribbons were annealed for 2 hours at 
350°C in argon atmosphere for the purposes of devitrificat 
The chemical composition of the produced rapidly 
solidified ribbons was determined by Energy Dispersive 
X-ray Spectroscopy (EXDS) analysis using a scanning 
electron microscope HIROX 5500 with EXDS system 
BRUCKER at a magnification of 100x in 10 fields with a 
field area of 2.5 mm2. 

X-ray diffraction (XRD) analysis was performed to 
characterize the amount of amorphous and crystalline 
phases and to determine the phase composition of the 
crystalline part of the ribbons before and after 
devitrification. А Bruker D8 Advance powder X-ray 
diffractometer with Cu Kα radiation (Ni filter) and 
LynxEye recording in a solid-state position-sensitive 
detector was applied. The PDF-2 (2009) database of the 
International Data Diffraction Center (ICDD) and the 
DiffracPlusEVA software package were used to perform 
the qualitative phase analysis.  

The microstructure of Al-Si-Ni and Al-Si-Ni-Cu 
rapidly solidified ribbons was studied by transmission 
electron microscope (TEM) JEOL 1011 at accelerating 
voltage of 100 kV.  

Differential scanning calorimetry (DSC) analysis was 
performed on STA 449 F3 Jupiter calorimeter connected 
to a QMS 403 Aëolos Quadro mass spectrometer in Ar 
environment. The rate of the protective Ar flow in the 
apparatus during the analysis was 30 mL s-1 and the flow 
rate of the purge Ar through the studied samples was 20 
mL s-1. The heating rate was 20 K min-1. 

III. RESULTS AND DISCUSSIONS 
The results of EXDS analyses of the chemical 

composition of rapidly solidified ribbons Al-Si-Ni and Al-
Si-Ni-Cu are presented in Table 1. Based on the obtained 
EXDS results the Al-Ni-Si alloy will be denoted further as 
Al74Ni16Si10. EXDS analysis showed that the Cu content in 
the Al-Si-Ni-Cu rapidly solidified ribbon was close to 2 at. 

% Cu, therefore, in our work, it will be denoted 
respectively (Al74Ni16Si10)98Cu2. 

TABLE 1 CHEMICAL COMPOSITION OF THE RAPIDLY SOLIDIFIED 
RIBBONS AL-NI-SI AND AL-NI-SI-CU 

Designation of 
ribbons 

Al  
[at. %] 

Ni  
[at. %] 

Si  
[at. %] 

Cu  
[at. %] 

Al74Ni16Si10 73.50 16.08 10.42 - 

(Al74Ni16Si10)98Cu2 73.97 14.94 8.76 2.33 

 

The XRD patterns of Al74Ni16Si10 and 
(Al74Ni16Si10)98Cu2 ribbons before and after annealing and 
XRD-results on their structural characteristics are 
presented in Fig. 1 and in Table 2.  

A well-defined halo is present in the XRD patterns of 
each of the two studied rapidly solidified ribbons (Fig. 1 
(a), Fig. 1 (b), which is an evidence of their amorphous 
structure. Further, in our work, these alloys will be denoted 
by the index "am". 

The results of XRD analyzes of the amorphous 
structure of the rapidly solidified Al74Ni16Si10 and 
(Al74Ni16Si10)98Cu2 ribbons were confirmed by TEM 
observations and electron diffraction. The diffractograms 
of the two alloys showed a well-defined diffraction halo 
and no diffraction spots, which proved that their structure 
was completely amorphous.  

The TEM image of the microstructure of Al74Ni16Si10 
alloy (Fig. 2 (a) showed the typical for metallic glass 
uniform matrix. Small white spots were observed in the 
dark matrix of (Al74Ni16Si10)98Cu2. The absence of phase 
boundaries and of diffraction pixels makes us to consider 
they are clusters of atoms of smaller atom number 
(probably Al) which have formed during rapid 
solidification but have not succeeded to combine into a 
crystal lattice. The bright contrast in TEM image is due to 
the lower electron absorption resulting on the smaller atom 
number of aluminium (Fig. 2 (b) 

XRD analysis of the amorphous alloys subject to 
annealing at 350°C showed complete crystallization. 
Peaks of three types of crystalline phases were found in 
Al74Ni16Si10 alloy: Al, Al3Ni and NiSi2 (Fig. 1 (a) and five 
types of crystalline phases in (Al74Ni16Si10)98Cu2  

alloy: Al, Al3Ni, NiSi2, Cu3.8Ni and traces of (Al, Cu)Ni3 
(Fig. 1 (b).  

The quantity and the size of the crystalline phases were 
determined as nanosized in Al74Ni16Si10 and as ultrafine in 
(Al74Ni16Si10)98Cu2 (Table 2). This gives us the reason to 
designate the annealed Al74Ni16Si10 alloy as 
nanocrystalline and the annealed (Al74Ni16Si10)98Cu2 alloy 
as ultrafine and to use for them the indexes “ncr” and 
“ufcr”, respectively [15].  
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TABLE 2 STRUCTURAL CHARACTERISTICS OF AMORPHOUS AND 
CRYSTALLINE AL74NI16SI10 AND (AL74NI16SI10)98CU2 ALLOYS 

Designation 
of the alloy 

Components of the crystal part  

Types of 
phases 

Quantity of  
the phase  
[mass. %]  

Phase size  
[nm]  

Al74Ni16Si10 
am - - - 

Al74Ni16Si10 
ncr 

Al -fcc 16 88 
Al3Ni  

Orthorombic 72 71 

NiSi2 - fcc 12 43 
(Al74Ni16Si10)98Cu2  

am - - - 

(Al74Ni16Si10)98Cu2 
ufcr 

 

Al -fcc 19 136 
Al3Ni  

Orthorombic 64 88 

NiSi2 13 45 
Cu3.8Ni - fcc 4 60 
(Al,Cu)Ni3- 

fcc traces 

 

 
(a) Al74Ni16Si10. 

 
(b) (Al74Ni16Si10)98Cu2 

Fig. 1. XRD diagrams of Al74Ni16Si10 and (Al74Ni16Si10)98Cu2 alloys. 

XRD results showed that the addition of only 2 at. % 
Cu to Al74Ni16Si10 alloy caused a 54%, 24% and 7% size 
increase of the nanocrystalline phases Al, Al3Ni, NiSi2 

respectively, and a separation of two new phases – Cu3.8Ni 
and (Al, Cu)Ni3. The increased sizes, especially of the Al-
containing phases can be well seen when comparing the 
TEM images of the two alloys (Fig. 2 (c) and 2 (d). 

Fig. 3 and Fig. 4 show DSC diagrams of Al74Ni16Si10 
and (Al74Ni16Si10)98Cu2 alloys in amorphous (a)-solid line) 
and in crystalline (b) - dotted line) state. The results of the 
DSC analyses are presented in Table 3. The DSC diagrams 
of each of the amorphous alloys have two exothermic 
peaks, indicating that crystallization takes place in two 
separate steps. There is no clear evidence of the glass 
transition effect before the temperatures of the first 
exothermic crystallization peak of both alloys. The 
absence of a glass transition (GT) feature can be explained 
by the formation of significant number of clusters during 
rapid solidification, evidence of which we observed in Fig. 
2 (b). With continued heating, clusters of size above the 
critical nucleation size grow even at lower temperatures. 
Therefore, we assume that Tg=Tx1peak and that the GT 
effect is hidden below the first crystallization peak. The 
same vitrification effect has been observed in amorphous 
aluminum-based alloys by other researchers [16], [17]. 

They assumed that the difference ∆Tx between the 
crystallization temperature and the glass transition 
temperature, which mostly determines the so called 
supercooled liquid region of the amorphous alloy, in this 
case can be calculated as ΔТx = Tx2peak - Tx1peak [17]. 
The parameter ∆Tx is directly associated with the glass 
stability (GS) of the alloy and it is an indication of the 
resistance to devitrification by the annealing above Tg. For 
our amorphous alloys the values of ∆Tx are 64K and 92K 
for the Al74Ni16Si10 and (Al74Ni16Si10)98Cu2 alloys 
respectively. This clearly indicates that the partial 
replacement of Si and Ni atoms by Cu improves the ability 
of the melt to form glasses [17]. 

 

 
(a) Al74Ni16Si10 - am 

 
(b) (Al74Ni16Si10)98Cu2- am 
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(c) Al74Ni16Si10- ncr 

 
(d) (Al74Ni16Si10)98Cu2 - ufcr 

Fig. 2. Microstructure of the amorphous (a), (b) and crystalline (c), (d) 
Al74Ni16Si10 and (Al74Ni16Si10)98Cu2 alloys, TEM. 

 

 

Fig. 3. DSC diagrams of Al74Ni16Si10 alloy (a) amorphous; (b) 
nanocrystalline. 

 

Fig. 4. DSC diagrams of (Al74Ni16Si10)98Cu2 alloy (a) amorphous; (b) 
ultrafinecrystalline. 

TABLE 3 RESULTS OF DSC ANALYSIS OF AMORPHOUS AL74NI16SI10 
AND (AL74NI16SI10)98CU2 ALLOYS  

 Al74Ni16Si10 - 
am 

(Al74Ni16Si10)98Cu2 - 
am 

Tx1, [К] 453 452 

Tpeak, [К] 465 453 

Tx2, [К] 529 535 

Tpeak2, [К] 529 544 

Ts, [К] 838 819 

Tl, [К] 965 954 

ΔТx, [К] 64 92 

 

IV. CONCLUSIONS 
Rapidly solidified amorphous ribbons Al74Ni16Si10 and 

(Al74Ni16Si10)98Cu2 and their crystalline analogues were 
produced by the Chill Block Melt Spinning (CBMS) 
method and by subsequent annealing of the amorphous 
alloys for 2 hours at 350°C. 

It was found by DSC analyses that the crystallization 
of the amorphous alloys Al74Ni16Si10 and 
(Al74Ni16Si10)98Cu2 takes place in two steps. It was proven 
that the addition of 2 at. % copper to the Al74Ni16Si10 alloy 
does not significantly change the Tg temperature, but 
improve the glass forming ability of (Al74Ni16Si10)98Cu2 
alloy. 

It was found that the addition of 2 at. % Cu to 
nanocrystalline Al74Ni16Si10 alloy causes a 54%, 24% and 
7% size increase of the separated crystalline phases Al, 
Al3Ni, NiSi2 respectively, and a separation of new Cu3.8Ni 
and (Al, Cu)Ni3 phases in the ultrafine crystalline 
(Al74Ni16Si10)98Cu2 alloy.  
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Abstract. The influence of nickel as minority alloying element 
on the corrosion behavior of amorphous alloys 
(Al74Cu16Mg10)99Ni, (Al74Cu16Mg10)98Ni2 and 
(Al74Cu16Mg10)97Ni3 was investigated. The amorphous alloys 
were obtained as ribbons by Chill Block Melt Spinning 
(CBMS). The amorphous structure of the alloys was proven 
by X-ray diffraction (XRD) and transmission electron 
microscopy (TEM). The corrosion rate was calculated 
gravimetric using continuous immersion tests for 360 hours 
in 3.5% NaCl solution at a temperature of 25oC. The lowest 
corrosion rate was found in the alloy containing 3 at. % Ni. 
The chemical composition of the accumulated corrosion 
products was studied  using XRD. 
The influence of nickel on the local corrosion resistance of the 
amorphous ribbons of (Al74Cu16Mg10)100-хNiх x = 0, 1, 2, 3% 
alloys was investigated electrochemically in a solution of 
3.5% NaCl at 25°C. Pitting potential (Epitt) and 
repassivation potential (Erp) were determined. It was found 
that most resistant to pitting corrosion was the 
(Al74Cu16Mg10)97Ni3 alloy, which showed the noblest pitting 
potential (Epitt -0.332 V) and repassivation potential (Erp -
0.530 V). 
All obtained corrosion test results of the nickel-containing 
amorphous alloys were compared to the base amorphous 
Al74Cu16Mg10 alloy. 

Keywords: amorphous alloy, aluminum, nickel, copper, 
magnesium, corrosion. 

I. INTRODUCTION 
The first published experimental results on the 

corrosion properties of amorphous alloys date back to 
1974 [1]. From then until now, data have been obtained 
and analyzed mainly on the corrosion behavior of 

amorphous iron-based alloys. The results show that 
amorphous alloys are more resistant to corrosion than the 
corresponding crystalline alloys, which can be explained 
by their microstructural homogeneity, the absence of 
defects, as well as the positive influence of some of the 
alloying elements [2], [3]. 

Aluminium-based amorphous alloys became one of the 
most studied metallic glasses in the last decades. The 
influence of various factors on their corrosion resistance 
continues to be the subject of many studies [4], [5]. 

The aim of this work is to study the influence of the Ni as 
a minority alloying element on the corrosion behavior of 
amorphous alloys (Al74Cu16Mg10)100-хNiх x = 1, 2, 3 at.% 
in chloride-containing solution and to estimate their 
susceptibility to general and local corrosion. 

 

II. MATERIALS AND METHODS 

A.  Methods of Production and Characterization of the 
Amorphous Ribbons 

The Al74Cu16Mg10 alloy was chosen аs а base alloy of 
the Al-Cu-Mg system, corresponding to the eutectic point 
E5 of the Al-Cu-Mg turnery equilibrium diagram [6]. The 
base Al74Cu16Mg10 alloy and 1, 2, 3 at.% Ni-containing 
alloys were synthesized  from pure metals Al - 99.99 %, 
Cu - 99.99 %, Mg - 99.8 % and Ni -99.99 %, in a plant 
comprising a resistance electric furnace installed in a 
water-cooled pneumovacuum chamber in argon 
atmosphere with 99.998 % purity [7]. The Chill Block 

https://doi.org/10.17770/etr2023vol3.7201
https://creativecommons.org/licenses/by/4.0/
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Melt Spinning (CBMS) method was used to obtain rapidly 
solidified ribbons about 3 - 4 mm wide and 26 - 40 µm 
thick. 

The chemical composition of the produced rapidly 
solidified ribbons was determined by Energy Dispersive 
X-ray Spectroscopy (EXDS) using a scanning electron 
microscope HIROX 5500 with EXDS system BRUCKER. 
The EXDS results are presented in Table 1. 

TABLE 1. CHEMICAL COMPOSITION OF THE RAPIDLY SOLIDIFIED 
RIBBONS AL-CU-MG-(NI) 

 

Designation of ribbons  Al  
[at.%] 

Cu  
[at. %] 

Mg  
[at. %] 

Ni  
[at. %] 

Al74Cu16Mg10 76.60 13.82 9.59 - 

(Al74Cu16Mg10)99Ni  74.45 15.14 9.16 1.24 

(Al74Cu16Mg10)98Ni2  74.54 14.90 8.61 1.96 

(Al74Cu16Mg10)97Ni3  73.23 14.84 8.72 3.21 

 

X-ray diffraction (XRD) analysis was performed by 
Bruker D8 Advance powder X-ray diffractometer in order 
to characterize the amount of amorphous phases of the 
alloys. The microstructure of the rapidly solidified alloys 
was studied by transmission electron microscope (TEM) 
JEOL 1011 at accelerating voltage of 100 kV. The XRD 
patterns and TEM analyses of the microstructure and TEM 
diffraction proved that the base alloy Al74Cu16Mg10  was 98 
% amorphous [8] and the three Ni – containing alloys 
(Fig. 1) аre completely amorphous [9].  

 

 

 

 

 

 

 

 

 
Fig. 1. XRD patterns of (Al74Cu16Mg10)100-xNix ribbons. 

B. Corrosion Test Methods 

1. General Corrosion Test  
General corrosion tests were performed by continuous 

immersion of specimens in 3.5% NaCl for 360 hours at a 
temperature of 25oC in a laboratory thermostat. Before 

testing specimens were degreased in acetone and treated in 
diluted HNO3 for one minute. 

The corrosion rate (CR) was calculated gravimetrically 
CR = ∆𝑚𝑚

𝑆𝑆.𝑡𝑡
  [g m-2h-1], where the mass loss index ∆m=m0–m1 

[g] was the difference between the weight of the test 
specimens before the test and after the removal of the 
corrosion products after the test; S is the surface area of 
the specimen [m2]; t is the test duration [h]. The weight 
testing was made on analytical scales. All obtained CR 
results are average values from three parallel tests. 

After the corrosion test, the specimens were repeatedly 
washed with warm distilled water. The separated filtrate 
was dried and analyzed by XRD. 

2. Potentiodynamic Corrosion Test 

The resistance of the studied alloys (Al74Cu16Mg10)100-

xNix , x=0, 1, 2, 3 at. % to local corrosion was determined 
by potentiodynamic cyclic method in a solution of 3.5% 
NaCl at temperature of 25°C. Test specimens of 0.8 cm2 
surface were degreased in alcohol, treated in diluted 
HNO3. The electrochemical tests were performed in a 
trielectrode cell with a working electrode made from the 
studied amorphous alloys, a platinum counter electrode 
and a silver chloride reference electrode (Ag/AgCl). All 
potentials in this work are reported relatively to the silver 
chloride electrode.  

The electrochemical tests were performed in a solution 
of 3.5% NaCl at temperature 25 °C using an Autolab 
galvanostat-potentiostat model PGSTAT 204 and 
computer software NOVA 2.1. The results of the 
polarization tests of studieded (Al74Cu16Mg10)100-xNix , 
x=1, 2, 3 at. % alloys were compared to those obtained for 
the base Al74Cu16Mg10 alloy. 

The specimens were kept for 60 min in 3.5% NaCl to 
stabilize the open circuit potential (ОСР), and then were 
cathodically polarized for 60 s at -0.5V vs OCP to remove 
the natural passive layer. The cyclic potentiodynamic 
studies were carried out at scan rate of 1 mV/s in anodic 
direction from initial potential of -0.5V vs OCP until 
exceeding the threshold current density with more than 1 
mA/cm2, after which the potential scan was reversed in 
cathode direction to the cross-point of the forward and the 
backward branches of the polarization curve.  

III. RESULTS AND DISCUSSIONS 

A. General corrosion behavior 
The dependence of corrosion rate (CR) on the nickel 

content of the amorphous alloys (Al74Cu16Mg10)100-xNix, 
x=0, 1, 2, 3 at. % in 3.5% NaCl is shown in Fig. 2. The 
highest CR is measured for the alloy containing 1 at. % 
nickel. In the alloys with 2 or 3 at. % Ni the corrosion rate 
decreases to zero.  
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Fig. 2. Corrosion rate CR of (Al74Cu16Mg10)100-xNix , x=0, 1, 2, 3 at. % 
alloys under continuous immersion in 3.5 % NaCl for 360 hours at 25oC. 

 

The decrease of CR of the studied alloys with 
increasing nickel content is explained by the fact that 
nickel stimulates the formation of passive film on the 
surface of aluminum alloys, which prevents further 
interaction of the alloy with the chloride containing 
aggressive corrosive environment [10]. This is the main 
reason for the reduction of corrosion losses to zero in the 
2 and 3 at. % Ni alloy. 

a) (Al74Cu16Mg10)99Ni 

b). (Al74Cu16Mg10)97Ni3 
Fig. 3. Surface of specimens of Ni-containing amorphous alloys after 360 
hours corrosion test in 3,5% NaCl at 25oC. 

 

 
 

The pitting corrosion is the most common corrosion 
type of aluminum alloys in chloride solutions [11], [12] 
but in our case the pittings were absent in all studed Ni-
containing amorphous alloys even after 360 hours 
corrosion test. After the test the surface of the specimens 
of the alloy with 1 at. % Ni was matte (Fig. 3a), while the 
surface of the specimens with 3 at. % Ni remained shiny, 
without separated corrosion products (Fig. 3b), indicating 
no local corrosion changes.  

In order to clarify the possible mechanisms of the 
corrosion process of Ni-containing aluminum amorphous 
alloys, the phase composition of the filtrate after washing 
the test samples was investigated by XRD. 

Although no traces of corrosion were visible on the 
surface of the tested specimens, XRD showed that  in 
addition to NaCl, there were also separated oxide products 
in the filtrate. (Fig. 4). 

An amorphous halo is visible on the onset part of the 
XRD patterns of the corrosion products of each of the 
investigated alloys in the region (15÷25) 2Ɵ, followed by 
peaks of crystalline phases (Fig.4). This indicates that the 
released corrosion products are a mixture of amorphous 
and crystalline type. A similar structure of the layer of 
corrosion products was observed by other researchers also 
[13]. The width and the intensity of the amorphous halo at 
the onset of XRD patterns increases with increasing nickel 
content in the alloys. Based on our previous research, we 
can state that the film of corrosion products closest to the 
metal surface is amorphous mixture of aluminum oxides, 
oxohydroxides and chlorides [14].  

It can be seen from the XRD paters that the crystal 
corrosion products contain copper, chlorine and oxygen 
phases – CuCl2, CuO, which, according to literature, have 
good protective corrosion properties [15]. 
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Fig. 4. XRD patterns of the corrosion products of (Al74Cu16Mg10)100-xNix 
alloys obtained after 360 hours corrosion test in 3.5 % NaCl at 25oC. 
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B. Electrochemical and potentiodynamic 
measurements  

Electrochemical corrosion test was performed in order 
to confirm the results of the general corrosion test and the 
susceptibility of aluminum amorphous alloys to pitting 
corrosion. 

The method of open circuit potential measurements 
and potentiodynamic cyclic method were used for the 
purpose. 

The open circuit potentials (OCP) of the base 
amorphous alloy Al74Cu16Mg10 and of the alloys with 1, 2 
and 3 at. % Ni were measured in 3.5 %NaCl at 25oC for 60 
min. Figure 5 displays the variations of OCP with the Ni 
content. Average OCP values are shown in the figure, 
because in all tested alloys OCP stabilization was not 
achieved during the 60 min test.  

0 1 2 3
-0,80

-0,75

-0,70

-0,65

-0,60

-0,55

-0,50

O
pe

n 
ci

rc
ui

t p
ot

en
tia

l (
V 

vs
 A

g/
Ag

Cl
)

Ni (at. %)
 

Fig. 5. Dependence of OCP on Ni content of (Al74Cu16Mg10)100-xNix ,  
x=0, 1, 2, 3 alloys in 3.5% NaCl at 25oC. 

 

It can be seen that the OCP of all three Ni containing 
alloys is displaced to less negative values compared to the 
OCP of the base alloy. The biggest displacement is 
observed at 1%Ni, the further increase of Ni content 
diminishes the displacement. 

Representative potentiodynamic polarization curves of 
the amorphous (Al74Cu16Mg10)100-xNix, x= 0,1,2,3 alloys in 
3.5% NaCl are presented in Fig. 6. The pitting potentials 
Epit and the repassivation potentials Erp were determined 
and the values for Ni-containing alloys were compared 
with Epit (solid line) and Erp (dotted line) of the base alloy 
(Fig.7). 

The OCPs of the three (Al74Cu16Mg10)100-xNix, x = 
1, 2, 3 at.% Ni alloys (Fig. 5) are more negative than their 
Epit (Fig. 7). The biggest is the difference between OCP 
and Epit in the alloy with 1 at. % Ni. For the base alloy 
Al74Cu16Mg10, the values of OCP and Epit are close. 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Polarization potentiodynamic curves of (Al74Cu16Mg10)100-xNix, 

x=0, 1, 2, 3 alloys in 3.5% NaCl at 25oC: x=0, solid line; x=1, dash line (- 
- -); x=2, dot line (..); x=3 dash-dot line (- . - .). 

 

No plateau was registered on the potentiodynamic 
polarization curves of the amorphous alloys 
(Al74Cu16Mg10)100-xNix, x= 1, 2 ,3 or the base amorphous 
alloy Al74Cu16Mg10 in 3.5% NaCl (Fig. 6). Hysteresis 
loops are formed on the anode part of all polarization 
curves. The sharp increase of current density immediately 
after the corrosion potentials (Ecorr) indicates that the 
alloys are in a process of active dissolution and their 
corrosion potentials coincide with their pitting potentials. 

When increasing the nickel concent in 
(Al74Cu16Mg10)100-xNix, x=1, 2, 3 alloys, the corrosion 
potential Еcorr shifts in positive direction and the 
development of pitting corrosion begins. According to 
Figure 6 the most resistant to pitting corrosion is the 
(Al74Cu16Mg10)97Ni3 alloy (dash-dot), which has the 
noblest pitting potential (Epitt -0.332 V) and repassivation 
potential (Erp -0.530 V).  

Fig. 7. Epit and Erp of (Al74Cu16Mg10)100-xNix, x = 1, 2, 3 at.% and 
of the base Al74Cu16Mg10 alloy (dot lines). 
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The base Al74Cu16Mg10 alloy for which the highest 
corrosion current was measured (Fig.2) shows the most 
negative pitting potential (Epitt -0.652 V) and its 
polarization curve (solid line) is located in the upper part 
of Fig. 6. The average Epit and Epr values of the alloys 
with different Ni content are presented in Fig. 7. The 
dotted lines show the Epit and Erp of the base alloy 
Al74Cu16Mg10. 

The corrosion behavior of alloys is determined by the 
difference between the two potentials Epit and Epr (Fig. 
7). With the increase of Ni content in (Al74Cu16Mg10)100-

xNix, x=1,2,3 amorphous alloys the zone between Epit and 
Epr narrows and the zone of their cathodic potentials 
where they are corrosion protected expands (Fig. 6). The 
results indicate that most protected from pitting corrosion 
is the alloy (Al74Cu16Mg10)97Ni3. 

 

IV. CONCLUSONS 

It was found that the addition of nickel in the range of 
2-3 at % to the base amorphous alloy Al74Cu16Mg10 
reduces the corrosion rate of the amorphous alloys 
(Al74Cu16Mg10)100-xNix, x=2,3 from 63.10-4 [g m-1 h-1] to 0 
[g m-1 h-1]  

The addition of nickel in the range of 1-3 at % to the 
base amorphous alloy Al74Cu16Mg10 increases the 
resistance of the amorphous alloys (Al74Cu16Mg10)100-xNix, 
x=1, 2, 3 to pitting corrosion in a chloride-containing 
solution. 
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Abstract. A base aluminium-silicon alloy AlSi25Cu5Cr was 
used to investigate the possibility of alloying aluminium 
alloys with hard-to-melt elements. The alloying elements Co, 
Cr and Mo were introduced into the melt using metal powder 
from a hard-melting dental cobalt-chromium-molybdenum 
alloy. The metal powder was packed in aluminium foil and 
introduced into the melt of the studied alloy at a temperature 
of 810º C. After alloying and mechanical stirring of the melt, 
it stood for 30 min. at a temperature, raised to 850º C and 
experimental castings were cast from it. After spectral 
analysis, the degree of absorption of the alloying elements by 
the aluminium melt was determined. The structure and 
mechanical properties of the thus obtained alloy were 
investigated.  

Keywords: alloying, aluminium-silicon alloy, dental cobalt-
chromium-molybdenum alloy, hard-melting elements. 

I. INTRODUCTION 
The eutectic and hypereutectic aluminum-silicon alloys 

have found application in automotive industry for 
manufacturing pistons for internal combustion engines. 
The heavy loads, endured by the pistons during their 
operation are the reason behind the increased requirements 
toward the alloys, used for their production. Piston 
manufacturer MAHLE uses a great variety of aluminum-
silicon alloys, mainly eutectic (M124, M142, M174+) and 
hypereutectic (M126, M138, M145, M244). The used 
alloying elements are copper, nickel, and magnesium in 
various concentrations. Copper in the alloys M124, M126, 
M138 and M244 is within 0,8-1,5%, while nickel and 
magnesium are in the range of 0,8-1,3%. The eutectic alloy 
M124 has won recognition as the “classic” piston alloy and 
it has been the basis of the vast number of pistons produced 

in the recent decades. The pistons, made of hypereutectic 
aluminum-silicon alloys, demonstrate higher wear 
resistance. Of this group, alloys M138 and M244 are 
preferred for producing two-stroke engine pistons, while 
alloy М126 is used in the USA for passenger car petrol 
engines.  Alloys M142, M145 and M174+ have been 
developed and   used since recently. Their common feature 
is the increased content of the alloying elements copper 
(2,5-5%) and nickel (1-3%).  This is the reason for their 
high strength at increased temperatures, which, in turn, has 
led to their quick launch into the market. The М142 eutectic 
alloy is mainly used in petrol engines, while the M174+ 
alloy, also of the eutectic type, is increasingly used in diesel 
engines. The hypereutectic aluminum-silicon alloy M145 
is used in several petrol engines [1]. The development of 
new hypereutectic aluminum-silicon piston alloys to be 
competitive to those, used so far by the global piston 
manufacturers is the subject of many researchers [2]-[7].  
The use and combination of different concentrations of 
alloying elements aims at increasing the strength 
parameters of the alloys both at normal and at high 
temperatures. The influence of the alloying elements on the 
structure and properties of the aluminum-silicon alloys is 
presented in [8]-[10]. In order to influence the structure and 
obtain aluminum-silicon alloys with high mechanical and 
operational properties, experiments are conducted, in 
which Co, Ni, Cr and Mo and combinations of them are 
used for alloying the alloys [11]-[15].  

The aim of the present research is to establish the 
possibility of alloying AlSi25Cu5Cr alloy with Co, Cr and 
Mo by using metal powder. 

https://doi.org/10.17770/etr2023vol3.7180
https://creativecommons.org/licenses/by/4.0/
mailto:boyan.dochev@gmail.com
mailto:desislava608738@gmail.com
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II. MATERIALS AND METHODS 
A basic non-standardized hypereutectic aluminium-

silicon alloy AlSi25Cu5Cr, whose chemical composition is 
shown in Table 1, was used to study the possibility of 
alloying aluminium alloys with hard-to-melt (churlish) 
elements.    

TABLE 1 CHEMICAL COMPOSITION OF ALSI25CU5CR (%) 

Si Cu Cr Fe Mg Al 

24,92 4,05 0,559 0,136 0,003 rest 

 

The alloying elements cobalt, molybdenum, and part of 
chromium were introduced into the melt by using metal 
powder from the high-melting dental cobalt-chromium-
molybdenum alloy WIRONIT, with a chemical 
composition, presented in Table 2. 

TABLE 2 CHEMICAL COMPOSITION OF WIRONIT  (%) 

Co Cr Mo Mn Si 

64 28,5 5 1 1 

 

The metal powder was packed in aluminium foil and 
introduced into the melt of the studied alloy at a 
temperature of 810ºС. After alloying and mechanical 
stirring, the melt stood for 30 minutes at a temperature, 
increased to 850ºС.  After metallurgical processing of the 
alloy, including refining, degassing and modification with 
phosphorus in the amount of 0.07%, experimental castings 
were made of it. The metallurgical processing of the melt 
was carried out at a temperature of 850ºС, while the casting 
temperature was 830ºС. Metal equipment, preheated to 
200ºС in advance, was used for casting the experimental 
samples.  

The castings were thermally treated under the Т6 mode, 
during which the heating for homogenizing of the structure 
was carried out at a temperature 510-515⁰С, the retention 
time at this temperature was 6h30min., and the used 
cooling medium was water with a temperature of 20⁰С. The 
artificial ageing of the samples after their hardening was 
carried out at a temperature of 180⁰С, with retention times 
at the chosen operational temperature 12h and 14h.  

To determine the degree of absorption of the alloying 
elements introduced into the melt by using metal powder 
from the dental cobalt-chromium-molybdenum alloy 
WIRONIT, a spectral analysis was carried out with an 
ARUN Technology spectrometer. Microstructural analysis 
and mechanical tests of the alloy AlSi25Cu5Cr, interfused 
with Co, Cr and Mo, were carried out before and after its 
exposure to heat treatment.  

III. RESULTS AND DISCUSSION 
The used amount of metal powder aimed at introducing 

Co-0.2%, Cr-0.09% and Mo-0.016% into the melt The 
results from the performed spectral analysis show that not 
all amount of the metal powder was absorbed by the melt 

of the studied aluminum-silicon alloy. The degree of 
absorption of the alloying elements Co, Cr and Mo is about 
85%. Table 3 presents the chemical composition of the 
alloy after its modification by 0.07% Р and alloying with 
WIRONIT.  

TABLE 3 CHEMICAL COMPOSITION OF ALSI25CU5CR+ WIRONIT (%) 

Si Cu Cr Co Mo Fe Al 

24,93 4,5 0,638 0,172 0,014 0,443 rest 

 

Increase in the amount of Cu in the composition of the 
alloy was also registered, which is due to the used amount 
of the modifier phosphorus, introduced into the melt 
through the ligature CuP10. 

The primary Si crystals in the structure of the alloy 
AlSi25Cu5Cr, modified by 0.07% Р and alloyed with Co, 
Cr and Mo before being subjected heat treatment, are 24.8 
µm in size. Single crystals of Si with slightly larger sizes 
are observed, and their calculated arbitrary average 
diameter is of the order of 40-46 μm. The Si crystals in the 
composition of the eutectic have crystallized in the form of 
needles and have an average linear size of 33.4 μm (total 
average size). The main amount of eutectic Si crystals is up 
to 20 μm in size, though crystals, measuring from 30 to 80 
μm are also observed (Fig.1). The mechanical properties of 
the alloy, infused this way, are shown in Table 4.  

 

 
Fig. 1. Microstructure of alloy AlSi25Cu5Cr + 0.07% P + Co, Cr and 

Mo. 

TABLE 4  MECHANICAL PROPERTIES OF ALSI25CU5CR+ 
WIRONIT   

Alloy Microhardness Macrohardness Rm 
[MPa] 

AlSi25Cu5Cr 79.2µHV50/10 129.5HV10/10 121 
 

After heat treatment under the Т6 mode, during which 
the artificial ageing was carried out at a temperature of 
180⁰С and the retention time was 12h, a change in the shape 
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and size of the eutectic silicon crystals was observed. From 
a needle-like one, their shape spheroidized, and their 
arbitrary average diameter, both measured and calculated, 
was 6.7 µm. The main amount of primary Si crystals 
measured about 22 µm.  Single crystals with slightly larger 
dimensions of the order of 55 μm are observed (Fig. 2). The 
conducted mechanical tests established an increase in the 
micro- and macro-hardness of the alloy, as well in its 
tensile strength compared to the same alloy before being 
subjected to heat treatment. After the heat treatment, 
performed in the described way, the alloy has the 
mechanical properties, shown in Table 5.  

Fig. 2.   Microstructure of alloy AlSi25Cu5Cr + 0.07% P + Co, Cr 
and Mo - T6 (artificial ageing 180⁰С/12h). 

 
TABLE 5  MECHANICAL PROPERTIES OF ALSI25CU5CR+ 

WIRONIT+ Т6 (ARTIFICIAL AGEING 180⁰С/12h)   

Alloy Microhardness Macrohardness Rm 
[MPa] 

AlSi25Cu5Cr 86.2µHV50/10 142.1HV10/10 215 

 

In the structure of the studied alloy after its heat 
treatment under the T6 mode, in which the artificial ageing 
was carried out at 180⁰С and the retention time was 14h, no 
significant change in the shape and sizes of the primary 
silicon crystals was observed. Their arbitrary average 
diameter was 19.7 µm. A change in the shape and size of 
the silicon crystals in the composition of the eutectic was 
registered. Part of the crystals had a spheroidal shape and 
dimensions of the order of 6.2 µm, though ones in the form 
of plates, about 12.5 μm long and 2 μm wide, were also 
observed (Fig. 3). With increasing the retention time (14h) 
during artificial ageing, an increase in the micro- and 
macro-hardness of the alloy is observed, but the value of 
the tensile strength decreases. Table 6 shows the 
mechanical properties of the studied alloy after heat 
treatment under the T6 mode, in which the artificial ageing 
is carried out at a temperature of 180⁰С, and the retention 
time is 14h. 

 

Fig. 3.   Microstructure of alloy AlSi25Cu5Cr + 0.07% P + Co, Cr 
and Mo - T6 (artificial ageing 180⁰С/14h). 

 
TABLE 6  MECHANICAL PROPERTIES OF ALSI25CU5CR+ 

WIRONIT+ Т6 (ARTIFICIAL AGEING 180⁰С/14h)   

Alloy Microhardness Macrohardness Rm 
[MPa] 

AlSi25Cu5Cr 89.2µHV50/10 153.2HV10/10 183 

 

The results from the conducted studies show that the 
absorption of the hard-to-melt elements Co, Cr and Мо by 
the melt of the base aluminum-silicon alloy AlSi25Cu5Cr 
is not complete. One possible reason is that the metal 
powder of the dental cobalt-chromium-molybdenum alloy 
is oxidized to a certain extent, which, in turn, makes its 
complete absorption by the melt impossible. The other 
probable reason is that part of the metal powder floated on 
the surface of the metal melt and passed into the slag, which 
hindered the absorption of the hard-melting elements Co, 
Cr and Мо.  

The T6 heat treatment leads to an increase in the 
mechanical properties of the studied alloy. The tensile 
strength and macrohardness values of the alloy are 
competitive with those of the standardized piston 
hypereutectic aluminum-silicon alloys. The selected 
parameters of artificial ageing after hardening lead to a 
change in the shape and size of the eutectic silicon crystals 
in the structure of the alloy. During artificial ageing at 
180⁰С and retention time 12h the eutectic silicon crystals 
have a spheroidal shape and significantly small dimensions 
- 6.7 µm.  As the retention time during artificial ageing 
increases to 14h, a change in the shape of the eutectic Si is 
observed. Some of the crystals is in the form of plates, 
which, in turn, leads to a decrease in the tensile strength of 
the alloy.  

IV. CONCLUSIONS 
A technology for alloying hypereutectic aluminum-

silicon alloys with Co, Cr and Mo by using metal powder 
from a dental cobalt-chromium-molybdenum alloy is 
proposed.  With the selected parameters (temperature and 
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time) for the introduction of the alloying elements, their 
absorption by the melt of the studied alloy amounts at 85%. 

After conducting T6 heat treatment, the mechanical 
properties of the studied alloy AlSi25Cu5Cr, interfused 
with Co, Cr and Мо, meet the requirements toward the 
standardized hypereutectic aluminum-silicon piston alloys.  

The parameters (temperature and time) of artificial 
ageing after hardening, in which the eutectic silicon is 
refined and has a spheroidal shape, which, in turn, is the 
reason for the increased mechanical properties of the alloy, 
have been experimentally established. When the retention 
time during artificial ageing at 180⁰С operational 
temperature is increased to 14h, a change in the spheroidal 
shape of the eutectic silicon crystals is observed. It acquires 
a plate-like shape, its cutting effect on the α-phase in the 
composition of the eutectic increases, and a decrease in the 
tensile strength values of the investigated alloy is observed. 
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Abstract. The hypereutectic aluminium-silicon alloys 
AlSi25Cu4Cr and AlSi25Cu5Cr are heat treated T5, T6 and 
T7. The quenching of the alloys was carried out under the 
same conditions. Artificial aging at T5 was carried out at a 
temperature of 180º C for 2, 4 and 6h, and at T6 at 180º C for 
8, 10, 12 and 14h. The artificial aging of the studied 
compositions at T7 was carried out at a temperature of 370º 
C for 20, 40 and 60 min. The influence of heat treatment on 
the size, shape and distribution of primary and eutectic 
silicon crystals in the alloy structure was investigated. It was 
established that the proposed heat treatment regimes do not 
lead to a significant change in the shape and size of the 
primary silicon crystals, but contribute to their uniform 
distribution in the structure of the studied alloys. Rounding 
of the silicon crystals in the composition of the eutectic of the 
investigated alloys was observed. 

Keywords: heat treatment, hypereutectic aluminium-silicon 
alloys, structure. 

I. INTRODUCTION 
The main application of alloys of the Al-Si system is 

for the manufacture of pistons for internal combustion 
engines. The hypereutectic aluminium-silicon alloys have 
poor casting properties, and because they crystallize over 
a wide temperature range, microsuction porosity is 
observed in the castings. To obtain solid castings, various 
casting methods are used - casting in stilts, semi-liquid 
stamping, casting under gas pressure [1]-[3]. 

In recent years, new alloys and composites have been 
introduced in the automotive industry [4], [5]. In order to 
obtain aluminum alloys with modified structures and 
increased mechanical properties, new types of modifiers, 
rare earth elements are used, and different amounts of 
phosphorus are experimented with [6]-[14]. Research is 
being conducted on the operational properties (wear 
resistance and corrosion resistance) of the alloys intended 
for the manufacture of pistons for internal combustion 
engines, as well as new coatings aimed at improving their 
wear resistance [15]-[19]. 

The aim of the present work is to study the influence 
of different heat treatment regimes on the size, shape and 
distribution of primary and eutectic silicon crystals in the 
structure of AlSi25Cu4Cr and AlSi25Cu5Cr alloys. 

II. MATERIALS AND METHODS 
The object of the present study are supraeutectic 

aluminum-silicon alloys AlSi25Cu4Cr and AlSi25Cu5Cr. 
The investigated alloys were prepared by two different 
technologies. One technology for producing the alloys 
involves melting the pure metals in an electric resistance 
furnace and casting the resulting alloys into a block. The 
compositions obtained in this way are re-melted, and 
immediately before pouring, the metallurgical processing 
of the melts (refining, degassing and modification) is 
carried out. Phosphorus in the amount of 0.04% was used 
to modify the AlSi25Cu4Cr alloy, and the AlSi25Cu5Cr 

https://doi.org/10.17770/etr2023vol3.7181
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alloy was modified with 0.07% P. Experimental castings 
have been cast. The chemical composition of the prepared 
alloys is shown in Table 1 and Table 2. Castings obtained 
by this technology are subjected to thermal treatment T5 
and T7. The heating to homogenize the structure before 
hardening was carried out at a temperature of 510-515⁰С, 
the holding time at the indicated temperature was 
6h30min., and for hardening a cooling medium of water 
with a temperature of 20ºС was used. Artificial aging at T5 
was carried out at a temperature of 180⁰C and holding 
times were 2h, 4h and 6h. During heat treatment the Т7 
temperature for artificial aging is 370⁰С and holding times 
are 20min, 40min and 60min. 

TABLE 1 CHEMICAL COMPOSITION OF ALSI25CU4CR (%) REMELTING 

Si Cu Cr Fe Ni Al 

25,13 3,55 0,65 0,135 0,0051 rest 

 

TABLE 2 CHEMICAL COMPOSITION OF ALSI25CU5CR (%) REMELTING 

Si Cu Cr Fe Ni Al 

25,24 4,72 0,589 0,349 0,031 rest 

  
The second technology for obtaining the studied alloys 

involves melting the pure metals in an electric resistance 
furnace, refining, degassing and modifying the melts and 
direct casting of experimental castings (without using 
remelting of previously prepared alloys). Phosphorus in 
the amount of 0.04% was used to modify the AlSi25Cu4Cr 
alloy, and the AlSi25Cu5Cr alloy was modified with 
0.07% P. The chemical composition of the alloys thus 
prepared is shown in Table 3 and Table 4. Castings from 
the thus prepared compositions were subjected to T6 heat 
treatment, in which the hardening process was carried out 
as in T5 and T7. Artificial aging at T6 was carried out at a 
temperature of 180⁰C and holding times were 8h, 10h, 12h 
and 14h. 

TABLE 3 CHEMICAL COMPOSITION OF ALSI25CU4CR (%) PURE METALS 

Si Cu Cr Fe Ni Al 

24,98 3,69 0,538 0,16 0,005 rest 

TABLE 4CHEMICAL COMPOSITION OF ALSI25CU5CR (%) PURE METALS 

Si Cu Cr Fe Ni Al 

25,31 4,32 0,528 0,122 0,005 rest 

III. RESULTS AND DISCUSSION 
The results of the microstructural analysis show that 

the AlSi25Cu4Cr and AlSi25Cu5Cr alloys obtained by 
remelting a block and modified with 0.04% P and 0.07% 
P respectively at a temperature of 830º-850ºС have a 
modified structure. The primary silicon crystals in the 
structure of the alloy AlSi25Cu4Cr modified with 0.04% 
P are finely divided and evenly distributed in its structure, 
with the main amount of crystals having sizes of 19-27 

µm, and crystals with larger sizes are also found. The 
silicon crystals in the composition of the eutectic are 
plates, which in the observed field of the sandpaper have a 
needle-like shape and linear dimensions of 12-15 µm 
(Fig. 1). 

 

 
Fig. 1. Microstructure of alloy AlSi25Cu4Cr+0.04%P 

(remelting) х100. 

In the structure of the AlSi25Cu5Cr alloy modified 
with 0.07% P, a large part of the silicon crystals are in the 
form of plates with a length not exceeding 45-50 µm and 
a width of 12-15 µm, single crystals with an irregular 
shape and a significant amount of primary silicon crystals 
with sizes in the range of 17 -27 µm, and eutectic silicon 
measures 5-7 µm (Fig. 2). 

 

 
Fig. 2. Microstructure of alloy AlSi25Cu5Cr+0.07%P 

(remelting) х100. 

In AlSi25Cu4Cr and AlSi25Cu5Cr alloys obtained 
from pure metals and subjected to modifying treatment 
with 0.04% P and 0.07% P, unmodified primary Si crystals 
can also be observed in their structure. The reason for this 
is most likely a loss of part of the used phosphorus 
modifier, which was introduced into the melts through 
CuP10 at a temperature of 900º-930ºС [20], [21]. A large 
part of the primary Si crystals in the AlSi25Cu4C + 
0.04%P alloy structure are of irregular shape and cannot 
be measured; those that have been measured are 35 to 50 
µm in size. Eutectic Si crystals are in the form of needles 
with linear dimensions of 30 - 54 µm. (Fig. 3).  

In the structure of the alloy obtained from pure metals 
AlSi25Cu5Cr and modified with 0.07%P, irregularly 
shaped Si crystals are observed, which are not subject to 
measurement. The modified crystals are polyhedral, the 
measured and calculated conditional average diameter is 
32 µm. The silicon in the composition of the eutectic is in 
the form of needles with an average linear size of 25.7 µm. 
(Fig. 4). 
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Fig. 3. Microstructure of alloy AlSi25Cu4Cr+0.04%P             

(pure metals) х100. 

 
Fig. 4. Microstructure of alloy AlSi25Cu5Cr+0.07%P             

(pure metals) х100. 

The structure of an AlSi25Cu4Cr alloy modified with 
phosphorus in the amount of 0.04% and subjected to T5, 
in which the artificial aging was carried out at a 
temperature of 180⁰С and the holding time was 2h is 
shown in Fig. 5. The conditional average diameter of the 
primary silicon crystals is in the range of 32-38µm. 
Crystals in the form of polygons with straight walls 
predominate, but primary silicon crystals in the form of 
plates are also observed. The silicon crystals in the 
composition of the eutectic are in the form of "needles" 
varying in size from 11 to 14 µm. 

 

 
Fig. 5. Microstructure of alloy AlSi25Cu4Cr+0.04%P    

(remelting) T5 (180⁰С/2h) х100. 

The microstructure of alloy AlSi25Cu4Cr + 0.04% P 
and subjected to T5, in which the artificial aging was 
carried out at a temperature of 180⁰С and the holding time 
was 4h is shown in Fig. 6. The primary Si crystals have 
sizes in the range of 18-29µm and are evenly distributed 
in the alloy structure. Some of the eutectic Si crystals have 
a rounded shape, there are also those in the form of plates, 
and their sizes are in the range from 8 to 14 µm. 

After heat treatment T5, in which the artificial aging 
was carried out at a working temperature of 180⁰C and a 
holding time of 6h, the AlSi25Cu4Cr + 0.04% P alloy has 
a structure that is shown in Fig. 7. Fine and evenly 
distributed primary silicon crystals with sizes in the range 
of 21-25 μm are observed. The silicon crystals in the 

composition of the eutectic are rounded in shape and 11 to 
14 µm in size. 

 
Fig. 6. Microstructure of alloy AlSi25Cu4Cr+0.04%P   

(remelting) T5 (180⁰С/4h)  х100. 

 
Fig. 7. Microstructure of alloy AlSi25Cu4Cr+0.04%P   

(remelting) T5 (180⁰С/6h) х100. 

The AlSi25Cu4Cr alloy, which was produced from 
pure metals and modified with 0.04% P, was subjected to 
T6. The structure of the alloy, where the artificial aging 
was carried out at a temperature of 180⁰C and the holding 
time was 8h, is shown in Fig. 8. A large proportion of the 
primary Si crystals in the alloy structure are irregularly 
shaped and not measurable, and those measured are 43 µm 
in size. The eutectic Si crystals are spheroidal in shape, 
with one part of them having a nominal average diameter 
of 17 µm, and others with dimensions of 27 µm. 

 
Fig. 8. Microstructure of alloy AlSi25Cu4Cr+0.04%P             

(pure metals) T6 (180⁰С/8h) х100. 

After heat treatment T6 and artificial aging at a 
temperature of 180⁰C and a hold time of 10h, the modified 
silicon crystals in the structure of the alloy AlSi25Cu4Cr 
+ 0.04% Р were crushed. They have a conditional average 
diameter of 22.6 µm. A change in the shape and size of the 
eutectic silicon crystals is also observed, some of the 
crystals are spherical in shape and have a conditional 
average diameter of 4.5 µm, and the other part are in the 
form of thin plates with linear dimensions of 26.3 µm 
(Fig. 9). 

The alloy AlSi25Cu4Cr + 0.04% P after T6 and 
artificial aging at 180⁰C and retention of 12h has a 
structure shown in Fig. 10. Eutectic silicon has a rounded 
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shape, the main amount of eutectic silicon crystals have a 
conditional average diameter of 5.5 µm, a small amount 
with a conditional average diameter of 18 µm is also 
observed. The modified Si crystals in the alloy structure 
are 20 to 50 µm in size. 

 
Fig. 9. Microstructure of alloy AlSi25Cu4Cr+0.04%P             

(pure metals) T6 (180⁰С/10h) х100. 

 
Fig. 10. Microstructure of alloy AlSi25Cu4Cr+0.04%P           

(pure metals) T6 (180⁰С/12h)  х100. 

Artificial aging at a temperature of 180⁰C and holding 
for 14h after quenching leads to the production of the 
finest crystals of eutectic silicon in the structure of the 
alloy AlSi25Cu4Cr + 0.04% P (Fig. 11). They are rounded 
in shape and have an average diameter of 7 µm. The 
modified Si crystals in the alloy structure are 16 to 45 µm 
in size. 

 
Fig. 11. Microstructure of alloy AlSi25Cu4Cr+0.04%P           

(pure metals) T6 (180⁰С/14h)  х100. 

With T7 heat treatment and artificial aging at 370⁰C 
and holding for 20 min. the structure of AlSi25Cu4Cr + 
0.04% P alloy consists of uniformly distributed primary Si 
crystals with sizes of 19 to 23 µm. Both rounded eutectic 
silicon crystals and in the form of plates with sizes in the 
range of 9-14μm are observed (Fig. 12).  

The AlSi25Cu4Cr + 0.04% P alloy subjected to T7 and 
artificial aging at 370⁰C and holding for 40 min. has a 
structure shown in Fig. 13. The primary silicon crystals are 
finely divided and uniformly distributed with sizes ranging 
from 19 to 23 µm. The silicon crystals in the composition 
of the eutectic have a rounded shape, there are also those 

that are in the shape of plates, and their sizes are in the 
range of 5-8μm. 

The microstructure of the alloy AlSi25Cu4Cr + 0.04% 
P subjected to T7 and artificial aging at 370⁰C and holding 
for 60 min. is composed of faceted primary silicon 
crystals, which have a nominal average diameter of 34-
39µm. Individual crystals of primary silicon and of larger 
sizes are observed. The silicon crystals in the composition 
of the eutectic are in the form of plates and polygons with 
sizes from 3 to 7 µm (Fig. 14). 

 
Fig. 12. Microstructure of alloy AlSi25Cu4Cr+0.04%P (remelting) 

T7 (370⁰С/20min.) х100. 

 
Fig. 13. Microstructure of alloy AlSi25Cu4Cr+0.04%P (remelting) 

T7 (370⁰С/40min.)  х100. 

 
Fig. 14. Microstructure of alloy AlSi25Cu4Cr+0.04%P (remelting) 

T7 (370⁰С/60min.)  х100. 

The structure of AlSi25Cu5Cr alloy modified with 
phosphorus in the amount of 0.07% and subjected to T5, 
in which the artificial aging was carried out at a 
temperature of 180⁰С and the holding time was 2h is 
shown in Fig. 15. The primary silicon crystals are in the 
form of polygons with straight walls, there are also crystals 
with a plate shape. The conditional average diameter of the 
primary Si crystals is 8-13μm. Single plate-shaped 
primary silicon crystals 29-43μm in length are observed. 
The silicon in the composition of the eutectic is in the form 
of plates with dimensions of 4-6 μm. 
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Fig. 15. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T5 (180⁰С/2h) х100. 

The microstructure of an alloy AlSi25Cu5Cr + 0.07% 
P subjected to T5 heat treatment , in which the artificial 
aging was carried out at a temperature of 180⁰С and the 
holding time was 4h is shown in Fig. 16. The primary 
silicon crystals are evenly spaced and have the shape of 
polygons and plates with an overwhelming conditional 
mean diameter of 19-24μm. The silicon crystals in the 
composition of the eutectic are in the form of needle-like 
platelets and rounded grains with dimensions of 9-13μm 

After heat treatment T5, in which the artificial aging 
was carried out at a working temperature of 180⁰C and a 
holding time of 6h, the AlSi25Cu5Cr + 0.07% P, the alloy 
has a structure that is shown in Fig. 17. Fine primary 
silicon crystals are observed in the form of polygons and 
plates distributed uniformly in the structure. The 
conditional average diameter of the primary silicon grains 
is in the range of 11-14μm. 

 
Fig. 16. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T5 (180⁰С/4h)  х100. 

 
Fig. 17. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T5 (180⁰С/6h)  х100. 

The alloy AlSi25Cu5Cr, which was produced from 
pure metals and modified with 0.07% P, was put under  T6 
heat treatment. The structure of the alloy, where the 
artificial aging was carried out at a temperature of 180⁰C 
and the holding time was 8h, is shown in Fig. 18. Most of 
the primary Si crystals in the alloy structure are irregularly 
shaped and not measurable, and those measured are 25.3 
µm in size. The eutectic Si crystals are spheroidal in shape 

with a conditional average diameter of 6.3 µm, and others 
are in the form of thin plates with linear dimensions of 22.2 
µm.  

After heat treatment T6 and artificial aging at a 
temperature of 180⁰C and holding time of 10h, Si crystals 
with a regular shape (polyhedral with straight walls) and a 
conditional average diameter of 20-43µm are observed. in 
the structure of the alloy AlSi25Cu5Cr + 0.07% Р. The 
eutectic silicon crystals have a spheroidal shape and a 
conditional mean diameter of 6.4 µm (Fig. 19). 

 
Fig. 18. Microstructure of alloy AlSi25Cu5Cr+0.07%P           

(pure metals) T6 (180⁰С/8h)  х100. 

 
Fig. 19. Microstructure of alloy AlSi25Cu5Cr+0.07%P            

(pure metals) T6 (180⁰С/10h) х100. 

The alloy AlSi25Cu5Cr + 0.07% P after T6 heat 
treatment  and artificial aging at 180⁰C and retention of 
12h has a structure shown in Fig. 20. The Si crystals in the 
composition of the eutectic are rounded in shape and up to 
7 µm in size. The majority of primary Si crystals are of 
regular shape and reduced sizes in the range of 16 to 27 
µm. 

 
Fig. 20. Microstructure of alloy AlSi25Cu5Cr+0.07%P           

(pure metals) T6 (180⁰С/12h) х100. 

Artificial aging at a temperature of 180⁰C and hold 
time of 14h after hardening leads to a change in the 
structure of the AlSi25Cu5Cr + 0.07% P alloy (Fig. 21). 
Most of the Si crystals in the composition of the eutectic 
are rounded in shape and up to 7 µm in size, but part of 
them are separated in the form of wafer with linear 
dimensions of 16-30 µm. The modified primary Si crystals 
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are in the form of polygons with straight walls and 
polyhedral, and the measured and calculated conditional 
average diameter is 25.6 µm. 

With T7 heat treatment and artificial aging at 370⁰C 
and holding for 20 min. the structure of alloy 
AlSi25Cu5Cr + 0.07% P consists of primary silicon 
crystals of regular shape - polygons with straight walls, as 
well as plate-shaped ones with sizes in the range of 18-27 
μm. Single crystals with an average diameter of 35-51μm 
are observed. The silicon in the composition of the eutectic 
is in the form of rounded crystals and plates resembling 
needles with dimensions of 8-10 μm. Single plates with a 
length of 24-28 μm are observed (Fig. 22). 

 
Fig. 21. Microstructure of alloy AlSi25Cu5Cr+0.07%P            

(pure metals) T6 (180⁰С/14h)  х100. 

 
Fig. 22. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T7 (370⁰С/20min.) х100. 

The AlSi25Cu5Cr + 0.07% P alloy subjected to T7 and 
artificial aging at 370⁰C and holding for 40 min. has a 
structure shown in Fig. 23. Part of the silicon crystals in 
the composition of the eutectic are in the form of plates, 
but there are also those with a rounded shape and sizes 
from 7 to 12 μm. The primary silicon crystals have a 
regular shape (polygons and plates) with dimensions of 
17-22 μm. 

 
Fig. 23. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T7 (370⁰С/40min.) х100. 

The microstructure of the alloy AlSi25Cu4Cr + 0.04% 
P subjected to T7 and artificial aging at 370⁰C and holding 
for 60 min. consists of primary silicon crystals of regular 
shape and sizes in the range of 20-24µm. In the 

composition of the eutectic, finely divided silicon crystals 
are observed, which are 7-10 µm in size and have a 
rounded shape (Fig. 24). 

 
Fig. 24. Microstructure of alloy AlSi25Cu5Cr+0.07%P (remelting) 

T7 (370⁰С/60min.) х100. 

In the AlSi25Cu4Cr + 0.04% P alloy subjected to T5 
heat treatment, it was observed that with increasing the 
holding time, the shape of both primary silicon and 
eutectic silicon crystals was mainly affected. The primary 
Si crystals are uniformly distributed, of approximately the 
same size and regular shape. Eutectic Si crystals are 
rounded in shape. 

The AlSi25Cu4Cr alloy, which is produced from pure 
metals and modified with 0.04% P, is subjected to T6 heat 
treatment, where the artificial aging temperature is the 
same as T5 (180⁰С). The artificial aging carried out at a 
temperature of 180⁰C and retention of 8h, 10h, 12h and 
14h has the strongest effect on the eutectic silicon. It gets 
a rounded (spheroidal) shape. Finest eutectic silicon in the 
structure of the investigated alloy AlSi25Cu4Cr + 0.04% 
P was obtained during artificial aging at 180⁰C and 
retention of 14h. 

After the heat treatment T7 in the structure of the 
AlSi25Cu4Cr alloy modified with 0.04% P, a tendency to 
increase the primary silicon crystals was observed with an 
increase in the holding time during the artificial aging 
carried out at a temperature of 370⁰C. With a retention time 
of 60 min. at 370⁰C the primary silicon crystals are of the 
largest size. No significant change in the shape and size of 
the eutectic silicon crystals was observed at the three 
retention times (20min., 40min. and 60min.) at the 
working temperature of artificial aging. 

In the AlSi25Cu5Cr alloy modified with 0.07% P and 
subjected to T5, a change in the shape of the eutectic and 
primary silicon was observed. Silicon in the composition 
of the eutectic acquires a rounded shape, fine plates are 
also observed. Polygonization of primary Si crystals is 
observed, they are evenly distributed in the alloy structure. 

After heat treatment T6 alloy AlSi25Cu5Cr modified 
with 0.07% P has in its structure eutectic silicon with a 
rounded shape. At artificial aging 180⁰C and holding for 
8h, eutectic Si was observed both in spherical shape and in 
the form of plates. At a holding time of 10h and 12h, only 
rounded eutectic silicon crystals are observed in the 
structure of the alloy, and as the holding time increases to 
14h, a tendency to change the shape of silicon in the 
composition of the eutectic is again observed. In addition 
to spherical crystals, plate-shaped crystals are also 
observed. 
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In the structure of the alloy AlSi25Cu5Cr modified 
with 0.07% P and subjected to thermal treatment T7, no 
significant changes in the shape and size of the primary 
silicon crystals were observed. During artificial aging at a 
temperature of 370⁰C and holding for 20 min. eutectic 
silicon is in the form of thin layers, rounded crystals are 
also found. As the retention time increases to 40 min. 
silicon in the composition of the eutectic is crushed and a 
change in the shape of the thin plates is observed as they 
become more massive. When held for 60 min. at the 
selected operating temperature of 370⁰C, the eutectic 
silicon crystals are rounded in shape. 

IV. CONCLUSIONS  
The proposed heat treatment modes do not lead to a 

significant change in the shape and size of the primary 
silicon crystals, but contribute to their uniform distribution 
in the structure of the studied AlSi25Cu4Cr and 
AlSi25Cu5Cr alloys modified with 0.04% P and 0.07% P, 
respectively. Rounding of the silicon crystals is observed 
in the composition of the eutectic of the studied alloys. 

During the T7 heat treatment of AlSi25Cu4Cr alloy 
modified with 0.04% P, a tendency for the growth of 
primary silicon crystals was observed. With a retention 
time of 60 min. at an operating temperature of 370⁰C, the 
primary silicon crystals are of the largest size. 
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Abstract. In 2018, the first group of teachers and students 
from Vasil Levski National University conducted 
experiments on laser marking in Rezekne Academy Of 
Technology, Latvia. Since then, joint research has been 
increasing every year and better results have been achieved 
not only in the field of laser technologies, but also in other 
areas of joint interest. A pilot study group is even being 
formed in a master's program in laser technology. As a result, 
the interest in laser technologies and in Latvia at Vasil Levski 
National University increased significantly. Research has 
been done on the impact of the exchange between the two 
institutions on the learners and their motivation to learn. 

Keywords: collaborative research; experiment; laser; laser 
marking; result; 3D printer. 

I. INTRODUCTION 
Joint research in the field of laser technologies between 

the Rezekne Academy of Technology, as a leading partner, 
and the National Military University "Vasyl Levski" has 
been starting since 2018. The partnership between 
educational institutions is even older, with the first 
cooperation framework agreements and Erasmus contracts 
being signed more than 10 years ago. Over the years, the 
former rector of the Rezekne Academy of Technology, 
Prof. Edmunds Teirumnieks, and the dean of the Faculty of 
Engineering, Erika Teirumnieka, have visited the military 
university many times, Prof. Lubomir Lazov has also 
visited the university and delivered public lectures to the 
academic staff. The National Military University was also 
attended by trainees from the Academy in Rezekne. 

Teachers and students from the educational institution 
from Bulgaria have also repeatedly visited the Latvian 
university. During practicals, students from the National 
University under the guidance of Prof. Lazov carried out 
research and data processing from experimental and 
theoretical studies of various materials at the laser center in 
Rezekne. 

Teachers and students from both universities 
participated in scientific conferences held in the partner 
country. Representatives of our educational institution 
from Veliko Tarnovo and Shumen are regular participants 
in the conference in Rezekne. Professor Lazov has 
delivered more than 6 plenary reports at conferences in 
Veliko Tarnovo and Shumen. Students from the Academy 
in Rezekne also regularly participate in conferences in 
Veliko Tarnovo. This contributes to closer ties between the 
two universities, exchange of information and students, and 
enrichment of the institutions.  

II. MATERIALS AND METHODS 
In 2018, a group of 5 cadets and students and 2 teachers 

led by me conducted the first research at the laser center in 
Rezekne. The group was part of project no and a two-week 
mobility was carried out. During the visit to the laser center 
at the Academy, a rich program of research and analysis of 
the obtained results was carried out. During this half-month 
period, laser marking, laser cutting and finding the optimal 
values of the laser beam to perform these activities were 
carried out. The experiments were performed with a CO2 
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laser on plexiglass, textile and felt. In the study, colorless 
plexiglass with different sample thicknesses, 4 types of 
textiles and 2 types of felt were used. As a result of the 
conducted experiments, the optimal parameters of the laser 
beam for marking on the samples were found, and the 
minimum values of the beam power and its speed were 
determined for performing quality cutting on the samples. 
Based on the research on plexiglass, we reached the 
following conclusions. When the laser beam power is 
constant (10 W, 20 W, 30 W, 40 W or 50 W), as the beam 
speed increases from 5 mm/s to 30 mm/s, the measured 
effective perforation depth decreases. The maximum 
effective perforation depth is 8.324 mm for 50 W and a 
speed of 5 mm/s. The minimum effective perforation depth 
is 0.188 mm for 10 W and a speed of 30 mm/s. 
Furthermore, as the linear energy density decreases, the 
perforation depth of the efficiency also decreases [1], [2]. 

Laser marking and cutting can be used for artistic 
decoration and unique design on any surface of textile 
products in the fashion industry [3]. 

Marking, engraving and cutting can be successfully 
applied to all textile materials and leather materials. The 
choice of laser process is determined by the desired end 
result. 

III. RESULTS AND DISCUSSION 
Marking and engraving on fabric with a composition of 

65/35% CO / polyester ± 3% determined according to EN 
ISO 1833 quantitative chemical standard with a CO2 laser 
was investigated and analyzed. For this purpose, an 
experimental methodology has been developed, which 
consists of the following [4]: 

A matrix of 9 squares with 1x1 cm is created. The 
power of the laser beam is in the range of 2x26W, and its 
speed is in the range of 100x350 mm/s. After the 
experiments conducted and the analysis done, we came to 
the conclusion that a good cutting of the material is 
obtained with the following parameters: a constant power 
of 26 watts and a speed in the range of 100-200 mm/s, with 
linear energy densities of 0.26, 0.17 and 0 respectively .13 
J/mm [5]. 

A quality mark is obtained in the range of LED values 
5*10-2 x 3.8*10-2 J/mm for a power of 10 W, where the 
speed varies in the range 200-260 mm/s. The remaining 
highlight areas have a slight contrast that is between 5% 
and 10%. 

The felt can be used in different directions and spheres. 
Most often, useful household products are made from this 
material, for example, for sealing in various branches of 
industry - mechanical engineering, paper-pulp industry, 
also as an insulating material, for polishing, etc. Often felt 
also serves as upholstery on various surfaces. After doing 
research, we found that a major factor in the difference in 
laser cutting of white and red felt is the difference in the 
color of the material. Another factor is its thickness – which 
for the white felt is 0.63mm and for the red felt is 0.67mm. 
Quality cutting of the material is obtained with the 
following parameters: for white and red felt - constant 

power 26 W (9%) and speed in the range 100, 150 and 200 
mm/s and LEDs are 0.26 J/mm , 0.17 J /mm 0.13 J/mm [6]. 

The obtained results were reported at the conference in 
Rezekne in 2019 and at the conference of the Scientific and 
Technical Unions in Borovets, Bulgaria. 

In the summer of 2019, part of the group continued their 
research in Erasmus summer mobility at the Academy of 
Technology in Rezekne for 2 or 3 months. The obtained 
results were consolidated and the range of research was 
expanded. Few studies were conducted in the winter of 
2020 due to the onset of the Covid epidemic. This did not 
allow us to conduct full-fledged research throughout 2020 
[7], [8]. 

In 2021, the next group of trainees from Vasil Levski 
National University expanded the research, which was 
already carried out on metal plates and attention was paid 
to chrome-nickel alloys. For this purpose, an AISI 304 
color palette consisting of fifteen colors was developed and 
executed. After the practical experiments, the dependence 
of the obtained colors on the various parameters of the laser 
processing was analyzed. The resulting colors were then 
tested using optical, scanning electron and atomic force 
microscopy, and the configuration of the oxide films was 
determined by Raman spectroscopy. The resulting colors 
are of appropriate uniformity, brightness and cover almost 
all spectral zones, and the resulting colors are of many 
times better quality than other metallic bases. A color 
standardization and palette repeatability test was also 
performed by evaluating the reflectance spectra of the 
formed colors. The color palette demonstrated high 
repeatability for all but one particular color. In parallel, the 
stability of the color markings was studied in terms of 
environmental, mechanical and chemical resistance. The 
resulting colors show high resistance to most 
environmental conditions; however, exposure to very high 
temperatures and extreme humidity (100 °C, 90%) and to 
low temperatures and extreme humidity (-40 °C, 90%) 
results in degradation of several colors. Colored brands 
show high hardness and excellent mechanical resistance to 
external influences and exceptional resistance to various 
chemicals, except for acid solutions and salts [9]. 

The result shows that with increasing power the colors 
do not change significantly and only the parametric 
window moves to higher values of the scan rate for each 
color. Given that greater performance can be obtained at 
higher intensities, the next step was to investigate the 
dependence of color on scan rate with a maximum 
continuous power of 20 W available at the same parameters 
of frequency, hatch spacing and duration of the impulse. 
Initially, the scanning speed was changed from 450 to 850 
mm/s with a step of 10 mm/s, and then from 50 to 150 mm/s 
with the same step. 

The test result revealed that specific colors such as light 
pink, aquamarine or bright purple can be obtained with 
higher frequency modes. At f=1000 kHz, only silver colors 
are formed for the entire scan rate range; hence, the 
parametric color window could not be produced at the 
mentioned frequency, although it could be assimilated into 
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a final palette to produce white or silver due to its fast 
production speed [10]. 

The experiment to study the dependence of colors on 
the pulse duration was carried out with two different power 
densities I0=0.8-107 and I0=1.6-107 W/cm2 and two 
different pulse durations 𝑟𝑟=4 and 𝑟𝑟=8 ns with scan speed 
Vsc=50- 200 mm/s with step 10 mm/s and H=0.01 mm. 

Product coatings and markings must withstand various 
environmental conditions and must not change during the 
period of use of the product [1], [9]. In this study, 
environmental testing was performed in a chamber based 
on four different operating conditions. Experiments are 
regularly conducted under temperature and humidity 
conditions that are not actually expected, such as a 
combination of extremely low or high temperatures (-40, -
20, 40, 100 °C) with high humidity (70%, 90%). This 
ensures the stability of the samples under normal 
conditions and also compensates for the short duration of 
the test exposure (24 hours) compared to the actual 
operating time. The first test was conducted under ambient 
conditions with a temperature of -20 °C and a humidity of 
70%. The result shows no change in colors or materials 
after 24 hours in the environmental test chamber. Optical 
microscope analyzes did not reveal any damage or defects 
in the oxide layers [11], [12], [13], [14], [15], [16], [17], 
[18]. 

The research of our cadets and students continued in 
2022 under the leadership of Professor Lazov and the staff 
at the laser center at the Technological Academy in 
Rezekne. 

In 2021, a pilot program for training in the master's 
degree in laser technologies was also launched, in which 
graduates and teachers from the National Military 
University participated. The training is within 4 semesters 
in a distance form of training during 2 academic years. 
Experiments were conducted in Rezekne, Gabrovo and 
Ruse again under the leadership of Prof. Lazov, and the 
trainees are currently working on their diploma theses. This 
master's program has proven to be working, and it will be 
thought about accrediting an already joint such program in 
the field of the application of laser technologies in military 
work. The head of the laser center in Rezekne has already 
been included in a master's training team at the military 
university [14], [19]. 

IV. CONCLUSIONS 
Over the years, the two educational institutions have 

developed joint projects under the program "Horizon 
2020", "Peter Beron" and others, and we should continue 
this tradition by involving more participants in joint events 
and research. 

Over the past years, the cooperation between the 
Rezekne Academy of Technology and the National 
Military University has been constantly developing and 
deepening. Many mobilities took place between faculty and 
trainees from the two universities, research was carried out 
on laser marking and cutting on common and dual-purpose 
materials, including Plexiglas, textiles, felt, steel, chrome-

nickel, specialized metal alloys and others [2] As a result 
of the conducted trainings and practices, the interest of the 
trainees increased and as a result many of them specialize 
in this field and in the field of 3D printers. After the 
practices, 5 people bought personal 3D printers and use 
them rationally. With our own developments, we have 
participated in 3 international exhibitions with 6 exhibits, 
which are a consequence of the training at the Academy in 
Rezekne. 

These studies may also be conducted with materials that 
may have an impact on raising the defense capabilities and 
combat capability of the armed forces of both countries. 

In the future, we hope to increase students' interest in 
laser technology and 3D printers and to equip our 
laboratory and open a joint master's program. 
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The paper presents results from studying the possibilities of 
digital layering technologies (DLP SLA - Digital Light 
Projector Stereolithography) for construction of biomedical 
orthodontics devices (aligners). Experimental data on the 
mechanical and aesthetical properties (transparency) of the 
materials used has been studied in comparison with the 
conventional technologies for producing the aligners - Vacuum 
Forming (VF). The paper discuss the influence of the design of 
the devices (e.g. thickness) and technological parameters (e.g. 
stirring time) of the processes on the mechanical properties and 
orthodontics functionality of the materials as well as the quality 
and accuracy of the devices (models and functional prototypes 
for dental applications). 

Keywords: Materials in dentistry, Orthodontics, 
Stereolithography. 

I. INTRODUCTION 
The treatment of orthodontic deviations aims to 

influence the growth of the upper and lower jaw [1]. 
Depending on the situation, the growth of one or both jaws 
can be slowed down or stimulated. The force is produced 
by the patient's muscles and transmitted to the teeth and 
jaws. Functional orthodontic appliances are used to treat 
deep, open and/or distal bite.  

Braces, aligners and sometimes oral surgery are used 
for the correction of irregularly aligned teeth [2], [3]. Over 
the course of the patient’s treatment the dentists will swap 
the existing aligners for new ones designed to get the teeth 
in place for the next phase. The dentist must have relevant 
information about the mechanical properties of the 
aligners in order to plan all phases of the treatment. Some 
important properties of these devices are as follow: 

(i) transparency and aesthetic appearence, 

(ii) biocompatibility, 

(iii) stability at body and food temperature,  

(iv) stiffness and rigidity. 

Of the all requirements listed the mechanical properties 
(stiffness/rigidity) are of primary importance. Also 
important is the transparency of the aliners used for treting 
children. The rest of the properties are largely researched 
and predetermined by the manufacturers.  

The dynamic development of digital dentistry opens 
wide opportunities for more and more innovative 
approaches in the planning and implementation of 
treatment by applying CAD/CAM technologies in 
orthodontics practice [4]. More and more often in daily 
practice, digital technologies such as intraoral scanners, 
laboratory scanners and cone beam computed 
tomography. 3D systems facilitate the direct fabrication of 
orthodontic appliances from 3D models. Known printing 
technologies differ in the materials and methods used to 
create the respective objects [5] - [8]. 

The first attempt to produce a retainer directly from a 
digital model was made in 2014 by A. Nasef et al. They 
report the successful fabrication of a retainer from SVST, 
without a physical model, using an SLS 3D-printer. 
Although accuracy was not evaluated, this study pioneered 
the use of 3D printing in orthodontics. Due to the use of an 
SLS printer in the study, the printed retainer is white and 
opaque, which is unacceptable to the most of patients [9]. 

Today, there are over thirty different 3D additive 
technologies offered by forty different companies (for 
example, molten material deposition, selective laser 
sintering, etc.) [7] - [9]. Stereolithography (SLA) is the 
first material-additive rapid prototyping process of this 
kind. Complex form models are created by sequentially 
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curing layers of photopolymer resin using laser beam or  
DLP (digital projector).  

In this study we use DLP-SLA (Digital Light Projector 
Stereolithography technology) NextDent OrthoFlex 
(Vartex - Dental B.V., Soesterberg, The Netherlands) in 
which the model is built in a bath filled with liquid 
photopolymeric resin, on a vertically movable platform in 
a suspended position (top down approach) [10]. On the 
platform, supports are initially printed to ensure the 
stability of the physical model and especially its 
overhangs. DLP is controlled by the corresponding STL 
files performing layer by layer polymerization of the liquid 
material. Then the platform is immersed in the bath until 
the hardened layer is completely covered with liquid resin. 
The method finds application in dentistry in making of 
models, casting prototypes, surgical guides, splints, 
individual spoons, temporary restorations, gingival mask, 
prostheses, etc. It is possible to make occlusal splints and 
orthodontic appliances [11], [12]. The OrthoFlex is 
transparent class 2a biocompatible photopolymerizing 
material developed for the production of 3D printed 
occlusal splints and retainers. It has a strength of 67MPa, 
modulus of elasticity - 1721MPa and Charpy strength 15 
kJ/mm2. This type of materials when used in less load 
bearing aplications contain acrylate resigns and 
photoinitiator (e.g. dimethoxy-phenolacetophenone). 
They are characterised by fast polymerization and 
relatively good geometrical accuracy and stability of the 
printed objects. 

In this study the orthodontic devises produced with this 
(“digital”) technology are compared with the same devices 
produced by "conventional" process chain covering the 
following stages: (i) generating a model either by scanning 
of the tooth profiles and production of the model by 
layering 3D technology or taking a replica of the patient's 
dental profile (in our study, the second approach was 
used); (ii) vacuum forming of the aligners using 
specialized polymer pholio made by PET-G (a copolymer 
that constitutes two repeating units polyethylene 
terephthalate and glycol which prevents the crystallization 
of PET upon heating and makes it clear, lesss brittle and 
more resistant to mechanical stress [13].   

II. EXPERIMENTS  

PROCESS CHAINS 
In the digital technology study, an impression was 

initially scanned from a patient with a Comphort+ intraoral 
scanner into an STL file, which was transferred to a 
CAD/CAM system in order to modify the resulting shell 
shape in thickness. The files are then fed to the control 
CAM program for “slicing” and determining the current 
sections to build. In the study, 10 aligners with different 
thicknesses (0.15; 0.25; 0,5; 0,75; 1.0; 1.15; 1.25; 1.5; 
1.75; 2.0 mm) were made (Fig.1). The build was carried 
out with the following parameters optimized and 
recommended by the 3D printer manufacturer: 

Z-axis speed 23 mm/h;   
5 min mixing before printing;  

Drying 10 min;  
Post-cure 30 min;   
Printing inclination 80 ̊-90 ̊;    
3 mm  minimum base; 
1.5 mm  supports;    
Wash for 3 min. in ethanol;    
Dry for 2 min with a fan. 

The "conventional" process chain includes generating 
a model by taking a replica of the patient's dental profile; 
vacuum molding of the aligners. The production of the 
ceramic model can be carried out in two ways: (i) scanning 
of the tooth profiles and production of the model by layer-
by-layer 3D technology; (ii) taking a replica of the patient's 
dental profile. In our study, the second approach was used. 

 

 
(a)                (b) 

 
(c)                                    (d) 

Fig.1 The CAD design of the aligners with the supporting structure (a), 
DLP-SLA 3D printer (b), post curing camera (c) and a set of produced 
aligners (d). 

STUDY OF THE TRANSPARENCY 
The transparency of orthodontic aligners in different 

thicknesses (in the range from 0.15mm to 2.00mm) was 
investigated since a set of several aligners of different 
thickness and progressive impact on the patient's occlusal 
characteristics are used during the course of treatment. 
Other factors such as the type of technology (3D printed 
or moulded), the post curing time and surface texture of 
the printed aligners have also been investigated. 

The experiments were carried out according to the 
scheme of Fig.2 in which light is passed through the 
sample and the luminous flux per unit area (Lux) is 
measured after passing through them. 
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(a) 
 

(b) 

Fig. 2 Experimental set-up for transparency study (a); the texture of the 
printed aligner (b). 

MECHANICAL BEHAVIOUR OF THE ALIGNERS 
The aligners will apply a system of forces on the teeth 

to shift them to desired position. Since they exert forces 
thanks to their particular shape they are elastically 
deformed in the maximum range of couple of millimetres. 
Therefore it is important to know their behavior under 
tension and compression in the elastic region of behavior 
(e.g. 5 mm) - Fig.2. Load-displacement curves was 
obtained and the stiffness K=∆F/∆l as a function of 
sample thickness d, mm was calculated. The deformation 
rate of 1 mm/min was applied and an INSTRON 3384 
universal testing machine was used in the +/-0.05N force 
and +/-0.05mm displacement accuracy mode. The 
statistical error in determining the stiffness of the studied 
samples was within 12%. 

 

 
Fig. 3 Tensile (a) and compressive (b) testing of the aligners. 

III. RESULTS 

TRANSPARENCY 
In gemnaral the dependence of the sample 

transparency on the thickness can be assumed to be linear 
and its change can be calculated by the empirical formula:  

%∆I = 2.5 + 5.5 d, 

whrere ∆I is the change (%)  in luminous flux per unit 
area after the light pass troug the sample with thickness d, 
mm. ∆I range from 3% for small (0,15-0.5mm) ticknesses 

to 12% for thicknesses of 2mm. It can be concluded that 
within the studied range of thicknesses, the optical 
qualities of the 3D printed devices with d<0,5 mm do not 
change significantly and for greater thicknesses (Fig.4), 
this change although noticeable does not unacceptably 
disturb the aesthetic qualities of the product. 

 

Fig.4 Transparency of aligners measured by illuminance (I, Lux) of the 
light passing through them as a function of their thickness (d). 

The transparency of aligners made by conventional 
technology (Vacuum Formed) was slightly better than 3D 
printed (DLP SLA) - Fig.5.   This difference is about 2-
3% for smaller thicknesses (d < 1.0 mm) and reaches 5% 
for thicker samples. Still the aesthetical appearance is 
axeptable.  

 

Fig.5 Comparison of the DLP SLA and Vacuum formed aligners. 

 

Fig.6 The influence of the resign mixing time on the transparency 
of the DLP SLA aligners. 

Many technological factors affect the sample 
transparency. In the case of Vacuum formed aligners, 
they are well studied and come down to the influence of 
molding temperature and cooling rate on the degree of 
crystallinity of the structure. With the DLP SLA 
technology we have additional conditions affecting this 
property. For example, the roughness of the aligners 
resulting from the step effect during the construction of 
the layers leads to scattering of light and an increase in 
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opacity (Fig.2,b). Even more important factor is the 
mixing and homogenization of the resin before the photo 
polymerization process. Fig.6 shows the effect of stirring 
time on the transparency of the DLP SLA aligners. A 
sample with a thickness of 1.0 mm was tested. It can be 
seen that if insufficient mixing time is applied (less than 
15 min) the transparency drops by about 20%. 

MECHANICAL PROPERTIES 
Analyses of the strain curves shown in Fig.7 reveal up 

to a 70% increase in the forces required to realize a 5 mm 
reference elastic strain of the aligner when the shell 
thickness is changed from 0.15 to 2.0 mm. For 
compressive loads the force differences are in the range 
of 2-7N, and for tensile loads in the range of 6-19N. 

 
Fig.7 Compression (a) and tension (b) diagrams for aligners with 

thickness 0.15-2.0 mm. 

The slope of the curves reveals the aligners stiffness 
(K=∆F/∆l) changes within the range of 0.05-0.2 in 
compression and 0.3-0.8 in tension. I.e. the orthodontic 
structure shows about 4 times greater stiffness in tension 
than in compression. It should be noted that occlusal 
deformations (jaw closure and masticatory movements) 
occurring in aligners are expected to be mainly tensile 
making thickness variation an effective factor in 
determining the geometry of the orthodontic appliance 
set. The curves showing the Kcomp = ∆F/∆h (Fig.8,a) and 
Ktens=∆F/∆l (Fig.8,b) as a function of the aligner's 
thickness (d) change are not monotonous  but rather show 
a three distinguished regions: I, II and  III for “thin”, 
“medium” and "thick" shells due to the stress state change 
from more pronounced plane-stressed to bulk-stressed 
state.   Table 1 summarizes the values of the stiffness 
coefficient for this three regions which could be utilized 
for the design of the aligner’s geometry.  
  

 
 

Fig.8 Stiffness in (a) - compression (b) tension as function of their 
thickness. 

 

The stresses arising in the most loaded section (in the 
middle of the aligner, attached to the “dentes incisive”) 
can be roughly calculated assuming the simplification of 
pure compression/tension load at 5 mm strain and they 
amount to about 0.2 MPa and 0.5 MPa respectively (for 
aligners with d = 1.0 mm). 

The comparison of the deformation diagrams of 
aligners manufactured by the Vacuum forming and DLP 
SLA technologies shows that at smaller thicknesses 
(d<1.0mm) the aligners manufactured by the “digital” 
technology have about twice the stiffness of those 
produced by “traditional” technology (Fig. 9,a). For 
thicker devices, the stiffness is practically the same 
(Fig.9, b).  

Table 1 Stiffness coefficient (K) for aligners with different thickness (d) 

d, mm 0,15-0,5 0,75-1,5 1,75-2,0 

tension 0,3 0,6 0,8 

comporession 0,05 0,1 0,2 

 

 
(a)    (b) 

 
Fig.9 Deformation diagrams of aligners produced by moulding 
(traditional technology) and digital technology (SLA). Two thicknesses 
are compared: 1.0 (a) and 1.5 mm (b). 

IV. CONCLUSIONS 
1). The orthodontic devices produced by DLP SLA 

are not inferior to conventional ones in terms of both 
mechanical and optical (aesthetic) properties. This 
property change with the thickness of the device 
producing different forces on the teath. The effectiveness 
of the thickness change in the “digital” devices is higher 
than that of the conventional onse. More particularly they 
show an increase of up to 70% in the forces required to 
deform the aligner depending on its thickness. The 
presented diagrams for mechanical behavior of the 
aligners could be used for design purpuses. 

2). The stiffness of the devices measured by the 
coefficient (K=∆F/∆l) changes about 4 times when the 
thickness increases from 0.15 to 2 mm. This makes it 
possible to plan to use a set of aligners of different 
thickness to achieve progressive corrective results during 
the course of treatment.  

3) The transparency of the aligners does not differ 
significantly of that of the Vacuum formed devices. 
Although this property of the DLP SLA devices could be 
improved by optimizing the technological parameters 
such as layer thickness and stirring time. 
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Abstract. In the conditions of TIG welding, the magnitude of 
the current is set, but not the voltage of the arc. To determine 
the arc voltage at a set current, arc length, type of electrode, 
sharpening angle and others, it is necessary to know the static 
characteristics of the welding arc. This dependence facilitates 
the use of simulation modelling methods of welding 
processes. In the proposed study, the static characteristics of 
the welding arc in TIG process with 4 types of electrodes were 
determined experimentally. The magnitude of the current 
was set in the range of 20 to 200A and the arc voltage was 
measured. All parameters are measured remotely by a real-
time welding monitoring system and transferred to a remote 
computer via the Internet. Graphs were built based on the 
recordings, and the numerical results were processed and 
regression relationships were obtained. 

Keywords: TIG welding, Static characteristic of welding arc. 

I. INTRODUCTION 
The welding arc is a form of gas discharge with a low 

degree of ionization. Arc voltage has five components – 
cathode spot, cathode drop zone, plasma, anode drop zone 
and anode spot. The static characteristic of the arc is the 
dependence of the arc voltage on the magnitude of the 
current in an established mode under unchanged 
conditions of existence of the arc discharge. The anodic 
(1÷2 [V]) and cathodic (4÷6 [V]) voltage drops are weakly 
dependent on the magnitude of the current and 
independent of the arc length. The resistance of the arc 
(and respectively the voltage drop) changes depending on 
the temperature [1÷4], the degree of ionization, the current 
density, etc. For this reason, it is not a constant quantity. 

Thus, Ohm's law does not apply to the welding arc. Fig. 1 
shows the static characteristics of the arc. At low current 
[2] (area 1 of the arc), as the current increases, the arc 
voltage decreases. This is due to the intense increase in the 
number of charged particles in the arc as a result of 
increasing the emissivity of the cathode as its temperature 
increases (Richardson's equation). In the second area of 
the arc, the characteristic is almost horizontal, which is 
explained on the one hand by the difficulty of the 
ionization processes in the arc column, and on the other by 
the delay in the increase of electron emission [6÷8]. In the 
third region of the arc, these processes are so hampered 
that the characteristic of the arc becomes growing - the 
increase in temperatures is not enough to compensate for 
the contraction of the arc by its own magnetic field. In this 
part of the arc characteristic, Ohm's law applies. As the arc 
length increases, the voltage required to achieve a given 
current increases. 

l1
l2

l2 > l1

I

U

1 2 3

l

 
Fig. 1. Static characteristics of welding arc. 
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The operation of welding current sources 
implementing various technological processes is mainly 
based on the knowledge of the static characteristics of the 
arc. In MMA, TIG welding, PAW and SAW with low 
current density, welding is done in the second area of the 
arc characteristic with a vertical or steeply falling static 
external characteristic of the current source - the 
magnitude of the current is stabilized. High current density 
MIG/MAG and SAW operate in the third region of the arc 
characteristic with a stiff (slightly drooping) current source 
characteristic and use of the arc self-regulating process. 

In the present publication is reviewed the experimental 
construction of the static characteristic of the arc of TIG 
welding process. 

II. MATERIALS AND METHODS 
For the purposes of this study, experiments were 

carried out in accordance with the scheme [9,10] shown in 
Fig.2 and Fig.3. The used welding current source 
(Cebora2030m - Fig.4) is designed for TIG welding, with 
the possibility of setting the current size with step 1 [A]. 
During the process, the magnitude of the arc current and 
voltage are visualized. After switching off the power 
source, the displayed values are saved. In addition, the 
current source provides a smooth increase of the current 
when the arc is ignited and a smooth decrease when the 
process is terminated. The maximum welding current of 
the power source is 200[A]. The welding torch was set 
stationary and the arc length l = 2.4[mm] was the same in 
all experiments performed. The arc is ignited on a plate 
with dimensions 6x350x120 [mm] (Fig. 5). The shielding 
gas (Ar) has a flow rate of 15 [l/min]. During the arc 
burning process, the instantaneous current and voltage 
values are recorded using an Arc Tracker welding process 
monitor (Fig.6). Data are transmitted and recorded in real 
time on a portable computer on which Power Wave 
Manager software is installed (Fig.7 and Fig.8). This 
software allows welding parameters to be monitored and 
stored in real time. The data is transmitted in real time and 
over the Internet using the Team Viewer software product 
to a remote computer where it is visualized and stored. The 
electrodes used are listed in table 1. The sharpening angle 
of the electrodes is 150. 

TABLE 1 USED ELECTRODES 

№ d, mm Composition Colour 

1 2.4 W+1.4÷1.6% La Gold 

2 2.4 100% W Green 

3 2.4 W+1.8÷2.2% CeO2 Grey 

4 2.4 W + 1.7÷2.2% ThO2 Red 

 

The experiments were carried out as follows. The 
magnitude of the current is set, and in the range from 20 to 
100[A] the change is in 5[A] steps, and in the range from 
100 to 200[A] – in 10[A] steps. Recording of current 

values and arc voltage is started. The welding arc is 
ignited. After switching to the established operating mode, 
the values of the current source are read. The duration of 
arc burning for one record is 8÷20[s]. After the arc is 
turned off and the process is terminated, data recording is 
stopped (automatically). The procedure is repeated for the 
set currents with the four different electrodes. No other 
parameter is changed during the experiment (the arc 
voltage is varied by the current source to achieve the set 
current). The pause between individual experiments is 
such that the duration of ignited arc does not exceed 35%. 
A sample recording of the process parameters is shown in 
Fig.6. In Fig. 7 is shown screenshot of captured values 
with Arc Tracker welding monitoring device. 

 

 
Fig. 2. Scheme of conducting the experiment. 

 
Fig. 3. Experimental set-up. 
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Fig. 4. Cebora2030m current source. 

 
Fig. 5. Welding arc. 

 
Fig. 6. Arc Tracker welding monitoring device. 

 
Fig. 7. Sample recording of the process parameters – Electrode 1 at 

25А. 
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Fig. 8. Screenshot of captures current and voltage values with Arc 

Tracker welding monitoring device. 

III. RESULTS AND ANALYSIS 
Graphs of the dependence of the welding voltage and 

current on time are made from the captured parameters (in 
Table 2 are shown results for electrode No1 and Electrode 
No2). The time interval of an established process is 
determined from these graphs (Fig. 9). Within this time 
interval, the average values of the arc current and voltage 
are determined. The obtained results are shown in Table 3 
÷ Table 4. 

 
Fig. 9. Determination of time lapse of the established process for 

electrode No1. 

TABLE 2 EXAMPLES OF RECORDED ARC CURRENT AND VOLTAGE 
VALUES 

А Electrode No1 Electrode N2 

25 

  

55 

  

160 

  

200 

  

TABLE 3 EXPERIMENTAL RESULT FOR ELECTRODE NO1. 

Welding current, А Arc voltage, V 
Set Delivered Measured Delivered Measured 
20 21 20.1 12.5 11.8 
25 25 25.2 11.45 11.7 
30 30 30.3 11.25 11.6 
35 35 34.9 11.45 11.6 
40 39 39.4 11.2 11.3 
45 44 44.0 10.5 10.6 
50 49 48.5 10.4 10.5 
55 54 52.9 10.6 10.4 
60 58 58.1 10.5 10.2 
65 62 62.3 10.5 10.2 
70 68 67.7 10.5 10.1 
75 72 72.7 10.45 10 
80 77 76.7 10.3 9.9 
85 82 80.8 10.4 9.8 
90 86 86.1 10.4 9.9 
95 92 90.8 10.3 9.8 
100 97 96.5 10.25 9.8 
110 106 104.9 9.7 9.9 
120 115 115.1 10.0 10.1 
130 125 124.9 10.25 10.2 
140 134 133.6 10.3 10.4 
150 143 143.1 10.7 10.7 
160 153 152.9 11.1 11.1 
170 162 161.8 11.15 11.1 
180 172 171.3 11.2 11.2 
190 181 181.1 11.6 11.5 
200 191 190.8 11.5 11.6 

TABLE 4 EXPERIMENTAL RESULT FOR ELECTRODE NO2. 

Welding current, А Arc voltage, V 
Set Delivered Measured Delivered Measured 
20 21 20.9 10.4 10.3 
25 25 25.3 9.8 10 
30 30 30.5 9.7 9.7 
35 35 34.7 9.7 9.5 
40 39 39 9.4 9.2 
45 44 44.3 9.3 9.3 
50 49 48.6 9.4 9.3 
55 53 53 9.4 9.3 
60 58 58.1 9.4 9.2 
65 62 62.5 9.2 9.2 
70 67 67 9.2 9.1 
75 72 72.3 9.1 9.2 
80 55 76.7 9.1 9.2 
85 81 81.1 9.1 9.3 
90 86 86.3 9.1 9.3 
95 90 90.4 9.1 9.3 
100 96 95.6 9.4 9.5 
110 106 105.6 9.5 9.7 
120 115 115.4 10.0 10.1 
130 125 124.9 10.4 10.3 
140 134 133.8 10.5 10.4 
150 143 143.2 10.5 10.5 
160 153 152.7 10.7 10.7 
170 162 161.6 11.1 11.2 
180 171 171.4 11.3 11.4 
190 181 181.1 11.4 11.5 
200 191 190.8 11.7 11.6 

 

 Static characteristics for the used electrodes were built 
(fig. 10 ÷ fig. 17) with based on the captured data from the 
experimental process. The experimental data on the static 
characteristics of the welding arc were processed by the 
method of least squares and the corresponding regression 
equations were obtained. Used type of equation is 
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TABLE 5 COEFFICIENTS IN EQUATION (1) 

No B C0 C1 C2 
1 - down 7.29E+01 6.78E+00 2.33E-03 1.05E-04 
1 - up 1.14E+02 7.00E+00 3.14E-02 -4.25E-05 
2 - down 6.53E+00 9.79E+00 -2.93E-02 2.11E-04 
2 - up 1.15E+02 3.02E+00 8.81E-02 -2.60E-04 
3 - down 3.17E+01 7.54E+00 1.30E-02 3.35E-05 
3 - up 8.25E+01 3.52E+00 7.72E-02 -2.07E-04 
4 - down 4.60E+01 5.95E+00 3.97E-02 -4.23E-05 
4 - up 5.55E+01 6.36E+00 4.98E-02 -1.12E-04 

 

The results are illustrated in Fig. 10-17. These results 
show that during the conducted experiments, the process 
parameters were such that the welding arc appeared in the 
first and second parts of its characteristic. Furthermore, it 
can be seen that the welding arc burns steadily also in the 
first part of its characteristic. 

 
Fig. 10. Static characteristics – electrode No1 (W + 1.4÷1.6% La) 

decreasing welding current from 200A to 20A. 

 

Fig. 11. Static characteristics – electrode No1 (W + 1.4÷1.6% La) 
increasing welding current from 20A to 200A. 

 

Fig. 12. Static characteristics – electrode No2 (100% W) decreasing 
welding current from 200A to 20A. 

 
Fig. 13. Static characteristics – electrode No2 (100% W) increasing 

welding current from 20A to 200A. 

 

Fig. 14. Static characteristics – electrode No3 (W + 1.8÷2.2% CeO2) 
decreasing welding current from 200A to 20A. 

 The experimentally constructed static characteristics 
of the welding arc correspond to its qualitative 
representation indicated in Fig.1. 
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Fig. 15. Static characteristics – electrode No3 (W + 1.8÷2.2% CeO2) 
increasing welding current from 20A to 200A. 

 

Fig. 16. Static characteristics – electrode No4 (W + 1.7÷2.2% ThO2) 
decreasing welding current from 200A to 20A. 

 

Fig. 17. Static characteristics – electrode No4 (W + 1.7÷2.2% ThO2) 
increasing welding current from 20A to 200A. 

Several features can be observed in the presented static 
characteristics of the arc. First of all, there is no typical 
expression of the second section of the arc characteristic 
for electrode No 3 and electrode No 4. The increase in 
voltage with the increase in the magnitude of the current 
at electrodes No1 and No2 is observed after reaching a 
welding current of 90[A]. This is equivalent to a current 

density of 19.9 [A/mm2]. At electrode No3 electrode No4, 
the rise in arc voltage begins at a current magnitude of 
38.8[A]. This corresponds to a current density equal to 
19.3 [A/mm2]. Comparison of these data shows that 
entering the third part of the arc characteristic is realized 
at a current density in the electrode equal to 
19÷20[A/mm2]. 

IV. CONCLUSIONS 
Determination of the static characteristic of the arc in 

TIG welding process, was successfully accomplished over 
the internet on remote computer by measuring welding 
parameters – welding current and welding voltage with 
real-time welding monitoring system. 

It was determined that within the conducted 
experiments, the second part of the arc characteristic is not 
significantly expressed, and at a current density of 19÷20 
[A/mm2], the arc voltage begins to increase with an 
increase in the welding current. 

Further studies will determine and fill the database of 
the static characteristic of the arc in TIG welding process 
with various electrodes varying on both chemistry 
compound and diameter. 
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Abstract. This paper presents a mathematical model of 
electropneumatic positioning system including the length of 
pneumatic lines for the determination of flow and pressure 
in unsteady operating modes. A simulation model is 
developed to study the dynamic processes in an 
electropneumatic positioning system. Simulation of the 
mathematical models of the screw compressor, proportional 
directional valve, pneumatic lines, pneumatic cylinder and 
PID controller were designed in “MatLab Simulink”. The 
simulation models of the transients in the electropneumatic 
positioning system at different line lengths from 1m and 
10m with stepwise variation of the input setpoint are 
simulated developed. Graphical comparison is made of the 
obtained experimental results and simulation model 
influence of the pneumatic line length on the dynamics of 
the electropneumatic positioning system are made 
 
Keywords: electropneumatic positioning system; mathematical 
model; pneumatic lines; simulation models. 

I. INTRODUCTION 
Electropneumatic positioning system by proportional 

directional control valve allows adaptive positioning 
control to fractions of a millimeter as well as the ability 
to control the speed and acceleration of pneumatic 
actuators. Another unique characteristic of 
electropneumatic positioning system is smooth braking, 
which extends its application to metallurgy, robotics, 
machine tools, aerospace, food and beverage, as well as 
in simulators and simulators for equipment testing, etc. 
This calls for higher performance levels, requiring a 
continuous evolution of pneumatic actuators [4]. 

Pneumatic actuation systems as computer technology 
advances, control algorithms can be created and refined 
to make the systems better and more reliable. Through 
the use of advanced proportional directional control 
valve, various control laws can be implemented to 
optimize dynamic processes and improve the accuracy 
and quality of operation, as well as increase the system's 
efficiency [2], [8], [9]. 

Pneumatic systems are modelled in the form of a 
computer simulation in which a virtual system is 
designed. Software that uses models are primarily 
designed for pneumatic and hydraulic system [2], [4] or 
are for use in CAD environments and allow the 
pneumatic system to interact with external mechanical 
elements [5]. Most software is designed more for 
practicing engineers rather than for fundamental research 
in pneumatic systems. 

Computer simulations in “MATLAB Simulink” of 
models for pneumatic and hydraulic systems give good 
results, the processes are compared with those obtained 
from computer modeling and simulation, and the results 
are used to verify the models [1], [3], [6], [8]. 

Despite the proven advantages of electropneumatic 
positioning systems, which are generally known, in the 
modern stage of development of science and technology 
there are a number of prerequisites for improving their 
characteristics: 

− flexibility and speed compared to conventional 
electric and hydraulic drive systems; 

− their low cost compared to other classic drive 
systems; 

https://doi.org/10.17770/etr2023vol3.7186
https://creativecommons.org/licenses/by/4.0/
mailto:spigil@abv.bg
mailto:chisto@tugab.bg
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− eco-friendliness and energy efficiency.  
Some of the quantities under investigation, which 

were assumed to be negligible or were engineered 
guesses in the past, can now be measured, analyzed, and 
used to improve existing drive system models. 
Application of modern automated data acquisition and 
processing systems can substantially improve the 
modeling and dynamic-mode properties of 
electropneumatic actuator systems. 

In many cases, low-order linear models are used to 
facilitate the studies, but a comparison with experiments 
reveals that the agreement in the characteristics is not 
very good. To improve the control process, it is necessary 
to use models that account for the essential nonlinearities. 

The signal delay along the pneumatic lines needs 
further investigation. Due to the relatively few adequate 
models, research is needed. In practice, it is assumed that 
relatively short pneumatic lines have minimal impact on 
the system delay. However, for relatively long pneumatic 
lines, this delay would significantly affect the dynamics 
of the pneumatic system. The mathematical models 
presented are extremely complex and difficult to solve. 
Some of them use parameters that are engineering proven 
in practice. A more accurate and detailed mathematical 
model is required. It is necessary to verify the model thus 
created with experimental results [7-13]. 

II. MATHEMATICAL MODEL 
The mathematical models of the screw compressor, 

proportional directional control valve, pneumatic lines, 
pneumatic cylinder and PID controller. 

For a detailed description of the complete 
mathematical model of the electropneumatic positioning 
system is in [3].  

Mathematical model of the pneumatic compressed air 
unit: 

The mass theoretical flow rate of a screw compressor 
is determined. 

( ) 













 −=

π
ωπρ
24

22
vivt tddM                 (1) 

Where: 

vd - outside diameter of the screw; 

id - inside diameter of the screw; 

vt - screw pitch; 

ω - angular velocity; 

ρ - density. 
The mass flow through the directional valve can be 

calculated by multiplying the volumetric flow rate (2) to 
the air density ρ in standard conditions:  

ρ.1.10.6.8 8
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Where: 

vC - coefficient of conductivity; 

inp - inlet in the distributor; 

X - pressure relations; 

TX - critical pressure drop; 

airT - air temperature; 

ρ - density. 
The model for the flow rate through the proportional 

directional control valve includes the coefficient of 
conductivity 

vC  and the critical pressure drop coefficient 

TX  which has to be determined experimentally [3]: 

1;274.0 == Tv XC  

Electronic PID controller equation: 
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Where: 

kk - amplifying factor of the regulator; 

U∆ - input voltage; 

DI TT ; - time constants of integration and 
differentiation of the regulator. 

 

Mathematical model of pneumatic lines 

We’re examining a cylindrical tube (line) on fig. 1 
with length tL  .The mass flow rate of the air through the 
line is [1], [3]: 


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Fig. 1. Pneumatic line 

Where: 

rR - the tube resistance; 

tL - cylindrical tube with length 

ρ - density; 

sa - denotes the sound speed; 
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t - time variable. 
 
The equation for the movement of a pneumatic 

cylinder piston with a double sided extended rod is 
expressed as follows [3]: 

( ) batmbccmpct ApAppF
dt
dy

dt
ydm −−=++ 212

2

β     (5) 

Where: 

tm - mass of the load; 

y - cylinder rod displacement; 

bA - area of the pneumatic cylinder piston; 

mpF - static friction force; 

cβ - viscous friction coefficient; 

atmp - atmospheric pressure; 

1cp - pressure in the left chamber of the pneumatic 
cylinder; 

2cp - pressure in the right chamber of the pneumatic 
cylinder; 

Given that 1
1

bM
dt

dm
= , the mass flow rate entering 

the pneumatic cylinder is presented in the following 
equation:  
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Where: 

HW1 - Initial gas volume in the cylinder; 

y - cylinder rod displacement; 

R - air gas constant; 

1cp - pressure in the left chamber of the pneumatic 
cylinder; 

airT - air temperature; 

bA - area of the pneumatic cylinder piston. 

EXPERIMENTAL STUDY OF THE INFLUENCE OF 
THE LENGTH OF PNEUMATIC LINES ON THE 
ELECTROPNEUMATIC POSITIONING SYSTEM 
For the study of an electropneumatic positioning 

system, a laboratory rig was constructed and developed 
as shown in fig. 2. The stand allows to experimentally 
investigate the dynamic processes in an electropneumatic 
positioning system. It is possible to model for 
experiments of pneumatic elements of different nature, to 
study the influence of the length of pneumatic lines, to 
determine the friction forces in pneumatic cylinders. 

The process control of the experiment, data collection 
and processing, and data archiving is performed 
automatically by a personal computer and the 
corresponding interface board of the company "National 
Instruments" for the purpose of the experiment uses 
specialized software controlling the processes of the 
experiment. The "LabView" software is a state-of-the-art 
product capable of unlimited measurements and real-time 
data processing. 

Two experiments were performed on the pneumatic 
rig under identical conditions with different length from 
1m and 10 m pneumatic lines. 

 
Fig. 2. Schematic representation of a electropneumatic positioning 

system with a measuring system. 

1 – screw compressor; 2 - receiver; 3 - stopcock; 4 - safety valve; 5 
- air preparation system preparatory; 6 – proportional directional control 

valve; 7 - pneumatic cylinder; 8 – position sensor; 9 - acceleration 
sensor; 10 – pressure/flow sensor; 11 - interface board; 12 - PC; 13 - 

electronic controller; 14- coil of proportional directional control valve; 
15- pneumatic line. 

VIRTUAL INSTRUMENT 

For the purpose of the experiment, a virtual tool was 
developed to perform the following main functions 
Fig. 3: 

Read the input channels in the following order: 

Measure the input signal, measuring the pressure, 
flow measurement, measuring displacement of the piston 
pneumatic cylinder etc. 

 
Fig.3.User interface of the virtual tool developed. 
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MODELLING AND SIMULATION OF THE 
ELECTROPNEUMATIC POSITIONING SYSTEM 

WITH CONSIDERATION OF THE LENGTH OF THE 
PNEUMATIC LINES 

A mathematical model [1], [3] was simulated on the 
program “MatLab Simulink”, and the simulation model is 
shown in Fig.4. 

Simulation models of the screw compressor, 
proportional directional control valve, pneumatic lines, 
pneumatic cylinder and PID controller. 

 
Fig. 4 Simulation model of an electropneumatic positioning system with 

changing length of pneumatic lines. 

Results comparison of experimental and simulation 
transients in an electropneumatic positioning system with 
different length pneumatic lines fig. from 5 to 9. 

 

Fig. 5 Displacement of the piston rod at 1m (-) and at 10 m (- - -), input 
setpoint (|), computer simulation. 

 

Fig. 5a Experimental data of cylinder rod displacement at 1 m (-) and at 
10 m (- - -). 

 

Fig. 6. Pressure in the left chamber of the pneumatic cylinder at 1 m (-) 
and at 10 m (- - -) computer simulation. 

 

Fig. 6a. Experimental data of pressure in the left chamber of the 
pneumatic cylinder at 1 m (-) and at 10 m (- - -). 

 
Fig. 7. Pressure in the right chamber of the pneumatic cylinder at 1 m 

(-) and at 10 m (- - -) computer simulation. 

 

Fig. 7a. Experimental data of pressure in the right chamber of the 
pneumatic cylinder at 1 m (-) and at 10 m (- - -). 
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Fig.8. Mass flow rate in the pneumatic line to the cylinder left at 1m (-) 

length and 10 m (- - -) computer simulation.

 

Fig. 8a. Experimental data of flow rate in the pneumatic line to the 
cylinder left at 1m (-) and 10 m (- - -) lengths. 

 
Fig. 9. Mass flow out of the right chamber of the pneumatic cylinder at 

1 m (-) and at 10 m (- - -) computer simulation. 

 
Fig. 9а. Experimental data of flow out of the right chamber of a 

pneumatic cylinder at 1 m (-) and at 10 m (- - -) computer simulation. 

The graphs show the variation of the main observed 
quantities - the displacement of the rod of the pneumatic 
cylinder, the pressure on both sides of the piston, the flow 
rate on both sides of the piston of the pneumatic cylinder. 
The input impact varies uniformly in a stepwise manner 
on the input setpoint, which is electrical voltage. The 
quantities are shown in actual values. The value of the 
input signal is within the working stroke of the pneumatic 
cylinder. Comparing the simulations, with different 
lengths of pneumatic lines, it is accurately seen from the 
differences in magnitudes that for all transients, the 
length of the pneumatic lines of 1 m and 10 m has a 
significant bias in the parameters of the electropneumatic 
positioning system. Longer pneumatic lines affect the 
system dynamics in terms of time-delay and amplitude 
decay. 

At = 1 m and = 10 m, the time of the transition 
process differs by 0.4 s. It is clearly seen that the plots are 
almost identical to the experimentally obtained ones, 
from which it can be concluded that there is a signal 
delay at pneumatic line lengths from =1 m to =10 m. 

III. CONCLUSION 
The proposed mathematical model of an 

electropneumatic positioning system with consideration 
of the signal delay in pneumatic lines is an adequate tool 
to determine the flow and pressure under unsteady 
operating modes of pneumatic systems. From the 
developed simulation model it is possible to simulate the 
dynamic processes in an electropneumatic positioning 
system. The simulation of the mathematical model in a 
programming environment on “MatLab Simulink”, 
models of the power unit, proportional distributor, 
pneumatic lines, pneumatic cylinder, PID controller were 
developed. Transients in an electropneumatic positioning 
system at different line lengths from 1m and 10 m with 
step change of input setpoint are simulated. 

Graphical comparison is made of the obtained 
experimental results and simulation model influence of 
the pneumatic line length on the dynamics of the 
electropneumatic positioning system are made. 
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Abstract. The paper presents the simulation of dynamic 
processes of pneumatic lines using the program 
"SIMULINK" from the product "MatLab". Simulation is a 
process of forming, preparing and entering a mathematical 
model in a computational environment and obtaining the 
results of the calculations performed in this environment. 
The mathematical model of the pneumatic line to be 
simulated is according to previously presented equations. 
For the simulation of the dynamic processes, various real 
parameters of the dimensions and lengths of the pneumatic 
lines with the corresponding coefficients are introduced into 
the model. The simulation of the transient responses was 
carried out with stepwise variation and sinusoidal input 
signal supplied by the set point device and pneumatic line 
lengths of 1 m, 5 m and 10 m. The simulation output data 
were output to the interface in the form of graphs showing 
the dependence of the observed quantities, the input and 
output pressure through the pneumatic line, and the input 
and output flow rates. From the mathematical model and 
the experiments performed, it can be concluded that the 
transient responses in the simulations correspond to the 
dynamic processes of pneumatic lines of different lengths. 

Keywords: pneumatic line, simulation, mathematical model, 
experiments.  

I. INTRODUCTION 

Electropneumatic positioning systems are widely used 
in modern industry. Due to the compressibility of air, the 
unfavourable friction characteristics in pneumatic devices 
and the need for different lengths of pneumatic 
connecting lines, complex control models are required. 
Electropneumatic drive systems are often applied in the 
drives of industrial robots, manipulators, machines and 
equipment, which are subject to a number of 
requirements related to their operation in static and 
dynamic modes. The experimental study of pneumatic 

lines of different lengths allows to compile adequate 
mathematical models to be used for the study and design 
of pneumatic systems of high quality that meet the 
modern requirements of industry. Mathematical 
modelling plays an increasingly important and defining 
role in modern engineering research. This is primarily 
due to the fact that established and proven models are 
used to simulate and solve problems in actuator systems 
using the powerful computational complexes developed 
in recent times [1],[2],[4]. 

In this way, many more factors influencing the 
dynamics of the systems can be taken into account, and a 
comparison can be made between the different 
mathematical models and the experimental studies 
performed.  

It is known that the study of dynamics for any 
pneumatic- or hydraulic system is directly dependent on 
the variation of the main parameters in the connecting 
lines [2],[3],[4]. In the study of dynamic processes in 
pneumatic actuator systems, some authors neglect the 
influence of pneumatic lines. This is possible in some 
cases, but in others it leads to inadequacy of 
mathematical models and real processes of the system. 

In pneumatic actuation systems, one of the main 
problems is the consideration of the signal delay along 
the pneumatic line. Most studies are based on laminar 
flow through the pneumatic line. In order to find an 
adequate mathematical model for the mass flow through 
them, it is necessary to consider the turbulent flow 
regime [1-15]. 

https://doi.org/10.17770/etr2023vol3.7190
https://creativecommons.org/licenses/by/4.0/
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II. MATHEMATICAL MODELOF PNEUMATIC LINES 

We’re examining a cylindrical tube (line) on Fig. 1 
with length .The mass flow rate of the air through the 
line is [1]: 

                       (1) 

 
Fig. 1. Pneumatic line. 

Where: 

sа  denotes the sound speed; 
ρ  is the air dencity; 
Lt cylindrical tube with length 
t time variable 

Rr the tube resistance 
At tube cross-sectional area 

III. EXPERIMENTAL INVESTIGATION OF DYNAMIC 
PROCESSES IN PNEUMATIC LINES 

In order to verify the obtained mathematical model 
for the flow through pneumatic lines, it is necessary to 
experimentally investigate the dynamic processes in the 
pneumatic lines at different input. The scheme shown in 
Fig. 2 is of the established experimental rig [4]. Step and 
sinusoidal input signal are used to obtain the 
experimental dynamic processes. 

IV. RESEARCH METHODOLOGY 

A step input signal is applied to a discrete electro-
pneumatic directional valve (6) controlled by an electrical 
switch (13). Pneumatic lines (D = 8 mm, d = 6 mm) (17) 
with lengths Lt (1 m, 5 m and 10 m) at an operating 
pressure of 5 bar are tested. Data from pressure and flow 
transducers at the inlet and outlet of the pneumatic line 
are visualized, processed and recorded by an automated 
real-time data acquisition and processing system. 

In the process, the signals from the application and 
flow sensors, the input signal from the signal generator 
are fed to the terminal board which facilitates the user in 
initially switching on external signals by means of rows 
of terminals which are numbered and labeled. 

 
Fig. 2. Schematic of the experimental stand for the study of dynamic 

processes in pneumatic lines. 

1 - screw compressor; 2 - receiver; 3 - stopcock; 4 - safety valve; 5 - air 
preparation system preparatory; 6 - discrete distributor; 7 - proportional 
directional control valve; 8, 9 - flow meters; 10 - interface board; 11 - 
personal computer; 12 - power supply unit; 13 - switch; 14 - signal-

generator; 15, 16 - pressure sensors; 17 - pneumatic line. 

Additional passive elements in the analog signal path 
are easily connected to the terminals. In this way, RC-
filters, dividers or current signals can be implemented. 
The signals are processed with a virtual instrument in the 
LabView environment, using a DAQ board NI PSIe-
6351. It is an analog-to-digital 16-bit converter, using a 
sampling rate in the range 200...2000 samples/sec on 
each hardware channel. Preliminary calibration of the 
incoming signals from the sensors was performed in 
order to work in natural measurement units.  

An external signal generator supplies to the terminal 
board a reference sinusoidal signal, serving as a time 
reference. Another virtual instrument, a multi-function 
frequency generator, was also constructed to perform the 
same tasks as the external signal generator. Both are used 
in the experiments, their choice depends on the specific 
needs of the experiment. 

V. VIRTUAL TOOL 

For the purpose of the experiment, a virtual tool was 
developed to perform the following main functions 
Fig. 3: 

Read the input channels in the following order: 

− Measure the input signal; 
− Measuring the pressure at the beginning of the 

pneumatic line; 
− Measure the pressure at the end of the pneumatic 

line; 
− Flow measurement at the beginning of the 

pneumatic line; 
− Flow measurement at the end of the pneumatic 

line. 
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Fig. 3. User interface of the developed virtual tool. 

 

The next function is the transition in natural units of 
each of the measured channels. The ability to record to a 
text file all input signals from a given point in time is 
provided. The user interface also sets the values of the 
recording speed, accuracy for recording to the output text 
file and defines the input tasks to be performed by the 
virtual instrument [3], [4]. In order to generate a control 
signal fed to the system input, a multi-function frequency 
generator was developed to generate an output signal 
with a sinusoidal shape and the ability to change 
frequency from 0.01 Hz to 100 kHz, amplitude from 
0.01V to 10 V - Fig. 4. 

 

 
Fig. 4. Multifunction Frequency Generator User Interface. 

 

Fig. 5 and Fig. 6 show the pressure and flow step 
responses at the inlet and outlet of the pneumatic line at 1 
m length and 6 mm diameter. The flow and pressure 
values are dimensionless with respect to their maximum 
value. 

The duration of the step responses under the flow rate 
variation Fig. 6. is about 0.15 s with the delay time 0.05s. 

 
Fig. 5. Pressure at inlet (2) and outlet (3)of pneumatic line at 1 m 

length; (1) step input signal. (The  pressure values are dimensionless 
with respect to their maximum value). 

The transient process under the pressure variation is 
about 0.10s with the net delay time 0.03s. The steady-
state output pressure value is less than the input pressure, 
Fig. 5. which is due to the hydraulic resistances in the 
line. 
 

 
Fig. 6. Pneumatic line inlet (2) and outlet (3) flow at 1 m length; (1) 
step input signal (The flow  values are dimensionless with respect to 

their maximum value.). 

 

The Fig. 7 and Fig. 8. the pressure and flow step 
responses at the inlet and outlet of the pneumatic line are 
shown for a length of 5 m and a diameter of 6 mm. 

 
Fig. 7. Pressure at inlet (2) and outlet (3) of  pneumatic line at 5 m 

lengt; (1) step input signal (The  pressure values are dimensionless with 
respect to their maximum value). 

 
The duration of the transition process for a pneumatic 

line length of 5 m is shown in Fig. 7. The flow rate 
variation is about 0.25 s with a delay time of 0.07 s. In 
Fig. 8. the transient process at pressure variation is about 
0.15s with a net delay time of 0.05s 
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Fig. 8. Pneumatic line inlet (2) and outlet (3) flow at 5 m length; (1) 
step input signal (The flow  values are dimensionless with respect to 

their maximum value). 
 

 
 

Fig. 9. Pressure at inlet (2) and outlet (3) of pneumatic line at 10 
m length; (1) step input signal (The  pressure values are dimensionless 

with respect to their maximum value). 
 
Fig. 9 and Fig. 10 show the pressure and flow step 

responses at the inlet and outlet of the pneumatic line at 
10m length and 6mm diameter. 

 

 
 

Fig. 10. Pneumatic line inlet and outlet flow at 10 m length; (1) step 
input signal (The flow  values are dimensionless with respect to their 

maximum value). 

The duration of the transient process for a pneumatic 
line length of 10 m, the flow rate variation is about 0.40 s 
with a delay time of 0.08 s Fig. 10. and the transient 
process for pressure variation is about 0.25 s with a delay 
time of 0.06 s Fig. 9. 

 

When comparing the results of the study of the 
processes in pneumatic lines of 1m, 5 m and 10 m length, 
the significant influence of the larger length of the 
pneumatic line is observed, which affects the shape and 
duration of the process for flow variation changes from 
0.15 to 0.40 s, and the delay time from 0.05 to 0.08 s, and 
the transient process at pressure variation is from 0.10 to 
0.25 s, with the delay time from 0.03 to 0.06 s. 

VI.  EXPERIMENTAL STUDY OF TRANSIENTS IN A 
PNEUMATIC LINE OF VARYING LENGTH WITH 

SINUSOIDAL INPUT SIGNAL 

The conduct of the experiment is analogous to the 
previous one, where the input signal is replaced by a 
sinusoidal signal set by a signal generator. 

 
Fig. 11. Pneumatic line inlet (1) and outlet (2) pressure at 5 m length, 

frequency 0.5 Hz (The  pressure values are dimensionless with respect 
to their maximum value). 

A 5 m long pneumatic line was tested at different 
input signal frequencies of 0.3 and 0.5 Hz. 

The results of the experiment-the variation of pressure 
and flow at the inlet and outlet-are shown in Fig. 11 to 
Fig.12. The corresponding flow rates and pressures are 
dimensionless with respect to their maximum value. 

 
Fig. 12. Pneumatic line inlet (1) and outlet (2) flow at 5 m length, 

frequency 0.5 Hz (The flow  values are dimensionless with respect to 
their maximum value). 

Figure 13 and Figure 14 show the inlet and outlet 
flow rates and pressures for a pneumatic line length of 5 
m, a frequency of 0.3 Hz and a voltage of 5 V. 
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Fig.13. Pneumatic line inlet (1) and outlet (2) pressure at 5 m 

length, frequency 0.3 Hz (The  pressure values are dimensionless with 
respect to their maximum value). 

 
Fig. 14. Pneumatic line inlet (1) and outlet (2) flow at 5 m length, 

frequency 0.3 Hz (The flow  values are dimensionless with respect to 
their maximum value). 

As with step responses, transients in a sinusoidal 
signal show the influence of the pneumatic line length on 
flow and pressure variation in the dynamic regime. Phase 
delay and change in amplitude of the signals are 
observed. To study the influence of pneumatic lines in 
detail, it is necessary to fully investigate their frequency 
characteristics [1], [3],[4]. 

VII. MODELLING AND SIMULATION OF DYNAMIC 
PROCESSES OF PNEUMATIC LINES 

Simulation is the process of forming, preparing and 
entering a mathematical model into a computing 
environment and obtaining the results of the calculations 
performed in this environment. The mathematical model 
of the pneumatic line to be simulated is according to 
equation (1). 

The simulation of dynamic processes in the 
pneumatic line model is carried out using MatLab 
SIMULINK. The block diagram of the simulation model 
is shown in Fig. 15. 

For the simulation of the dynamic processes, various 
real parameters of the dimensions and lengths of the 
pneumatic lines with the corresponding coefficients are 
introduced into the model. 

The model shown in Fig. 15 was created using the 
MatLab SIMULINK and the resulting values of the 
dynamic processes are presented as graphs. 

 
Fig. 15. Simulation model of pneumatic lines in MatLab. 

 

The simulation of the transients has been carried out 
with step input supplied by the setter and with pneumatic 
line lengths - 1 m, 5 m and 10 m. The simulation outputs 
were output to the interface in the form of graphs 
showing the dependence of the observed quantities, the 
inlet and outlet pressure through the pneumatic line, and 
the inlet and outlet flow rates. 

From the simulations performed on the mathematical 
model, the transients are observed at different lengths 
(1m, 5m and 10 m) of the pneumatic lines and when the 
main observed quantities (pressure and flow rate) change 
on both sides of the line - inlet and outlet. 

Тhe flow and pressure values in the simulation model 
plots are presented dimensionless with respect to their 
maximum value. 

 

 
Fig. 16.a. Pressure at the inlet (1) and outlet (2) of a 1 m pneumatic. 

 

At = 1 m the time of the transient process is between 
0.1 and 0.15 s. It is clearly evident that the plots are 
almost identical for the inlet and outlet signals, from 
which it can be concluded that for a pneumatic line 
length of 1 m there is no large signal delay, which is 
analogous to the experimental results Fig.16. a. and Fig. 
16.b. discussed in this chapter. 

 

 
Fig. 16.b. Flow rate at the inlet (1) and outlet (2) of a 1 m 

pneumatic line. 
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At = 5 and 10 m pneumatic line length, the transition 
time is 0.25-0.4 s. There is a clear signal mismatch at the 
inlet and outlet, from which it can be concluded that there 
is a signal delay at pneumatic line lengths of 5 m and 10 
m, which is analogous to the experimental results Fig. 
16.c. and Fig. 16.f.  

 

 

Fig. 16.c. Pressure at the inlet (1) and outlet (2) of a 5 m pneumatic 
line. 

 

To better evaluate the tracking accuracy, the input and 
output signals are dimensionless. The analysis performed 
on the obtained results proves that the mathematical 
model is adequate and suitable for use. 

 

 

Fig.16.d. Flow rate at the inlet (1) and outlet (2) of a 5 m pneumatic 
line. 

 

Simulation of the transients is also carried out with a 
sinusoidal input of 0.5 Hz supplied by the setpoint 
device.  

 

 
Fig. 16.e. Pressure at the inlet (1) and outlet (2) of a 10 m pneumatic 

line. 
 

The simulation outputs for pneumatic line lengths of 1 
m, 5 m and 10 m are output to the interface in the form of 
graphs depending on the observed quantities - inlet and 
outlet pressure and inlet and outlet flow through the 
pneumatic line. As a result of the conducted simulations 
the following conclusions can be drawn: 

 

  

Fig. 16.f. Flow rate at the inlet (1) and outlet (2) of a 10 m 
pneumatic line. 

 

Simulation of the transients is also conducted with a 
0.5 Hz sinusoidal input signal fed through the setpoint 
device. The simulation outputs for 1 m, 5 m and 10 m 
pneumatic line lengths are output to the interface in the 
form of graphs - inlet and outlet pressure and inlet and 
outlet flow through the pneumatic line. 

 

 
 

Fig. 17.a. Input (1) and output (2) pressures at 1 m pneumatic line and 
0.5 Hz frequency. 

 

 
Fig. 17.b. Input (1) and output (2) pressures at 5 m pneumatic line and 

0.5 Hz frequency. 
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At a frequency of the input sinusoidal signal of 0.5 
Hz, a phase delay in the order of 50 – 60 Fig. 17.b and a 
decrease in the signal amplitude are observed, which 
corresponds to the experimental results Fig. 11. and 
Fig. 12. 

 
Fig. 17.c. Inlet (1) and outlet (2) flow rates at 5 m pneumatic line and 

0.5 Hz frequency. 

 
Fig. 17.d. Input (1) and output (2) pressures at 10 m pneumatic line and 

0.5 Hz frequency. 

 
Fig. 17.e. Input (1) output (2) flow rate at pneumatic line 10 m and 

frequency 0.5 Hz. 

For better estimation of tracking accuracy, the input 
and output signals are dimensionless. From the 
mathematical model thus presented and the experiments 
performed, it can be concluded that the transients in the 
simulations correspond to the dynamic processes of 
pneumatic lines of different lengths. 

VIII. CONCLUSION 

The proposed mathematical model of pneumatic lines 
with consideration of the signal delay along their length 
is an adequate tool for the determination of flow and 
pressure in unsteady operating modes of pneumatic 
systems. This mathematical model is used to obtain the 
mass flow rate through the pneumatic lines in turbulent 

flow regime. Using Fourier analysis, a new approach is 
applied to the study of pneumatic lines that is different 
from those previously described in the literature 
[7],[9],[10],[13]. From the study, it was found that 
pneumatic lines have nonlinear dynamic characteristics, 
delay (for flow rate 0.05 to 0.08 s, 0.03 to 0.06 s for 
pressure) and transient time (for flow rate 0.15 to 0.40 s , 
0.10 to 0.25 s for pressure) depend on the length of the 
lines, the pressure and flow rate in them, and the 
frequency of their change. The results obtained by 
numerical simulation were compared with the 
experimental data, and excellent agreement was found. 
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Abstract. The wear behavior of high chromium white cast 
irons with composition: 2,6÷3,4% C; 0,9÷1,1% Si; 0,8÷1,1% 
Mn; 1,0÷1,3% Mo; 12,3÷13,4% Cr and 0,18 ÷ 1,25% B is 
investigated. The microstructure and tribological 
characteristics of six compositions of high chromium white 
cast irons (one without boron and with 0,18; 0,23; 0,59; 0,96; 
1,25% boron) are studied. 
After casting, heat treatment was carried out, including 
quenching at 9500C and tempering at 2350C for 1 h. The 
influence of the heating temperature in the interval 
850÷11000С, 25 min on the Rockwell hardness and the 
microstructure are studied. 
The wear resistance during abrasive wear for samples after 
casting and after heat treatment is investigated as measured 
loss of mass in terms of dry friction under load of 1,5 kg 
during 10 min. The lowest mass loss during abrasive wear 
test in dry conditions friction is defined for cast irons alloyed 
with 0,18 % boron - ∆ m = 0,1469 g after casting and ∆ m = 
0,0022 g after heat treatment. The highest mass loss is 
determined during abrasive testing of alloyed cast irons with 
0,96 and 1,25% boron. The alloyed cast irons with 0,18 % 
boron show highest wear resistance.           

Keywords: high chromium white cast iron, boron, carbides, 
hardness, wear resistance, microstructure. 

I. INTRODUCTION 
High chromium white cast irons are an important group 

of materials for engineering applications of which high 
wear resistance and corrosion resistance are required. 

Depending on the chemical composition of these materials 
and their chromium content, their structure may contain the 
following carbides: M7C3, M3C and M23C6. 

These carbide phases differ in a chemical composition 
and morphological characteristics. The operational 
properties of these cast irons are determined from a 
predominant carbide type in their structure to a significant 
extent [1–3]. For this reason, the research directed towards 
at controlling and improving the operational properties of 
high-chromium white cast irons includes studying the 
changes in the carbide phases as a function of the alloying 
elements present in the structure, including the element 
boron [1–6]. 

Аustempered ductile irons (ADI) with structure of 
lower and upper bainite, additionally alloyed with boron 
from 0,03 to 0,135%, become carbide austempered ductile 
irons (CADI). The structure of these cast irons (CADI) 
consists of eutectic carbides from 9 to 27% and possess up 
to 3 times higher wear resistance during abrasive wear 
compared to this one without boron (ADI) [7]. 

The wear resistance and strength of high chromium 
white cast irons depends on both the size, type and 
morphology of the carbide phases and on the 
microstructural characteristics of these alloys. The metal 
matrix in them can be regulate by the chemical composition 
and by conducting heat treatment after casting the alloy. 
Most of these alloys, in addition to high chromium (>10%), 

https://doi.org/10.17770/etr2023vol3.7294
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also contain nickel, molybdenum, copper or combinations 
of these alloying elements in order to prevent the formation 
of pearlite in the microstructure. After properly conducted 
heat treatment, these cast irons have a martensitic 
microstructure of the metal matrix for maximum abrasion 
resistance and toughness [8,9]. 

The alloying with boron and its influence on the 
microstructure and properties of high chromium white cast 
irons is poorly studied. The aim of the performed research 
is to determine the influence of the boron in an amount of 
0,18 to 1,25% in the composition of high chromium white 
cast irons on their hardness and tribological characteristics. 

II. MATERIALS AND METHODS 
Samples of six high-chromium white cast iron melts 

with the following composition were examined: 2,6÷3,4% 
C; 0,9÷1,1% Si; 0,8÷1,1% Mn; 1,0÷1,3% Mo; 12,3÷13,4% 
Cr and 0,18 ÷ 1,25% B. One of the melts does not contain 
boron, and the other five compositions contain 0,18; 0,23; 
0,59; 0,96 and 1,25% boron.  

The microstructure of the samples after casting is 
studied by means of an optical metallographic analysis by 
MIT 500 microscope of the Coptic company. The test 
samples are processed in the reagent composition 1g KOH, 
4g KMnO4, 100 ml H2O и 2g C4H6O4 for 5 minutes at 
ambient temperature. This reagent shows carbide phases of 
type: M6C, M7C3, M23C6 and M3C. 

The samples after casting are undergone to a quenching 
from 950°С with air cooling and following tempering at 
235°C for 1 h. The study of the influence of the heating 
temperature in the interval 850÷1100°C on the hardness of 
the cast iron is conducted (Table 1, Fig. 1) to select the 
proper quenching temperature. Hardness test is carried out 
according to Rockwell's method for the samples with 
different boron content after heating at 850÷1100°C at an 
interval of 50°C, holding at these temperatures for 25 min 
and subsequent air cooling to room temperature (Fig. 2). 

The performance of the samples of high chromium 
white cast iron alloyed with boron in as-cast condition and 
after heat treatment with quenching on air from 950°С, 25 
min. and with tempering at 235°C, 1 h is studied during 
abrasive wear. 

TABLE 1. HRC HARDNESS OF ALLOYED WITH BORON HIGH CHROMIUM 
WHITE IRONS, CAST AND  QUENCHED FROM  DIFFERENT TEMPERATURES  

№ of 
sam-
ple 

HRC 

cast Quenching  temperature [°C] 
850 900 950 1000 1050 1100 

2 53,5 60,33 63 65 62 59,5 55 
3 53,83 61 65,5 65,83 63,3 61,5 55,5 
4 56,5 61,17 62,83 65,67 64,17 62 56,67 
5 57,17 62,17 64 65,67 64,33 62 57,33 
6 57,5 63,33 64,33 66,33 65,17 61,67 57,83 

 

 
Fig. 1. Variation of HRC hardness of high chromium white cast irons 

depending on boron content and different heating temperatures. 

 
Fig. 2. Schematic diagram of the heat treatment cycle of the boron-

alloyed high-chromium white cast irons. 

 The mass loss ∆m is measured under the conditions of 
dry friction under a load of 1,5 kg for 10 min and the 
absolute wear resistance I was determined. A drill was used 
to study the wear of the different samples. The examined 
sample with dimensions ø30x40mm is fixed on a rod with 
a socket, and the distance between the axis of the sample 
and the axis of the three-jaw chuck of the drill is 60 mm. A 
weight with a mass of 1,5 kg is attached to the vertical feed 
lever. The sample is rotated with n=150 min-1, pressed on 
an abrasive disk with dimensions of 250x20x20mm. A disk 
99ВА60R7V is used for the experiment. An electronic 
balance WPS 180/C/2 with an accuracy of 0,1 mg is used 
to measure the mass of the samples. 

 The friction road L is: 

                       𝐿𝐿 = 2.𝜋𝜋.𝑅𝑅.𝑛𝑛  , [𝑚𝑚]                            (1)                            

     where: 
- R = 60 mm is distance between the axis of the 

specimen and the axis of the chuck; 
- n = 150 min-1 is rotation speed. 

The wear layer h is: 

        ℎ = (𝑚𝑚0 − 𝑚𝑚𝑓𝑓)/𝜌𝜌.𝐴𝐴𝑎𝑎 = ∆𝑚𝑚/𝜌𝜌.𝐴𝐴𝑎𝑎   , [𝑚𝑚]      (2)                           

     where: 
- m0 – sample initial mass, [kg]; 

- mf – final mass of the sample, [kg]; 

- ρ = 7,8.103 kg/m3 is the density of the material; 

- Aa   - contact area of wear, [m2]; 

- ∆m - loss of mass with wear, [kg]. 
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Wear intensity i represents the material thickness 
destroyed per unit friction path: 

                  𝑖𝑖 = ℎ/𝐿𝐿 = ∆𝑚𝑚/(𝜌𝜌.𝐴𝐴𝑎𝑎. 𝐿𝐿)                       (3)                            

The absolute wear resistance I is the reciprocal of the wear 
intensity: 

                  𝐼𝐼 = 1/𝑖𝑖 = (𝜌𝜌.𝐴𝐴𝑎𝑎. 𝐿𝐿)/∆𝑚𝑚                       (4)                             

III. RESULTS AND DISCUSSION 
In the structure of high chromium white cast irons with 

chromium about 13% the main carbide is M7C3 [1–3]. 
Carbides type M3C и M23C6 also persist in the structure of 
these cast irons. The cast irons studied contain about 1% 
molybdenum, dew to carbides type M6C и M2C are 
possible in the structure. Microstructure of the cast irons 
without boron and with 0,18; 0,23 and 0,59% В is 
subeutectic, with 0,96 % В – with 0.96% B – close to the 
eutectic and with 1.25% B – supraeutectic [1]. Fig. 3 shows 
the microstructure of high chromium white irons without 
boron (а) and alloyed with 0,18% (b); 0,23 %(с) and 0,59% 
boron. The used reagent shows the carbide phases in the 
microstructure in dark color. The carbide phases in 
different compositions of cast iron differ in shape, size and 
quantity (Fig. 3). 

 
 

 

 
 

 
Fig. 3. Microstructure of boron-alloyed high-chromium white irons 

with 0% В (a); с 0,18% В (b); с 0,23% В (c) и с 0,59% В (d). 

Fig. 2 shows a scheme of the tempering mode of the 
tested high chromium white cast irons alloyed with boron. 
The selected optimal mode of heat treatment of the samples 
for abrasive wear testing includes quenching from a 
temperature of 950°C with air cooling to room temperature 
and tempering at a temperature of 235°C, 1 hour. The 
heating at 950°C, 25 min and cooling in air, provides the 
highest hardness after quenching – 65÷67 HRC compared 
to the rest of the studied regimes in the temperature range 
850÷1100°C. At heating temperatures of 850÷950°C for 25 
min, secondary carbide phases are separated from the 
austenite. This leads to the impoverishment of austenite 
with carbon and alloying elements (the temperature Ms of 
the austenite-martensite transformation increases), which 
increases the amount of martensite in the structure of 
quenched cast irons and leads to an increase in hardness. At 
heating temperatures of 1000÷1100°C, the secondary 
chromium carbides dissolve in the austenite. This increases 
the resistance of the supercooled austenite to disintegration 
(the temperature of the Ms point of the austenite-martensite 
transformation decreases) and after quenching in the 
structure of the cast irons, the amount of retained  austenite 
increases. The hardness of hardened cast iron after heating 
at a temperature of 1100°C decreases to 54÷58 HRC (Table 
1, Fig. 1). 

The data from the abrasive wear tests performed on the 
samples of alloyed with boron high chromium white iron 
in as-cast condition and after heat treatment  are presented 
in Table 2 and 3. 
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TABLE 2. MASS LOSS AND WEAR RESISTANCE OF ALLOYED WITH BORON 
HIGH CHROMIUM WHITE IRONS IN AS-CAST CONDITION 

№ of 
sample 

B, 
% 

m0, 
[g] 

mf, 
[g] ∆ m, [g] I.106 

1    - 142,5032 142,2341 0,2691 1,069 
2 0,18 147,4415 147,2946 0,1469 1,959 
3 0,23 145,9076 145,7297 0,1779 1,617 
4 0,59 143,6850 143,4546 0,2304 1,249 
5 0,96 143,8705 143,5771 0,2934 0,980 
6 1,25 147,6045 147,2214 0,3831 0,751 

TABLE 3. MASS LOSS AND WEAR RESISTANCE OF ALLOYED WITH BORON 
HIGH CHROMIUM WHITE IRONS AFTER HEAT TREATMENT 

№ of 
sample 

B, 
% 

m0, 
[g] 

mf, 
[g] 

∆ m, 
[g] I.107 

1    - 135,3652 135,3569 0,0083 3,467 
2 0,18 142,7748 142,7726 0,0022 13,081 
3 0,23 137,5008 137,4934 0,0074 3,889 
4 0,59 136,4723 136,4627 0,0096 2,997 
5 0,96 139,5951 139,5766 0,0185 1,555 
6 1,25 140,5808 140,5520 0,0288 0,999 

Fig. 4 shows the relation of the change of the mass loss 
∆m during wear test and the boron quantity.  

 
Fig. 4. Change in mass loss during wear ∆m depending on the amount 
of boron in high chromium white cast irons: 1- in as-cast condition; 2- 

after heat treatment. 

Fig. 5 and 6 show the absolute wear resistance I 
according to the boron quantity in the tested cast irons in 
as-cast condition and after heat treatment.  

 
Fig. 5. Change in absolute wear resistance I depending on the boron 

quantity in high chromium white cast irons in as-cast condition. 

 
Fig. 6. Change in absolute wear resistance I depending on the boron 

quantity in high chromium white cast irons after heat treatment. 

The lowest mass loss during wear ∆m have alloyed cast 
irons with 0,18 % boron (∆m = 0,1469 g for cast irons in 
as-cast condition and ∆m = 0,0022 g for cast irons after heat 
treatment. The cast irons in as-cast condition, alloyed with 
0,18; 0,23 and 0,59% boron have smaller mass loss during 
wear ∆m, the alloyed cast irons with 0,96 and 1,25% boron 
have bigger mass loss during wear ∆m compared to ∆m for 
cast iron without boron. The cast irons after heat treatment 
alloyed with 0,18 and 0,23 % boron have smaller mass loss 
during wear ∆m, alloyed cast irons with 0,59; 0,96 and 
1,25% boron have bigger mass loss during wear ∆m, 
compared to ∆m in the cast iron without boron. The cast 
irons alloyed with 0,18 % boron have highest wear 
resistance I (I = 1,959 .106 for irons in as-cast condition and 
I = 13,081 .107 for cast irons after heat treatment. 

IV. CONCLUSIONS 
The abrasion wear behaviour of high chromium white 

irons composition Fe–3,1C–13,1Cr–1,1Mo, additionally 
alloyed with 0,18; 0,23, 0,59, 0,96 and 1,25% boron is 
studied. It is concluded the lowest mass loss during wear 
∆m have cast irons alloyed with 0,18 % В  –  ∆m = 0,1469 
g for cast irons in as cast condition and ∆m = 0,0022 g for 
cast irons after heat treatment. The same cast  irons have 
highest wear resistance I  –  I=1,959.106 for cast irons in as-
cast condition and I =13,081.107 for cast irons after heat 
treatment. 

The investigation on the influence of the heat treatment 
in an interval 850÷1100°С for 25 min on the hardness of 
the quenched high chromium white irons alloyed with 
boron is performed. On the base of the results achieved the 
proper regime for the samples heat treatment is chosen for 
the tribological test. It includes quenching from 
temperature of 950°С, 25 min with air cooling to room 
temperature and tempering at 235°С, 1h. 
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Abstract. The steel fiber reinforced concrete in structures 
provides good mechanical and physical characteristics and 
such material applications are increasing. At the same time, 
if structure is subjected to thermal load it is affecting both 
properties of reinforcement and matrix as well. The aim of 
the present research is to investigate the degradation of the 
characteristics of fibers, randomly distributed in the body of 
concrete block. A short steel fiber reinforced concrete slabs 
(400x300x18cm) [1], [2] with homogeneously distributed 
fibers was undergone to calefaction process from one side. 
dimension of 16.5x14.5x15 cm) Fiber fracture process was 
performed based on the single fiber pull-out test by 
preparing the specimens with fiber from calefacted SFRC 
block. Experimental curves from each layer were compared 
with different layer of fibers and investigation had shown 
that higher load-bearing capacity is there over the thermal 
loaded fiber. The conclusion were made with the microscopic 
results and the experimental data. 
Keywords: concrete, pull out, Thermal loading, reinforced 
concrete, material degradation. 

I.INTRODUCTION 
Concrete is a frequently utilized construction material 

across the world. It is brittle under tension and 
compression. When combined with brittleness, a high 
strength-to-weight ratio results leads to catastrophic 
tensile failure, requiring some form of tensile 
reinforcement. Steel rebars and cages long time have been 
used for that. Randomly distributed short fibers, in some 
situations, less efficient, in comparison to conventional 
rebars, at the same time, the closely spaced fibers improve 

the hardness and tensile qualities of concrete and aid in 
fracture control. Combining fiber reinforcement with 
conventional steel reinforcement optimizes performance. 
Fiber reinforced concrete (FRC) research and 
development has been renewed in the last three decades 
because of the improved quality of fiber reinforced 
concrete products [3] [4] [5] [6]. 

Fiber reinforced concrete is made up of short, 
discontinuous fibers that are randomly placed throughout 
the concrete. Fibers made of steel, glass, polymer, or 
natural resources are used in cement-based composites [7] 
[8] [9]. Because of their close spacing, fibers can 
withstand breaking better than traditional reinforcing steel 
bars. Fiber-reinforced concrete in many situations can be 
replacement for standard steel bars [10]. Several 
applications in advanced concrete technology need the use 
of both fibers and continuous reinforcing steel bars. Steel 
fiber is the most common type of reinforcement used in 
FRC [11] [12] [13]. 

The fiber reinforced concrete is used in order to 
enhance the life of the concrete but that steel fiber 
reinforced concrete exposed to the high temperature it 
started to get weak, so in this research the fibers from the 
concrete block is treated up to the temperature of 800 
degrees and are studied detailly how the mechanical 
properties of the steel material is changed by doing 
microscopic analysis. Knowledge about structure 
deformation and analysis of pull - out test results, 
performed in laboratory, will allow to know the strength 
factors of the fiber, studying the material under normal 
temperature and high temperature in situation with 
degrading fiber mechanical properties [14] [15]. 
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II.MATERIALS AND METHODS 
Steel fiber reinforced concrete (SFRC) slabs after 

exposure to open flame from one side [1], [2] were catted 
to samples with the size of 16.5×14.5×15cm. Short steel 
fibers were randomly distributed in   the volume of each 
slab.  

2.1 Properties of Steel Fibers 

SFRC specimen was made up of the commercially 
available hooked‐ended steel fibers Dramix 3D 80/60BG. 
Fiber properties (supplier’s data) are: 

 
Fig.1. Fiber properties. 

2.2 Concrete Mix Design and Materials 

 The concrete mix was designed using the tables and 
calculations provided in the standard EN‐206 [1], 
[2].Concrete mix design: Portland cement, sand, quartz, 
admixture silica fume, plasticizer, and water [16] [17] 
[18]. 

Table. 1 Mix proportion 

Concrete Mixture 

S.No Name of Ingredients Quantity 

1 
Portland Cement (CEM 

II / 42,5 N) 
 

2.8 kg 

2 Micro silica 940-U 
 200 g 

3 Sand (0-1 mm) 
 9.33 kg 

4 Quartz QS 0-0.5 mm 
 1.67 kg 

5 Plasticizer Sika D190 
 20 g 

6 Water 
 2000 g 

 

2.3 Collecting of fibers 

In this portion of the investigation, we began by 
collecting every single fiber from the thermally treated 
concrete block (with dimensions 16.5×14.5×15cm). The 
block was shattered to obtain as much fiber as possible for 
each band width of one centimeter. To separate the fiber 
samples for further analysis, we shattered the block while 

holding the samples, and they came out in various bits. We 
were especially concerned about preserving virgin fiber 
[19] [20] (see figure 2). For every fiber was fixed fibers 
central point distance from the surface subjected to open 
flame (heated surface). 

 
Fig. 2. Collecting of fibers. 

2.4 Examine of collected fiber 

An Optical Microscope was used for fibers outer 
surface analysis. For more detail fiber surface analysis is 
possible to use Electron microscope facilities  [21]. 

 
Fig. 3.1 Fiber from the non-heated end. 

 
Fig. 3.2 Fiber from the heated end. 

At figures 3.1 and 3.2 is possible to see two 
fibers. One was located in the layer with thickness 1cm 
from the surface subjected to the flame (figure 3.2). 
Second were removed from the l cm thick layer located at 
the surface of the block opposite to subjected to the flame 
(figure 3.1). Take a new sample of steel fiber with a 
cleanly cut edge and a smooth surface; the sample must be 
at least 6 cm in size. This sample is put under the 
microscope's lens, just below the view finder when viewed 
through the eye piece. Some analytical calculations are 
made to study the exact condition of fiber. After getting 
the clear inspection of the fiber, we can move for the next 
one [22]. 
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2.5 Preparation of Specimens  

 Each block was divided into slices with thickness one 
and half cm. Were obtained 12 slices. 7 specimens (fibers, 
with central point located within the slice) for each band 
were obtained.  Fibers removed from the concrete block 
were used in pull-out experiments. Were fabricated 
samples consisting of two concrete prisms separated by 
plastic film. Two prisms were connected by fiber 
immersed into concrete of both prisms. Initially all the 
concrete is mixed for the required amount no more 
concrete is prepared. Now the mold is ready for 
concreting, then concrete is poured inside the mold 
without steel fiber for the compression at the base for 100 
mm initially, now the first frame is placed over the 
concrete mixture and tampered to adjust its levelling.  

 
Fig. 4. Making of mixture. 

 For making the samples with fiber, fibers should be 
placed in the middle of the mold. So, every fiber is marked 
3cm at the center and should be placed in the exact 
position. At first concrete is filled in each side of the 
specimen to check the placement fiber. Small amount of 
vibration is produced to remove the air molecules in the 
mixture. Now the opposite side of each sample is filled 
with the concrete and the same procedure will be followed 
as we did earlier. Now the cube mold is immediately 
covered with plastic wrapper and maintained in the 
laboratory where the relative humidity must be 90% but 
the inside temperature must be between 27, + or -2 
degrees. The test samples are taken out from mold after 48 
hours and are transferred to the laboratory for further 
curing process. The specimens must be protected from 
heavy temperature changes and shaking during the 
conveyance. Samples to be tested at one time and the 
average test results. The samples without fibers are 
considered for the compression test strength. Immerse the 
samples (without fiber) in the curing tank containing clean 
water until it is suitable for testing. The sample must be 
completely submerged, and more than the required water 
must be put down because the concrete specimen absorbs 
water during hydration.  

2.6 Mechanical Testing Methods  

After 28 days from the fabrication, the specimens were 
tested for fiber pull‐out from the concrete matrix and 
compression test were performed. Test machine Zwick 
Roell Z150 was used to determine the fiber pull‐out force 
and compression tests were done to measure the strength 

of the concrete which we used to make the specimens. [23] 
[24] 

 

Fig.5. Tensile strength machine setup. 

III. Experimental Results and Discussion 

3.1 Compression Test 

The cube should be positioned into the compression 
testing machine so that, its smooth faces land on the steel 
plate on the bottom side. The top surface of the finished 
cube must never be met with the machine's platens, as this 
generates unbalanced loading over the cube due to the 
uneven, rough surface, as opposed to the faces along the 
smoother side of the mold [25] [23] [26]. 

For cube test, standard dimensions (are commonly 
recommended for cube testing), 10 x 10 x 10 cm were 
fabricated. The loading was performed without pausing 
and loads was increased constantly at a rate of 150 
Kg/cm2/minute, till the concrete specimen develops 
cracks and breaks down or it was crushed [27]. Test results 
are shown in the table 2. 

Table 2. Compression test results 

Sample Force 
N 

Compressive Strength 
MPa 

1.1 341.1 34.4 
1.2 317.6 31.4 
2.1 239.5 24.7 
2.2 244 25.5 
3.1 237.7 23.9 
3.2 282.3 28.1 
5.1 218.8 22.8 
7.1 235.7 23.7 
8.1 272.3 26.7 
8.2 266.1 26.5 

Average  26.77 

From the obtained results we can observe that the 
average compressive strength is 26.77 MPa, that is a good 
value for concrete under compression with no 
reinforcement and aggregates.  
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3.2 Fibers Pull‐Out  

Results shows the process of pulling out of seven 
Dramix steel fibers from the concrete matrix and indicate 
the average values of the peak pull‐out load. Before 
starting the testing, all concrete samples are marked with 
their number and band width to identify it easily [24]. In 
the starting load is up to 30N fibers were in the matrix 
without any pull‐out. Afterwards force reaches 150 N then 
fiber starts to slide. This reaction on the fiber is due to its 
shape because it is 3D 80/60BG, so it has bended ends on 
both sides [28] [18] [29]. 

 
Table 3. Pull out results of fiber from non-heated end 

Sample Force 
N 

Strength 
MPa 

1 639.34 135.67 
2 607.00 128.81 
3 673.89 143.00 
4 682.48 144.82 
5 704.41 149.48 
6 595.54 126.37 
7 566.08 120.12 

Average  135.47 
 

 

Fig.6. Force and Displacement graph for fibers obtained from first slice 
(0 to 1.50 cm). 

Jumps in the force value may be observed during 
the entire pullout, this could be explained by the fact that 
spalling microparticles of the concrete matrix are pulled 
with friction-forming plugs, and that SF and concrete 
matrix are bonded together via a weak interface. The 
investigation of this interfacial behavior is critical for 
understanding the mechanical behavior of SFRC. 

 
Table 3. Pull out results of fiber from heated end 

Sample Force 
N 

Strength 
MPa 

1 133.9 28.41 
2 112.64 23.90 
3 203.30 43.14 
4 144.31 30.62 
5 192.90 40.94 
6 185.57 39.38 
7 217.3 46.11 

Average  36.07 
 
 

 

Fig.7.  Force and Displacement graph for fibers obtained from last slice 
(15.5 to 16.5 cm). 

3.3 Examine of tested samples 

All the tested sample are collected and checked in the 
microscope again in order check the breakage of the fiber 
and to examine the surface crack of the fiber. For this 
process again, the same procedure is followed as was done 
earlier, all the fibers are viewed on the microscope and 
amazing images are picturized for the further analysis. 
Some of the images are shown below, 

 

Fig. 8. Tested samples. 

 

Fig. 9. Tested sample from non-heated end. 
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Fig.10. Tested samples from heated end. 

From these pictures it is easy to notice that the oxidized 
layer in fiber from heated end has been destroyed during 
the bull-out friction applies and the core filament remains. 

IV.CONCLUSION 
1. Steel fiber degradation degree in the fiberconcrete 

slab depends on fiber location in the slab. 
Degradation was evaluated as pull-out load bearing 
capacity decrease. 

2. Fibers located in the layer 0 to 1.5cm from the 
surface subjected to open flame had 3.76 times 
lower load bearing force comparing with fibers 
located in the layer 16.5 to 18cm from the surface 
subjected to open flame. 

3. Microscopical analysis shown. Each fiber in the 
fiberconcrete slab, subjected to open flame is 
becoming “softer” yield stress is slightly decreases. 
Outer surface of every fiber is subjected to 
oxidation. Oxide has bigger volume, fiber is 
increasing in diameter. Oxide strength is much 
lower comparing with steel yield stress.    
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Abstract. The geometric features of the conical parts 
measured by a sine bar requires special devices for basing 
and fastening. Basing and fixing conical parts on a sine bar is 
a problem that can lead to deviations in measurements. In the 
presented study, a fixture for fixing and basing conical details 
when measuring with a sine bar is designed and 
manufactured. The device is designed to facilitate the work 
of the operator in fixing the workpiece during the 
measurement, which increases the accuracy of the 
measurements. The developed structure is designed using 
SolidWorks. After the completion of the 3D model, a choice 
of material and technology for 3D printing is made. After 
that, a 3D printer is used for its production. The 
manufactured device is tested in laboratory studies. The 
designed device is installed on the sine bar without changing 
the measurement methodology. The conducted experiments 
prove its workability and applicability.  

Keywords: design, fabrication, 3d printing, 3d modelling, 
device, measurement, operability. 

I. INTRODUCTION 
      In production practice, the control of conical details is 
one of the complex metrological tasks. The existing 
measurement and control methods are divided into three 
groups: 

• qualitative assessment methods; 
• Goniometric methods; 

• Trigonometric methods; 
      In the present study trigonometric methods are used to 
control an external conical detail through the use of a sine 
bar. 
      A standard sine bar is a steel bar that is used with two 
properly spaced cylinders that may or may not be fastened 
to it. The axes of the cylinders are parallel to the adjacent 
sides of the sine bar and are located at a definite distance 
apart, usually 100, 200 and 300 mm. An angle is generated 
by putting different gauge blocks under the cylinders, as 
shown in “Fig. 1” [1].  

 
Fig 1. Standard sine bar. 

                        sin ɑ = (h2 – h1)/L                         (1) 

       The most important influence on the generated angle 
uncertainty is parallelism deviation between the two 
cylinders. Too short distance between the 

https://doi.org/10.17770/etr2023vol3.7178
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cylinders are another important influence. This fact has 
two consequences: 

• angle changes smaller than 3.3 µm/m cannot be 
generated; 

• the uncertainty of the gauge block calibration has a 
significant influence on the result; 

      There are several measuring methods of the taper angle 
of the cone, such as coloring, cylinder block, two groups 
of cylinders with different diameters, two spheres of 
different diameter measurement within the taper angle of 
the cone, two different diameter of the ball and the gauge 
block measurement taper angle, sine bar measuring taper 
angle. The sine bar measuring the angle of the cone is 
commonly [2]. 
        The sine bar is a precision measuring tool which is used 
for indirect measurement or machining of precision angle 
by the principle of sine function. The sine bar Commonly 
is used to measuring the taper angle of the inner and outside 
cone and the head diameter of the cone, and can also 
measuring angle block angle, the angle between hole center 
line and a plane, and being a machining fixture of precision 
parts, especially which is the most common in the 
measurement of the taper angle. The sine bar can measure 
outside taper angle, inner taper angle, taper angle of the 
cylindrical cone, taper angle of the synthetic cone, taper 
angle of the different to cone, but the formulas of gauge 
which we use dimension of gauge block is different. If the 
dimension of gauge block size is wrong and it will directly 
affect the accuracy of the measurement results, so we need 
to clear each measurement of the dimension of gauge block 
size [2]. 

      The sine bar is divided into two kinds of narrow and 
wide, and according to the structure of each type, they are 
divided into three kinds of 100mm, 200mm and 300mm. 
As shown in “Fig. 2”, we can see α=α1 by the geometrical 
knowledge. Based on the principle of trigonometric 
functions, we can see: 

        𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝐶𝐶𝐶𝐶1
𝑂𝑂𝑂𝑂1

=  𝐵𝐵𝐵𝐵1 −𝐵𝐵𝐵𝐵
𝑂𝑂𝑂𝑂1

=  ℎ+𝑅𝑅−𝑅𝑅 
𝐿𝐿

= ℎ
𝐿𝐿
            (2) 

 
      So, we know that:  

                                𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ℎ
𝐿𝐿
                                  (3) 

      In equation (3) α is the nominal value of the angle of 
the workpiece, and L is the distance between the centers of 
the two cylinders of the sine bar (mm)[2].  
 

 
 

Fig. 2 Measurement principle of sine bar [2]. 
 

      The methods shown in “Fig. 3” is a sine bar with a 
conical detail attached to it and placed on a test plate. One 
roller of the ruler rests on the table and the other on a block 
of gage blocks of the size h. The size h of the gage block is 
calculated in advance so that the ruler is tilted at an angle 
equal to the nominal value of the measured angle - α. In this 
case, basic equipment is used to fasten the detail. The 
equipment for fastening the conical part is additionally 
made according to the views and capabilities of the 
operator. To achieve the required accuracy when 
measuring with a sine bar, it is necessary to have the 
measured parts fixedly attached to the sine bar[3].  

      Accurate and easy fixing of the controlled workpiece is 
one of the problems related to the operator's work when 
measuring with the sine bar. 

 
Fig. 3 principal measurement of a taper angle of outer cone with sine bar 

[3]. 

 

       The measurement process after fixation of the 
workpiece follows the dependencies:      

                                sinɑ=h/L                                  (3) 

      The size of the gage block is calculated from by the 
formula:   

                             h = L. sin ɑ                                 (4) 

      The conicity of conical detail is determined indirectly 
by measuring misalignment ∆h at a certain length l. For 
this purpose, a stand with a dial indicator is used, and the 
measurement is made at the two end points a and b at a on 
the surface of the detail. The deviation ∆C from the 
nominal taper angle is calculated using the formula [3]: 

 
                               ∆C = ∆h/l                                  (5) 

      In „Fig. 4” shows an exemplary fastening of a conical 
detail measured with a sine bar. This type of attachment 
does not provide sufficient reliability during measurement, 
which increases the errors and complicates the operator's 
work. 
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Fig. 4 Basing a detail on a sine bar. 
 

      The reliable fixation of the details on the sine line is of 
a considerable importance for the accuracy of the 
measurements. 
      In the present work, a possible solution to the problem 
of fixing conical details on a sine bar is presented. A 
special device is designed and manufactured for fastening 
conical details on a sine bar. The developed device is 
developed using SolidWorks. After the completion of the 
3D model, a choice of material and technology for 3D 
printing is made. After that, a 3D printing technology is 
used for its production. The device has a simple design, 
easy to make and to use, also it has a low cost due to the 
materials and technology used. 

II. MATERIALS AND  METHODS 

A. Materials 
      The materials used in FDM (fusion deposition 
modeling) technology parts are very close to conventional 
engineering polymers, so the suitability of the base 
materials is not an issue. The main difference between an 
FDM part and a molding is the fact that it is built in layers, 
which means that the inherent strength of the part will be 
slightly lower in the 'Z' (vertical) direction. The partial 
layers are relatively large - between 0.13 mm and 0.33 
mm. This can lead to quite rough surfaces before surface 
treatment [4]. 
      The selected material must meet the requirements for 
dimensional accuracy, minimum lead time and wall 
thickness of the structure. 
Some of the most important properties when choosing 
materials for 3D printing are: Tensile, Bending and 
Tearing Strength, Modul of Elasticity and Flexibility, 
Elongation, Compressive Stiffness, Shrinkage, Moisture 
Adsorption, Heat Deformation Temperature (HDT), Point 
of Vicca softening and coefficient of thermal expansion 
[5]. 
      When choosing a material, the requirements for 
dimensional accuracy, minimum execution time and wall 
thickness of the structure must be considered. The types of 
materials used in 3D printing are extremely numerous, but 
the chosen 3D printing technology limits us to a few 
materials. Since we have no special requirements for the 
device itself for the initial prototype, we will use PETG 

(Polyethylene Terephthalate) filament with dimensions of 
1.75 mm ± 0.03 mm as the most cost-effective material. 
PETG material is a thermoplastic type which has low 
shrinkage, strong, not brittle, and mostly layer adhesion is 
fantastic [6].  
      PETG is a polyester copolymer that has excellent 
technical specs like: durability, flexibility, high impact 
resistance, high chemical resistance, low moisture 
absorption and others [7]. Technical specifications of the 
selected material are listed in table 1 and table 2. 
 

TABLE 1 TECHNICAL SPECIFICATION OF PETG [8] 

Chemical name  Polyethylene Terephthalate 
Glycol Copolymer 

Melting temperature 210-260 ℃ 
Working temperature (3d 

printer) 
250 ±10 ℃ 

Print bed temperature 80 ±10 ℃ 
Print speed up to 200 mm/s 

Moisture Absorption in 24 
hours  

0.07 % 

Moisture Absorption in 7 days 0.10 % 

Heat Deflection Temperature 
(0.45 MPa) 

68 ℃ 

Heat Deflection Temperature 
(1.80 MPa) 

68 ℃ 

Density 1.2 g/cm³ 

Tensile strength 46 ±1 MPa 
Interlayer Adhesion 18 ± 4 MPa 
Hardness – Shore D 74 

 
TABLE 2 MECHANICAL PROPERTIES OF 3D PRINTED 

SPECIMENS [8] 
 

Property\Print 
Direction   Horizontal Vertical xz Method  

Tensile Yield Strength 
[MPa] 47 ± 2 50 ± 1 ISO 527 - 1 

Tensile Modulus [GPa]     1.5 
± 0.1 

1.6 ± 
0.1 

ISO 
527 - 1 

Elongation at Yield Point 
[%] 

5.1 ± 0.1 5.1 ± 0.1 ISO 527 - 1 

Flexural Strength [MPa] 66 ± 2 70 ± 1 ISO 178 

 Flexural Modulus [GPa] 1.7 ± 0.1  1.6 ± 0.1 ISO 178 
Deflection at Flexural 

Strength [mm] 
9.0 ± 0.1  9.3 ± 0.2  ISO 178 

Impact Strength Charpy 
[kJ/m2] 

No break No break ISO 179 – 1  

Impact Strength Charpy 
Notched [kJ/m2] 

6 ± 1  3 ± 1   ISO 179 – 1 

 

B. Methods 
       The ISO / ASTM 52900 standard categorizes all the 
different types of 3D printing. The 3D printing technology   
chosen for the designed device is fused deposition 
modeling (FDM) “Fig 5”. It is an additive manufacturing 
method where layers of materials are fused together in a 
pattern to create an object. FDM is the most cost-effective 
way to produce custom thermoplastic parts and prototypes. 
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Fig 5. Schematic diagram of FDM technology. 
        

A wide range of thermoplastic materials is available 
for FDM, suitable for both prototyping and some 
functional applications [9]. 

As a limitation, FDM has the lowest dimensional 
accuracy and resolution compared to other 3D printing 
technologies. FDM parts have visible lines, so for 
treatment on a smooth surface, subsequent treatment is 
often required. In addition, the adhesion mechanism of 
the layer makes FDM particles inherently anisotropic. 
They are weaker in one direction and are unsuitable for 
critical applications [10]. 

The device used is: Prusa i3 MK3S + with 
additional modification for better levelling of the printer 
bed is shown at “Fig. 6”.  

 
 

Fig. 6. Prusa i3 MK3S+. 
 

      The design of the device is done using SolidWorks. A 
three-dimensional model- “Fig. 7” of the Sine bar with the 
optimization is created - the new device /prototype/, which 
consists of 6 elements: 

• COVER, tightly enveloping the walls of the sine 
bar, attached to it by PINS /1 large and 2 pcs. 
small pins/ snug fit in the matching process holes 
of the casing and the sine bar. 

• STOPPER COMB, attached to the cover, in the 
recesses of which comb rests the so-called 
STOPPER. 

• ARC WITH GUIDES, moving along guide 
channels located on both sides of the cover, 

which serves to fix the measuring cone to the face 
of the sine bar. 

•  

 
 

Fig. 7 3D model of the device. 
 

      “Fig.8” shows the positioning of the model on the 
printer table. The position of the workpiece on the printer 
table influences the strength of the workpiece and obtains 
good adhesion. Good adhesion plays an important role in 
the construction of the first layer. This can be improved by 
using a heating plate heated to 95˚ for PETG. 

 
 

Fig .8 Details positioned on the print bed. 
 

      Setup and calibration of the printer is done 
immediately before starting the manufacturing process. 
      The purpose of the X/Y/Z calibration procedure is to 
measure the misalignment of the X/Y/Z axes and find the 
position of the 4 calibration points on the print bed for 
proper bed alignment. XYZ calibration can be started from 
the Calibration menu on the LCD panel. 
      The initiation of this established order performs a 
series of measurements in three rounds: In the first round, 
without the steel sheet installed, 4-sensor points on the 
print bed are carefully searched so as not to touch the print 
bed with the nozzle. In the second round, the points are 
improved. In the last round, with the steel sheet on, the 
height over 9 sensor points is measured and stored in non-
volatile memory for reference. This completes the Z-axis 
calibration. 
      Mesh bed alignment can be found in LCD Menu - 
Calibration. This procedure is performed before each print. 
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      During the design, all the elements of the device were 
made separately, but subsequently the Cover “Fig. 9” and 
the stopper comb as well as the Arc with the guides “Fig. 
10” are assembled for easier and faster 3D printing. 
 

 
 

Fig.9 Cover. 

 
 

Fig. 10 Arc with guides. 
 

      In “Fig. 11” shows a manufactured device mounted on 
the sine bar. The fixture rests firmly on the sine bar and no 
clearance is observed between the sine bar and the device. 
 

 
 

Fig.11 The device mounted on a 200mm sine bar. 
 

III. RESULTS AND DISCUSSION 
     While conducting the laboratory experiments, a sine 
bar with the length of 200 mm is used. 
Three conical details with a nominal angle α = 5° are 
measured. The data of the measured cones are listed in 
table 3 

 
 
 

TABLE 3 CONE PARAMETERS 
Cone 

№ 
Angle, 

[°] 
Length, 
[mm] 

min 
diameter, 

[mm] 

max 
diameter, 

[mm] 

Calculated 
angle, [°] 

1 5° 80.00 
mm 

22.61 mm 29.91 mm 5° 13` 1`` 

2 5° 79.56 
mm 

22.55 mm 29.75 mm 5° 10` 48`` 

3 5° 79.90 
mm 

22.55 mm 29.82 mm 5° 12` 36`` 

 

      For the laboratory experiment, a test plate with a dial 
indicator placed on it is used. 
      The sine bar with a workpiece attached to it is placed 
on the test plate. One roller of the ruler rests on the test 
plate and the other on a block of gage blocks of the size h. 
The size h of the gage block is calculated, so that the ruler 
tilts at an angle equal to the nominal value of the measured 
angle ˂α. If the angle being checked is equal to the 
nominal one, the conical part will be parallel to the test 
plate on which the ruler is located.  
 
Dependency is used for this purpose: 

                             sin ɑ = h/L                                 (3) 

     Where, 

                             h = L. sin ɑ                                (4) 

      Where L is the distance between the axes of the two 
rollers on the sine bar, 

                            h = 200. sin 5                               (4) 
 
h = 17.43 mm is the gage block size that needs to be made. 
      The conicity of conical parts is determined indirectly 
by measuring misalignment ∆h of a certain length ℓ. For 
this purpose, a stand with a dial indicator is used and the 
measurement is made at two endpoints a and b, which are 
2mm apart from the workpiece faces. The distance ℓ is 
between the two points a and b is obtained – the length of 
the cone minus 4 mm. The deviation from parallelism is 
measured with a dial indicator attached to a stand which is 
moved on the test table. 
      The measurement of the workpiece begins by placing 
the dial indicator in contact along the axis of the cone 2 
mm from its major diameter. Then the dial indicator resets. 
After that, the sine bar is rotated, so dial indicator is 
located on the surface of the small diameter of the cone 
“Fig. 12”, and the value of ∆h is measured. 
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       The deviation ∆C from the nominal taper angle is 
calculated according to the formula: 

                               ∆С = ∆h /ℓ                                 (5) 
 

                        𝛥𝛥𝛥𝛥 =  𝛥𝛥ℎ
𝑙𝑙

. 3438 [min]                     (6) 
 

 
 

Fig.12 Measurement setup. 
 

      The results of the measurements and deviations ∆C and 
Δα are presented in table 4. 

TABLE 4 RESULTS 
Cone 
№ 

Δh, 
[mm] 

ΔC , 
[mm] 

Δα, [°] Calculated 
angle, [°] 

Actual 
angle, [°] 

1 0.146 
mm 

0.0019 
mm 

6.53 ° 5° 13` 12`` 5° 6` 38`` 

2 0.208 
mm 

0.0028 
mm 

9.63 ° 5° 10` 48`` 5° 9` 27`` 

3 0.153 
mm 

0.0020 
mm 

6.88 ° 5° 12` 36`` 5° 6` 55`` 

 

The conducted experiments confirm the operability of 
the designed device. It is easy to use and improves the 
accuracy of measurements. 

IV. CONCLUSIONS 
1) The designed fixture significantly improves the 

operation of the device and allows the 
measurement of parts of various sizes. 

2) The technology of additive printing and materials 
used improves the fast and cheap production of 
functional prototypes and devices. 

3) The accuracy and quality of the manufactured 
device increases the accuracy of the results. 

4) The manufactured device ensures immobility 
when measuring the controlled cone, facilitates 
the operator's work and reduces measurement 
errors. 

5) Experiments carried out in real laboratory 
conditions confirm the functionality of the 
device. 
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Abstract. The damage from weeds in the cultivation of 
agricultural crops is ubiquitous and they adversely affect the 
yields of agricultural production. The soil conditions of the 
places where the crops are grown deteriorate. Contribute to 
the development of diseases and the enemies on them. Apart 
from this, it is difficult to carry out mechanized processing 
and harvesting activities. Weeds also worsen the very quality 
of the harvested produce. That is why the availability of a 
recognition system to the agricultural robot is essential to 
reduce the adverse influence. It is part of a system of control 
and destruction. In this weed recognition system, an essential 
element is a robotic arm to enable a camera to perform video 
surveillance. 
The aim of this paper is to modelling only the mechanical 
anchorage system for weed recognition elements that it does 
not interfere with the other elements with which it interacts. 
To be as effective as possible, this system must be as close as 
possible to the plants and at the same time close to the weed 
eradication system in agricultural robot. 
A three-dimensional model of the weed recognition 
mechanical parts from system is discussed in the paper. It is 
designed in a 3D Experience environment, taking into 
account the parameters necessary for the movement of the 
system. Strength sizing of the structure and working 
simulations of the model were made. 

Keywords: 3D model, agricultural robot for weed control, 
mechanical systems, strength sizing, weeds recognition.  

I. INTRODUCTION 
Robots are successfully used in a variety of industries, 

especially those that are unattractive due to high demands 
on output, heavy physical labour, and low wages [1, 2]. In 
such conditions, agricultural robots also work – moisture, 
strong heat. Agricultural robots have a number of 
operations, such as sowing, cultivation and harvesting. 

Work on these complex tasks is greatly facilitated in the use 
of machine vision and decision-making [3]. 

In the cultivation of crops, in addition to cultivated 
plants, weeds also grow in the soil. This creates big 
problems because the yields of crop plants are reduced, 
crops are destroyed and prerequisites for the growth of 
other weed species are created [4]. Weed control is a 
complex and costly task to begin with. Using an 
agricultural robot without human intervention requires 
serious knowledge of these weeds [5]. Weed control by 
robot will improve conditions in modern agriculture. The 
elements of the machine vision system should be placed on 
an equipped manipulator, as close as possible to the plant 
and to the work equipment [6]. 

The time for the creation of the weed recognition 
system would be shortened by using CAD modelling in the 
creation of the mechanical part of the system [7]. 

In this paper a three-dimensional model of a mechanical 
part of the weed recognition system is developed. It is 
necessary because it is part of the weed eradication system 
to an agricultural weed control robot. The mechanical part 
must be stable, carry the recognition elements themselves 
(the camera), and be part of the weed destruction system, 
while being close to the plants. It should not be influenced 
temperature by the heat flux in the destruction of weeds. 
The three-dimensional model was designed through the use 
of a CAD product, and some of the elements were strength 
sized. 

II. MATERIALS AND METHODS 
The design of a mechanical part of a weed recognition 

and control system in this paper is reduced to the 

https://doi.org/10.17770/etr2023vol3.7289
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development of a three-dimensional model of the system, 
where all the peculiarities of the process are taken into 
account. The recognition system consists of a camera 
located at a certain focal length from the plants. The camera 
is part of a machine vision system that directs the robot onto 
the weeds. The robot crosses the rows with different crops, 
monitoring for weed recognition. The camera data is 
compared with a machine-learning database and the tines 
perform weed removal activities. 

The robot that is mounted for the weed recognition and 
control system is an existing self-propelled wheel with a 
4x4 wheel formula. It has a variable transverse base and 
working height. The robot is implemented under the task of 
the national scientific program "Intelligent Plant Growing" 
in Bulgaria. The robot and the designed system are part of 
a patent proposal submitted to the Patent Office of 
Bulgaria.  

In the present paper, only the mechanical weed 
recognition system is considered. It is part of a weed 
control system including an agricultural robot, a system for 
destroying weeds by heating, an electronic control system 
for weed recognition based on machine learning, a mission 
control system, etc.  

The presented mechanical system is installed at the 
bottom of the robot, under its body, to be as close as 
possible to the plants. 

The design of the mechanical part and the preparation 
of a 3D model is carried out on the CAD product CATIA 
V5, and the strength sizing was carried out through the 3D 
Experience development environment in the CAD 
laboratory of the Agricultural University – Plovdiv, 
Bulgaria. 

III. RESULTS AND DISCUSSION 
The developed model of the mechanical part of the 

weed recognition and control system is shown in Fig. 1 and 
Fig. 2. 

Fig. 1 shows the top view of the system. It consists of a 
10 plate. The plate is aluminium and is fastened to the 
agricultural robot under its body through 14 screw M8. The 
plate is 4 mm thick and 500 x 500 mm in size and is 
consistent with the robot body gauge. 

On the plate is attached the base 2, to which is 
connected servo motor 1. The base is made of three 
aluminium parts. Of these, two are vertical and one 
cylindrical horizontal for attachment to the plate. At one 
end of one vertical detail there is a separate place for 
fastening the servo motor. It is a product of the company 
"FEETECH" - FT 6560 M. The servo motor has the 
following parameters [8]: 

Torque – 5.88 Nm; Operating voltage – 7,4 V; 
Mass – 0,2 kg; Speed – 0,15 s/60 degree. 

 
Fig. 1. Top view of the 3D model: 1, 5 – servo motors; 2 – base; 3- 

long shoulder; 4 – short shoulder; 6 – working tip; 7 – camera; 8 – rear 
tip; 9 – aluminum sleeve; 10 – plate; 11 – working plate. 

The long arm 3 is attached to the servomotor by means 
of flanges and bearing support (in the other vertical 
aluminium detail). The flanges give torque to drive the arm. 
The bearing support is provided by the plate 1 (Fig. 2). It 
also serves to secure the aluminium sleeve 9. The long arm 
is made of PLA material by 3D printing [9,10]. 

 
Fig. 2. Side view of the 3D model: 1 – plate; 2 –basis; 3- long shoulder; 

4 – short shoulder; 6 – working tip; 7 – camera; 8 – rear tip; 9 – 
aluminium sleeve; 10 – plate; 11 – working plate. 

It serves to position the system in a vertical position. At 
the other end there is a separate place for attaching servo 
motor 5 (Fig. 2) MG 996 R. The servo motor has the 
following parameters [11]: 

Torque – 0,92 Nm; Operating voltage – 4,8 - 7,2 V; 
Mass – 0,055 kg; Speed – 0,17 s/60 degree. 

Through flanges and bearing support, it drives the short 
arm 4 (Fig.1 and 2) of the system. The short arm serves for 
additional tilt system and more accurate positioning. It is 
also made by 3D printing. In the opposite of the flanges end 
of the arm is a separate bed for another servo motor 5 (Fig. 
1). The servomotor is MG 90 S and has the following 
parameters [12]: 

Torque – 0,18 Nm; Operating voltage – 4,8 - 6 V; 
Weight – 0.0134 kg;  Speed – 0,1 s/60 degree. 

The working plate 11 is attached to the servo motor 
(Fig. 1 and 2). It is aluminium [1] and the machine vision 
elements of the robot and the working bodies are fastened 
on it. The working plate measures 100 x 100 mm and has a 
thickness of 2 mm. 
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Machine vision is provided by camera 7 (Fig. 1 and 2). 
The camera is a product of HikVision DS-U02. It allows 
making frames with a resolution of 1920 × 1080 @ 30/25 
fps. This resolution allows to create frames for recognition 
by machine vision. It has a mass of 0.089 kg and operates 
in a temperature range of -10 0 -450 C at a humidity of up 
to 90% [13, 14]. 

The working parts 6 and 8 are made of stainless steel. 
They are used for weed control and are not relevant to this 
article. Fastening is by means of screws, and a thermal 
insulation pad is placed between them and the working 
plate. The aluminium sleeve 9 is attached to them. 

 
Fig. 3. Mass and moments of inertia of the 3D model. 

 
Fig. 4. Mesh for strength sizing of the working plate. 

 

Fig. 3 shows the total mass of the system. It is 3.48 kg. 
The figure also shows the moments of inertia of the system 
along the three axes. 

After 3D modelling of the system, strength sizing of the 
threatened parts is provided. These are the working plate, 
the long and short arm. 

Initially, for convenience in the strength sizing of the 
parts, the work piece with the known parameters is based.  

 
Fig. 5. Results of strength sizing of the working plate. 

Fig. 4 shows the network for strength sizing of the 
working plate. The mesh is 8 mm in dimension, with 
absolute sagging set of 1,102 mm. As mentioned above, the 
plate is made of aluminium alloy 5052 [15]. 

Fig. 5 shows the results of the strength sizing of the 
working plate. In determining the load, the whole mass (of 
0.91N) of all elements in contact with it was taken into 
account. The thermal load from the working members of 
400 K was recorded. This temperature is without taking 
into account the thermal insulation coating between the 
plate and the working organ. The torque of 0.18 Nm 
generated by the servo motor was also recorded. As a result 
of the strength sizing, the threatened section is located in 
the axis for joining the servo motor and the maximum 
recorded load is 20.6 MPa, which is far from the limit 
values for aluminium alloy 5052 [15]. 

 
Fig. 6. Short arm strength sizing mesh. 

The next detail that is subjected to strength sizing is the 
short arm. In Fig. 6 is given the general appearance and 
mesh of the work piece. The mesh used has a dimension of 
12 mm, with absolute sagging set of 1,792 mm. To make 
the short arm was used PLA material printed at a nozzle 
temperature of 2100C when filling 100 % [9]. 

In Fig. 7 the data for the stress state analysis of the 
tested work piece are shown. 

Here again all loads from the working plate and servo 
motor MG 90 S are recorded. In addition, however, the 
torque from the MG 996 R servo motor also enters the 
strength sizing. The servo motor drives the arm and the 
additional equipment to it. The threatened sections are 
located in the connection ports of the drive flanges from the 
servo motor. The maximum voltage that is obtained at the 
load thus set is 2.87 MPa, far from the limit values for the 
PLA material. In the figure, the software also notes the 
possible deformations of the material. As expected for this 
kind of detail this deformation is expressed in the zones of 
load change. 
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Fig. 7. Short arm strength sizing results. 

 
Fig. 8. Long arm strength sizing mesh. 

Fig. 8 shows the mesh for the strength sizing of the long 
arm. The mesh used has a dimension of 16 mm, with 
absolute sagging set of 2,513 mm. PLA material printed at 
a nozzle temperature of 210 0C at 100 % filling is used to 
make the long arm again [9]. 

The analysis of the results of the strength analysis (Fig. 
9) shows that the maximum load in the long arm is 0.57 
MPa. This maximum stress is far from the limit for PLA 
materials [9]. It reappears in the zones of the connection 
flanges to the servo motor and support. 

 
Fig. 9. Long arm strength sizing results. 

IV. CONCLUSIONS 
A 3 D model of the mechanical part of the weed 

recognition and control system was created. The limiting 
parameters in the development were an application in a 
self-propelled agricultural robot. The system has autonomy 
and can be integrated into other systems. The design of the 
system was carried out under CATIA V5. The mass of the 
designed system was reduced to 3.48 kg together with the 
work pieces. 

To check the strength of the structure, three elements of 
the created 3D model of the mechanical part of the weed 
recognition and control system were dimensioned through 
the 3D Experience product. 

Strength tests of the elements showed that the elements 
were properly sized and the structure was not loaded in 
strength. The maximum stresses generated in parts made of 
PLA materials are 2.87 MPa and 0.57 MPa, respectively, 
and in the aluminium work piece 20.6 MPa. 
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Abstract. Friction Stir Processing (FSP) is a method for 
solid-state processing, in which a rotating tool is moved onto 
the material surface to modify the microstructure and thus 
obtain improved properties of the material surface. We 
study the effects of FSP on aluminium alloy A6061-T651 
using a tool made at the Institute of Metal Science, 
Equipment, and Technologies with Centre for Hydro- and 
Aerodynamics (IMSETCHA) of the Bulgarian Academy of 
Sciences. The tool has a threaded pin with three flutes and a 
concave shoulder. Optimal process parameters should 
always be chosen for the treatment of new materials and 
when a new instrument is used in order to achieve target 
properties of processed zone. The appropriate properties, 
like strength, hardness, corrosion resistance, etc. require 
process parameters that are correctly configured. The most 
influential parameters on friction stir processing are 
direction of rotation of the tool, rotation speed, and traverse 
speed of the processing. In this paper, we investigate the 
properties of the processed zone for a total of 16 regimes: 4 
rotation speeds (900, 1100, 1300, 1500 rpm) and 4 traverse 
speeds (15, 30, 45, 60 mm/min) using counterclockwise 
rotation, comparing the results with a previous study using 
clockwise rotation. Metallographic inquiry, hardness and 
tribological tests are used to estimate the stirred zone 
quality. 

Keywords: aluminium alloys A6061, friction stir processing 
(FSP), friction stir welding (FSW), modelling. 

I. INTRODUCTION 
Friction Stir Processing (FSP) is an innovative method 

for solid-state processing. It originates from the Friction 
Stir Welding (FSW) method proposed in 1991 by The 
Welding Institute – TWI (UK) [1]. The main principles of 
FSW are as follows: a rotating tool with a pin and 
shoulder is set between elements to be joined. The process 
begins with rotating of the tool and moving it into the 
direction of welding. The weld is a result of the mixing of 
the softened material as a result of the rotation and local 
heating. This simple and efficient way of welding is 
extensively studied and applied [2], [3]. 

Several years later, Mishra et al proposed a new 
method for material processing based on FSW, namely, 
Friction Stir Processing (FSP) [4]. The idea is by moving 
the rotating tool onto the material surface to modify the 
microstructure and thus obtain improved properties of the 
material surface. FSP was initially designed for 
superplastic materials. Throughout the years, FSP is also 
extensively studied [5]. 
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In this paper we apply a new tool for FSW and FSP 
made at the Institute of Metal Science, Equipment, and 
Technologies with Centre for Hydro- and Aerodynamics 
(IMSETCHA) of the Bulgarian Academy of Sciences. We 
study the effects of FSP with this tool on aluminium alloy 
6061 because this alloy has excellent strength and 
corrosion characteristics. The investigated alloy has many 
applications, such as aerospace products, automobile 
applications, electrical industry, etc. 

The paper is organized further as follows. In the next 
section we give literature overview. Next, the design of 
the experiments is described, followed by the results, and 
finally discussion and conclusions. 

II. RELATED WORK 
Aluminium alloys of all series are widely involved in 

FSP. Hardened aluminium allows from 6XXX series are 
subject to FSW and FSP through different instruments and 
a variety of treatment parameter values. Aluminium alloy 
A6061 plays a major role in the aerospace, automotive, 
shipping and other industries because it has good 
formability, weldability, machinability, corrosion 
resistance, and good strength compared to other 
aluminium alloys. It is often used in certain heavy-duty 
structural applications, such as truck frames, rail coaches, 
military and commercial bridges, ship building operations, 
towers and pylons, helicopter rotor skins and many others 
[6]. 

Zhang et al. present 3D modelling of material flow in 
FSW under different process parameters of A6061-T6 
alloy, varying tool rotation speed, welding speed, and 
axial force [7]. A quasi-linear relation is shown between 
the change of the axial load on the shoulder and the 
variation of the equivalent plastic strain. The material 
flow can be accelerated with the increase of the 
translational velocity and the angular velocity of the pin. 

Nam et al. investigate the role of traveling/transversal 
speed of FSW on the corrosion properties of A6061 
aluminium alloy [8]. Four different traveling speeds are 
examined: base alloy, 40, 60 and 80 mm/min. The 
electrochemical tests show that increasing of the speed 
improves corrosion resistance. Another effect is the 
decreasing of the grains' size and better homogeneity of 
the microstructure. 

Selvaraj et al. study the mechanism of weld formation 
during FSW of aluminium alloy [9]. The rolled 6 mm 
thick plate 6061 is made in the size of 150×75×6 mm. The 
parameters of the tool are: shoulder radius – 9 mm; pin 
mean radius – 3 mm; pin length – 5.5 mm; pin taper angle 
– 10°; normal load – 15.5 kN; rotational speeds – 300-
2000 rpm; welding velocities – 300, 600, 900, 1400 and 
1800 mm/min. Temperatures at different locations are 
measured using five K-type thermocouples embedded in 
the advancing side located at a distance of 4 mm, 7 mm, 
10 mm, 15 mm and 25 mm from the centre line of the 
weld. The process parameters for quality weld are 
identified. The interface temperature range for defect free 
weld is 400-525°C. 

Leon and Jayakumar investigate mechanical properties 
of A6061 roll plates joined with FSW [10]. The rotating 
tool has shoulder diameter 18 mm and pin length 5.5 mm. 
The probe diameter is 6 mm. Different welds are obtained 
by varying the rotational speed (720, 910, 1120 and 1400 
rpm) and the traverse speeds (16, 20, and 31.5 mm/min). 
The results show that all the weldments are of high 
quality. When the rotation speed is more than 1200 rpm, 
the hardness in the weldment increases. Further, when the 
traverse speed increases from 16 to 31.5 mm/min, an 80-
90% reduction in weldment hardness is observed in 
comparison to the base metal. 

Emamian et al. study the influence of tool pin profile 
on the friction stir welding of A6061-T6 [11]. Four FSW 
tools with different pin profiles are made of H13 steel – 
threaded cylindrical, stepped cylindrical, conical, and 
square. The experiments are performed with three 
rotational speeds (800, 1200, 1600 rpm) and three traverse 
speeds (40, 70, 100 mm/min). The conclusion is that 
increasing the traverse speed influences the tensile 
strength. The pin profile has no significant influence on 
the peak temperature and the threaded shape is more 
efficient for mechanical properties. 

Mugada and Adepu investigate the influence of 
different polygonal tool pin profiles combined with 
knurling shoulder for Al-Mg-Si alloy [12]. Several cases 
are considered: hexagonal, pentagonal, square, triangular 
and taper cylindrical pins. The square and hexagonal pins 
provide constant stability force in regard to the weld 
length/time; the square pin produces welds with better 
mechanical properties. Uniform mixing and distribution of 
plasticized material is obtained for the knurling shoulder 
with square tool pin.  

Gadakh and Kumar determine the optimal parameter 
values for FSW of A6061-T6 aluminium alloy [13]. They 
experiment with: rotational speed, weld speed, the ratio of 
shoulder to pin diameter and pin geometry. It is found that 
the rotational speeds within [710, 1400] rpm with weld 
speed of 40 mm/min produce defect-free weldments; the 
taper cylindrical (TC) pin produces better fine-grain 
structure than straight cylindrical (SC) pin; the ratio 
Dshoulder/Dpin = 3 produces better mechanical properties and 
fine-grain structure; and the shoulder diameter 24 mm 
produces better mechanical properties. 

Arora et al. propose a criterion for the design of a tool 
shoulder diameter [14]. They use a 3D heat transfer and 
visco-plastic flow model developed earlier [15], [16]. The 
experiments are performed on A6061 with tool rotational 
speeds 900, 1200 and 1500 rpm; cylindrical profile with 
no thread and different shoulder diameters 12 to 27 mm. 
The formulated criterion is a function of both sticking 
torque and sliding torque with equal partitioning. The 
optimum shoulder diameter is defined depending on the 
maximum value of the criterion. 

Takhakh and Abdulla [17] apply FSP to improve the 
mechanical properties of welded joint of A7075-T651 by 
adding SiC (silicon carbide) on the compound surface. 
They use a new type of tool (a hollow tool) where the SiC 
particles are stored, and try different values of the 
processing parameters. 
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Patil et al. [18] propose a hybrid reinforcement 
approach using FSP. They mix silicon carbide and fly ash 
particles in order to minimize wear rate and maximize 
microhardness.  

Sharma et al. [19] optimize FSP parameters in order to 
have defect-free surface composites with uniform particle 
distribution. The experiments are done by adding silicon 
carbide particles into the A5083 alloy surface. The authors 
also experiment with dual-tool processing and tool offset 
overlapping. 

III. DESIGN OF THE EXPERIMENTS 
In this paper, we investigate a tool, made at 

IMSETCHA, which has the following geometry (see Fig. 
1): it has a threaded pin with three flutes and a concave 
shoulder. The dimensions are: tapered pin – diameter at 
the base 5.5 mm; pin length – 4 mm, shoulder diameter – 
13 mm. 

FSP was applied on a rectangular detail of A6061-
T651 aluminium alloy, part of sheet metal with thickness 
12 mm and dimensions 100×200 mm. The processing was 
performed on a machining centre HURCO VMX30 (Fig. 
2). The angle between the tool and detail was a constant 
right angle (90°). 

 
Fig. 1. Friction Stir Processing tool. 

 
Fig. 2. Friction Stir Processing equipment. 

For the present experiment, the direction of rotation of 
the tool was counterclockwise (CCW). The results are 

compared against prior work of Kondoff et al. [20], where 
rotation direction had been clockwise (CW). 

The most influential parameters on friction stir 
processing are rotation speed of the tool and traverse 
speed of the processing. We investigated the properties of 
the processed zone with 4 rotation speeds and 4 traverse 
speeds, for a total of 16 regimes: 

• rotational speeds: 900, 1100, 1300, 1500 rpm; 
• traverse speeds: 15, 30, 45, 60 mm/min. 

IV. RESULTS AND DISCUSSION 
In all speed regimes, all of the investigated properties 

of the processed zone were considerably better in the 
experiments with counterclockwise rotation of the tool, as 
opposed to clockwise rotation. 

This improvement is due to fact that the tool is right-
hand threaded. Better compaction of the material results 
from the pressing action of the pin against the inner area 
of the mixing zone. 

A. Metallographic Inquiry 
To prepare the detail for analysing, it was cut into 

strips. The strips were marked, ground, polished and 
etched for metallographic analysis. To assess the 
imperfections, which in this case are metal deficiency 
zones (MDZ), a section was considered for each 
processing regime. 

No MDZ imperfections could be observed with CCW 
rotation, which is in sharp contrast to the CW results of 
[20]. 

From the macrostructural analysis (Fig. 3), it can be 
seen that the size of the cross section of the stirred zone 
does not depend on the rotation speed and the processing 
speed. Regardless of the fact that the processing in the 
different regimes was carried out sequentially, no increase 
in the cross section of the stirred zone was observed at 
subsequently processed locations due to an increase in the 
temperature of the detail. This is likely due to the high 
thermal conductivity of the used alloy. 

Fig. 4 shows the microstructure of the boundary of the 
processed zone. The grains of the base metal and the 
significantly finer grains of the stirred zone are clearly 
visible. The progressive and rotary movement of the tool 
leads to the formation of layers, known under the name of 
“onion rings”. They are clearly distinguishable in Fig. 5. 
With counterclockwise rotation of the tool, there is a 
tendency for the boundary between the stirred zone and 
the base material on the advancing side of the tool to be 
sharper (Fig. 6), and on the retreating side of the tool to be 
smoother (Fig. 7). 
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Fig. 3. Macroscopic view of cross sections of the FSP zones at different traverse speeds and rotational speeds, as follows: 1.1 – 15 mm/min, 900 
rpm; 1.2 – 15 mm/min, 1100 rpm; 1.3 – 15 mm/min, 1300 rpm; 1.4 – 15 mm/min, 1500 rpm; 2.1 – 30 mm/min, 900 rpm; 2.2 – 30 mm/min, 1100 
rpm; 2.3 – 30 mm/min, 1300 rpm; 2.4 – 30 mm/min, 1500 rpm; 3.1 – 45 mm/min, 900 rpm; 3.2 – 45 mm/min, 1100 rpm; 3.3 – 45 mm/min, 1300 
rpm; 3.4 – 45 mm/min, 1500 rpm; 4.1 – 60 mm/min, 900 rpm; 4.2 – 60 mm/min, 1100 rpm; 4.3 – 60 mm/min, 1300 rpm; 4.4 – 60 mm/min, 1500 
rpm. A – advancing side; R – retreating side. 

 
Fig. 4. Grain size of the base and stirred metal (regime 1.1). 

 
Fig. 5. Onion rings (regime 1.1). 

 
Fig. 6. Smooth border (regime 4.4). 

 
Fig. 7. Sharp border (regime 4.4). 
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B. Hardness Test 
Microhardness (HV) measurements were performed 

with a Micro-Duromat 4000 (Reichert-Jung), with the 
following parameters: load – 20 gf; time for reaching the 
load – 10 s; hold time – 10 s; Vickers indenter. Fig. 8 is an 
illustration of such a measurement. 

The results are listed in Table I. The measurements 
were performed in three different positions: under the 
surface, in the middle and at the base. The exact positions 
are illustrated on Fig. 9. 

The highest average hardness is observed at regime 
60/900 with a value of 75.8 kgf/mm2, which is 

comparable to the hardness of the base material А6061-
Т651 with an average hardness of 73 kgf/mm2. In FSP, 
thermal effect occurs in the stirred zone and the thermally 
affected zone shows a decrease in hardness, which is due 
to the partial dissolution of the precipitates from the hard 
Mg2Si phase. 

C. Tribological Test 
Mass wear measurements were performed on a 

tribological installation with Ducom Pin/Ball disk tester 
TR-20. The counter body was a disk of special steel EN 
31 with hardness 60 HRc. The other parameters were as 
follows: load – 20 N; speed of the counter body – 80 rpm 
(1 m/s); trial duration – 10 min; total distance – 600 m. 

 
Fig. 8. Image from the microhardness measurement. 

 

 
Fig. 9. Positions of the microhardness measurement. A – advancing 
side; R – retreating side; N – nugget; □1, □2, □3 – measurement 
positions “below the surface”, “in the middle” and “at the base”, 
respectively. 

 TABLE I   MICROHARDNESS HV0.02/10/10 

   counterclockwise (CCW) rotation  clockwise (CW) rotation 
  

 
          

   rotation speed, rpm  rotation speed, rpm 
   900 1100 1300 1500  900 1100 1300 1500 
            

tr
av

er
se

 sp
ee

d,
 

m
m

/m
in

 

 
  HV below the surface, kgf/mm2  HV below the surface, kgf/mm2 

15  62.1 73.6 74.0 71.5  54.6 53.1 49.3 53.8 
30  74.6 65.0 73.7 63.4  37.7 48.3 54.6 48.3 
45  67.6 59.6 63.9 63.7  33.4 48.2 41.1 62.5 
60  73.6 59.1 65.1 53.1  33.0 51.8 54.6 48.1 

            

tr
av

er
se

 sp
ee

d,
 

m
m

/m
in

 

 
  HV in the middle, kgf/mm2  HV in the middle, kgf/mm2 

15  65.3 68.4 68.9 70.8  46.0 48.9 49.4 49.8 
30  59.6 54.2 66.8 62.8  46.2 48.9 53.1 49.8 
45  67.6 58.3 64.8 70.9  45.5 45.9 46.5 44.8 
60  81.3 64.4 65.1 59.3  47.9 46.4 50.1 55.5             

tr
av

er
se

 sp
ee

d,
 

m
m

/m
in

 

 
  HV at the base, kgf/mm2  HV at the base, kgf/mm2 

15  51.4 66.7 68.9 72.4  53.4 51.8 51.4 52.8 
30  61.5 59.4 63.1 73.6  53.8 54.7 52.0 48.1 
45  67.6 59.6 59.6 72.8  53.6 56.9 54.0 55.3 
60  72.5 73.5 67.9 66.6  57.2 55.0 56.5 53.4 

            

tr
av

er
se

 sp
ee

d,
 

m
m

/m
in

 

 
  HV, average of the 3 positions, kgf/mm2  HV, average of the 3 positions, kgf/mm2 

15  59.6 69.6 70.6 71.6  51.3 51.3 50.0 52.1 
30  65.2 59.5 67.9 66.6  45.9 50.6 53.2 48.7 
45  67.6 59.2 62.8 69.1  44.2 50.3 47.2 54.2 
60  75.8 65.7 66.0 59.7  46.0 51.1 53.7 52.3 

  
 

          
   unprocessed material 
   73.0 kgf/mm2 (an average of 5 measurements)  
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Three regimes were selected, and three samples where 
measured for each regime, from which a mean value was 
calculated (with the exception of the 15/1500 regime, for 
which only one sample could be measured). The results 
are as follows: 15/1500: 1.2 mg; 30/1100: 0.9 mg; 
45/1100: 1.27 mg. For comparison, the unprocessed 
material had a mean mass wear of 1.13 mg (again, an 
average of 3 measurements). 

Due to the large dispersion of the individual results, 
the tribological analysis establishes that there is no 
definite pattern regarding mass wear in the investigated 
regimes. 

V. CONCLUSION 
The operating regimes of a tool for friction stir 

processing on the A6061-T651 aluminium alloy are 
investigated and analysed. Experiments with four levels of 
traverse speed and four levels of rotational speed were 
performed. The main results are as follows: 

• The investigated tool in the aforementioned 
regimes with CCW rotation provides for a 
defect-free structure of the processed zone. 

• In all speed regimes, CCW rotation of the 
tool is considerably superior to CW rotation, 
and this was observed with all of the 
investigated properties of the processed zone. 

• The size of the cross section of the stirred 
zone does not depend significantly on the 
traverse speed and the rotation speed. 

• The regime with highest average hardness of 
the stirred zone is 60 mm/min / 900rpm, and 
its hardness is comparable to that of the base 
material. 

• No definite regularity regarding mass wear 
could be observed. 

On the grounds of this experiment, we choose the 
CCW 60/900 regime as adequate for future applications. 
In a follow-up work, we plan to investigate the influence 
of adding Zn and Ti nanopowder to the FSP process under 
this regime. 
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Abstract. In the article, experimental studies were carried 
out with the aim of determining the influence of different 
modes of vibro-impact cutting modes of optical slugs on the 
roughness of obtained surfaces. From the results obtained 
during the measurements and their mathematical 
processing are evaluated the average sizes and  intervals 
and the parameters of the roughness of treated surfaces. 

Keywords: roughness, surface, experimental, study, optical 
slug. 

I. INTRODUCTION 
One of the conditions for reducing the basic losses 

and increasing the value of the finished product is 
ensuring high surface quality of the optical materials, 
processed by cutting [1,3,10,14]. The primary task of this 
paper is the comparative assessment of the surface 
roughness, obtained both during traditional cutting and in 
vibro-impact cutting of optical slugs. 

II. EXPERIMENTAL DETERMINATION OF SURFACE 
ROUGHNESS 

To determine the degree of influence of the forced 
vibrational oscillations on the roughness of the cut 
workpiece, it is necessary to study the mechanism of 
forming the microgeometry of the processed surfaces 
[2,4,5,6,7,8,9,11,12,13]. Due to the mechanical 
interaction of the peripheral (cutting) surface of the 
cutting diamond disc and the workpiece, separation of 
particles from the processed material begins. In result, at 
the starting moment, micro-irregularities appear and 
initial roughness of the surfaces is formed. 

When the disc goes into the processed workpiece, as a 
result of the arising friction of the surfaces, contacting the 

cutting disc, improvement in roughness is observed in the 
cut parts. The nature of the roughness change depends 
on: - the dominant type of wear in the frictional surface; - 
the conditions of friction and the duration of interaction 
of the side surfaces of the cutting disc and the machined 
workpiece.  

The section of the cut surface of the workpiece, 
located at the beginning of the cutting disc, is subject to 
maximum wear over the duration of the friction, and the 
section at the exit of the cutting disc – to minimum wear. 

The effect of the interaction between the cutting disc 
and the workpiece under the different vibro-impact 
modes affects the way, in which the cutting process 
proceeds, which influences on the conditions of forming 
the microrelief of the processed surfaces. The quality of 
the surfaces of the workpieces, subjected to vibrational 
cutting, is determined by the degree of influence of the 
amplitude-and-frequency oscillations, transmitted to the 
workpiece, and by the degree of manifestation of the 
polishing effect. 

A number of experimental studies have been carried 
out in order to evaluate the roughness parameters (Ra and 
Rz) of surfaces of optical slugs, cut by vibration. The 
experimental studies were carried out in three vibro-
impact modes of processing (whose technological 
parameters are shown in Table 1), and the roughness 
parameters of the treated surfaces were measured.  
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TABLE 1 BASIC PARAMETERS OF A CENTRIFUGAL VIBRATOR FOR THREE 
MODES OF CUTTING 
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1 2480 41,3 87,4 1,36 5,88 

2 5110 85,2 32,4 1,04 9,28 

3 6000 100 25,3 0,95 9,98 

 

The measurements were made in a direction, 
perpendicular to the traces from the processing for all 
lengths from the diagonals of the sample. For all studied 
modes of optical slugs processing by cutting, 
profilograms of the sample surfaces were made, as shown 
in Fig. 1. 

From the profilograms, taking into account the nature 
of the roughness height along the cut surfaces, the most 
expedient and optimal processing mode can be 
determined. Such modes (Fig. 1 c, d) prove to be the 
vibro-impact cutting modes 2 and 3. This is explained by 
the optimal combination of parameters, such as amplitude 
of vibrational velocity and amplitude of vibrational 
acceleration, primarily at a certain frequency of the 
forced oscillations. 

 

 
а) 

 
b) 

 
c) 

d) 
Fig. 1. Profilograms of the surfaces of the cut samples under different 
processing modes: a) traditional cutting; b) vibro-impact mode 1; 
c) vibro-impact mode 2; d) vibro-impact mode 3. 

In order to clarify the degree of influence of the 
vibro-impact forced oscillations, implemented in the 
process of cutting optical slugs, the roughness parameters 
Ra and Rz of the machined parts of the optical samples 
were measured using a profilograph-profilometer. The 
obtained values of the Rz parameter are shown in Fig. 2. 

The results of the measurements show that during 
vibro-impact cutting the quality parameters of the 
processed surfaces improve, compared to traditional 
cutting. The best quality was recorded for vibro-impact 
processing mode 2, worse for mode 3 and worst for mode 
1. This is explained by the increased frequency of 
oscillations of the processed workpiece, which leads to a 
decrease in the time of dynamic impact of the single 
abrasive grains and the processed material of the 
workpiece. 

 

 
Fig. 2. Dependence of the parameter Rz  of the cut surface of a brand 
BK7 optical workpiece on the processing mode under different static 
loads. 

As the static load increases, the value of the Rz parameter 
goes up, both under normal conditions and under the 
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influence of forced oscillations. This is due to an increase 
in the pressure in the contact zone between the cutting 
surface of the disc and the workpiece, which leads to an 
increase in the separation of particles from the diamond 
cutting disc and the cut material. The roughness of the cut 
surface of the sample deteriorates. In addition to taking 
into account the value of the parameter Rz, measurements 
of the parameter Ra were also made, depending on the 
technological and vibrational parameters of the 
processing (Table 2). Vibro-impact mode 1 proved to be 
the most favorable. Deterioration of the roughness was 
observed in vibro-impact modes 2 and 3, which makes 
them impractical for implementation. 

TABLE 2 VALUES OF THE RA PARAMETER OF THE CUT SURFACE OF THE 
OPTICAL SLUG  

Processing  
mode  
 

No 
vibration 

Vibro-
impact 
mode1 

 

Vibro-
impact 
mode2 

 

Vibro-
impact 
mode3 

 
 Values of the parameter Ra ( )μm  

Static load,  
N 

4 0,098 0,045 0,049 0,064 

3,06 0,078 0,028 0,03 0,041 

2,11 0,06 0,01 0,02 0,03 

 

The influence of the amplitudes of the vibrational 
velocity and the vibrational acceleration on the value of 
the parameter Rz are reflected in Fig. 3., a and b.  

 
а) 

 
b) 

Fig. 3. Dependence of the parameter Rz μm  of the optical slugs cut 
surfaces at different values of the static load: a) on the amplitude of the 
vibrational velocity; b) on the amplitude of the vibrational acceleration. 

It can be seen from the Fig.3, that with an increase in 
okV  and oka , the value of the Rz parameter decreases and 

reaches a minimum value at okV  - 0,95 - 1,0 m / min  and 

oka  - 29,28 - 9,3 m / s , while with a further increase in 

okV  and oka  the value increases. This indicates the 
existence of an optimal value of and, ensuring minimum 
values of the parameter Rz of the cut surface. From Fig.3 
it can be seen, that the reduction of the static load value 
from 4 N to 2,11 N leads to improvement in machining 
quality, which is explained by the decreased introduction 
of small-sized abrasive grains into the workpiece material 
in the cutting zone. At the same time, the sharp decrease 
in the roughness affects the increase in the frequency of 
forced oscillations in mode 3, which causes additional 
polishing, due to the friction of the cut surface of the 
workpiece with the side surfaces of the cutting disc.  

III. CONCLUSION 
On the basis of the experimental studies, carried out 

both during vibro-impact and traditional cutting of optical 
slugs, it was established, that in the process of vibro-
impact cutting the quality indicators of the surface 
roughness improve. This is explained by the additional 
friction between the side surfaces of the cutting diamond 
disc and the cut surfaces of the optical workpieces. The 
periodic separation of fine optical particles, caused by the 
oscillating vibro-impact cutting system, further 
contributes to improvement of the working conditions. 
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Abstract. In the article, studies of the kinematics and 
dynamics of interaction of the elements of the vibration 
system "slug-cut disk" are made. A mathematical model 
describing the trajectory of a cutting arm has been created 
and the technological parameters of the system at which the 
phenomenon of resonance occurs have been determined. 

Keywords: kinematic, dynamic, study, vibrating system, 
optical slug, cutting. 

I. INTRODUCTION 
Mechanical systems, in which the processing is 

realized by introducing systematic contacts between two 
objects, are called vibro-impact systems [5,6].  

Vibro-impact modes of processing are the basis of a 
different kind of actions of a wide spectrum of machines, 
tools and devices of different functional type 
[2,3,4,7,8,9]. Characteristic of these systems are the 
periodic modes of motion, carried out according to the 
scheme of forced oscillations or self-oscillations.  

The theoretical evaluation of the degree of influence 
of the caused under conditions of vibro-impact cutting 
forced oscillations of optical slugs can be represented by 
mathematical models of the kinematics and dynamics of 
the interaction between a diamond cutting disk and an 
optical workpiece.  

II. MATHEMATICAL MODEL  
The mathematical description of the trajectory and the 

laws of movement of the cutting arm with a centrifugal 
vibrator, makes it possible to analytically determine the 
efforts of the contact interaction between the cutting tool 

and the machined workpiece at preset magnitudes of the 
forced oscillations.  

The developed mathematical model allows for 
studying the kinematics and dynamics of the interaction 
between the elements of the vibrational system 
“workpiece – cutting disk” (Fig.1). 

 

Fig. 1. Mathematical model of the cutting system. 

In order to simplify the calculations, the action of the 
centrifugal vibrator is replaced by a driving harmonic 
force ( )F t . According to [1] this is permissible, since 
the amplitude of the caused oscillations is much smaller 
than the radius of motion of the imbalance. The cutting 
arm in the hinged device is considered to be fixed so, that 
oscillations in the direction of the axis and perpendicular 
to the plane of the drawing do not exist. To simplify the 
calculation, the cutting arm is regarded as an absolutely 
rigid body, and the masses of the cutting arm, the vibrator 
and the devices, creating a static load on the workpiece, 
are replaced by two concentrated masses (points 1 and 2 

https://doi.org/10.17770/etr2023vol3.7242
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in Fig.1). The axis of rotation of the cutting arm is taken 
as the origin of the coordinate system. The notations, 
used in the mathematical model, are as follows:  

α - an angle, determining the position of the rocker, 
i.e., an angle between the origin and the direction of the 
axis of rotation - the point of contact “optical slug – 
cutting disk” in the counterclockwise direction; 

m  - mass of the eccentric;  
1m - mass of the system (without the counterweight);  

2m - counterweight mass;  

1k - damper elasticity;  

2k - elastic support "detail-cutting disc";  
ξ - effective damping coefficient.  

 
2.1. Study of the kinematics 
The mass moment of inertia I of the system about the 

axis of rotation can be represented as 

( ) ( )2 2 2 2
1 1 1 2 2 2 .I m x y m x y= + + +  (1) 

The angle eα between the contact point of the support 
with the damper, and the contact point of the optical slug 
with the cutting disk, is calculated by the dependence 

,e
h

L
α ∆

= −   (2) 

where h∆  is the distance between the optical workpiece 
and the cutting disk at the moment of contact of the 
support with the damper. 

The equilibrium equation of the system will take the 
form 

( ) 2 2
1 1 2 2 0 1 0 2 ,hm y m y g k y k L

L
α α∆ + = + + 
 

(3) 

where 0α is the angle of the state of equilibrium.  
Consequently,  

( ) 1
1 1 2 2

0 2 2
1 2

.

hk Ry
m y m y g

L
k y k L

α

∆
+ −

=
+

       (4) 

The driving harmonic force is presented in the 
following form 

( ) ( ) ( )2
0 2 sin 2F t mr tπν πν=

 
(5) 

Then for the driving moment we obtain 

( ) ( ) ( )2
0, 2 sin 2Me t mr l tν πν πν=

           
(6) 

The resultant moment of the acting forces (the weight 
and the reactions of the supports), depending on the 
quantity 0δ α α= − , i.e., the angular deviation of the arm 
position from the equilibrium state, is determined as it 
follows 

( ) ( )2 2
1 2 0

2 2
0 2 1 0

.
k y k L при

M
k L k y при

δ δ α
δ

α σ δ α

∧ − + ≥ −= 
− < −

 (7) 

The motion equation of the system can be represented 
as 

( ) ( )
. .

, .I M Me tδ δ ξ δ ν
∧

= − +              (8) 

After replacing the variables  

. .
01 0 1 .Y Y Y Yδ δ= = =   (9) 

Then equation (8), taking into account (9), takes the 
form 

( ) ( )
.

1 0 1
1 , .Y M Y Y Me t
I

ξ ν
∧ = − +  

    (10) 

For small disturbing forces (in case of small masses, 
at which the angle of deviation from the equilibrium 
position does not exceed 0α  ) there is an analytical 
solution.  

In this case equation (8) can be written in the form 

( ) ( )
.. .

2 2
1 2 , ,I k Y k L Me tδ ξ δ δ ν+ + + =      (11) 

where it is convenient to present ( ),Me t ν as  

( ) ( )2 2
0, 2 exp .i tMe t mr l πνν πν=        (12) 

Under a steady mode of operation of the system, the 
solution has the form 

( ) 2exp .i tt A πνδ =          (13) 

Substituting (13) into (11) with consideration of (12), 
we obtain 

( ) ( )
( )

2 2 2
1 2

2
0

2 2

2 .

A I i A k Y k L A

mr l

πν πνξ

πν

− + + + =

=
 (14) 

Hence,  
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( )
( )( )

2
0

22 2
1 2

2
.

2 2

mr l
A

k Y k L I i

πν

πν πνξ
=

+ − +
    (15) 

From (15) we find 

( )

( )( ) ( )

2
0

22 22 2
1 2

2
.

2 2

mr l
A

k Y k L I

πν

πν πνξ
=

+ − +
  (16) 

The resonant frequency will be 

2 2
1 2

0
1 .

2
k Y k L

I
ν

π
+

=   (17) 

 In cases of large disturbing forces, when the angle of 
deviation of the cutting arm relative to its equilibrium 
position exceeds 0α , i.e., when a vibro-impact mode of 
cutting is realized, the solution of the equation of motion 
of the system (8), expressed numerically, makes it 
possible to theoretically obtain the trajectories of motion 
of the cutting arm (Fig. 2). 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

 
f) 

 

g) 

 

h) 

 

i) 

 

j) 

Fig. 2. Amplitude-frequency spectrum of the oscillating movements of 
the cutting arm: a) for a mode of processing with no impact at 
theoretical resonant frequency 0 57 Hzν = ; b), c), d) 0 41 Hzν = ; e), f), 

g) 0 85 Hzν = ; h), i), j) 0 101 Hzν = ; b), e), h) displacement 

1 0,17y m= ; b), c), f) i) displacement 1 0,37y m= ; b), e), h) mass  

1 0, 45m kg= ; d), g), j) mass 1 1, 45m kg= . 

It is observed, that the frequency of the forced 
oscillations, for which the trajectory of movement was 
obtained in the cases of separation of the workpiece from 
the cutting disk (Fig.2 b, e, h), corresponds to the 
frequency of the vibro-impact modes 1-3, used in the 
tests for cutting optical materials.  

The movement of the vibrator along the cutting arm 
in the direction of the machined workpiece (Fig. 2 c, f, i) 
leads to a significant decrease in the amplitude of 
oscillations (up to 10 times) which, in turn, reduces the 
ratio between the distances /l L , where /l L are 
respectively the distances from the axis of rotation of the 
cutting arm to the points of attachment of the vibrator and 
the workpiece. The reduction of the disturbing forces on 
the cutting arm is well presented in Fig. 2 i. When 
placing the vibrator close to the axis of rotation of the 
cutting arm and at its maximum speed of rotation 
(Fig.2h), stable nature of oscillations is observed, with 
high frequencies and an amplitude, one order of 
magnitude lower.  

The increase in the mass of the system (e.g., when 
using a larger size electric motor) will increase its inertia, 
which leads to a decrease in the frequency of oscillation 
of the cutting arm and decrease in its amplitude (Fig.2 d, 
g, j). 
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2.2. Study of the dynamics 
To evaluate the influence of the vibro-impact mode of 

processing when cutting optical slugs on the intensity of 
the process, it is necessary to study the forces, acting on 
the side surfaces of the cutting disk and the workpiece. 

Fig. 3 illustrates part of the trajectory of movement of 
the cutting arm for the time of contact between the 
workpiece and the cutting disk. In order to perform a 
comparative analysis of the movements in the system, the 
magnitude of the angle of equilibrium 0α was taken into 
account. This angle takes into account the deviation of the 
cutting arm from its initial position when the cutting tool 
comes into contact with the optical workpiece. The ratio 
between the forces, acting in a standard cutting process, 
and in case of forced oscillations toward the machined 
workpiece, will be proportional to the ratio of the 
perpendiculars to the straight line AE, drawn from the 
points B and G, respectively. It can be seen from Fig. 3 
that the magnitudes of the forces of interaction between 
the sample and the tool in a vibro-impact mode of cutting 
will be significantly higher, which leads to an increase in 
the depth of the pre-destructive layer in the material of the 
workpiece, and an increase in the processing intensity. 

 
Fig. 3. Trajectory of movement of the cutting arm with the machined 
workpiece in the contact zone with the cutting disk.  

Taking into account the fact, that the constituent 
forces intersect with the constituents of the free 
oscillations in the system, we can consider that the 
phenomenon of nonlinear resonance occurs. 

Then the law of motion of the vibro-impact system 
takes the form  

( ) ( ) ( )cosx t A t Jx tω ϕ= + −  ,      (18) 

where A is the amplitude, determined when there is no 
impact motion;  

.
,

t

t

J Ф x x dt
α

α

+∆
 =  
 ∫  - impulse for the contact time ∆ (19) 

.
,Ф x x 

 
 

- force of the impact interaction;  

( )x t - the resulting reaction in the system of the force 
interaction. 

To determine the unknown quantities J and ϕ , we 
set the conditions  

( ) ( ) ( )0 00 , 1 .x x J m K xα= = +  (20) 

Then ( ) ( )0 cos 0x t A Jxϕ= − , 

( ) ( )
.

sin 0 1 .J A J x K mω ϕ = − − +  
 

The evaluation of the stability of the oscillations, 
described by (18), and fulfilling the condition 

0 , 0x x J≤ ≥ , is performed after setting the parameters 
of the system based on the energy function 

( ) ( ) ( )1 2, , , ,E J E J E Jϕ ϕ ϕ= −  

where ( )1 ,E J ϕ is the work of the forces, created by 
an outer source;  

( )2 ,E J ϕ  - the work of the dissipation forces.  
According to [10], the inequality  

0 0
0 0

0 ,
J J J J

dE E E
dJ J J

ϕ ϕ ϕ ϕ

ϕ
ϕ= =

= =

 ∂ ∂ ∂
= + > ∂ ∂ ∂ 

 (21) 

is a sufficient condition for the instability of the 
considered system at 0 0,J J ϕ ϕ= = . 

The most intense resonant modes and those, which 
are close to the free modes, significantly differ from the 
natural frequency of the system. This makes the first term 
in the right-hand side of the dependence (18) much 
smaller than the second.  

With this in mind, we find the approximate solution 
for the resonant vibro-impact modes  

( ) ( ) .x t Jx t= −                        (22) 

At ( ) 00x x= we have 
( )

0

0
x

J
x

= − and 

( ) ( ) ( )
0

x t x t
x
∆

= . 

At small amounts of damping due to the external 
influence, the expression (21) uniquely describes the 
resonant modes of the system. 

Putting ( ) ( )cosP t P tω ϕ= + we will find the 
conditions for the existence of the quasi-resonant 
movements at any multiple of l , while balancing the 
work of friction forces and disturbance forces.  

The period of these oscillations 2 /T lπ ω= . 
The energy balance equation describing the condition 

for maintaining the resonance mode takes the form 
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1 2 3 ,E E E= +         (23) 

where ( ) ( )
1 .

1
0

T

E P t x t dt= ∫  is the work done by external 

sources;  

( ) ( )
1 .

1
2

0

T

E G x t x t dtαϕ
−=   ∫

- the loss of energy;  

( )
2

3
1

2 1
KE J

m K
−

=
+   - the work of the forces in case of 

contact friction.  
From the dependence of the magnitude of the impact 

pulses on the frequency of the external impact, the 
unstable modes of the system can be determined. 

At higher levels of damping and excitation, the 
oscillations will not have a resonant character. For a 
system with 0 0x > , with a gradual increase in the 
frequency of external impacts, the highest intensity vibro-
impact modes can be realized, in which, when reaching 
certain characteristic magnitudes of the frequencies, 
determined by the conditions of the energy balance, the 
forces of excitation and damping decay.  

For a system with 0 0x < , the opposite situation 
occurs, and the oscillations in such a system arise after 
the transmission of additional initial impulses. When 

0 0x = , the most intense oscillations are possible to occur 
over the full range of used frequencies. As the natural 
frequencies increase, the influence of the dissipation 
factors also increases and the limiting magnitudes of the 
impact pulses decrease. 

III. CONCLUSION 
On the basis of the proposed mathematical model for 

studying the kinematic and dynamic conditions of 
interaction between the machined workpiece and the 
cutting disk, trajectories of the oscillation displacements 
of the workpiece relative to the cutting tool have been 
obtained both for continuous (stationary) and vibro-
impact modes of operation when cutting optical 
workpieces.  

It has been established that the used modes of 
operation of vibrators with frequencies, equal to or 
multiple of the resonant frequency of the cutting arm, 
allow to obtain stable amplitudes of oscillations.  

The change in the position of the vibrator of the 
cutting arm to a side of the machined workpiece, as well 
as the increase in its mass, lead to an increase in the static 

load  on the workpiece and causes a decrease in the 
amplitude oscillations, which, in turn, reduces the 
processing performance.  
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Abstract. In the article are analyzed the effect of technological 
modes and processing parameters on the stress of spinning 
(cold flow turning) details of aluminum alloys. Аs the object 
of the study was used a detail of aluminum alloy AMg5, 
obtained after 3-stage spinning with intermediate heat 
treatments between the stages. As a control criterion was 
used non-destructive resistive electro contact method, based 
on the correlation between the integral electric and 
mechanical characteristics of metals and alloys – specific 
conductivity or electrical resistivity within the h-layer of the 
metal and the amount of deformation in the crystal lattice of 
the material due to the residual stresses. 

Keywords: non-destructive method, residual stresses, resistive 
method, spinning (cold flow turning). 

I. INTRODUCTION 
When products are manufactured from metals and 

alloys, in many cases they are subjected to mechanical or 
thermal effects, which lead to plastic deformations of the 
crystal lattices of the materials of the products. This, in 
turn, results in occurrence of mechanical stresses in the 
deformed layer of the material, which can be the reason for 
destruction of the details at loads, even lower than 
calculated.  

In a process of spinning the cause of internal stresses 
is the focus of the plastic deformation. The occurrence of 
such stresses can lead to local deformations and defects of 
the workpiece. An increase in the compressive stresses can 
cause formation of corrugations on the surface of the 
workpieces, while the tensile stresses can give rise to 
surrounding cracks. Both consequences are indicators for 
rejection of the products. 

This determines the need for exercising reliable control 
of residual stresses during the technological process of 
producing details and during their operation [1] – [5]. 
Many methods are known for carrying out such a control - 
destructive methods (Davidenkov method, hole drilling 
method, the washer method, etc.) and non-destructive ones 
(radio-wave, ultrasonic, magnetic, X-ray diffraction 
method, etc.), and each of them has its own advantages and 
disadvantages. The research, presented here, uses a newly 
developed measuring complex, based on a resistive 
electro-contact method, which combines in one the 
advantages of the destructive methods (high reliability, 
guaranteed error for determining the residual stresses, 
possibility to determine the distribution of the residual 
stresses along the depth from the surface) and the non-
destructive principle of action. 
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II. MATERIALS AND METHODS 
A study of the stress states of a part, made of aluminum 

alloy AMg5 GOST 21631-76 by spinning, performed on a 
two-roll Leifeld ST-400 rotary machine, in three 
transitions with intermediate heat treatments between 
them, was conducted. The research object was a thin-
walled conical body, made of aluminum alloy AMg5, 
whose initial wall thickness of 6 mm was reduced to 2 mm 
in the first spinning transition (with a cone angle of 64о), 
to 1, 2 mm in the second pass (with a cone angle of 43о), 
and up to 0.8 mm in the third one (with a cone angle of 
25о) (Fig. 1). 

 
      a)         b)              c)                                   d) 
    

Fig. 1 Detail of AMg5, obtained after spinning in 3 transitions (the 
transitions are indicated by dashed lines) - a) original workpiece; b) first 

spinning; c) second spinning; d) third spinning. 

For analysis and evaluation of the residual stresses in 
the process of technological processing of this part, a 
resistive electro-contact method for non-destructive 
control was applied. The method is based on the 
correlation between the integral electrical and mechanical 
characteristics of metals and alloys - specific electrical 
conductivity γ or specific electrical resistance ρ in the h-
layer of the metal, and the magnitude of the deformation 
of its crystal lattice in result of the stresses in its surface 
layer q. 

There is a relationship between the specific electrical 
conductivity γ (1) and the mechanical stresses [6]: 

𝛾𝛾 = 𝑒𝑒2𝐸𝐸𝑛𝑛0
𝑚𝑚𝑚𝑚𝑚𝑚𝑉𝑉𝑇𝑇𝑁𝑁0𝜋𝜋

⋅ 𝑑𝑑                        (1), 

where e is the electron charge, C; m – the rest mass of 
the electron, kg; n0 – the number of conductive electrons 
per unit volume; Е – field strength, V/m; k – Boltzmann's 
constant, J/K; Т – absolute temperature, K; VT – speed of 
thermal movement of the electrons, m/s; N0 – number of 
atoms per unit of volume; d – period of the crystal lattice, 
m. The relationship between the specific electrical 
conductivity γ and the specific electrical resistance ρ = 1/γ 
is also known. 

In the absence of mechanical stresses, the metal has a 
nominal value of the lattice period d0 and a corresponding 
nominal value of the specific electrical conductivity γ0. 
Under the influence of the changes in the mechanical 
stresses Δσ, a change in the period of the metal lattice Δd 
is observed. In the zone of elastic deformations, this 
change can be assumed to be proportional to the 
mechanical stress. In accordance with (1), the change in 
the electrical conductivity Δγ is also proportional to the 
average mechanical stresses Δσ according to the formula 
(2): 

𝛥𝛥𝛥𝛥 = 𝐾𝐾𝜎𝜎 ⋅ 𝛥𝛥𝛥𝛥                        (2), 

where Kσ is an experimentally determined coefficient, 
characterizing the properties of the material. 

Thus, the mechanical stresses in conductive materials 
can be determined by measuring their electrical properties. 
In doing so, it is necessary to measure the distributions of 
the electrical parameters and mechanical stresses along the 
depth of the products. 

To measure the distribution of the specific resistance 
in depth, the skin effect phenomenon is used, in which the 
high-frequency currents are concentrated in that area from 
the surface of the conductor, which is located closest to the 
sources of the field, causing the currents. Based on the 
solution of the system of Maxwell's equations for the 
conductive semi-area, the penetration depth of the current 
h in such a conductor is determined as it follows (3):  

ℎ = 1
�𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

           (3), 

where f is the current frequency, Hz; μ – the magnetic 
permeability of the material, Gn/m; γ – the specific 
electrical conductivity of the material, Ohm-1. 

The magnitude of the current density decreases 
exponentially with increasing the depth, and h represents 
a value of the depth (3), at which the current density drops 
by "e" times compared to the initial value of the surface 
current. By definition h is the depth of current penetration 
into the conductor, i.e., the thickness of the surface layer, 
in which the main part of the current propagates. 

The use of the skin-effect phenomenon allows to 
examine the surface layer of the product in depth - level by 
level - supplying it with currents of different frequencies 
and measuring the response signal, whose parameters are 
related to the change in the stress state of the product 
material. By reducing the frequency of the alternating 
current, applied to the product in accordance with formula 
(3), the depth of the investigated layer is increased. The 
choice of the operating frequencies ensures the required 
range of the measured depths of the product [7]. 

Based on the given method, with the aim of studying 
the influence of the spinning modes on the residual stresses 
in the surface layer of the samples, made of AMg5 
material, a stress optimization process was carried out, 
according to the following plan: 

− measurement and analysis of the stressed state of 
the samples by means of a resistive electro-contact 
method of control after each spinning transition;  

− study of the influence of both the machining and 
heat treatment modes on the level of residual 
stresses in the material of the workpieces by 
applying the theory of experimental design;  

− obtaining technological modes of processing, 
ensuring the lowest possible magnitude of residual 
stresses in the surface layer of the workpieces. 
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III. RESULTS AND DISCUSSION 
The SITON-TEST measuring complex (System for 

measuring technological residual stresses), developed by 
the Department of Instrumentation Technologies at the 
Saint Petersburg National Research University of 
Information Technologies, Mechanics and Optics (ITMO 
University), was used to determine the voltages. Based on 
the physical nature of the resistive electro-contact method, 
described above, it was implemented in this case in the 
following sequence: 

− current with a different frequency was directed into 
the tested product through the supply electrodes, 
and measurements were performed in three points, 
located at an angle of 120о with respect to each 
other;  

− the strength of the supplied current was measured 
for each of the set frequencies;  

− the voltage of the response signal from the device 
was measured for each of the set frequencies;  

− the distribution of the specific electrical resistance 
along the depth of the product material was 
calculated; 

− a calibration dependence was derived between the 
specific electrical resistance and the mechanical 
stresses in the material of the studied product at 
depths, corresponding to the penetration depths of 
the current for the set frequencies;  

− on the basis of the obtained dependence, the 
calculated distribution of the specific electrical 
resistance was converted into a distribution of the 
mechanical stresses along the depth of the studied 
product material [8]. 

The results of the measurements, performed according 
to the described algorithm, are shown in Fig. 2.  
 

Fig. 2 Distribution diagram of the residual stresses, where S1 
illustrates the stresses, measured in the original sample after heat 

treatment; S2 – in a heat-treated sample after the first spinning; S3 – in 
a heat-treated sample after the second spinning; S4 – in a heat-treated 

sample after the third spinning; h - depth of the studied material. 

 
From Fig. 2 it can be seen, that after each spinning of 

the sample, despite the performed heat treatment, the 
internal stresses increase. Thus, after the last machining 
transition, the stresses are at the border to the yield point 
of the material. This justifies the need to study the 
influence of the technological modes of processing a 

workpiece with the aim of minimizing the internal stresses 
in its surface layer. 

The theory of experimental design was used to analyze 
both the obtained results and the next stage in the process 
of optimizing the internal stresses. The aim was to 
determine the lowest levels of residual stresses when 
varying with the factors, affecting the changes in the 
crystal lattice of the material in the process of its 
technological processing - in other words, to determine the 
parameter and the factors of optimization. 

The magnitude of the residual stresses σ was 
determined to be the optimization parameter (the 
maximum values of the residual stresses measured in the 
surface layer of each sample were taken for the 
calculations). 

When selecting the optimization factors, analysis of 
the physics of the spinning process was carried out. It is 
known that the successful spinning process depends on 
many factors [9] – [12]: degree of deformation, space 
between the deforming element (roller) and the mandrel, 
feed rate, spindle revolutions, shape and geometry of the 
working parts of the rolls, roll diameter, coolants, modes 
of intermediate heat treatment (in multi-pass spinning), 
etc. 

The degree of deformation of the material, directly 
related both to its stability at a certain power of the rotary 
machine and to the cone angle of the workpiece, 
determines the necessary number of transitions for 
producing the finished part. To avoid making additional 
mandrels and fixtures for the spinning process, in this 
study the degree of deformation and the angle of the cone 
were taken with their drawing values (given above in the 
text, before Fig. 1). 

The space between the deforming roll and the mandrel 
is directly dependent on the initial thickness of the original 
workpiece S0 and the thickness of the finished detail S and 
follows the well-known law of sine S1 = S0sinα. Any 
deviation from the indicated dependence leads to 
deterioration in stability of machining, and therefore the 
specified factor was not varied in the given study, while 
the details specified in the technological documentation 
were observed.  

Productivity and quality of workpiece processing 
during spinning depend to a significant extent on the feed 
rate S and the radius of rounding of the working part of the 
roll ρ. In case of incorrect selection of these parameters, 
formation of cracks on the surface of the part is possible. 
When spinning with a feed f, greater than the allowable 
tool feed rate for the given material, and in case of an 
incorrectly selected roll shape, high tensile stresses may 
arise, which can lead to a complete rupture of the 
workpiece. Breakage may also occur in case of significant 
deviation of the wall thickness from the calculated value 
and a change in the clearance between the roller and the 
mandrel. Taking all this into account, the first factor of 
optimization was assumed to be the operational feed rate 
f. In the process of machining during this study, deforming 
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elements were used with an angle of the working part 
φ=200. 

The rotational speed of the workpiece during 
machining should be as high as possible. The higher speed 
results in greater flange stability. For this reason, the level 
of the rotary machine spindle revolutions was determined 
as the second factor in the optimization process. 

The modes of the performed intermediate heat 
treatment have the most significant influence on the 
relaxing properties of the material to return to its initial 
unstressed state after the impact of the plastic deformation. 
Therefore, the heat treatment temperature was chosen to 
be the third optimization factor in the presented study. 

Thus, based on the analysis, as factors of the process of 
optimization were adopted the technological modes of 
spinning and the modes of the intermediate heat treatment 
performed between the spinning transitions (feed rate f, 
spindle revolutions n, heat treatment temperature T).  

Their basic levels are: f= 0.41 mm/tr, n= 800 min-1, T= 
350оC. The ranges of variation of the factors were chosen 
based on the results of the conducted preliminary 
experiments (whose results are presented in Fig. 2): 
f=±0.39 mm/tr, n =±20 min-1, T=±20 оC. 

The conducted statistical calculation [13] allows to 
obtain:  

− an adequate mathematical model of the process 
(according to Fisher's criterion), describing the 
relationship between the parameter and the factors 
of optimization (4): 

𝜎𝜎 = 207,3 + 13,7𝑓𝑓 − 3,2𝑛𝑛 − 5,8𝑇𝑇 + 2,1𝑓𝑓𝑓𝑓 +
3,275𝑛𝑛𝑛𝑛 + 2,75𝑓𝑓𝑓𝑓𝑓𝑓                                               (4); 

− the technological modes of processing the part 
(optimal for the specific production conditions), 
providing minimum values of residual stresses in 
the surface layer of the AMg5 sample in the 
spinning process: f=0.21 mm/tr, n=815 min-1, T 
=360 оС. 

− the optimal distribution of the residual stresses 
along the depth of the surface layer of the 
workpieces, processed under the given modes 
(Fig. 3).  
 

 
Fig. 3. Optimal distribution of the residual stresses along the depth 

of the surface layer of the workpieces, where S4-1 and S4-2 illustrates 
the optimal distribution of the residual stresses along the depth of the 

surface layer of two workpieces, processed under the given modes; h - 
depth of the studied material. 

The obtained results illustrate the manageability of the 
residual technological stresses and prove the efficiency of 
using the resistive electro-contact method in search of 
optimization of the given parameter [14], [15]. The task, 
no doubt, as well as similar tasks, can be also solved by 
applying other methods of stress control – non-destructive 
(ultrasound, radio-wave, X-ray diffraction etc.) or 
destructive (the Davidenkov and Berger method, the 
method of probing holes, the ring method etc.) [16] – [23]. 
However, given the need for a fast, reliable, non-
destructive control and a diagram of the stress distribution 
in the depth of the surface layer, the presented approach is 
accepted in this study as optimal.  
 To verify the mechanical properties of the material in 
conclusion of the study of workpieces, having a 
distribution of residual stresses as it is shown in Fig. 3, 
samples were cut in accordance with GOST 1497-84. The 
tests show that from the moment of yield onset of the 
material (at a load of 140 MPa) to the moment of rupture 
of the sample (at a load of 290 MPa), the relative 
elongation is 15%. The obtained results from the rupture 
test (at tension) satisfy the requirements for yield point σт, 
tensile strength σв and relative maximum elongation δ of 
the AMg5 material.  

IV. CONCLUSION 
The proposed methodology for optimization of the 

residual stresses in the surface layer of details allows to 
study and evaluate their influence in the spinning process 
of thin-walled details from aluminum alloys. The means of 
mathematical support of the process by statistical analysis, 
provide possibilities to derive the optimal technological 
modes for quality products formation. The applied 
resistive electro-contact non-destructive method allows to 
trace the nature of the stresses in the surface layer of the 
details. The availability of a distribution diagram of these 
stresses along the depth of the surface layer illustrates their 
technological controllability, which can contribute to 
increasing the quality of the manufactured products in 
mechanical and instrumental engineering.  
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Abstract. In the article considers the effect of surface 
roughness on the functioning of a specific mechanism. In case 
of proven dependence of the studied functional property of 
surface microgeometry, a process of optimization of the 
sought parameter is carried out, in which the methods of 
mathematical analysis and theoretic foundations of 
technology of appliance and mechanical engineering are used 
for the basis of the theoretical studies. As control parameters 
of the specified optimal microgeometry, deciding the given 
task, the so-called non-parametric criteria are used, namely 
graphical of certain surface-profile functions. 

Keywords: surface roughness, non-parametric method, graphic 
images, theory of experimental planning. 

I. INTRODUCTION 
Increasing the quality of the manufacturing output is 

the most important task of the industry [1] – [4]. The task 
is especially topical for mechanical and instrumental 
engineering, where multiple technological problems, 
related to the functioning of the manufactured products 
need to be solved. The role of the state of the surface layer 
of the details in the given process is generally recognized, 

though the problems, related to optimization of the surface 
microgeometry remain the least researched. 

It has been established so far that the roughness of the 
surfaces affects about 20 of their functional properties 
(adhesion, corrosion resistance, force of friction etc.). 
However, the task to optimize the surface microgeometry 
cannot be reliably solved by using the standardized 
parameters (ISO 4287), since they often do not reflect the 
real nature of the surface relief. By setting a specific value 
to the roughness parameter in the technical documentation, 
and trying to comply with it, we can process a surface and 
obtain one of the numerous possible micro-reliefs, which 
will provide different functional properties - to give an 
example, two mirror-like profiles, describing totally 
different microreliefs, have the same parameters [5], [6].  

Most surface treatment methods produce a random 
roughness profile. Therefore, the theory of random 
functions can be used to model the surface roughness, 
which actually means that the profile of a real surface can 
be regarded as a realization of a random variable.  

On this basis Prof. Valetov proposed a fundamentally 
new approach to surface roughness evaluation and 

https://doi.org/10.17770/etr2023vol3.7230
https://creativecommons.org/licenses/by/4.0/
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control – a method, using non-parametric criteria, in the 
role of which the graphs of various functions are taken 
[7] – [11]. Considering the random component in the 
process of forming the surface microrelief and based on 
the theory of random functions, it is clear that the biggest 
amount of information about the profile as a random 
variable is contained in the distribution functions and 
distribution density of its ordinates, as well as in the 
distribution functions and distribution density of the 
tangents of the slope angles of the profile. Thence, the 
conclusion about the expediency of using these functions 
as criteria for evaluating and controlling the roughness of 
the surfaces follows.  

II. MATERIALS AND METHODS 
A special pneumatic mechanism, shown in Fig. 1,  was 

used in this case as an object of study. The basis of its 
functioning is the outflow of air through the gap between 
the cylindrical surfaces (pos. Δ) of the sleeve (pos. 1) and 
the obturator (pos. 2) during the movement of the latter 
under the action of a spring with certain parameters 
(pos.3).  

 

Fig. 1. Pneumatic mechanism. 

  

The process is described by the following system of 
equations (1):

                              

 

⎩
⎨

⎧𝑚𝑚
𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2

= −𝑅𝑅𝑎𝑎𝑎𝑎 + 𝑐𝑐𝑐𝑐(𝑡𝑡) + 𝑃𝑃(𝑡𝑡)𝑆𝑆п
𝑑𝑑𝑑𝑑(𝑡𝑡)
𝑑𝑑𝑑𝑑

= −𝑄𝑄(𝑡𝑡)
𝑀𝑀(𝑡𝑡) = 𝜌𝜌(𝑡𝑡)𝑥𝑥(𝑡𝑡)𝑆𝑆

                      

(1), 

where m is the mass of the obturator, Ras – the spring 
tension in the composition of the assembly, с – the spring 
hardness, S – the area, through which the air goes out, Q(t) 
– amount of air per second, M(t) – air mass consumption, 
Sn – area of the functional surface of the obturator, P(t) и 
ρ(t) – air pressure and density, x(t) – movement of the 
obturator in the sleeve. 

Modeling the process and solving the system of 
equations (1) in “Matlab” software environment allows for 
obtaining limiting values of the movement time in the 
range:  104 ms ≥ t ≥ 37 ms. The given values match the 
conditions of friction between the parts (with possible 
intersection of the axes of the two functional details) and 

the conditions of absence of friction (pure gas-dynamic 
process).  

The results, obtained when solving the mathematical 
model, are difficult to reproduce experimentally, due to the 
impossibility to model accurately the intersection of the 
axes of the functional details in the mechanism. Therefore, 
to prove the validity of the performed calculations, a 
representative sample from a general set of mechanisms of 
the given type was considered, with fixing the time of the 
obturator movement in the sleeve [12]. It showed that for 
a batch of 12000 mechanisms a sample of 1200 pcs. is 
required to claim with a probability of 0,95 that the true 
value of the average movement time during the operation 
of the mechanisms will be in the range 78,86 – 81,25 ms. 

In addition, the influence of the surface roughness of 
the nodes in the pneumatic mechanism on the movement 
time was also studied in the indicated range.  

To construct and compare the non-parametric 
evaluation criteria, the Lemming software product, 
developed by the Department of Instrumentation 
Technology at the St. Petersburg National Research 
University for Information Technologies, Mechanics and 
Optics (ITMO University) was used [13] – [15]. 

With the help of this program, the obtained profile data 
were processed in the following sequence:  

 Construction of the profile of the studied surface; 
 Profile filtration using a straight and inverse 

Fourier transformation - the filtration was carried 
out on the basis of the given functional property 
of the surfaces by comparing the amplitude 
spectra of the profiles of the studied surfaces 
before and after the moment of functional impact 
on them. 

 Calculation of the standardized roughness 
parameters according to ISO 4287; 

 Calculation and construction of the non-
parametric criteria for evaluating the profile of 
the surfaces. 

Prior to functional property verification, roughness 
data were taken from the surface of each sample. After 
processing the obtained profile data, graphs of the non-
parametric criteria for these surfaces were drawn (Fig.2). 

From the graphs in Fig.2. it follows that the 
technologies of machining sleeves and obturators allow for 
providing the same standardized criteria for their surface 
roughness. However, the more informative non-
parametric criteria indicate, that these microreliefs are 
different.   

Another important conclusion drawn up from the 
conducted research is the effect of the surface roughness 
of the two details (sleeve and obturator) on the movement 
time of the obturator in the sleeve, which defines the 
operation of the specified mechanism. This effect justifies 
the necessity of carrying out a process of optimization of 
the respective microgeometries.  
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(а) 

 
   (b)   

 
Fig. 2. Distribution densities of the tangents of the slope angles of 

the profiles (a) and distribution densities of the ordinates of the profiles 
(b) (H-frequency of repetition of the corresponding value of the tangent 

(a); H- frequency of repetition of the corresponding values of the 
dimensionless amplitude (b); 1 – sleeve surface roughness 

corresponding to Ra = 0.32 μm, 2 – obturator surface roughness 
corresponding to Ra = 0.30 μm). 

 
At the second stage of the research, possibly the most 

appropriate for specific manufacturing conditions surface 
roughness of sleeves and obturators, ensuring the optimal 
value of the functional property, were defined. With the 
aim of organizing the process of optimization of the 
microgeometry of the surfaces, the theory of experimental 
design was used. 

The optimization, based on the theory of experimental 
design and the use of non-parametric criteria for 
evaluating the roughness of the surfaces, includes the 
following main stages [16], [17]: 

− selecting/choosing the optimization parameter; 
− determining the factors of the technological process 

and their changes; 
− designing the experiment plan or the planning 

matrix; 
− obtaining information about the surface roughness 

of each sample;  
− processing of the profiles and constructing the non-

parametric criteria for evaluation of the 
microgeometry; 

− conducting the experiments according to the plan 
for their implementation; 

− performing a statistical analysis in order to derive a 
regression equation, expressing the relationship 
between the parameter and the optimization 
factors; 

− assessing the adequacy of the obtained 
mathematical model. 

III. RESULTS AND DISCUSSION 
Microgeometry optimization should be understood as 

choosing the most suitable, possibly the best 
microgeometry for particular production conditions. In the 
given task, when justifying the parameter and the 
optimization factors, it is necessary to analyze the specific 
solutions. 

The movement time (t) of the obturator in the sleeve 
within the mechanism assembly was taken as an 
optimization parameter. The additional calculations and 
the experimental studies show that the optimal value of the 
movement time during the operation of this type of 
mechanisms is 80 ms with a possible tolerance of ± 10 ms. 

The technological process of machining sleeves 
includes drilling, countersinking/chamfering, reaming, 
honing, zinc coating and polishing. The technological 
process of obturator processing includes rough turning, 
finish turning and grinding. The modes of finish 
machining of both parts were chosen as optimization 
factors. Based on the capabilities of the technological 
equipment and on the results of preliminary studies (part 
of their graphs are shown in Fig. 2), the ranges of their 
changes were selected (Table 1):  

TABLE 1  

Factor Coding 
notation  

Range of 
changes 

Levels of factor values 
Low  
(–1) 

Base  
(0) 

High  
(+1) 

Feed rate 
for 

polishing   
Vf, pol 

Х1 ±0,4 
m/min 

0,1 0,5 0,9 

Polishing 
speed Vc,pol 

Х2 ±15 m/s 20 35 50 

Circular 
feed when 
grinding Vf, 

gr 

Х3 ±1,5 
m/min 

5 6,5 8 

Grinding 
wheel 

speed Vc,gr 

Х4 ±10 m/s 20 30 40 

 
Since the factors in the optimization process are non-

uniform and have different measuring units, and the 
values, expressing their magnitudes are of different orders, 
they are reduced to a single system of calculations by a 
transition from the actual values of the factors to coded 
ones (2): 

𝑋𝑋𝚤𝚤� = 𝑋𝑋𝑖𝑖−𝑋𝑋𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝛥𝛥𝑥𝑥𝑖𝑖

            (2), 

where – is the coded value of the factor; Хi –actual 
values of the factor; Хibas – value of the factor at the basic 
level; ΔХi – current factor variation interval; i – number of 
the factor. 

In result from a subsequent statistical analysis in 
accordance with the theory of experimental design [18], an 
adequate to Fisher’s criterion mathematical model of the 
studied process was obtained in the form of a regression 
equation, pointing at the relationship between the 

iX
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movement time of the nodes in the mechanism and the 
technological processes of machining the contact surfaces 
of the two details (sleeve and obturator) (3):  

𝑡𝑡 = 74,25 + 17,5𝑉𝑉𝑓𝑓 ,𝑝𝑝𝑝𝑝𝑝𝑝 − 6,5𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 − 5,25𝑉𝑉𝑓𝑓 ,𝑔𝑔𝑔𝑔 − 2𝑉𝑉𝑔𝑔𝑔𝑔 −
2𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑉𝑉𝑓𝑓,𝑔𝑔𝑔𝑔                                                           (3)  

The sign of the coefficients of the variable factors in 
the regression equation defines the nature of the influence 
of each of them on the parameter under optimization. The 
values of the coefficients point at the degree of influence 
of each of the factors on the movement time during the 
operation of the studied mechanism. Consequently, when 
controlling the process, much attention should be paid to 
the modes of sleeve polishing, although the obturator 
grinding modes, as well as the mutual interference of the 
polishing speed and grinding feed rate also have certain 
influence. 

Following the described methodology in the 
optimization process, when controlling the roughness of 
the specific surfaces of the sleeves and obturators, it is 
proposed to use the graphs of the functions of the 
distribution density of the tangents of the slope angles and 
the dimensionless ordinates of the profiles. As an example, 
reference graphs are given, titled “Density of distribution 
of the tangents of the slope angles of the profile” and 
tolerances are set for possible deviations in performing 
control in series production of sleeves and obturators (Fig. 
3). The figures present graphs, satisfying the required 
movement time values, which fall within the tolerance 
field, on the one hand, and graphs, which are outside the 
tolerance field because of not meeting the requirements, 
on the other hand. 

 

 
   (а) 

 
(b)    

Fig. 3 - Reference graph "Density of distribution of the tangents of 
the slope angles of the profile" with a tolerance for possible deviations: 

(a) for the sleeves, (b) for the obturators. 

The tolerance value in Fig.3 was chosen to be 30%, due 
to the scattering, resulting from superimposing of the 
graphs of all surfaces at an allowable value of the 
functional property. The given graph illustrates once again 
the informativeness of the non-parametric criteria for 
roughness control of the surfaces, while the efficiency and 
expedience in their use for solving tasks, related to 
optimization of the microgeometry, is also proved in a 
number of similar studies [19] – [25].  

In conclusion of the study the determination of the 
most appropriate (reference) microrelief from the possible 
ones for the specific functional property of the surfaces, 
allows for obtaining also the technological methods of 
reproducing the given microrelief: Vf,pol =0,572 m/min; 
Vc,pol   =34 m/s; Vf,gr   = 49,2 m/min; Vc,gr= 29,8 m/s.  

IV. CONCLUSION 
The proposed methodology for optimization of the 

surface microgeometry can be applied in the analysis of 
any functional property in any type of production 
conditions. Moreover, the research allows for creating a 
database with determination of optimal technological 
treatment modes for specific properties of the surfaces, 
which can be used by other production enterprises, 
possessing the same type of technological equipment. The 
non-parametric approach, used as a basis for analysis, 
evaluation and control, allows to unambiguously 
determine the optimal microgeometry, to reproduce the 
technological process for achieving it, and to quickly 
perform quality control under the conditions of serial 
production by comparing with the reference. The 
fulfillment of these conditions allows to increase the 
quality of the issued production for the specific enterprise.   
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Abstract. In the article, experimental studies were carried 
out, contributing to determination of degree of influence of 
the parameters of the modes of vibro-impact cutting of 
optical slugs on the productivity of the process. The optimal 
frequencies of the forced oscillations of the technological 
system "slug-cut disc" were reported, in which the 
durability of the tool and the quality of the obtained 
surfaces are maximum. 

Keywords: optical slug, productivity, parameter, vibro- impact, 
cutting. 

I. INTRODUCTION 
The conducted literature review and its analysis show 

that after introducing ultra-sound oscillations into the zone 
of processing, increase in productivity of cutting optical 
slugs and other hard and brittle materials is observed (by 
10-30%), as well as improvement in the quality of the 
machined surfaces – reduction of the parameter by 10-
20%. The detailed clarification of all the factors, 
influencing on the process of cutting such materials 
necessitates to perform a series of experiments to confirm 
the results from the studies [1,2,4,5,6,7,8,9,10,11]. From 
the analysis of the available up to the moment research 
works it has been established that the oscillations depend 
on the type of the used vibrator and have a significant 
importance in the formation of the quality indicators of 
the surfaces, processed by cutting.  The type of the 
vibrator should such that its installation in the cutting 
equipment does not require significant changes to their 
construction and does not hinder the course of the 
technological process.  

The literature review shows that up to the present there 
is no research, showing the influence of the low-frequency 

forced oscillations on the productivity and quality of the 
process of cutting optical materials [3].  

II. MATHEMATICAL MODEL  
For a theoretical assessment of the degree of influence 

of the vibro-impact cutting mode on the performance of 
the operation of mechanical cutting of optical slugs, etc., 
mathematical models of the cutting process proposed in 
[1, 2] are used. The diagram of the process of cutting 
such materials is presented in Fig. 1.  

 
Fig. 1. Diagram of the process of cutting optical materials. 

The machined optical slug 1 under the action of the 
applied static load стF is pressed toward the periphery of 
the rotating cutting disc 2, in result of which the process 
of cutting is accomplished conventionally, under 
traditional conditions. The plane of cutting the optical 
slug is a square with a side а . For convenience, in the 
further analysis the cutting disc with a radius R is 
presented as a rectangle 3 with a cutting edge, having the 

https://doi.org/10.17770/etr2023vol3.7248
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same velocity as the velocity of a point from the cutting 
edge of the cutting disc. This is perfectly acceptable, 
subject to the condition that the contact size is always 
smaller than the radius R of the cutting disc. 

We determine the time for cutting up the optical slug 
both under traditional conditions of machining ( )стτ  and 

when applying vibrational cutting ( )врτ , and 
quantitatively evaluate the degree of influence of the 
forced oscillations on the increase in cutting intensity, 
which we estimate according to the expression  

1 100,вр

ст

τ
η

τ
 

= − 
 

 (1) 

assuming that ст врτ τ> . 
We connect the sample with a coordinate system 

,x y , as shown in Fig. 1.  Based on the theory of 
mechanical failure of brittle materials, we express the 
amount of the work, expended for cutting under 
traditional machining conditions for time t∆ by the 
expression   

0 ,ир стW j V tα∆ = ∆   (2) 

where 0V  is the velocity of the disc periphery (the cutting 
speed); стj - an impulse, transmitted to the optical 
sample parallel to the x axis per unit of time (the average 
interaction force);  
α  - a coefficient, characterizing part of the work, done 
by the forces during cutting, spent on destroying the 
optical workpiece ( )1α < , (selected from a table). 

The direction of the forces, performing work in 
traditional cutting of optical slugs should coincide with 
the forces, causing destruction of the workpiece surface.  

The magnitude of ирW∆  should match the work to 
destroy the sample and is equal to  

( ) ( )
.

,раз стW hl t x t tγ∆ = ∆   (3) 

where стγ is the specific work for destruction of the 
material when cutting; h  - width of cut; ( )l t - size of the 

cut low along the  axis, equal to ( ) ( )2l t x t=  for the 

chosen shape of the slug, at ( )0 / 2x t b< < , where b is 
the depth of the cut.  

For the purpose of finding the analytical solution of 
(2), we assume that стj is a constant, independent of the 
depth of the cut of the slug.  

Then, from (2) and (3) the differential equation is 
obtained: 

( ) ( )
.

0 .
2

ст

ст

j V
x t x t

h
α
γ

=   (4) 

Considering the magnitude of стγ as constant and 
integrating (4) with the initial conditions ( )0 0x = , we 
obtain the law of motion of the cutting line relative to the 
optical slug 

( ) ;стx t tβ=    
where  

0ст
ст

ст

j V
h

α
β

γ
= .  (5) 

Dependence (5) is valid for the interval 0 t τ≤ ≤ , 
where τ is the time to cut half of the optical slug. It is 
determined by the equation of the type 

( ) ;
2 2
b ax t = =  

2

2
2

2 ст

a Nπτ
ωβ

= = ,    (6) 

where N is the number of disc revolutions for the time of 
cutting;  

ω  - its angular velocity. 
At t τ> in the expression (3) it should be 

assumed  

( ) ( )2 ,l t b x t= −      (7) 

from where we obtain the differential equation 

( ) ( )
.

0 , .
2

ст
ст

ст

j V
b x t x t t

h
α

τ τ
γ

− = < <    (8) 

For the initial condition ( ) / 2x bτ = for the solution 
of (8) is written 

( ) ( )
2

2

4
2 1 , .

2
ст

ст
bx t t t

b
β

τ τ τ
 
 = − − − < <
  

(9) 

The time for the complete cutting the optical slug up 
стτ is determined by the condition ( )x t b= , then from 

(6) we find 
2 2 2

2 2 2 2 .
4 2ст

ст ст ст

b a aτ τ τ τ
β β β

= + = + = =   (10) 

According to formulas (5) and (9), the dependence 
( )x t is antisymmetric (odd) with respect to the points 

, / 2t x bτ= = . 
To calculate the work, spent on cutting up half of the 

optical slug, the expression (3) should be summed 
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( ) ( ) ( ) ( )

( )

. .

0 0
2

2

2

2

раз ст ст

ст
ст

W hl t x t dt h x t x t dt

ha
hx

τ τ

γ γ

γ
γ τ

∆ = = =

= =

∫ ∫
(11) 

When cutting under traditional conditions, when a 
static load стP is acting, the magnitude of the impulse per 
unit of time is equal to the period of the forced 
vibrational oscillationsT and is determined  

0

0

; ,
2
врст ст

ст ст ст вр
ст

j F V
I F dt F

T h

τω α
β

π γ
= = = =∫ (12) 

where врω is the circular velocity of the vibrational 
oscillations.  

Then, the time to cut up the optical slug under 
traditional processing conditions according to (10) will be 
equal to  

2

0

.ст
ст

ст

а h
F V
γ

τ
α

=    (13) 

The time to cut up optical slugs under the condition of 
vibro-impact cutting is determined, assuming that the 
vibro-impact oscillations are transmitted to the slug in its 
lower part below the x axis (Fig. 1). The vibro-impact 
mode of interaction between the periphery of the cutting 
part of the disc and the machined surface of the slug is 
realized in addition. In this case, for time T , equal to the 
period of the forced oscillations, the mechanical 
interaction between the slug and the cutting disc 
constitutes only the part kt  of it, and in the remaining 
time kT t− we have an absence of cutting. Therefore, the 
chipping of diamond particles from the cylindrical 
surface of the disc results from the pulse impact with a 
frequency, equal to the frequency of rotation of the 
electric motor of the centrifugal vibrator, creating the 
forced oscillations. 

Thus, in order to determine the time of cutting the 
optical workpiece under an introduced vibrational impact, 
the following correction should be made in the 
expressions, obtained during processing under traditional 
conditions: firstly, instead of стI , the magnitude of the 
average period of oscillation T should be taken, and the 
impulse of the forces of interaction between the 
peripheral surface of the cutting disk and the slug surface 
врI  should be accepted; secondly, instead of the 

magnitude of the specific work for destruction under 
traditional conditions стγ , it should be assumed that its 
magnitude corresponds to the vibro-impact mode of 
cutting врγ .  

Taking into account the above, expressions (12) and 
(13) in the conditions of a vibro-impact mode of cutting 
take the form 

. 0уст вр врW V j tα∆ = ∆  ,         (14) 

( ) ( )
.

. ,раз вр врW hl t x t tγ∆ = ∆  (15) 

where .уст врW∆ and .раз врW∆ are respectively the work, 
spent on cutting and the work on destructing the sample 
in the vibro-impact mode of processing.  

Then the differential equation (14) and its solution 
(15) take the form:  

( ) ( )
. 0

2
вр

вр

j V
x t x t

h
α
γ

=    (16) 

( ) ,врx t tβ=  където 0вр
вр

вр

j V
h

α
β

γ
=  (17) 

After the changes, made in expressions (8) and (9), 
the time for cutting the workpiece under vibro-impact 
action on it, will be equal to:  

2

0

.вр
вр

вр

а h
I V
γ

τ
α

=     (18) 

Substituting dependencies (13) and (18) into (1), we 
will obtain an expression for determining the degree of 
increase in the intensity of cutting optical slugs 

1 1 ,вр ст вр

ст вр ст

F
jτ

τ γ
η

τ γ

  
= − = −       

  (19) 

where врj  is the impulse of the forces on the optical slug 
during the time of its contact with the cutting disc.   

It follows from (19) that, other things being equal, the 
degree of the intensifying effect of vibration oscillations 
on the productivity of the process of mechanical cutting 
of optical materials is determined by two ratios: 1. the 
ratio of the specific work for destruction of the workpiece 
surface in the vibro-impact mode of cutting to the work, 
done under traditional conditions ( )/вр стγ γ ; and 2. the 
ratio of the force of the impulses for the period of oscil-
lations under traditional cutting conditions ( ).стF Т to the 
force impulse in the transmission of oscillations to the 
machined workpiece for the time of contact between the 
slug surface and the cylindrical surface of the disc врj . 

If we assume that вр стγ γ= , then the assessment of 
the degree of influence of the forced oscillations on 
increasing the intensity of cutting optical materials can be 
calculated by the expression:  
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1 .ст
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F Т
jτη

 
= −  
 

   (20) 

From analytical studies [1], using original 
mathematical models, the expression for determining the 
magnitude of врj in the case of a vibro-impact mode of 
cutting was obtained, which has the form 

2

0

8
.ст

вр
вр

F
j C D

А с
π

ω
= ,               (21) 

where стF is the static effort; 0А - the amplitude of the 
vibrational oscillations; с  - hardness/stiffness of the 
weightless vibro-element, accepted in the models; C and 
D – dimensionless coefficients, which can be assumed to 
be equal to unity, or to be more than a unity.  

These coefficients will be equal to unity in continuous 
modes of operation of the vibrator, when 0 2 стА х= , 
where /ст стх F с=  is the value of the preliminary 
tightness in the system, determined by the static load.  

Substituting the expression (21) into (20) and 
transforming, we obtain:  

01 .
2 .ст

А
x C Dτη

 
= − 
 

   (22) 

III. CONCLUSION 
Based on the developed vibro-impact mathematical 

models, describing the process of cutting optical 
materials, a quantitative assessment of the degree of 
influence of the vibrational oscillations on increasing the 
intensity of cutting such materials can be made. With the 
increase in the amplitude of the vibrational oscillations, 
increase in the productivity of the process of cutting 
optical slugs is registered.  

The obtained theoretical assessment of the increase in 
the process productivity is valid provided that the cutting 
resistance forces of, acting in the process of machining, 
are not taken into account. Taking into account the shape 
of the cutting disc, we can conclude that as the depth of 
its cut into the optical slug increases, the wedging forces, 
trying under the action of internal stresses to push aside 
the cut-off part of the workpiece, will increase. The exact 
evaluation of the influence of the different vibro-impact 
cutting modes on the productivity of machining can be 
performed after determining the dependencies, describing 
the change in the magnitude of the pulses стj and врj , 
transmitted to the machined samples parallel to the axis x  
per unit of time, while taking into account the change in 
the wedging forces along the depth of the cut workpiece.  
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Abstract. A synthesis of the COMEZ spatial knitting 
mechanism has been developed to convert rotational motion 
around a moving axle in a reciprocating motion. The 
synthesis has been done in extremely remote positions. For 
practical application of the synthesis, a vector-matrix 
approach is proposed in Math LAB Watt programming 
environment. With the specific metric parameters of the 
head mechanism, the function definition of the position is 
considered and a proposed eight-pointed mechanism 
replacing the spatial hump of the knitting head is proposed. 
To establish the authenticity of synthesis is an example. 

Keywords: Circular knitting mechanisms, metric synthesis at 
far-off positions, geometrical synthesis, functions of the 
position. 

I. INTRODUCTION 

     
Fig.1 Real circular knitting head mechanism. 

The metric synthesis of the CKM (Circular knitting 
mechanism) at extremely remote positions can be done by 
the vector-matrix method, using the generalized approach 
applied to planar lever mechanisms out of phase by 120° 
[1, 4, 5, 6, 7 and 8]. 

Figure 1 shows a COMEZ basic mechanism 
operating with three vertical needles, and Figure 2 shows 
the kinematic diagram of the head of the same 
mechanism with two symmetrical needles. This 
mechanism is designed to entangle a textile thread into a 
diameter of a line. What will be the diameter of the 
thread, as well as its roughness, depends on the number 
of entangling needles and the diameter of the hole in the 
middle of the head. 

In order to improve the present mechanism, it is 
necessary to synthesize metrically and kinematically, by 
means of the vector-matrix method, a new structure 
which would create the possibility of entangling a cord 
from random textile threads. 

The example illustrates a knitting head synthesis used 
in COMEZ textile machines where the main problem is 
the poor entanglement of thin artificial fibers caused by 
the high values of the accelerations at characteristic 
points in the movement of the knitting needle. 

In order to make an optimal synthesis of the indicated 
mechanism with subsequent kinematic analysis and to 
ascertain the effect of the synthesis, the following 
activities were carried out: 

1. Replacement of the spatial mechanism with an 
eight-plane flat lever mechanism was made, the function 
of the position of the initial and of the provided 
mechanisms being the same. 

2. A eight-legged mechanism has been synthesized, 

https://doi.org/10.17770/etr2023vol3.7187
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which has been studied in detail in the characteristic 
points. 

3. Draw kinematic schemes for the same positions. 

4. The initial and conceded mechanisms are 
compared, each figure depicting the function of the 
change of the relative error of the executive unit between 
the initial and the resulting mechanisms. 

5. The peak values of the linear accelerations of the 
executive unit at the characteristic points of the 
mechanism are minimized. 

6. The author propose a unified approach to the 
synthesis of such mechanisms at extreme discrete 
positions (marginal synthesis M-synthesis) that can be 
applied to different types of mechanisms, both for 
guiding and for moving mechanisms. 

 
Fig.2 Kinematic diagram of a circular knitting mechanism. 

 

II. MATERIALS AND METHODS 
II.1. Synthesis of a COMEZ mechanism intended for 

the Math LAB Watt programming environment. 

1. Enter the relative linear displacements S1i of the 
center of the spherical pair B, the relative angular 
orientations θ1i of link 1, the limits and steps of change of 
the variable parameters. 

2. Enter the expressions: 
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to determine the coordinates 
iBX ′ , 

iBY ′  and 
iBZ ′  of the 

center of the spherical pair B. 

3. Enter the expressions: 
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to determine the coefficients of the system of equations: 

iAiAiBi dZcYbXa
111
=++  . 

4. With n=5 and one variable parameter, the functions 
are entered 
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and  

5A5A5B51B dZ.cY.bX.a)Y(F
111
−++=    (4) . 

The graphs of these functions are drawn and the values 
of the variable and the computational parameters are 
determined from them. 

5. With n=5 end two variable parameters, the 
functions are introduced 
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                              (5) 

 51A51A51B51B1B dZcYbXa)Z,Y(F −++=  (6).   

The isoline of the surface determined by the function 
(6) is drawn for zero values of this function. With the 
coordinates of points of this isoline (which are values of 
the variable parameters) and the functions (5), the 
calculation parameters are determined. 

6. With n=6 and two variable parameters, the 
functions (5) and 

.dZcYbXa)Z,Y(Q
,dZcYbXa)Z,Y(F

61A61A61B61B1B

51A51A51B51B1B

−++=
−++=

(7) 

The isolines of the surfaces determined by the 
functions (7) are drawn. The coordinates of their 
intersection points (which give the values of the variable 
parameters) are calculated from them and the calculation 
parameters are determined with them and the functions 
(5). 
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III. RESULTS AND DISCUSSION 
Example: To synthesize a COMEZ lever mechanism 

for driving the working head of the knitting machine at 
set: ZB1=0,015m; relative linear displacements S12=0,1m, 
S13=0,023m S14=0,020m, S15=0m; relative angular 
orientations of the leading link θ12=π/3, θ13=2π/3, θ14=π, 
θ15=2.π . 

Six discrete positions marked in Fig. 3, Fig. 4, Fig. 5, 
Fig. 6, Fig. 7 and Fig. 8 is fixed. To synthesize and draw 
the kinematic scheme of an eight-link bent mechanism for 
each of the six positions of the executive unit (knitting 
needle). 

 
Fig.3 First extreme remote position. 

 
Fig.4 Second extreme remote position. 

 
Fig.5 Third extreme remote position. 

Fig. 2 shows the kinematic scheme of the knitting 
head, where the needles are controlled by a spatial cam, 
which is subsequently kinematically reduced to an eight-
link lever mechanism, and the values of the variable 
parameter YB1=0,02m and the calculation parameters 
XB1=0,02m, YA1=-0,015m, ZA1=-0,037m. 

In the lower part of the graphs, the relative error in the 
displacements of link 3 is plotted. 

 

Fig.6 Fourth extreme remote position. 

 

Fig.7 Fifth extreme remote position. 

 

Fig.8 Sixth extreme remote position. 
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At the moment, a procedure for issuing a utility 
model (patent) has been launched at the Bulgarian Patent 
Office, related to increasing the capacity of the shown 
mechanism. This is a personal contribution of the author. 
It is related to studying the reliability of the displayed 
model. I dare to say that the synthesized mechanism is up 
to 15% more stable in operation than that of a company 
„COMEZ”. 

The present problem "Geometric sybthesis of 
COMEZ textile mechanisms at extremely remote 
positions" is conditionally divided into two parts. 1. 
Mathematical model for synthesis at extremely remote 
positions (six in number) and published in this article. 2. 
Innovative technological prototype of the circular 
knitting head, which is described and verified for patent 
purity. 

More comments about the number of needles used 
and their gauges are the subject of the utility model I am 
applying for and are not subject to comment on the math 
model. 

Moreover, in figures 3 to 8, the graphs of the 
kinematic parameters are drawn, which give an idea to 
the specialist in the field about the phase diagrams of the 
textile entanglement. 

IV. CONCLUSION 
The example made shows the synthesis of a knitting 

head used in COMEZ textile machines, where the main 
problem is the poor entanglement of thin artificial fibers 
caused by the high values of the accelerations at 
characteristic points during the movement of the knitting 
needle, namely points 1,2,3, 4,5 and 6 shown in the above 
figures. 

In order to make an optimal synthesis of the shown 
mechanism with subsequent kinematic analysis and to 
establish the effect of the synthesis, the following 
activities were carried out: 

1. The spatial mechanism was replaced with an eight-
link planar lever mechanism, while the function of the 
position of the initial and reduced mechanisms is the 
same. 

2. An eight-link mechanism was synthesized, which 
was studied in detail in characteristic points 1, 2, 3, 4, 5 
and 6. 

3. The kinematic diagrams for the same positions are 
drawn (fig. 3, fig. 4, fig. 5, fig. 6, fig. 7 and fig. 8). 

4. The initial and reduced mechanisms are compared, 
and in each figure the function of the change of the 
relative error of the executive unit between the initial and 
reduced mechanisms is plotted. 

5. The peak values of the linear accelerations of the 
executive unit at the characteristic points of the 
mechanism are minimized. 

6. The authors propose a unified approach for the 
synthesis of such mechanisms at finitely distant discrete 
positions (marginal synthesis M-synthesis), which can be 
applied to different types of mechanisms, both for 
guiding and moving mechanisms. 

7. The obtained numerical results were obtained 
theoretically and based on them a prototype was 
developed, which shows increased performance 
compared to that of the existing models. The prototype of 
the mechanism is made in a real industrial environment. 

Regarding the reviewer's comment that the literature 
used is old, I would like to say that these are the classics 
in the field of the theory of mechanisms and machines. Or 
to put it another way, the Pythagorean Theorem and 
Newton's laws are old and out of date. 
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Abstract. The article presents the interim results of the ongoing 
study 
(http://journals.ru.lv/index.php/SIE/article/view/6884/5683). 
At this stage, measurements are made with a model in which 
we combined the mechanical part with the electromechanical 
part. At the presentation stage, a model demonstrating the 
principle operation scheme of the patented device has already 
been constructed as an object of research. A rotating magnet 
was connected to the impeller (it was rotated by the impeller). 
The magnet was rotating around the stationary coils and was 
already inducing an electric current in the coils. In this way, 
the generated current and generated voltage values can be used 
as an indicator for evaluating the efficiency of the impeller. The 
experiments in question are performed with three impellers of 
different configurations, keeping other conditions analogous. 
All experiments were performed using only one rotating 
magnetic ring and one set of stationary coils. The results of 
experimental measurements show a wide spectrum and 
possibilities of increasing efficiency and demonstrate the 
principle of operation of the future device. When designing an 
impeller with turned wings, two cavities for magnets and coils 
are already provided, thus preparing for the next step in 
improving the design of the model under study and increasing 
efficiency. 

Keywords: robotic system, electricity generator, regeneration, 
electricity, wind. 

I. INTRODUCTION 
This invention [4], on the basis of which research is 

organized, is primarily intended for electric cars and 
hybrid cars with an electric drive and a battery (for 
energy storage), but it can be used much more widely. 
At the presentation stage, a model demonstrating the 
operation principle of the patented device has already 
been constructed as an object of research. The article 
presents the intermediate results of the ongoing study 
[5]. At this stage, measurements are made with a model 
in which we combined the mechanical part with the 
electromechanical part. 

The use of air flow energy is researching in studies 
of the practical application of wind power plants and 
efforts are made to maximize the use of air flow the 
kinetic energy. It was decided to make a practical study 
of this aspect in the initial stages. The essential issue of 
these stages was the need to determine the best number 
of blades for efficiency of the selected wind turbine and 
to improve the configuration of the blades based on the 
research results. The conducted studies show that it is 
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logically to stay with six-bladed propeller and for now, 
continue the research the combined mechanics and 
electromechanics parts.  

II. THE GENERAL RESEARCH MOTIVES, SELECTED 
RESEARCH PHASE 

Wind is moving air. As its speed increases, so does the 
kinetic energy associated with movement. Wind farms are 
designed to intercept kinetic energy, slow it down and 
convert it into electricity. A barrier to kinetic energy is 
created when the wind encounters the turbine blades, which 
are designed to capture the maximum amount of energy and 
thus create the largest possible barrier [2]. 

Lithuania and other European Union states are 
encouraged to switch to renewable energy in the Green Deal, 
which enshrines the aspiration to become the first climate-
neutral continent. It is argued that ecology and climate issues 
should be the priorities of the political agenda of this period, 
thus harmonizing measures promoting economic recovery 
with the long-term vision outlined in the Green Deal - to 
create a cleaner Europe. 

In the researches maintains a general trend to use 
renewable energy sources as widely as possible. 

This invention relates to the transformation of wind 
(airflow) energy into electrical energy. It is a natural, 
constantly renewing source of energy for the environment 
around us, which is environmentally friendly and protects it. 
The process itself does not bring any harmful substances into 
the environment. However, to achieve efficiency that 
provides practical benefits, a complex approach is required, 
because mechanics, electromechanics, electronics, and 
several other specific areas of practical physics come 
together here. 

In the first stages, which have already been presented, 
the focus was on the research of the mechanical part. Based 
on the research data, the impeller configuration was 
selected. The performance of these impellers was assessed 
by measurements at constant initial conditions. 

At this stage, which is presented, the electromechanical 
part has already been connected to the mechanical part. A 
rotating magnet was connected to the impeller (it was rotated 
by the impeller). The magnet was rotating around the 
stationary coils and the rotating magnet was already 
inducing an electric current in the coils. The generated 
current and generated voltage values can be used as an 
indicator for evaluating the efficiency of the impeller. 

How the generator works for electric cars (which 
involves the transformation of wind energy into electricity): 
in a wind turbine, when the air flow pressure reaches a 
critical value, the rotor starts rotating around the stator. 
Since it is a complex of several areas, a necessary condition 
for efficiency is the compatibility of individual parts and a 
positive efficiency coefficient of each step or part. The first 
link of this complex is mechanical - the wind turbine, so we 
started research from its efficiency. The accumulated 
measurement data of this stage already allows choosing 
certain impeller configurations for the next stage of 
research. The main criterion defining the efficiency of this 

stage was the speed of rotation of the impeller measured 
with the help of a tachometer. The higher the rotational 
speed of impeller at the same airflow, the more efficient 
the impeller configuration. 

At the current stage, after connecting the 
electromechanical part, the efficiency criterion is already 
changing. As it was already mentioned, the values of the 
current generated in the stationary coils and the 
generated voltage can be used as an indicator for 
evaluating the efficiency of the impeller. It opens 
opportunities to vary structural elements and use the 
same criteria for measurements. It is possible to further 
collect measurement data while improving the 
mechanical design of the vane itself (vane 
configuration). At the same time, it is already possible to 
collect measurement data of the efficiency of the 
electromechanical part (coil configurations). In this way, 
we already combine two rather important elements of the 
complex and two closely related areas, i.e., the impeller 
and the magnet rotating around the stationary coils, or 
the mechanical and electromechanical parts.  

III. EXPERIMENTAL PART AND DESCRIPTION OF 
RESEARCH 

In the already presented stage, when the air flow pressure 
in the wind turbine reaches a critical value, the air flow 
pressure is concentrated on the rotor blades, thus 
achieving a more efficient use of energy, because 
according to the selected design, all pressure is 
concentrated at the edge of the blade. Measurements of 
critical points were performed with impellers of different 
configurations (by changing the number of blades). 
Measurements were also made in real conditions 
(mockup on the roof of the car) and for comparison in 
laboratory conditions. The results of these studies have 
been discussed in previous publications. 

Based on the measurement data collected at this stage, 
the air flow conditions created in laboratory conditions 
correspond to the parameters of the passing air flow of a 
car traveling at a speed of 50 km/h. Under these constant 
conditions, further measurements and comparative 
analysis of various designs are carried out. 

During this stage, measurements are made by changing 
the air flow adjustment in the incoming mock-up 
opening (Fig. 1). 
 
 

 
Fig. 1. Model. 

It was also possible to perform measurements by 
changing the air flow at the outlet (Fig. 2). This design 
of the model makes it possible to study the influence of 
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the air pocket on the work of the turbine itself, but we are 
not yet ready for this kind of research. So, it remains for 
perspective stages. 

 
Fig. 2. Skeleton of the model. 

Experiments are performed with three impellers of 
different configurations keeping other conditions analogous. 

 
Fig. 3. Impeller (Airfoil) configurations. 

As an indicator when evaluating the efficiency of 
impellers, we use the values of the current generated in the 
stationary coils and the generated voltage (tables and 
graphs). 

All experiments were performed using only one rotating 
magnetic ring and one set of stationary coils. However, 
when designing an impeller with turned wings (Fig. 4), two 
cavities are already provided for magnets and coils, but this 
is for the next stage of experiments. 

 

 
Fig. 4. Impeller with turned wings. 

The most elementary active load impedance scheme was 
used to evaluate the efficiency of the impellers (Fig. 5). 

 
Fig. 5. Scheme of measurements. 

Multimeter XMM1 (voltmeter) measured the voltage 
on the load resistance, and multimeter XMM2 (ammeter) 
measured the current flowing in the circuit. 

IV. MEASUREMENT RESULTS AND SUMMARY 
In this case, the recording and comparison of the 

averaged values was decided to appoint as enough. The 
table of characteristic data measurements looks like this 
(Fig. 6). One multimeter XMM1 (voltmeter) measured 
the averaged (in AC mode) voltage on the load 
resistance, while the other multimeter XMM2 (ammeter) 
measured the averaged current flowing in the circuit (in 
AC mode). When working in the environment of critical 
conditions, such measurement accuracy is sufficient. 

 

 
Fig. 6. Table of measurement results. 

 

The table immediately shows that in one position the 
impeller does not rotate at all, although the passing air 
flow at the outlet is even faster than in other cases. This 
shows that we are working in an environment of critical 
conditions. The line between action and non-action is 
very close. This provides excellent opportunities 
research for improving the efficiency and this is 
immediately noticeable in the measurement table. When 
the impeller is not rotating, it can be assumed that the air 
flow does not lose some of its kinetic energy and 
therefore the speed of the outgoing air flow is higher. 
Another rather obvious assumption based on these 
measurement results is that the most efficient air flow 
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concentration is in the gap of one wing height. When 
evaluating prospects, it should be taken into account that 
both the theory and practice of wind energy show that the 
energy of the air flow is proportional to the cube of its 
speed [1]. 

 

 
Fig. 7. Current distribution graph. 

 

Analyzing the graphic representation of the 
measurement domains (Fig. 7), we drew the curves of the 
dependence of the current on the height of the inlet air flow 
for different vane configurations. Although wind energy 
studies emphasize that the amount of air flow energy almost 
directly depends on the mass of the air flow passing the 
vane1, from the graphs we can assume a slightly different 
variable dependence characteristic of this design. Increasing 
the height of the inlet opening also increases the mass [1] of 
the air flow past the vane, but the energy changes slightly, 
and after reaching a certain value, it even starts to decrease 
and probably quite suddenly. This observation encourages a 
more careful study of structural features and the search for a 
combination that can ensure the highest possible efficiency. 
You should also pay attention to the fact that the speed of 
the exit air flow starts to decrease when the height of the 
entrance channel is increased (emphasis in the measurement 
table). Only in the case when the impeller is no longer 
rotating, the speed of the outgoing air flow has increased 
slightly. 

The graph of current dependence was selected for 
analysis. The voltage and power graphs are very similar to 
the current dependence curves, so we will not analyze them 
in detail. One of these dependencies is sufficient for the 
examination of characteristic features at this stage. 

When combining mechanical and electromechanical 
parts, quite a number of interesting nuances emerge, which 
should be studied in more detail, so the field of research can 
and should probably be expanded. Well, to achieve practical 
progress, it would be logical to choose the direction of the 
most promising efficiency coefficient based on the available 
measurement data and not to delve into possible parallel 
studies and solutions. This dilemma disturbs many 
researchers, and the decision is not easy, but necessary, as 
both available resources and physical capabilities must be 

considered. By connecting the electrical and electronic 
parts to the available mechanical and electromechanical 
parts, the nuances that are worth investigating in more 
detail will probably appear even more, so the 
possibilities for improvement remain wide and tempting. 

This research project and the scientific research areas 
revealed in it are relevant not only in a scientific or 
applied practical sense, but also their pedagogical aspect 
remains very important in developing the curiosity of our 
students and promoting cognition. 

V. CONCLUSIONS AND SUGGESTIONS 
The results of experimental measurements show that 

the amount of electricity generated using one rotating 
magnet and one set of stationary coils is small for 
practical use, but such a mock-up already demonstrates 
the principle of operation of the future device. The 
positive efficiency factor of the mechanical part 
(impeller configuration) achieved at this stage already 
allows us to move on to the studies of the efficiency 
factor of the electromechanical part (coils and magnets) 
and the mutual coordination of these two parts. For 
further research, two sets of rotating magnets about 
stationary coils can already be used. Configuration will 
allow more energy to be extracted and observed, but with 
increased resistivity, so measures may need to be taken 
to maintain the boundary conditions. 
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Abstract. the article analyzes the improvement of operational 
processes by ensuring the safety of work in production. The 
problem raised in the research: how to ensure work safety by 
improving the company's operational processes in production? 
The object of work is the possibilities of improving operational 
processes by ensuring work safety. The aim of the work is to 
analyze the possibilities of improving operational processes by 
ensuring work safety in production. Job objectives: to analyze 
the possibilities of improving operational processes by ensuring 
work safety from a theoretical aspect; to investigate the 
possibilities of improving operational processes by ensuring 
work safety in the production company; prepare a plan for the 
improvement of operational processes by ensuring work safety 
in production. Research methods: analysis of scientific 
literature and other informational sources; data collection and 
systematization method; descriptive analysis method used to 
report research data; the summarization method is used to 
evaluate the results of the analysis; the research uses data 
analysis and observation method. 
After conducting the research and analyzing the measures 
applied in the operational processes, ensuring the safety of 
work in production, a plan for improving the operational 
processes was prepared and presented, which offers specific 
measures for increasing the efficiency of the processes and 
reducing the risk of accidents. The measures implementation 
plan is designed to solve existing problems in the company's 
operational processes, offering recommendations on how to 
reduce or completely eliminate accidents by ensuring work 
safety. The proposed plan will help minimize the risk of 
accidents at work by ensuring work safety in operational 
processes. The created plan for improving operational 
processes with measures by ensuring work safety and reducing 
the risk of accidents at work is universal and can be applied in 

 
1 Accident statistics in Lithuania. [Looked 09-05-2022]. 
https://www.vdi.lt/PdfUploads/NAprognozeVeikla2022.pdf 

other manufacturing companies that seek to improve 
operational processes by ensuring work safety. 

Keywords: operational processes, work safety, production. 

I. INTRODUCTION 
Relevance of the topic. Every year, accidents at work 

cause staggering costs in terms of loss of life, pain and 
suffering, lost wages for injured workers, damage to 
production facilities and equipment, and lost production 
opportunities. Accidents at work result death, injury and 
many lost days of work and huge costs to the company, 
including lost wages, medical and rehabilitation benefits, 
insurance administration costs, loss of property, lost 
production and other indirect costs. For these reasons, the 
safety of industrial works remains one of the most 
important priorities of the company's operations. 

The extent of the problem can be seen in the number of 
accidents. More than 40 accidents 1  occur in Lithuania 
every year. The consequences of accidents at work are 
often complex. Since almost a third of the causes of 
absenteeism are factors related to the work environment, 
improving the work environment could reduce 
absenteeism. 

Accidents at work are a heavy social and economic 
burden. Many authors [12], [7], [4] analyze the economic 
aspects of accidents at work, while the social aspect of 
accidents is highlighted by [2], [8], [3], [1], [13] and 
others. in their works. The consequences of an 
irresponsible approach to safety at work are often 
disastrous for both parties: employers must pay 
considerable compensation if an employee is injured or 

https://doi.org/10.17770/etr2023vol3.7313
https://creativecommons.org/licenses/by/4.0/
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killed, and employees lose their most valuable asset - 
health or even life. Work safety in the company's 
operational processes is an important area, the purpose of 
which is to ensure safe and healthy working conditions. 
Therefore, the scientific problem is expressed in the 
question - how to ensure work safety while improving the 
company's operational processes in production? 

The object of work is the possibilities of improving 
operational processes by ensuring work safety. 

The aim of the work is to analyze the possibilities of 
improving operational processes by ensuring work safety 
in production. 

The objectives: 
1. To analyze the possibilities of improving operational 

processes by ensuring work safety from a theoretical 
perspective. 

2. To investigate the possibilities of improving 
operational processes by ensuring work safety in a 
production company. 

3. To prepare a plan for the improvement of operational 
processes by ensuring work safety in production. 

The research methods: analysis of scientific literature 
and other informational sources; data collection and 
systematization method; descriptive analysis method used 
to report research data; the summarization method used to 
evaluate the results of the analysis; the research uses data 
analysis and observation method. 

II. MATERIALS AND METHODS 
The concept of occupational safety in the company's 

operational processes. Occupational safety is one of the 
most important conditions for work organization in the 
operational processes of every company. All workers have 
the right to work in decent and healthy conditions. 
Sufficient attention must be paid to the safety and health of 
employees, especially in high-risk production companies. 
The Occupational Safety and Health Act of the Republic of 
Lithuania requires that employers in every company, 
regardless of its form of ownership and lines of activity, 
create safe and healthy working conditions for employees. 

Failure to ensure occupational safety leads to accidents 
at work. Accidents at work are unexpected and unplanned 
events, including acts of violence, arising out of or related 
to work, which may result in the injury, illness or death of 
one or more workers [6]. Since occupational accidents are 
considered to be travel, transport or road traffic incidents in 
which workers are injured and which arise out of or in the 
course of work, i.e. when they are engaged in economic 
activity, work or business activities. Accidents at work are 
considered to be accidents that occur not only at the 
workplace, but also when going to work or from work on a 
regular route, to places of work-related training, where they 
can cause death or injuries [14]. 

The notification of the accident and the procedure for 
its investigation depend on the degree of severity of the 
accident. According to their consequences, accidents at 
work are divided into: 

- deadly accidents - events that cause an employee to 
suffer a health and life-threatening injury and die 
immediately or after some time as a result; 

- serious accidents - events that result in an injury to 
the employee's health and life; 

- minor accidents - events due to which the employee 
suffers an injury and loses his ability to work for at 
least one day and which is not classified as a serious 
accident at work; 

- incidents - this is a work-related event, as a result of 
which the employee does not suffer health damage 
or does not lose working capacity due to the health 
damage suffered (see Table 1). 

 
TABLE 1 ACCIDENT ASSESSMENT AND INVESTIGATION PROCEDURE 

 
Grade of severity 
of the accident 

Description of 
the accident 

Investigation 
procedure 
 

Deadly accident an event that 
results in an 
injury to the 
worker's health 
and life, resulting 
in immediate or 
delayed death 

The investigation is 
carried out by an 
inspector appointed by 
State Labour Inspection, 
with the participation of 
the employer's 
representative and the 
employee's safety and 
health representative. 

Serious accident an event that 
results in an 
injury to the 
employee's 
health and life 

The investigation is 
carried out by an 
inspector appointed by 
State Labour Inspection, 
with the participation of 
the employer's 
representative and the 
employee's safety and 
health representative. 

Minor accident an event 
resulting in an 
injury to an 
employee and 
loss of working 
capacity for at 
least one day and 
which is not 
classified as a 
serious accident 
at work 

After the investigation, 
a bilateral commission 
approved by the 
employer is composed 
of a representative of 
the employer, who is 
appointed by the 
company manager and a 
representative of the 
employees for safety 
and health. 

Incidents it is a work-
related event that 
does not result in 
the employee 
suffering health 
damage or loss 
of working 
capacity due to 
the health 
damage suffered 

After the investigation, 
a bilateral commission 
approved by the 
employer is composed 
of a representative of 
the employer, who is 
appointed by the 
company manager and a 
representative of the 
employees for safety 
and health. 

 
An occupational injury is any bodily injury, damage to 

body tissue or death resulting from an accident at work. 
Occupational injuries result in more time lost from work, 
productivity and working years than any other health 
condition [14]. Injuries are a leading cause of worker 
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morbidity and mortality. Thousands of people die every 
year due to industrial accidents and the number of disabled 
people is also staggering. Many workers experience work-
related injuries that result in lost work time, treatment, loss 
of consciousness, work or movement limitation, or transfer 
to another job. Injuries at work continue to take lives, harm 
physical and psychological well-being and drain resources 
of workers and their families when occupational safety is 
not followed. The total human, social, and financial toll of 
injuries at work is enormous, matching the burden of health 
care products such as cancer and cardiovascular disease. 

It is very important to take the necessary measures to 
protect the safety and health of employees, including the 
prevention of types of occupational risk, information and 
professional training, as well as the necessary 
organizational measures to prevent accidents in the 
company's operational processes. Safe work is a relevant 
practical, theoretical and scientific problem, therefore it is 
necessary to analyze the existing organizational, technical 
and other causes of industrial injuries in the work processes 
that prevent the work environment from being made 
harmless and safe, to assess their economic damage and to 
provide ways to reduce them. Causes of occupational safety 
violations in the company's operational processes. When 
analyzing work safety violations in the company's 
operational processes, it is first necessary to clearly define 
the processes taking place in the company and the most 
common accidents in those processes. 

In a production company, all processes begin with the 
acceptance of orders, i.e. stage of production planning 
according to customer demand. Service or production of 
goods is planned according to the number of orders. After 
that, the need and quantity of materials is assessed. If there 
is a need, materials are ordered. When the preparatory work 
is completed, the production phase begins, the production 
of the ordered quantity of goods, i.e. performing the 
requested service. Later, everything goes to the customer, 
i.e. the final process takes place - satisfaction of the 
customer's need. 

Violations of occupational safety are observed in all 
processes, but in manufacturing companies they mostly 
occur in the stages of the production process. Therefore, it 
is necessary to create safe conditions and comply with work 
safety requirements, which could reduce the number of 
accidents due to work safety violations in the company's 
operational processes. 

In both private and public companies, institutions and 
organizations, regardless of their type of activity, the type 
of employment contract concluded, the number of 
employees and the like, the principle of creating safe and 
healthy working conditions must be applied without any 
exceptions. Its operation and implementation is ensured by 
establishing the basic legal requirements for employee 
safety and health (i.e. work environment, workplaces, work 
organization), which establish the employer's duty to 
ensure the safety and health of employees, control over the 
implementation of this duty and responsibility for it [15]. 
Consequences of occupational safety violations in the 

company's operational processes. The consequences of 
accidents at work are significant. At the national level, 
accidents at work cause negative consequences for the 
labor market (people's employment) and the economic 
development of the country, and from the company's point 
of view - for a decrease in operational efficiency (making a 
profit). In the developed countries of the world, the 
consequences reach 2-4 per cent of GDP [5], [10], [11], so 
they are often attempted to be counted, especially in those 
countries that pay great attention to the prevention of 
accidents at work [1], [9], [13], [4]. They can be broadly 
divided into social and economic consequences. Table 2 
below shows the consequences of accidents at work. 

 
TABLE 2 SOCIAL AND ECONOMIC CONSEQUENCES OF ACCIDENTS AT 

WORK 

 
Accidents at work, injuries at work and deaths occur 

for a variety of reasons. Many traditional theories about 
the causes of accidents at work focus on the worker. There 
have been many attempts to develop a predictive theory of 
accident causation, but none has been universally accepted 
to date. Researchers in various fields of science and 
engineering have attempted to develop a theory of accident 
causation to help identify, isolate, and ultimately eliminate 
the factors that contribute to or cause accidents. 

Possibilities for improving business processes while 
ensuring work safety. Prevention of preventable injuries is 
an important task of human resource management. 
Intervention to reduce occupational injury should be 
multifaceted to be successful. In order to influence the 
incidence of injuries and the underlying morbidity, a 
combination of activities at different levels, workplace 
visits, risk assessment activities, development projects 
targeting specific risks, print and electronic media 
campaigns, and surveys of general public attitudes are 
needed. The next step in the intervention should be a 
thorough analysis of specific tasks and identified risks, as 
well as systematic collection of risk scenarios from 
affected workers using critical incidents and other 
methods. Professional and task-specific engineering, 
ergonomics and design solutions should be developed for 

Social implications Economic implications  
For government  For a company 

- Early retirement due 
to disability; 
- Absenteeism, i.e. 
absence from work 
due to injury or 
occupational disease; 
- Unemployment due 
to reduced working 
capacity, when the 
right to pension or 
compensation is not 
granted; 
- Loss of income 
when family members 
are unable to work to 
care for the victim. 

- Health care and 
rehabilitation 
costs; 
- Sickness 
benefits; 
- Incapacity 
compensations; 
- Death benefits; 
- Declining GDP. 

- Additional costs 
due to 
replacement; 
- Additional costs 
for hiring and 
training a new 
employee; 
- Lost production 
time; 
- Damage to 
equipment, 
materials, 
products; 
- Increased 
insurance costs; 
- Managers' time 
dealing with 
accidents at work. 
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the various problems listed above. In choosing such 
applied developmental activities, priority should be given 
to reducing the severity of injuries. The significant 
reduction in fatal injuries may reflect changes in work 
organization, greater automation and better safety 
standards. Knowledge of predictors of work-related 
injuries, comprehensive training of workers can contribute 
to injury prevention strategies, especially among newly 
hired workers. 

Companies with different database configurations can 
create a standardized occupational injury surveillance 
database. Personal protective equipment has dramatically 
reduced the incidence of injuries and days off sick leave. 
An effective safety program results from a 
multidisciplinary effort that leverages the input and 
interaction of many groups within an organization. 
Establishing a plant-level safety committee to administer 
the program is essential to a successful program. The 
selection committee should consist of top managers (plant 
manager or designee and production unit managers) and 
the plant doctor or nurse, safety manager, plant level 
personnel managers and labor representatives. This 
committee should oversee the departmental safety 
committees that run the day-to-day safety program and 
deal with plant floor issues. For a safety program to be 
effective, it is essential that departmental committees are 
formed to encourage the active participation of supervisors 
and hourly workers. 

Senior managers must develop the security policy, 
build it into the program, and ensure that the program is 
effectively implemented. 

In summary, it can be said that the most important 
thing in every organization is the implemented safety 
policy, which includes the organization's obligations to 
ensure a safe environment, compliance with requirements, 
training of employees, planning of improvement of work 
safety systems, control of employees, etc. 

III. BASIS OF EMPIRICAL RESEARCH 
The aim of the research is to perform an analysis of 

accidents at work in the food production company, 
determining the most common causes of accidents and to 
prepare a plan for improving operational processes in 
production, ensuring work safety. 

Data used in the study. In order to carry out an 
analysis of accidents at work in the food production 
company, company's documents are analyzed in an 
empirical study and observation is carried out. 

Research period. The study was conducted in April-
May, 2022. The research was conducted in accordance 
with the following logical structure: the research problem 
is formulated, then the research is designed, research 
methods are selected. In the next stage, an investigation is 
carried out, information is collected, data is analyzed, a 
plan for improving operational processes is prepared, and 
conclusions are presented. 

Research data collection method. The following 
methods were used in the research: analysis of company 
data, observation - with the participation of the researcher 

in the observation process (observation included). 
Monitoring was chosen because it provides a purposeful 
and planned opportunity to obtain data on phenomena, 
processes, behavior occurring in the company's 
environment, i.e. to see reality as it really is. 

Research ethics. During the research, 
compliance with ethical principles was ensured: privacy, 
anonymity, confidentiality, benevolence, justice, the right 
to receive accurate information about the research and the 
results of research use, and the company's data protection 
was respected. Company's name is not allowed to publish. 

IV. RESULTS AND DISCUSSION 
Analyzing the processes carried out in the food 

production company to ensure work safety, first of all it is 
determined how the working conditions and working tools 
in the company meet the requirements set out in the 
occupational safety and health regulatory acts, assessing 
the occupational risk in workplaces or other places of the 
company where the employee may be working on time. 

There are many different processes in the company in 
different departments of the company, but accidents 
happen only in the production department during the 
production processes. 15 accidents occurred in the 
production department during the three years' period: 8 
accidents in 2019, of which two were serious accidents, 
when the investigation was carried out by labour 
inspectors from the State Labor Inspectorate of the 
Republic of Lithuania, 4 accidents in 2020 and 3 accidents 
in 2021. Analyzing the data of the accidents in the 
company in 2019-2021, there is a trend of decreasing 
number of accidents.  

When examining the circumstances and reasons given 
in the acts of accidents at work, the causes of all accidents 
at work are grouped into separate large groups. The 
analysis shows that in most cases of accidents at work 
there are 2 main groups of causes of accidents at work: 

1) dangerous (extreme) situation; 
2) inappropriate behavior that occurred in the course 

of production activities. 
The further possible causes of the emergency situation 

or the sequence of events depend on the compliance of the 
work tool with all human safety and health requirements, 
on organizational and environmental factors, as well as 
hygienic, domestic, sanitary conditions. In the second 
group, risk-taking, non-observance of safe work methods 
and methods, violation of rules, regulations, production or 
behavioral errors would prevail. 

Safety and health issues are an integral part of accident 
prevention. They are relevant all the time. In accordance 
with the provisions of the Occupational Safety and Health 
Act, the employer must plan and implement preventive 
measures at all stages of the company's activity, so that 
employees are protected from dangers and occupational 
risks, or it is reduced as much as possible. For that purpose, 
he organizes an accident risk assessment in accordance 
with the Occupational Risk Assessment Regulations: 

• before starting or commencing operations; 
• periodicity determined by normative legal acts; 
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• after changing the technological process or starting 
to use new dangerous substances; 

• after the installation of collective protection 
measures or their modernization; 

• if a serious or fatal accident at work occurs in the 
company and after its investigation it is established 
that a risk factor could have been the cause of the 
serious or fatal accident at work; 

• upon detection of violations of Occupational Safety 
and Health Act normative legal acts at the request 
of labor inspectors, etc. 

It is important for the company to be well aware of the 
hazards encountered in its activities, the risks posed by 
these hazards and the protective and preventive measures 
that must be applied to eliminate the hazards or reduce the 
risk to an acceptable level. 

As the analysis of the documents shows, after taking 
preventive measures and installing additional devices, the 
number of accidents at work decreased significantly and in 
2020 there were only four of them, the main reasons of 
which are non-compliance with safety rules, inattention, 
carelessness. Serious accidents at work were avoided. 

Meanwhile, three accidents occurred in 2021, all of 
them in the production department, i.e. in production 
processes. The main reason is non-compliance with safety 
rules. Serious accidents at work were avoided. In all cases, 
additional training was organized to ensure that the same 
accidents do not recur in the future, and employees are 
required to be more attentive and comply with safety rules. 

Since all accidents occurred due to non-observance of 
workers' safety rules, their incompetence, carelessness and 
inattention, after each accident, training is organized in 
which workers are familiarized with safety requirements, 
their powers and work tools. Courses on the 
implementation of occupational safety and health 
requirements in companies and general training on the 
principles of occupational safety and health assurance, 
which all employees must follow, are organized. An 
annual health check-up of employees is mandatory and the 
regime of work and rest time in the company is 
determined, in accordance with the laws and 
recommendations of the government. 

Most accidents happen when working with devices, so 
potentially dangerous devices are constantly maintained 
and their technical condition is checked. Personal 
protective equipment is constantly being purchased. All 
premises - household, sanitary and hygienic - are equipped 
to ensure the safety and health of employees. Research is 
being conducted on the impact of physical factors (noise, 
vibration, heat, electromagnetic fields, lighting, 
microclimate) on workers' health. Constantly conducted 
risk assessment studies for the identification of risks of 
accidents in the company's operational processes. We are 
looking for measures that could minimize that risk. Plans 
are prepared and implemented, effectiveness and 
adequacy of measures are studied. Penalties for non-
compliance with these rules have also been introduced. 

After the analysis of accidents in the company's 
operational processes, it was found that all accidents 
occurred during production processes, mostly in non-
compliance with safety rules. 

After carrying out a study on the operational processes 
ensuring work safety in the production company and 
determining the main causes and consequences of 
accidents, a plan for improving the operational processes 
was drawn up with measures that ensure work safety and 
reduce the risk of accidents at work (see Figure 1). 

The results of the organization's activity do not appear 
by themselves - they are generated in the processual 
interaction of activity factors. The quality of the 
organization's performance results directly from the 
quality of these interaction processes. The quality of 
results is influenced by various aspects of the interaction 
of operational factors, but one of the most important is 
ensuring the optimality of process management, ensuring 
the safety of work in the branch. The organization's 
activity is a complex multi-faceted activity; therefore it 
functions by formulating and realizing complex integrated 
goals, the main of which is to minimize risks and avoid 
accidents at work, ensuring optimal and safe working 
conditions for employees. 

Company processes are characterized by process 
content, process flow and operations and process 
participants. The process improvement content covers 
three areas: accidents (dangerous situations and 
inappropriate behavior), periodic training and preventive 
measures. The course of the processes is defined by the 
proposed measures: introductory training, training at the 
workplace, general training, protective equipment, health 
check, collective protective equipment, occupational risk 
assessment, ergonomics, communication, improvement 
plan. These measures are divided into smaller processes 
that take place at all structural levels of the organization. 

The created plan for improving operational 
processes with measures that ensure work safety and 
reduce the risk of accidents at work is universal and can be 
applied in other manufacturing companies that seek to 
improve operational processes, ensuring work safety. 

Summarizing the results of the research, the 
assumption should be formulated that, by applying the 
created plan for improving operational processes in 
production, ensuring work safety, specific measures for 
increasing the efficiency of processes and reducing the risk 
of accidents are offered. The measures implementation 
plan is designed to solve existing problems in the 
company's operational processes, offering 
recommendations on how to reduce or completely 
eliminate accidents and ensure work safety. The proposed 
plan will help minimize the risk of accidents at work. 
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Fig.1. The measures implementation plan. 

 

 
 

V. CONCLUSIONS 
1. After analyzing the possibilities of improving 

operational processes while ensuring work safety 
from a theoretical point of view, it can be stated that 
the operational processes of the organization are the 
practical result of the functions it performs, which are 
an expression of the realization of the company's 
goals. This shows that the goals, functions and 
operational processes of the organization are 
elastically related. And ensuring work safety and 
reducing the risk of accidents allows you to achieve 
the most efficient desired result in operational 
processes. 

2. After carrying out a study of the possibilities of 
improving operational processes while ensuring 
work safety in the food production  company, it was 
determined that all accidents occurred in the 
production process. After analyzing their causes and 
applied measures, it was found that the number of 
accidents has significantly decreased in recent years, 
and serious accidents have been completely avoided, 
which allows us to conclude that the applied 
measures are effective and should continue to be 
applied in the company's operational processes. 

3. After conducting a study and analyzing the measures 
applied in the operational processes, ensuring the 
safety of work in production, a plan for improving 
the operational processes was prepared and 
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presented, which offers specific measures for 
increasing the efficiency of the processes and 
reducing the risk of accidents. The measures 
implementation plan is designed to solve existing 
problems in the company's operational processes. 
The proposed plan will help minimize the risk of 
accidents at work, ensuring work safety in 
operational processes. 

VI. RECOMMENDATION 
The study let form the measures implementating plan 

for work safety in production, ensuring the safety of work 
in production, improving the operational processes, which 
offers specific measures for increasing the efficiency of 
the processes and reducing the risk of accidents, is 
recommended to apply in any food production company. 
It can help to solve existing problems in the company's 
operational processes. The proposed plan can help 
minimize the risk of accidents at work, ensuring work 
safety in operational processes. 
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Abstract. In the present study, the peculiarities of local heat 
treatment with a concentrated light energy flow of non-
metallic materials are traced. Mathematical dependences are 
presented for determining the surface density of the 
absorbed power - W(r), the thermal power - Po, and other 
characteristics in case of local thermal impact on the surface 
of non-metallic materials with a concentrated light energy 
flow. 

Keywords: concentrated light energy flow, non-metallic 
materials, surface thermal effect. 

I. INTRODUCTION 
Electrothermal technological processes are the basis of 

modern industrial development. By their nature, they are 
divided into two large groups [6,7,8]: 

• Electrothermal physical processes; 

• Electrothermal chemical processes. 

Physical electrothermal processes include a large 
group of electroerosion, plasma, electron beam, ion and 
light (laser) technologies for shaping and shape change. 

Electrothermal technologies, together with controlled 
(by composition) gas environments and vacuum, become 
the basis for the development of special metallurgy, the 
production of quartz and optical fibers, the production of 
metallic amorphous materials, the processing of 
semiconductor and dielectric materials [2,3]. 

The development of electrothermal technologies leads 
to the emergence and possibility of processing new 
materials (extremely necessary for the development of the 
electrotechnical industry, electronics, medicine and other 
branches of the economy) with increased operational 
properties, extended life and increased reliability [4]. 
Many of the new materials cannot be processed by existing 
conventional (casting, plastic deformation, etc.) 
technologies. In turn, the development of methods for 

obtaining new materials leads to the development of new 
methods of processing and their modification. 

The purpose of this publication is to examine the 
peculiarities of processing non-metallic materials by local 
thermal impact with a concentrated light energy flow 
(laser processing). 

II. RESULTS AND DISCUSSION 
Under the influence of a powerful energy flow on the 

processed surface of the materials, the absorbed energy is 
converted almost instantly into heat and creates a 
secondary (local) source of heat on the surface or in the 
volume of the material. The dynamics of temperature 
change, the distribution of temperature fields in the 
material, as well as the appearance of phase transitions and 
opportunities for local thermal processing are mainly 
determined by this secondary heat source [9,10]. 

The thermophysical task of heating the material under 
the influence of the secondary heat source during laser 
processing has no analytical solution [1,11]. Simplifying 
assumptions are made about the shape of the incident 
energy pulse, about the thermophysical properties of the 
medium and their temperature variation, and about the 
boundary conditions, which at the present time give 
solutions with satisfactory accuracy. 

In this regard, it is appropriate to create a method for 
local thermal treatment, based on simplified 
thermophysical considerations related to the local thermal 
action of pulsed heat sources in the solid body [1]. 

The controlled thermal (physical) state of the material 
in the zone of influence of the heat source, by changing the 
surface density of the absorbed power, by changing the 
focused energy spot, or by using pulses of different 
duration and energy is the basis of a wide class of 
electrophysical technologies and especially the laser ones. 

https://doi.org/10.17770/etr2023vol3.7275
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The thermal impact on the material takes place in the 
area of action of the secondary source and in the area of 
action of the heat wave propagating as a result of thermal 
conduction. In this situation, an increase in the temperature 
of the material is accompanied by: 

• change in the optical, electrical and thermal 
properties of the material; 

• occurrence of thermomechanical stresses; 
• phase transitions of the material; 
• activation of diffusion processes; 
• thermochemical changes in the surface laye 
As a result, high heating rates are realized - up to 1010 

K/s, and cooling - up to 108 K/s, which determines the 
large temperature gradient - 106 K/s [7]. 

Local laser processing of the material is the result of 
the appearance and use of powerful light fluxes that act on 
the surface of the processed product. It can be considered 
as localization to the maximum extent of the thermal 
impact along the radius - r, of the beam (most often 
according to the Gaussian distribution of the surface power 
density) and in the depth of the material - along the z axis 
- fig.1. 

 

 
Fig.1. Schematic diagram of local surface laser thermal impact on non-

metallic materials depending on the penetration depth - δ  
and the size of the workpiece – R. 

 
Depending on the transparency of the material at 

δ<<dF, a surface heat source is formed with a different 
distribution of the absorbed power density W(r,z) - fig.2. 

When processing non-metallic materials, the normal 
(Gaussian) distribution is the most common power density 
distribution law – I(r), in the normal section of the energy 
beam (or in the contact spot). Its corresponding local heat 
source is also characterized by a normal distribution of the 
surface density of the absorbed power – W(r), and can be 
calculated by formula 1: 

 

W(r) = Wo exp (-k.r2) = A.Io.exp(-k.r2)             (1) 
 
where: k – flow concentration coefficient 
                  characterizing the shape of the normal 

distribution curve. 
 

 
Fig. 2. Formation of surface secondary heat source depending on 

the transparency of the material. 

 
The thermal power of the local heat source – P0. we can 

obtain by integrating the surface power density W(r) over 
the surface of the contact spot - SF = π.rF

2 (formula 2). 
 
P0=∫(s)W(r) . d F = (π/k) . W0                                            (2) 

                                                                                         
With a uniform distribution of the surface power 

density – W(r) along the radius of the contact spot or with 
W = W0 = const the thermal power – Po can be determined 
by expression 3: 

 
Po = SF . Wo = π.rF

2. Wo                                 (3) 
 

In this situation, with the same heat power - Po, the two 
distributions have the same surface power density - Wo, if 
the flow concentration coefficient is k = 1/rF

2 (or rF
2 = 1/k), 

we can take the radius rF as the radius of the contact spot 
- fig.3 

 

 
 

Fig. 3. Power equivalence of Gaussian and uniform surface distribution 
of power density at dF = 2rF. 
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Therefore, we can refer to the case of a normal 
distribution and calculate with equation 4 all the solutions 
derived for a uniform distribution of the surface power 
density: 

 
W(r)  = Wo exp (-r/ rF)2                                     (4) 
 
Depending on the way of absorbing the energy of the 

incident light beam, we can distinguish two typical cases: 

• continuous absorption during the penetration of the 
light beam into the material; 

• penetration of the light beam into the material at a 
certain depth - δz, without absorption, after which 
the absorption is distributed uniformly in all 
directions with continuous weakening with 
distance from the center (isotopic diffusion 
scattering). 

When processing non-metallic materials with radiant 
heat transfer in laser processing, there is a continuous 
absorption of energy deep into the material. 

Therefore, we can determine the depth of penetration 
with equation 5: 

 
δ = 1/α                                                                     (5) 
 
where: α – attenuation coefficient of the light wave. 
 
The dependence of absorption on the depth of 

penetration (Bouguer-Lambert law) is valid for a uniform 
distribution of the power density - Wo, in the energy spot 
of interaction with a diameter dF - fig.4. 

 
W/Wo = exp (α z) или W/Wo = exp (-δ.z)      (6) 
 
where: δ2 = ρ / (π.μ.f) 
 
Therefore, in the case of beam machining of non-

metallic materials and a Gaussian distribution of the 
surface density of absorbed power in the contact spot, the 
depth distribution of the machined zone can be determined 
by the expression 7: 

 
W/W0 = exp{-[2r/dF)2 + (z/δ)]}                           (7) 
 

 
Fig. 4. Distribution of surface energy (relative power density W/Wo and 
relative overheating Θ/ Θmax) during laser processing of non-metallic 

materials. 

III. CONCLUSIONS 
From the conducted experiments and the results 

obtained, it is proved that the local heat sources during 
laser processing of non-metallic opaque materials are 
characterized by a temperature distribution field that 
follows the distribution of the absorbed energy density - 
W(r,z). 

In practice, when processing non-metallic materials 
with a laser-type heat source, the maximum temperature is 
registered on the surface of the material. 
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Abstract. The analysis of surveys conducted in Bulgarian 
companies proves that the quantity and quality of human 
capital to the greatest extent determine the long-term 
potential for sustainable organizational development. 
Aware of the need for investment in human capital, more 
and more company leaders and managers are focused on 
creating value for their business through training and 
development of their employees; building knowledge, skills, 
competences and motivational attitudes towards the 
changing working environment in Industry 4.0. The article 
examines flexible forms of work and creative approaches to 
increasing the satisfaction and engagement of employees in 
the implementation of strategic company goals.  

Keywords:  changing working environment, Industry 4.0, 
human capital,  flexible forms of work. 

INTRODUCTION 
Industry 4.0 completely transforms the production 

processes and has an impact on the world economy and 
politics, as well as on society and the individual - a carrier 
of capital and the most important resource for each 
company. Knowledge, intelligence and the quality of 
human resources have long become decisive forces for the 
prosperity of any nation. 

In digital transformation, human capital is the core of 
any organization and business for the creation of value. 
Human capital is a system of competencies - knowledge, 
skills, qualities and attitudes to work (inherent in the 
workforce) that are driving forces for the creation of 
economic, social and personal well-being, through higher 
productivity and quality of performance and through the 
achievement of the strategic goals of the organization. 
Due to the specifics of human capital, resulting from the 
personal characteristics of each individual person in the 
organization, it is difficult to measure and therefore - the 
most difficult to manage. It is created and managed in a 
dynamic, highly competitive business environment and is 

influenced by a variety of critical factors. The growing 
interest in human capital can be explained by the change 
in the understanding of economic development factors. 

 
 

Fig.1. Major factors changing the work environment. 

 

Globalization, changing economic and social 
conditions, the introduction of innovative digital 
technologies are some of the factors requiring the need for 
changes and restructuring of labor markets. Flexicurity is 
a holistic approach to labour market policy that provides 
workers with secure jobs the opportunity to quickly find 
new ones. Flexibility implies a smooth transition of 
workers to rapidly changing working conditions. 
Flexibility and security go hand in hand. They are aimed 
not only at employed persons, but also at the restructuring 
of the labor process in the organizations themselves. 
Flexible forms of employment enable the employer to 
reduce the costs associated with the cost of labor. It is also 
aimed at employees, who have the opportunity to improve 
knowledge and competences by combining their duties in 
other areas. The second factor is social security, 
guaranteeing a dignified existence, justice and solidarity 
for all participants in the labour markets. 

https://doi.org/10.17770/etr2023vol3.7177
https://creativecommons.org/licenses/by/4.0/
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EXPOSITION  
The aim of the entire European Community is to 

promote partnership and unity among all EU member 
states. Synergies, the implementation of an integrated 
labour policy, joint cooperation, solidarity and the 
development of flexible forms of employment are 
certainly the way to smart and sustainable growth for all 
European countries.  

We live in a digital world where we do everything 
virtual, unlimited and everywhere (the new normal). 
Workers, firms and governments accumulate new 
comparative advantages in changing conditions. High-
tech equipment and process robotization are changing 
business models and management approaches. 

American futurist Alvin Toffler writes: "Today's 
market, technology and consumers need rapid change and 
in so many different ways they exert pressure on the 
company that the bureaucratic uniform is becoming 
obsolete. Since markets are constantly changing, location 
is less important than mobility and flexibility." 

The quantity and quality of human capital determine 
to the greatest extent the long-term development potential 
of the individual, company or country. This was true as 
early as the 18th century, when the Scottish economist 
Adam Smith concluded that: "The acquisition of... Talents 
during... education, training or apprenticeship is a real cost 
that represents an invested capital in an individual. These 
talents are part of his well-being, and the same is true of 
the welfare of society." This continues to be true today. 

The development of socio-behavioral, so-called. "soft" 
skills, such as the ability to work in a team, empathy, 
resolve conflicts and improve relationships, increases the 
human capital of the individual. Globalized and 
automated economies place a higher value on human 
capabilities that cannot be fully mimicked by machines. 
Abilities such as persistence in difficult situations have 
economic benefits that are often as great as those 
associated with cognitive skills. 

The main objective of the article is reduced to 
justifying the need to invest in people, their acquisition of 
new knowledge and skills, lifelong learning, as factors 
that lead to economic and social progress. Flexible forms 
of work and creative approaches to increasing the 
satisfaction and engagement of employees in the 
implementation of strategic company goals are discussed. 

Methodology: The method of content analysis of 
sources from the scientific field in which the study is 
positioned is used. A secondary analysis of the results of 
sociological surveys in the problem area is made. Specific 
case studies from social practice are analyzed. An 
empirical study has been conducted with the means 
provided by the Internet. The results of studies in 
Bulgarian companies prove that the quantity and quality 
of human capital to the greatest extent determine the long-
term potential for sustainable organizational development.  

Bulgarian companies and institutions are part of the 
global world. That is why the survey pays attention to the 
self-assessment of each respondent for their creative 

potential and tolerance. They are convinced that 
organizations can achieve competitiveness in this world 
now, in the era of the fourth industrial revolution, 
provided that management teams activate their creative 
capital. 

Particular attention is paid to the role of the 
environment. The summary of the examples given leads to 
the finding that creative places are open, tolerant of 
different ones and this makes them a crossroads of ideas. 
By breaking down barriers between different cultures, this 
environment becomes the epicenter of creativity and 
combining existing concepts into a huge number of 
unfamiliar ideas. 

The transformation is provoked by the advent of the 
digital age, online platforms and fast-growing companies. 
The change on a global scale does not bypass the business 
in Bulgaria. The HR specialist is no longer just an 
employee of the Personnel and Labor Relations 
Department, but a person who helps both to achieve the 
company's goals and to provide a better working 
atmosphere for employees. 

Automation through technology and robots will 
increase productivity and wealth and create many new 
opportunities for people with the right skills. People will 
be able instead of focusing on "tasks" identified as work, 
to focus on the work that makes the world a better place to 
live. The surveyed organizations recognize that they need 
to develop the digital literacy of their staff, to engage in 
time to respond adequately to the needs of their 
customers. Digital literacy enables the human resource in 
the organization to add value to the customer and become 
human capital, which is the bearer of the competitiveness 
of the organization in the conditions of the fourth 
industrial revolution. It complements material capital in 
the production process and makes an important 
contribution to technological innovation and long-term 
growth. 

Human capital can be referred to as the value that is 
added to a company by an employee, which can be 
measured by his skills and competences. Human capital 
can be developed in many ways to obtain the highest 
economic value for the organization. The activities related 
to human capital formation are very diverse and include 
educational initiatives and self-initiatives at different 
levels: health, investment in geographical mobility, as 
well as the formation of relevant attitudes and motivation 
in personal and social terms.  

Leaders can learn a lot about ways of communicating 
in business if they learn how to communicate with horses. 
More and more organisations in the UK are sending their 
managers to horse communication courses to learn to 
overcome business challenges, improve their performance 
and, of course, hone their leadership skills. The art of 
communicating with horses is the ability to communicate 
with horses in their own language, using nonverbal 
communication and body language. Since each horse has 
its own personal individuality, it is easy to make a 
connection between communicating with them and 
communicating with people, especially given the fact that 
the most human communication is nonverbal. According 
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to scientific research, only 7% of any message is 
conveyed through actual words, and 93% is nonverbal 
communication – facial expression, posture and tone. 
Understanding between a person and a horse is mutual 
respect, and achieving it can also improve the way leaders 
communicate with people. Working with horses can help 
leaders step out of their comfort zone and teach them 
valuable management skills in a creative and memorable 
way. Many managers have never approached a horse or 
attempted to communicate with these animals, and by 
learning how to do so, they also gain the ability to connect 
with people and have more influence as leaders. 

 

 
Fig. 2. Leadership lessons with horses. [6]     

 
The changing nature of work requires a set of skills 

that improve the adaptability of workers by allowing them 
to easily transfer from one job to another. Authors of 
publications in various scientific disciplines [1,2,4] as 
well as employers consistently indicate that they value 
higher-order cognitive (technical) skills and social-
behavioral skills the most. In this new work environment, 
continuous learning is required; creativity; skills to solve 
unexpected problems and situations; responsibility for 
one's own quality and quantity of performance of work 
duties; changing knowledge in the field of human capital 
management. In a survey of industrial Bulgarian 
companies with business leaders and employees, the 
necessary skills to work in today's conditions of 
increasing digitalization were arranged, illustrated in 
Fig. 3: 

 
 Fig. 3. The importance of skills according to employees and business 

leaders.  
 

Effectively managing the collaboration between 
humans and artificial intelligence is a new challenge for 
management teams. The fourth industrial revolution, 
which is characterized by a fusion of technologies from 
the physical, digital and biological spheres, is changing 
the structure of the traditional labor market, increasing the 
demand for engineers, computer scientists and new 
unknown or little-known professions.  

One of the main bridges between the physical and 
digital worlds today is the "Internet of Things" using 
connected technologies and different platforms. In in-
depth interviews with functional and strategic managers of 
industrial Bulgarian companies, they find that 
technological platforms lower the barriers that people and 
companies must overcome to create material goods, 
changing the personal and professional work environment. 
Operations managers point out that digital platforms 
significantly reduce the cost of closing barriers. On the 
other hand, respondents share the concern that technology 
will eliminate some jobs, leading to an increase in 
unemployment. Examples often given as arguments are 
that robots are already entering the service sector, that 
airplanes and cars can be created by 3-D printers, and that 
nanotechnology and artificial intelligence are affecting 
more and more industries. 

While it is true that technology will have a disruptive 
impact on the workforce as we know it today, it will not 
eliminate it, but rather change the spectrum of skills 
needed. Demand for more basic skills that can be replaced 
by technology is declining. At the same time, there is a 
growing demand for high cognitive skills, socio-
behavioral skills and combinations of skills associated 
with greater adaptability. Rapidly developing industrial 
technologies and the integration of artificial intelligence 
require adaptability of management capacity and flexible 
digital literacy of personnel. 

In Industry 5.0 people and machines will need to 
interact as harmoniously as possible to remain competitive 
and adapt to the new way of working. At the same time, 
human resources are increasingly confused and fearful 
about their future and often change jobs in search of 
security. The expression "no people" will take on a new 
and even more terrifying meaning in the next few years, 
and organizations will undergo major changes, while the 
question arises of what company managements can do to 
retain and motivate people on the team for the realization 
of these inevitable changes. To be designers of new 
processes, we must learn to see the human side of change 
and how to manage change as a structured process in 
which the human is the key factor in making effective and 
flexible solutions. CEOs in Bulgaria face 3 main 
challenges in recruiting: finding the right people for the 
right technology so that the business wins; to find and 
develop employees with the right set of skills and to 
respond to the differences in motivation and way of 
working characteristic of the representatives of the 
Millennials generation. 

It turns out that business managers value the skills that 
cannot be reproduced by machines, such as problem 
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solving, collaboration, adaptability, emotional intellige. 
The ten most necessary skills for success in the workplace 
in response to global change in the coming years will be 
[7]: 

 creativity related to a new way of thinking in the 
changing work environment; 

 emotional intelligence, distinguishing productive 
human relations with empathy and commitment to 
results and good working relations; 

 analytical/critical thinking as a requirement for 
proactive behavior in conditions of dynamic 
change; 

 active learning and attitude for continuous 
development with learning from mistakes, active 
experimentation for better results; 

 skills for evaluating situations and more complex 
tasks, requiring the ability to evaluate and make 
independent decisions; 

 effective interpersonal communication; 
 leadership skills to provide opportunities, support 

and engage people to develop their potential for 
good results at work; 

 understanding and skills for working in an 
environment of cultural and personal differences; 

 technological skills; 
 willingness to work and commitment in conditions 

of continuous change.nce, leadership, creativity 
and innovation. 

The development of the already popular "soft skills" 
and leadership, including emotional intelligence, problem 
solving, teamwork and communication, creativity are 
increasingly important as a weight in the selection or 
promotion of an employee, as they are rarely cultivated in 
the family or the university, and at the same time require a 
long time and effort to be well developed. It is precisely 
these skills that technology cannot reproduce on its own, 
which makes them even more highly valued. 

In recent years, the problem of staff recruitment and 
staff qualification has seriously worsened. According to 
employers, the majority of candidates do not have 
qualifications that meet the requirements of the 
development of the modern economy and technology. The 
age aspect is striking - older workers and employees are 
diligent and responsible, but with outdated knowledge and 
skills. Young people can be said to have knowledge and 
skills at a modern level, but they are not so motivated and 
demand high salaries without having the necessary 
experience. 

Industry 4.0 gives us the opportunity to rethink the 
concepts of working-age population, retirement and 
individual life planning. New technologies are 
fundamentally changing the nature of work in all 
industries and professions [5] .The results of a survey 
conducted among Bulgarian companies from 10 industries 
show that 54% of workers performing routine and 
repetitive operations are exposed to risk as a result of the 
digital automation of production processes. The survey 
participants believe that in the next 3-4 years, the skills to 
solve complex cases and knowledge of systems will be 
much more in demand than physical abilities. 

Only 38% of the surveyed managers indicate that the 
strategies they use are able to implement the upcoming 
changes in the organizations, ensuring their sustainable 
development. The majority of HR managers in the 
surveyed companies believe that the quality of working 
life and flexible working hours should be improved. More 
and more employers are using a "human cloud" populated 
by people performing specific work tasks from different 
locations around the world. For cloud workers, the 
benefits are greater job satisfaction, less stress, mobility 
and freedom. The challenge remains for business owners 
to discover new forms of social and labor contracts that 
respond to the changing work environment and nature of 
work. 

Digital transformation places new demands on the 
quantitative and qualitative characteristics of human 
resources, their effective management and development. 
Based on the systematization of the scientific discussion 
on a global scale, two groups of researchers are forming, 
which discuss the impacts of the Fourth Industrial 
Revolution in the field of work. According to the first 
group, the consequences are reduced employment, 
increased inequality and economic instability. 
Automation, artificial intelligence, and other technological 
inventions are no longer only affecting uneducated, low-
wage workers. Robots will be able to perform jobs that 
require significant qualifications and education. 

Another group of authors is optimistic - the studies of 
the OECD, McKinsey Global Institute, Boston Consulting 
Group, etc., show that new digital technologies will lead 
to the enrichment of jobs and the creation of new ones, to 
a higher decentralization of decision-making and 
planning, transparency of business processes and 
improvement of social services. Digital innovations have 
important impacts on the way human resources participate 
and add value in many industrial value chains. The need 
for human labor is reduced, workplaces are reorganized, 
the dynamics of business processes and communications 
are changing. The accelerated pace of change requires a 
new management of organizations, with a reassessment of 
corporate culture, strategy and structure. 

Many Bulgarian developments are aimed at the 
importance and necessity of developing non-standard 
forms of employment, combined with certainty for the 
achievement of modern, competitive labor markets, 
leading to economic growth and a successful market 
econo According to the EC, flexicurity can be defined as 
an integrated strategy for simultaneously increasing 
flexibility and security in the labor market. Flexible 
employment in most European countries is mainly defined 
in the following categories: 

 Part-time: this type of employment is when the 
worker is employed full-time and any reduction in 
his working hours is considered part-time; 

 Term-time working: the employee remains at a 
permanent job, but can use paid/unpaid leave 
during the school holidays; 

 Jobsharing: a type of flexible form of employment 
when two (or sometimes more) people share 
common responsibility for a given type of work; 
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 Floating working hours: it enables employees to 
choose, within limits set by the employer, how 
long their working day should be; 

 Compressed working week (fortnights): The 
essence of this type of employment is the 
redistribution of working time into smaller but 
longer blocks during the week. – Working from 
home on a regular basis: full-time employees 
performing their work duties from home; 

 Mobile work / remote work: In this type of 
employment, employees can work remotely from 
the organization's workplace, throughout the week 
or during most of it; 

 Career break: this is the so-called creative leave, 
aimed at extended periods of leave – usually 
unpaid within one to five years. 

 
A large number of processes related to HRM are being 

digitized. A significant part of the day-to-day 
administrative tasks of personnel management are 
supported by digital tools. This makes it possible literally 
in fractions of a second to perform complex operations 
based on the analysis of multiple factors. A variety of 
statements and reports are prepared; vacations are 
planned; salaries are managed; career development is 
tracked, etc. In some organizations, many training 
materials have been prepared in digital format - for 
example, for initial training when introducing a new 
employee into the work process. Virtual trainings help 
unify the information provided for every employee in the 
company, regardless of location.Industry 4.0 changes both 
the outside of companies and the way they look from the 
inside. Many institutions are renovating old buildings in 
accordance with technological and cultural changes. New 
ideas and alternative perspectives are accepted within the 
organization. The changes are not only on the surface. To 
rapidly innovate, companies are introducing new 
organizational designs based on cross-functional teams, a 
structure borrowed from digital companies [3]. 

As technology advances, the human part of the job will 
become increasingly important. Full-timers will gradually 
be replaced by temporary workers or cross-functional 
teams as the main source of talent. Smart offices will 
become their main priority. The trends are aimed at 
shaping open and shared workspaces, allowing free 
movement of people and information. 

The understanding of a workplace is changing. Often 
teams are virtual. A new way of looking at workforce 
mobility. These and other changes related to globalization 
require a new way of thinking and new solutions from HR 
professionals. 

Creative people have always been one of the most 
mobile groups in the workforce and this mobility trend is 
now being transferred to the business world as a whole. 
Regardless of the work industry, professional life is 
becoming more nomadic, digital and flexible in a green 
office, helping to organize remote work, teambuilding or 
outsourced work week for the whole team in nature. 

Today, Coworking Bansko extends to four different 
locations in the city, and the number of members exceeds 
100 per month. There they get everything to work well 
and have an even better time. The mountain town is 
imperceptibly turning into one of the main hubs for digital 
nomads. 

 
Fig. 4. Shared workspace fordigital nomads in Bansko. 

The growing need for greater flexibility in the 
workplace is driving more and more large companies to 
use shared workspaces. Together with startups, they aim 
to keep up with new developments, to discover emerging 
trends and new opportunities for selling services. 
According to the forecasts of the World Economic Forum, 
by 2030 self-employed workers or so-called will make up 
80% of the workforce. 

 
                                    Fig. 5. Coworking spaces. 
 

The lobby is the most suitable area in the hotel to be 
transformed into a shared workspace. Such an initiative 
could bring additional revenue to hoteliers in traditionally 
lean periods and attract people looking for comfortable 
furniture, fast free Wi-Fi, electrical outlets and ready-to-
eat food and drinks. At NEST, Dubai's Tryp by Wyndham 
co-working space, those who pay a monthly "rent" can 
use the hotel's gym, swimming pool and have unlimited 
coffee - all while working alongside colleagues from 
around the world in a designer and comfortable 
environment. 
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Fig. 6. New concept for hotel lobby. 

 

Globalization (including the diminishing importance 
of geographic location) is leading to the creation of 
multinational (and multicultural) teams and companies. 
For these entities to function effectively, corporate culture 
plays a key role. The HR specialist has a key role in 
building, maintaining and developing the desired 
corporate culture – he is its carrier, ambassador of its 
values and mission. What has been said can be 
summarized as follows: 

 New software technologies (payroll, wages, 
vacations, career) 

 AI; chat bots for recruitment, etc.; virtual trainings; 
digital portals – for example for introducing new 
employees; to introduce procedures and policies, 
etc. 

 Tasks at a strategic level (eg strategic partner on 
the Board of Directors). 

 Management of succession and development 
processes. 

 Engagement – formation, maintenance, 
development. 

 Programs for organizational well-being and 
satisfaction; resistance to stress. 

 Managing multicultural communities. 
 Balance – professional – personal life. 
 Change management; agents of change. 
 Perceiving the organization and managing the 

experience. 
 Talent management. 
"Factory 4.0" provides an overview of the firm as an 

interconnected global system at the microeconomic level. 
Figure 3 depicts some of the key factors: outside the 
factory we see "Logistics Network 4.0", the resources of 
the future, new customer requirements and the means to 
achieve them. Inside the factory, we imagine new 
production technologies, new materials and new ways of 
storing, processing and exchanging data. 

 

 
Fig. 7. General view of a smart factory. 

 

The connected worker has a mobile hub that collects 
the sensor data received from the wearable devices the 
worker wears. These wearable sensors include various 
solutions, providing sensory concentration combined with 
pattern detection technologies in processing the data 
stream. 

 
Fig. 8. Connected Worker Concept. 

 

In many countries such as the UK, the government is 
pushing changes and pushing policies to encourage 
companies to use smart devices. In addition to smart 
factories, there are already cities that have taken the first 
steps to become "smart cities" - with smart traffic and 
public transport, lighting, roads and regulation, buildings 
and parks that are connected in a harmonious system and 
interact with each other , creating an environment that is 
both responsive to people's needs and energy efficient. 

 

 
Fig. 9. Smart cities. 
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RESULTS AND DISCUSSION 
The analysis of the results and the implementation of 

the good practices in the business can lead to changes in 
the used business model. In this way, the value of the 
labor input is increased and a higher return is realized. 
This helps to implement optimization processes, such as 
the use of artificial intelligence for uniform procedures 
and activities. 

The research carried out in the industrial sector of 
Bulgaria gives grounds to summarize the conditions for 
achieving economic and social progress in the changing 
working environment: 

  investments in human resources; 
  their acquisition of new knowledge and skills; 
  lifelong learning. 

The activities related to the formation of human 
capital are: 

 educational initiatives and self-initiatives at 
different levels; 

 investments in geographic mobility; 
 formation of relevant attitudes and motivation in 

personal and social terms. 
Developing a strategy in line with company goals and 

objectives is imperative. This poses the main question not 
only about the new role of the manager related to the 
management of human resources, but also about the 
implementation of new processes - artificial intelligence, 
monetary value measurement of the results of the work 
and its impact on the profitability of the company. All this 
could be achieved through the development of a single 
strategy meeting the company's goals. 

Complex knowledge, which requires knowledge of 
programming in different languages, will be increasingly 
required. The emergence of new positions such as big 
database analyst and people with scientific knowledge 
using big databases. 

CONCLUSION 
Today, with the advent of robotization and 

automation, taking away jobs, new digital technologies 
creating a virtual space, every aspect of life is changing. 
Variants of collaborative partner production are emerging, 
finding expression in significant projects without 
traditional hierarchical organization. 

The future belongs to those organizations that realize 
their role in building, maintaining and developing 
effective interpersonal relationships in work teams. 
Company leaders should invest in human capital, 
minimize the reasons for leaving creative employees and 
increase the factors that increase their satisfaction and 
motivation to stay and develop. For successful and 
competitive business organizations, the use of human 
capital is a major factor of long-term importance, not a 
means of short-term exploitation and maximum profit. 

More and more decisions in the changing work 
environment are made with the help of algorithms 
underlying many automated production processes and 
systems. They generate new forms of social and economic 
relationships in our increasingly digital world. 
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Abstract. In this article, we propose an approach to the 
forming of rational technology for the export cargoes 
delivery in the supply chain on the principles of co-modality 
in the context of effective interaction of delivery participants, 
which allows reducing the costs of all them through the 
optimal use of resources related to delivery and increasing 
the competitive advantages of products. Taking into account 
the strengthening of cooperation between road and rail 
transport, under modern conditions, combined transport 
within the international transport corridor is proposed as an 
alternative option to promote cargo flow in the supply chain. 
As a result of experimental studies carried out on the basis of 
the simulation model of the delivery process in the Petri Nets, 
the time characteristics of technological processes under 
alternative schemes depending on the input parameters of the 
model have been determined. A comparative assessment of 
alternative delivery schemes based on mathematical models 
has made it possible to establish that the rational scheme for 
the delivery of export cargo from Ukraine to Germany via 
the Pan-European Corridor III is the Rolling Highway 
technology, which ensures compliance with the cargo owner's 
requirements for delivery time and cost established by the 
contract. The proposed approach is recommended as a tool 
for making managerial decisions when planning and 
organising the delivery of export cargoes from Ukraine to the 
EU countries in order to effectively manage supply chains by 
minimising the cost of delivery and environmental damage. 

Keywords: Co-modality, export cargoes, supply chain, 
sustainability of transportation. 

I. INTRODUCTION 
The reorientation of the lion's share of cargo flows of 

export products of Ukrainian producers from sea to other 

modes of transport under martial law has revealed acute 
problems in existing supply chains related to technological 
limitations, destruction of transport infrastructure and low 
level of development of transport and logistics 
technologies, intermodal and multimodal transport in 
Ukraine compared to global trends. All this leads to high 
cost of services, restructuring of logistics supply chains, 
and as a result, low delivery speeds within the timeframe 
set by customers. At the moment, the government in 
Ukraine is emphasising the need to create a flexible 
logistics system that can respond to external threats as 
quickly and effectively as possible. Furthermore, the 
ongoing process of integrating the Ukrainian transport 
system into the European one requires the development and 
implementation of advanced logistics solutions based on 
sustainability principles [1]. Therefore, in the current 
environment and with the further recovery of the transport 
industry, new approaches to the development of rational 
technology for the delivery of export goods in the supply 
chain are needed, which would minimise the use of 
resources related to the delivery, reduce the costs of all 
participants in their interaction, and increase the 
attractiveness of products for customers [2]. 

According to Informall BG, huge resources are 
currently being spent on organising complex intermodal 
logistics for the export of goods from Ukraine. The 
consequences of an increase in shipping costs by about 25-
40% are the rise in global prices for Ukraine's leading 
export products and the increase in global prices for 
Ukraine's leading export products and the risks of a global 
food crisis [3]. The negative consequences of “Transport 
visa-free regime” for Ukrainian road carriers are felt both 

https://doi.org/10.17770/etr2023vol3.7301
https://creativecommons.org/licenses/by/4.0/
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for the environment and for European carriers. And many 
more problems need to be resolved immediately. 

Under conditions of increased risk, achieving optimal 
conditions in the supply chain with a certain level of 
efficiency is possible only with use of digital logistics 
technologies [4]. The development and implementation of 
intelligent transport systems with the introduction of 
integrated transport technologies based on the principles of 
co-modality are indicated as key areas for the 
transformation of the European transport system [5]. Co-
modality requires increasing the efficiency, compatibility 
and interconnection of different modes of transport, as well 
as the stations and transport hubs connected between them. 
At the same time, all modes of transport are considered as 
complementary subsystems, the combination of which can 
provide users and society with maximum economic, 
environmental and social benefits [6]. The principle of co-
modality is gaining relevance in the context of increased 
cooperation between different modes of transport, 
especially for Ukraine in the current environment, when the 
main freight flows of road and rail transport are directed to 
western international railway crossings to the EU. 
Sustainable development and optimal use of resources can 
only be ensured through the coordinated interaction of all 
modes of transport in the formation of logistics chains at 
the macro level [1], which can be achieved by developing 
delivery technologies within the framework of the ITC. 
Ukraine is part of several international transport corridors 
and Ukrainian transport networks are included in the TEN-
T indicative maps. The modality of European policy is to 
ensure the efficiency of cargo delivery through seamless 
transport corridors with door-to-door service [6]. Ukrainian 
railways already have experience in organising container 
trains, the “Viking” transit train between Lithuania and 
Azerbaijan, and the “Yaroslav” transit train between 
Ukraine and Poland. Under the current conditions, it is 
necessary to organise new routes between Ukraine and the 
EU countries for running of container or contrail trains as 
part of combined trains. Therefore, we believe that one of 
the perspective areas of research is the formation of a 
technology for the export cargo delivery (TDC) in supply 
chains based on the principles of co-modality by building 
rational routes through International Transport Corridors 
(ITC).  

Decision-making on the choice of delivery technology 
is complicated by existing problems of interaction between 
the players of the transport market due to constant changes 
in the market itself and the presence of a large number of 
interconnections between participants in the cargo delivery 
process [2]. Therefore, we are developing new approaches 
to the formation of TDC. Most of the approaches are based 
on the principles of integrated logistics [1], [2], [4], [6] – 
[14] and aim to solve problems of improving the efficiency 
of the delivery process in individual logistics chains as 
subsystems of the logistics system [9]. The analytical 
models proposed by the authors of [7], [9], [10], [15] to 
improve the efficiency of the delivery process by forming 
a rational technology and structure of the supply chain do 
not take into account the complex impact of random factors 
of the process.   

The author [11] proposes a two-stage stochastic model 
of a sustainable multimodal system that allows taking into 
account the uncertainties of the delivery of the shippers and 
the uncertainties in the performance of the intermodal 
terminals, without taking into account the risks during the 
transportation of goods. The approach based on genetic 
algorithms developed in [14] to optimize a sustainable 
multimodal freight and logistics system in terms of time, 
distance, and CO2 emissions allows the development of 
strategies to organise the transportation of containerized 
cargo by rail and river transport to reduce the road transport 
domination.   

The models developed on the basis of Petri Nets in [2], 
[4], [13] have advantages related to ease of use and 
visibility compared to the approaches described above. In 
addition, these models allow one to take into account the 
probability factors, to study the behaviour of the system and 
its individual elements, and to obtain their characteristics. 
However, as a criterion for the efficiency of cargo delivery, 
the authors of [4], [13] propose to consider only the time 
parameters of the technological process without a cost 
estimate that affects the final consumer value of export 
products in the market.  

The purpose of the study is to develop an approach to 
the forming of a rational technology for the export cargo 
delivery under modern conditions by choosing an effective 
option to move cargo flow in the supply chain in a mixed 
scheme within the framework of the ITC on the principles 
of co-modality to ensure a high level of quality of service 
to cargo owners by meeting the established delivery time 
and ensuring environmental friendliness of transportation. 

II. MATERIALS AND METHODS 
We believe that the cargoes delivery within the ITC 

in the direction of Ukraine - EU countries can be classified 
as combined transport, since the transportation of cargoes 
along the routes can be carried out according to three 
alternative schemes considered in the study: by road, by 
rail and by contrail transit system (Rolling Highway) using 
road and rail. 

The integrated process of combined transportation of 
goods from the consignor to the consignee involves the 
performance of certain groups of operations in each 
module of the system to select modes of transport, 
connections and transport and technological delivery 
schemes, prepare the cargo for transportation, load the 
mainline transport, load and unload and warehouse 
operations, transport by mainline transport, transport a 
consignment from the mainline transport terminal to the 
consignee's warehouse, unload at the warehouse [2], [15]. 
The set of operations in the modules of the delivery system 
can vary as well as the characteristics of production 
resources (types and number of mechanisms, number of 
workers), ways and methods of organising work. The 
determination of the rational TDC from a set of alternative 
ones on the basis of co-modality is determined by the 
technical and economic characteristics of transport modes, 
the availability and location of transport and logistics 
infrastructure of mainline carriers, as well as an indicator 
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that determines the level of service quality in accordance 
with customer requirements. 

The object of research is presented in the form of a 
structural outline of functional links of the cargo delivery 
system on the route according to alternative schemes, 
consisting of modules and related subprocesses performed 
in the modules (Fig.1). 

 
Fig. 1. Structural outline of the functional links of the export cargo 

delivery system through alternative schemes. 

Reliability of the delivery system under certain 
conditions of the system's operation should be ensured by 
moving the cargo flow through the system modules with a 
minimum delay time in each module and the time of the 
cargo consignment in the system, in accordance with the 
customer's delivery time and costs. 

The level of specific costs for the delivery of cargoes 
significantly affects the final cost of the cargo, therefore, 
it is proposed to consider the minimum total specific costs 
for the transportation of cargoes during the delivery period 
as an efficiency criterion, as in (1). 

                𝐵𝐵𝑧𝑧(𝑡𝑡) = 𝑓𝑓(𝑄𝑄, 𝐼𝐼,𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿 ,𝐾𝐾𝑤𝑤 ,𝑇𝑇𝑑𝑑) → 𝑚𝑚𝑚𝑚𝑚𝑚,        (1) 

where 𝐵𝐵𝑧𝑧  are total specific costs, [с.u./t]; 𝑄𝑄  is the 
consignment weight, [tons]; I is the time interval between 
the moments of current request reception and the reception 
of the next request in a flow, [hours]; 𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿 is the number 
of mechanisms involved in servicing the material flow in 
the system modules, [units]; 𝐾𝐾𝑤𝑤  is the number of 
employees involved in the maintenance of material flow in 
the system modules, [people]; 𝑇𝑇𝑑𝑑 is the time of delivery of 
a consignment, [hours]. 

Delivery of cargoes is carried out on a "just-in-time" 
basis 

                            𝑇𝑇𝑑𝑑 = ∑ 𝑡𝑡𝑖𝑖𝑖𝑖𝑛𝑛
𝑗𝑗=1 ≤ 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎 ,                       (2) 

where 𝑡𝑡𝑖𝑖𝑖𝑖  is the time for performing consecutive i-th 
technological operations in the j-th module of the system, 
[hours]; 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  is the delivery time according to the 
agreement with the cargo owner, [hours]. 

The chosen efficiency criterion allows for a 
comprehensive consideration of the interests of all 

delivery participants when choosing a rational cargo 
delivery scheme. Of the alternative delivery schemes 
compared, the one with the lowest total specific costs for 
the delivery period under the "Just-in-time" condition is 
considered to be the most efficient. 

We use mathematical modelling methods to establish 
the mathematical dependence between the parameters of 
the research object, to study in detail the processes of the 
cargo delivery system on the route, to establish accurate 
quantitative relationships between the input parameters of 
the model and the output function. 

The functioning of individual elements of the cargo 
delivery system on the route within the ITC is considered 
as a set of consistently interconnected incoming flows of 
service requirements (vehicles, cargo delivery orders, 
cargo flow), service channels (checkpoints, warehouses, 
terminals, etc.) and outgoing flows of requirements after 
service. When determining the efficiency of each module 
and the system as a whole, it is necessary to take into 
account the unevenness of work that occurs at their 
"docking points", the occurrence of queues and delays due 
to downtime of rolling stock and reloading facilities. 

We determine the efficiency criterion for each 
alternative delivery scheme.  

The total specific costs of cargo delivery are 
determined for the delivery period [2], as in (3),  

             𝐵𝐵𝑧𝑧 = (𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇+∑ 𝐵𝐵𝑇𝑇𝑇𝑇+𝑠𝑠
1 𝐵𝐵𝑂𝑂𝑂𝑂+𝐵𝐵𝑀𝑀𝑀𝑀+𝐵𝐵𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊)

𝑄𝑄
,            (3) 

where 𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇  is the cost of technological operations in the 
module TРС, [c.u.]; 𝐵𝐵𝑇𝑇𝑇𝑇  is the amount of payment for 
using the services of the s-th terminal, [c.u.]; 𝐵𝐵𝑂𝑂𝑂𝑂  is the 
amount of payment to the delivery system operator 
determined by the cost of organising the delivery of a 
consignment via the ITC route, [c.u.]; 𝐵𝐵𝑀𝑀𝑀𝑀  is the cost of 
delivery of a consignment by mainline transport, [c.u.]; 
𝐵𝐵𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  is the costs of performing technological 
operations at the warehouse of freight owners, [c.u.]. 

The alternative nature of the existing schemes for the 
delivery of export cargo within the ITC determines the 
search for a rational TDC of the appropriate level of 
service, taking into account the resource capabilities of the 
system elements on the principles of co-modality. The 
simulations based on the proposed models are carried out 
taking into account the average time characteristics of the 
cargo flow through the system, which are obtained as a 
result of simulation modelling. The simulation model is 
formalised on the basis of the developed mathematical 
model (3) using the mathematical apparatus of the Petri 
Nets (Fig.2). The properties of Petri Nets allow to study 
the behaviour of the system being modelled and obtain 
information about its most important characteristics using 
formal methods.  

As a result of the experiment, we determine the 
characteristics of changes in the time parameters of the 
cargo delivery system depending on the input parameters. 
On the basis of the results obtained, we perform 
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mathematical modelling. To determine the dependence of 
the efficiency criterion on the parameters of the order flow 
and the numerical parameters of the production resources, 
we apply regression analysis methods. 

 
Fig. 2. Fragment of the simulation model of the cargo delivery process 

by routes within ITC. 

To evaluate and select a rational TDC, we determine 
the economic efficiency of the scheme by the value of the 
integrated total effect (𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼): the sum of cost estimates of 
reducing delivery costs (𝐸𝐸1), early release of money due to 
reduced delivery times ( 𝐸𝐸2 ) and reduction of 
environmental damage (𝐸𝐸3) 

                  𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸1 + 𝐸𝐸2 + 𝐸𝐸3 → 𝑚𝑚𝑚𝑚𝑚𝑚                   (4) 

The cost estimate of the reduction in delivery costs 
when applying the rational TDC, the early release of 
money due to reduced delivery times, and the reduction of 
environmental damage can be defined as the difference 
between the values of the indicators under the rational 
TDC and the existing option. 

The value of environmental damage reduction, as a 
social effect, is determined by the difference in indicators 
that characterise changes in the environment as a result of 
the relevant measures. This measure is the reduction of the 
vehicle on the route during delivery.  

The basis of calculations for determining the social 
effect of reducing the negative impact on the environment 
is the determination of fuel consumption and harmful 
compound emissions during delivery under the existing 
option (road transport) and under the rational TDC. 

III. RESULTS AND DISCUSSION 
The implementation of the proposed approach is 

presented as an example of the case of transport processes 
for the Transport Company “Neolith Logistic” (Ukraine), 
which organises international freight transport, especially 
between Ukraine and the EU countries. According to the 
company, one of the most demanded services is cargoes 
delivery in the direction of Ukraine - Germany. The 
presented approach was used to develop the rational 
technology for the delivery of electrical equipment on the 
route “Kyiv-Berlin” by ITC № 3.  

Cargoes are transported by road with a capacity of 22 
tonnes using DAF FT 85.340+Schmitz SPR 24/L trucks. 
The company’s data report indicates that there are 
problems with excessive downtime while waiting for 
technological operations to be performed during delivery. 
ITC № 3 passes through the territories of Germany, Poland 
and Ukraine on the route Berlin (Dresden) - Wroclaw - 
Lviv - Kyiv.  The length of public roads on the Krakowiec 
- Lviv - Rivne - Zhytomyr - Kyiv section is 617 km. The 
railway route by ITC № 3 (Mostyska - Lviv - Krasne - 
Ternopil - Khmelnytsky - Zhmerynka - Kozyatyn - Kyiv) 
is 648 km long and is fully electrified, double-tracked and 
equipped with auto-locking devices. 

The process of cargo delivery on the Kyiv-Berlin route 
can be considered under three alternative schemes: ТDC.1 
- by road through Kyiv - Lviv – Krakow - Katowice - 
Wroclaw - Berlin; the total length of the route is 1640 km; 
ТDC.2 - by rail on the Kyiv - Zhmerynka - Lviv - Mostyska 
- Wroclaw – Berlin route; the total length is 1046 km; 
ТDC.3 - by contrail transit system using road and rail 
transport on the route Kyiv - Lviv - Mostiska - Wroclaw - 
Berlin as part of a combined train. 

To conduct an experiment on three alternative schemes, 
taking into account the impact of all possible combinations 
of input parameters within the range of variation on the 
efficiency criterion, we developed a full factorial 
experiment plan, consisting of 64 series of experiments. 

When varying the input parameters of the model, we 
monitor the dynamics of the system's functioning in order 
to solve the problem of coordinating the parameters of 
technological processes and obtaining optimal values of the 
efficiency criterion, provided that the delivery time set by 
the customer is met. 

Based on the results of simulation modelling the 
dynamics of cargo flow in the system for a request with 
specified characteristics, we determine the time indicators 
that are the input data for modelling the total specific costs 
for each of the alternative TDCs. 

These are indicators of the time a consignment is 
located in each module and the total time of cargo delivery, 
which value, according to the reporting and statistical data, 
differs from the result of the modelling using the Petri Nets 
by no more than 10%, which indicates the adequacy of the 
results obtained (Table 1). 

TABLE I. TOTAL TIME OF CARGOES DELIVERY  
ON THE KYIV - BERLIN ROUTE BY ROAD 

Value of 
incoming 
flow of 
cargoes, 
tonnes 

Value of total cargo delivery time, hours 
Reporting and statistical data Modelling results 
Minimum 
number of 
resources 

Maximum 
number of  
resources 

Minimum 
number of 
resources 

Maximum 
number of  
resources 

15 105 98 120 105 
22 120 100 140 128 
45 154 120 180 155 

 

At the next stage, we perform a modelling of the total 
specific costs of cargo delivery based on the time 
characteristics of the process in the MS EXCEL 
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environment according to the mathematical models using 
alternative schemes. 

The results of the regression analysis showed that 
among the hypotheses tested, the hypothesis of a step 
dependence is characterised by the smallest deviation of the 
variance of experimental values from the variance of the 
values obtained by the model. The value of the coefficient 
of determination, close to 1, indicates that the obtained 
dependence is practically functional. The obtained 
regression dependencies are proposed to be used to 
substantiate managerial decisions on the organisation of 
cargo delivery by routes within ІТС. 

On the basis of the results of the calculations, the values 
of the criterion for choosing the rational TDC were as 
follows: the rational scheme is contrail transit, which 
ensures compliance with the cargo owner's requirements 
for delivery time and delivery costs established by the 
agreement. Compared to the existing scheme, the reduction 
in specific delivery costs under the rational scheme is 9,80 
c.u./t. 

The determination of the rational TDC involves the 
optimisation of the independent variables of the model, 
numerical parameters of the production resources, based on 
the simulated time characteristics of the cargo delivery 
process.  

The results of calculations of the components of the 
integrated total effect for the delivery of a cargo 
consignment of 22 tonnes on the Kyiv-Berlin route using 
the rational TDC are presented in Table 2. 

 
TABLE II. THE VALUE OF THE CRITERION FOR THE EFFICIENCY  

OF CARGO DELIVERY ON THE KYIV - BERLIN ROUTE  
BY THE RATIONAL TDC 

Cargo 
consignment 
volume, tons 

Components of the total integrated 
effect Value of the 

total 
integrated 
effect, Eint 

c.u. 

Value of   
E1, c.u. 

Value of  
E2, c.u. 

Value of  
E3, c.u. 

22 90,8 15,6 22,0 128,4 

 

When increasing the volume of a consignment or 
reducing the delivery time of a consignment by increasing 
the number of production resources at the points of 
"docking" of the participants' activities, it should be taken 
into account that delivery costs increased moderately, since 
the involvement of additional production resources leads to 
an increase in the cost of technological operations in the 
system module. 

IV. CONCLUSIONS 
This paper proposes an approach to the formation of the 

rational technology for the delivery of export cargo under 
modern conditions from the standpoint of sustainable 
logistics. The results of the analysis of the current state of 
export cargo delivery from Ukraine show that there are 

problems, in particular, non-compliance with conditional 
deadlines due to exceeding the normative indicators of 
cargo delivery time by road. As alternative delivery 
schemes, the authors consider delivery by road, rail and the 
technology of combined transport within the framework of 
the ITC (Rolling Highway).  

The mathematical models proposed in this paper allow 
us to evaluate alternative delivery schemes taking into 
account demand parameters resource constraints and 
average time characteristics of cargo flow through the 
system.  

The developed simulation model based on the Petri 
Nets allows tracking the dynamics of system behaviour, 
modelling the time characteristics of the process for each 
TDC depending on the numerical parameters of demand 
and production resources, making timely management 
decisions to eliminate commercial risks associated, in 
particular, with failure to meet the established delivery 
time.  

As a result of the experiment, the total unit costs of 
cargo delivery under alternative TDC were modelled. The 
regression models obtained as a result of the experiment 
allow us to formalise the dependence of the efficiency 
criterion on the numerical parameters of demand and 
production resources for alternative schemes. The practical 
significance of the obtained dependencies is to choose a 
rational technology under the "just-in-time" condition. It is 
determined that the rational technology for the TDC of 
export cargo on the Kyiv - Berlin route is contrail transit as 
part of a combined train according to the criterion of 
minimum specific delivery costs. Compared to the existing 
technology by road, the reduction in specific delivery costs 
is 9,80 c.u./t.  

The performance indicator is integrated and takes into 
account the main aspects of the transport service, including 
economic, social and environmental components, in a 
comprehensive way. The use of the proposed approach 
ensures the selection of rational technology based on the 
principles of co-modality and allows taking into account 
the interests of all delivery participants in the conditions of 
uncertainty. The integral effect of the forming of a rational 
technology in the amount of 128.4 c.u. for the delivery of 
22 tonnes of cargo is obtained.  

The practical application of the proposed approach is to 
use it in the work of transport companies in planning and 
organising the delivery of export cargo within the 
framework of the ITC from Ukraine to the EU countries. 
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Abstract. In the process of work the tool angles change their 
value to become the working angles. This results in a 
variation of the work conditions of the cutting tools. The 
variation depends on the characteristic of the resultant 
cutting motion – the sum of the cutting motion and feed 
motion. 
In this article the characteristics of motions of cylindrical 
turning, drilling, coredrilling and reaming are derived, 
which can serve as a basis for determining the relations 
between the tool and working angles.  
These relations can be used in programming the CNC to 
prevent the formation of negative working clearance angle 
and the destruction of the tool. 
 
Keywords: characteristics of movement, coordinate axes, 
cutting and feed motion, resultant cutting motion. 

I. INTRODUCTION 
The ISO 3002-1982 standard helps to solve many 

engineering tasks, but it is not generally valid and computer 
oriented. The simultaneous existence of two standards - 
ASME B94.50-1975 and ISO3002-1:1984, which deal 
with unchangeable terminology and definitions, has a large 
share in the confusion and misunderstanding of the basic 
geometric parameters of cutting tools [1]. 

A critical analysis of both the advantages and 
disadvantages of ISO 3002-1:1984 can be found in a 
number of sources [1] - [6]. 

 In the alternative methodology of [7], proposed in [2], 
the dependencies between tool and working angles are 
derived by defining in a new way the setting angles G, H 
and L that give the correlation between the tool-in-hand 
system f and the machine system m, and the motion angles 
M, N and T that connect the tool-in-use system fe with the 
machine system m. 

The transformations of tool angles in working ones in 
the process of operation is due to the feed rate Df. The feed 
rate Df, summed with the cutting motion Dc, determines the 
resultant cutting motion De. The placement of the tool in 
relation to the workpiece also has an impact. 

For transformations of the tool angles into working 
ones and vice versa  it is necessary that the main 
characteristics of the cutting motion Dc, feed rate Df and the 
resultant cutting motion De: trajectory, path, speed, 
acceleration are known. The local elements of the 
trajectory: the tangent, the principal normal, the binormal 
(which form an accompanying trihedron), curvature and 
torsion should be known as well. 

For the practical application of these dependencies the 
parametric equations of resultant cutting motion in 
cylindrical turning, drilling, coredrilling and reaming have 
been derived in [8] and [9]. In this article the equations of 
the characteristics of the cutting, feed and resultant cutting 
motions are derived. 

II. METHODS 
A. Equations for the resultant cutting motion and the 

motions of cut and feed. 
Two rectangular right oriented coordinate systems, 

fixed to the workpiece  1 1 1 1X Y ZO  and the machine 0 0 0 0X Y ZO , 

respectively, were introduced. Axes X0, Y0 and Z0 are 
colinear with the axes of a standard coordinate system as 
in [10].  

The case of cutting motion ′− cC  and feed motion  
-Zf   is considered (Fig. 1 and Fig. 2).  

https://doi.org/10.17770/etr2023vol3.7259
https://creativecommons.org/licenses/by/4.0/
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Fig. 1 Cutting motion and feed motion -Zf when cylindrical turning. 
 
The resultant cutting motion for a point of the cutting 

edge of a tool with coordinates x = const.,  
y = const. and z = -z(t) is defined in 0 0 0 0X Y ZO  with the 

equation of a helix curve 
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where φ01 is the angle of rotation around Z0 ≡ Z1 of the 
workpiece coordinate system 1 1 1 1X Y ZO  against coordinate 

system of the machine 0 0 0 0X Y ZO , and 

 2 2 .= + =r x y const   (2) 
The tool-in-use system fe  [8] is orientated in the 

machine system m (Fig.3) according  to the cutting 
direction giving angel N 

 . = − = 
 

yN arctg const
x

  (3) 

The motion of cut ′− cC  in 0 0 0 0X Y ZO  is defined by the 

equation: 
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The feed motion -Zf   in 0 0 0 0X Y ZO is described by: 
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When both the revolutions n, min-1, and the feed f, 
mm/min, are constant, the values of the angular speed ω 
and the feed speed vf  are 

 ω = 2.π.n  (6) 
           vf = f.n.   (7) 

In this case the angle of rotation is 
 φ01 = ω.t = 2. π.n.t,  (8) 

and the translation along the direction of feed is 
 z(t) = Vf.t = f. n.t.   (9) 

Then the equations (1), (4) and (5) get the form 
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Fig. 2 Cutting motion ′− cC  and feed motion -Zf when drilling. 

.cos
( ) .sin

. .( )
= =

−

f

f f
f

x r N
r t y r N

Z f n tz t
.  (12)  

 
B. Characteristics of cut motion. 
The cutting speed  cv  is: 

( )
( )

1

1

1

2. . . .sin 2. . .( )
( ) ( ) 2. . . .cos 2. . .

0

−
= = − −

cx

cy

cz

c

n r N n tv t
v t v t n r N n t

v

π π
π π ,   (13) 

and the value cv  is: 
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The unit vector vce of the cutting speed cv  is: 
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The acceleration of cutting ca  is: 
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Fig. 3. Tool-in-use system fe ( feτ , fen , feb ) and angle N when 

cylindrical turning with cutting motion ′− cC  and feed motion -Zf. 
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The unit vector  ace of the acceleration of cut ca  is: 
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The value of the tangent acceleration ca τ  is:  

0=ca τ ,  (19) 
and the value acn of the normal acceleration cna  is: 

2 2 2 24. . . .= − = = =c ccn ca a a a n r constτ π     (20) 
The radius 

1k c
R  of the curve 1ck  is: 
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k
.  (21) 

The unit vectors of tangent cτ , the principal normal cn
and binormal cb of the trajectory of cutting motion are: 
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C. Characteristics of feed motion. 
The feed speed fv  is: 

[ ]( ) 0,0, .= −
T

fv t n f ,  (25) 

and its value vf  is 
  vf = f.n =  const.  (26) 

The unit vector v f
e of the feed speed  fv  is: 

[ ]0,0, 1= −
T

v f
e .  (27) 

D. Characteristics of resultant cutting motion. 
  The speed ev  is: 
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and its value ev is: 
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The unit vector vee for the speed ev  is:  
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The acceleration ea  is:  
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and its value ea  is: 
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The unit vector eae of acceleration ea  is: 
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The value ea τ  of the tangential acceleration ea τ  is: 
0=ea τ ,   (34) 

and the value ena  of the normal acceleration ena  is: 
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The derivative ea  for acceleration is: 
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The torsion 2ek  of the trajectory of resultant cutting 
motion is  
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The unit vectors of tangent efτ , the principal normal

efn and binormal efb of the trajectory of resultant cutting 

motion  (Fig. 3) are: 
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III. CONCLUSIONS 
The change of tool angles in some working cases 

(turning acme threads, face turning, milling of complex 

profile surfaces, high speed cutting) leads to significant 
changes in the values of clearance angles, sometimes 
leading to tool destruction. The coordinate systems, setting 
angles and motion angles, defined in ISO 3002/2-1982(E), 
lead to complicated, unclear and in some cases impossible 
transformations of tool angles to working angles. 

The derived equations for the characteristics of the 
cutting, feed and resultant cutting motions are the basis for 
deriving the dependencies for straight and inverse 
transformation between tool and working angles in 
cylindrical turning, drilling, coredrilling and reaming. 
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Abstract. In the process of work the tool angles change their 
value to become the working angles. This results in a 
variation of the work conditions of the cutting tools. The 
variation depends on the characteristic of the resultant 
cutting motion – the sum of the cutting motion and feed 
motion. 
In this article the characteristics of motions of facing are 
derived, which can serve as a basis for determining the 
relations between the tool and working angles. 
These relations can be used in programming the CNC to 
prevent the formation of negative working clearance angle 
and the destruction of the tool. 
Keywords: characteristics of movement, coordinate axes, 
cutting and feed motion, resultant cutting motion. 

I. INTRODUCTION 
The ISO 3002-1982 standard helps to solve many 

engineering tasks, but it is not generally valid and 
computer oriented. The simultaneous existence of two 
standards - ASME B94.50-1975 and ISO3002-1:1984, 
which deal with unchangeable terminology and 
definitions, has a large share in the confusion and 
misunderstanding of the basic geometric parameters of 
cutting tools [1]. 

A critical analysis of both the advantages and 
disadvantages of ISO 3002-1:1984 can be found in several 
sources [1] - [6]. 

 In the alternative methodology of [7], proposed in [2], 
the dependencies between tool and working angles are 
derived by defining in a new way the setting angles G, H 
and L that give the correlation between the tool-in-hand 
system f and the machine system m, and the motion angles 
M, N and T that connect the tool-in-use system fe with the 
machine system m. 

The variation of tool angles in working ones in the 
process of operation is due to the feed rate Df. The feed 
rate Df, summed with the cutting motion Dc, determines 
the resultant cutting motion De. The placement of the tool 
in relation to the workpiece also has an impact. 

For transformations of the tool angles into working 
ones and vice versa it is necessary that the main 
characteristics of the cutting motion Dc, feed rate Df and 
the resultant cutting motion De: trajectory, path, speed, 
acceleration are known. The local elements of the 
trajectory: the tangent, the principal normal, the binormal 
(which form an accompanying trihedron), curvature and 
torsion should be known as well. 

For the practical application of these dependencies the 
parametric equations of resultant cutting motion in facing 
have been derived in [8]. In this article the equations of the 
characteristics of the cutting, feed and resultant cutting 
motions are derived. 

II. METHODS 
A. Equations for the resultant cutting motion and the 

motions of cut and feed. 
Two rectangular right oriented coordinate systems, 

fixed to the workpiece  1 1 1 1X Y ZO  and the machine 0 0 0 0X Y ZO , 

respectively, were introduced. Axes X0, Y0 and Z0 are 
colinear with the axes of a standard coordinate system as 
in [9].  

The case of cutting motion ′− cC  and feed  

motion -Xf   is considered when facing from the center to 
the periphery (Fig. 1) and +Xf when facing from the 
periphery to the center (Fig. 2). 

Depending on the placement of the tool relative to the 
center axis of the machine, three cases are possible [8] – 
position above the center axis (angle N>0) as in Fig. 1 (a) 
and Fig. 2 (a); position on the axis of the centers (angle 
N=0) as in Fig. 1 (b) and Fig. 2 (b); position below the axis 
of the centers (angle N<0) as in Fig. 1 (c) and Fig. 2 (c). 

The resultant cutting motion for a point of the cutting 
edge of a tool with coordinates x = х(t),  
y = const. and z = const. is defined in 0 0 0 0X Y ZO  with the 

equation  

https://doi.org/10.17770/etr2023vol3.7260
https://creativecommons.org/licenses/by/4.0/
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Fig. 1 Tool-in-use system fe ( feτ , fеn , fеb ) with cutting motion ′− cC  

and feed motion +Хf. 
 

where φ01 is the angle of rotation around Z0 ≡ Z1 of the 
workpiece coordinate system 1 1 1 1X Y ZO  against coordinate 

system of the machine 0 0 0 0X Y ZO , and 

( )22 2 2( ) ( ) . . .= + = + +r t x t y X i n f t y  (2) 

( ) . . .= +x t Х i n f t .   (3) 
 

The tool-in-use system fe [8] is oriented in the machine 
system m (Fig.1, Fig.2) according to the cutting direction 
giving angle N 
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(1) is an equation of a flat curve, and when у = 0 – 
archimedеan spiral.  

The feed motion -Zf   in 0 0 0 0X Y ZO is described by the 

equation: 
( ) . . .

( )
+

= =
f

f

x t X i n f t
r t y y

z z
.  (5) 

(5) is an equation of straight line perpendicular to the 
axis Z0 ≡ Z1 and lying in the plane Y = y. When the feed is 
-Xf, i = -1. When the feed is +Xf , i = 1.  

The cutting motion is dependent on the feed motion 
and its characteristics are determined at a cutting time 
point t. 

 

 
Fig. 2. Tool-in-use system fe ( feτ , fеn , fеb ) with cutting motion

′− cC  and feed motion -Хf. 
 

 When both the revolutions n, min-1, and the feed f, 
mm/min, are constant, the values of the angular speed ω 
and the feed speed vf  are 

ω = 2.π.n   (6) 
vf = f.n.   (7) 

In this case the angle of rotation is 
φ01 = ω.t = 2. π.n.t,  (8) 

 
and the translation along the direction of feed is: 

 x(t) = Vf.t = f. n.t.  (9) 
Then (1) gets the form 

( ) [ ]
( ) [ ]

2 2

2 2

( )
( ) ( )

. . . .cos 2. . .

. . . .sin 2. . .

= =

+ + −

= + + −

e

e e

e

x t
r t y t

z
X i n f t y N n t
X i n f t y N n t

z

π

π
.     (10) 

B. Characteristics of cut motion. 
Value cv of cutting speed cv  at a point in time t is:  
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( )2 2( ) . ( ) 2. . . . . .= = + +сv t r t n f i n t X yω π .    (11) 
C. Characteristics of feed motion. 
The feed speed fv  is: 

 [ ]( ) . . ,0,0=
T

fv t i n f ,  (12) 

and its value vf is: 
 vf = f.n = const.   (13) 

The unit vector v f
e of the feed speed  fv  is: 

[ ],0,0=
T

v f
e i .  (14) 

D. Characteristics of resultant cutting motion. 
The speed ev  is: 

 { }
1 1 1

( ) ( ), ( ), ( )= =
T

e ex ey ezv t v t v t v t   (15)

( )

( )

( )

2 2

. . . . . . .cos 2. . . arctan .sin 2. . . arctan
. . . . . .

. . .

. .cos 2. . . arctan . . . . . .sin 2. . . arctan
. . . . . .

.

    
+ + − +    + +    

+ +

=
    

+ + + +    + +    −

y yn f i f i n t X n t A n t
f i n t X f i n t X

f i n t X y

y yn A n t f i f i n t X n t
f i n t X f i n t X

f i

π π

π π

( )2 2. . .

0

+ +n t X y

,     

where: 
( ) ( )2 2 2 2 22. . . . . . 4. . . . 2. .= + − + +A f n t f i n t X y X yπ π π .  (16)  

The value ev is: 
( ) ( ) ( )2 2 2 2 2 2 2( ) . . 1 4. . . 4. . . . 2. . . . 4. .= + + − + +ev t n f n t f i n t X y X yπ π π π . (17) 

The unit vector vee for the speed ev  is:  

 
( )( ) = =e

e
ve

v tt
v

e      (18) 

( )

( ) ( ) ( ) ( )

( )

2 2 2 2 2 2 2 2 2

. . . . . .cos 2. . . arctan .sin 2. . . arctan
. . . . . .

. . . . . 1 4. . . 4. . . . 2. . . . 4. .

.cos 2. . . arctan . . . . . .sin 2.
. . .

   
+ + − +   + +   

+ + + + − + +

=
 

+ + + + −

y yf i f i n t X n t A n t
f i n t X f i n t X

f i n t X y f n t f i n t X y X y

yA n t f i f i n t X
f i n t X

π π

π π π π

π

( ) ( ) ( ) ( )2 2 2 2 2 2 2 2 2

. . arctan
. . .

. . . . . 1 4. . . 4. . . . 2. . . . 4. .

0

 
+ + 

+ + + + − + +

yn t
f i n t X

f i n t X y f n t f i n t X y X y

π

π π π π

, 

where A is defined by (16). 
The acceleration ea  is:  

1

1

1

( )

( ) ( )

( )

= =
ex

ey

ez

e

a t

a t a t

a t

     (19) 

( )

( )

( )

2

2 2

2

4. . . .cos 2. . . arctan . . . . . .sin 2. . . arctan
. . . . . .

. . .

4. . . . . . . . .cos 2. . . arctan .sin 2. . . arctan
. . . . . .

    
+ + + +    

+ +     −
+ +

=
  

− + + + + 
+ +  

y yn B n t f i f i n t X n t
f i n t X f i n t X

f i n t X y

y yn f i f i n t X n t B n t
f i n t X f i n t X

π π π

π π π

( )2 2. . .

0

 
  

  
+ +f i n t X y

,     

where: 
( ) ( )2 2 2 2 2. . . . . 2. . . . .= + − + +B f n t f i n t X y X yπ π π . (20) 

The value ea  is: 
2 2 2

1 1 1
( ) = + + =ex ey ezea t a a a                                     (21) 

( ) ( ) ( )2 2 2 2 2 2 2 24. . . . 1 . . 2. . . . . . . .= + + − + +n f n t f i n t X y X yπ π π π π . 

The unit vector eae of acceleration ea  is: 
( )( ) = =e

e
e

a
a te t

a
                 (22) 

( )

( ) ( ) ( ) ( )

( )

2 2 2 2 2 2 2 2 2

.cos 2. . . arctan . . . . . .sin 2. . . arctan
. . . . . .

. . . . . 1 . . 2. . . . . . . .

. . . . . .cos 2. . . arctan .sin 2. . .
. . .

   
+ + + +   + +   −
+ + + + − + +

=
 

− + + + + 

y yB n t f i f i n t X n t
f i n t X f i n t X

f i n t X y f n t f i n t X y X y

yf i f i n t X n t B n t
f i n t X

π π

π π π π

π π

( ) ( ) ( ) ( )2 2 2 2 2 2 2 2 2

arctan
. . .

. . . . . 1 . . 2. . . . . . . .

0

 
+ + 

+ + + + − + +

y
f i n t X

f i n t X y f n t f i n t X y X yπ π π π

, 

where B is defined by (20). 
The value ea τ  of the tangential acceleration ea τ  is: 

2 2 2

. . ..( )
+ +

= = =
+ +

ex ex ey ey ez eze e

e ex ey ez

e
v a v a v av aa t

v v v v
τ       (23) 

( )
( ) ( ) ( )

2 2

2 2 2 2 2 2 2

4. . . . . . .

. 1 4. . . 4. . . . 2. . . . 4. .

+
=

+ + − + +

f n f n t i X

f n t f i n t X y X y

π

π π π π
, 

and the value ena  of the normal acceleration ena  is: 

 2 2( ) = − =e eena t a a τ   (24) 

( ) ( ) ( )2 2 2

2 2 2

. . . . . .− + − + −
= =

+ +

ex ey ex ey ey ez ey az ez ex ez ex

ex ey ez

v a a v v a a v v a a v

v v v
 

( ) ( ) ( )
( )
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2 2 2 2 2 2 2
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2 2 2 2 2 2 2
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4. . . . . . . .
. 1 4. . . 4. . . . 2. . . . 4. .

+ + − + + −

= +
−

+ + − + +

f n t f i n t X y X y

n f f i n t X
f n t f i n t X y X y

π π π π

π π
π π π π

     

Radius 
1k e

R of the curve 1ek  of the trajectory of 

resultant cutting motion is: 
2

11

1
= = =e

en
k

ee

vR
k a

  (25) 

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

2 2 2 2 2 2 2

22 2 2 2 2 2 2

2 2 2 2 2 2 2

. 1 4. . . 4. . . . 2. . . . 4. .

. 1 2. . . . . . 4. . . . 3. 2. .
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. 1 4. . . 4. . . . 2. . . . 4. .

+ + − + +
=

 + + − + + 
+ + − + +

f n t f i n t X y X y

f n t f i n t X y X y
f n t f i n t X y X y

π π π π

π π π π
π

π π π π

 

The unit vector efτ of tangent of the trajectory of 

resultant cutting motion (Fig.1, Fig.2) is:   
  ( ) ( )= =evfe t e tτ       (26) 
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( )

( ) ( ) ( ) ( )

( )

2 2 2 2 2 2 2 2 2

. . . . . .cos 2. . . arctan .sin 2. . . arctan
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π

π π π π

,  

where A is defined by (16). 
The unit vector efn of the principal normal of the 

trajectory of resultant cutting motion is (Fig.1, Fig.2):  
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where: 
( ) ( ) ( )2 2 2 2 2 2 2. 1 2. . . . . . 4. . . . 3. 2. .= + + − + +C f n t f i n t X y X yπ π π π ,     (28)                    

( ) ( )2 2 2 2 22. . . . . . 4. . . . 2. .= + − + +D f n t f i n t X y X yπ π π ,       (29)                                                      

( ) ( ) ( )2 2 2 2 2 2 2. 1 4. . . 4. . . . 2. . . . 4. .= + + − + +E f n t f i n t X y X yπ π π π .   (30) 

The unit vector efb  of binormal of the trajectory of 
resultant cutting motion (Fig.1, Fig.2) is:                       

  

. .

( ) . .

. .

−
×

= = − =
×

−

ey ez ey ez

e e
ez ex ez ex

e e

ex ey ex ey

ef
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( ) ( ) ( )
( ) ( ) ( )

2 2 2 2 2 2 2

2 2 2 2 2 2 2

0

0

. 1 2. . . . . . 4. . . . 3. 2. .

. 1 . . 2. . . . . . . . .

=
− + + − + − +

+ + − + +

f n t f i n t X y X y
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π π π π

π π π π

, 

where E is defined by (30). 

III. CONCLUSION 
The change of tool angles in some working cases 

(turning acme threads, face turning, milling of complex 
profile surfaces, high speed cutting) leads to significant 
changes in the values of clearance angles, sometimes 
leading to tool destruction. The coordinate systems, setting 
angles and motion angles, defined in ISO 3002/2-1984(E), 
lead to complicated, unclear and in some cases impossible 
transformations of tool angles to working angles. 

The derived equations for the characteristics of the 
cutting, feed and resultant cutting motions are the basis for 
deriving the dependencies for straight and inverse 
transformation between tool and working angles when 
facing.  
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Abstract. A 3-spectral method for non-contact temperature 
measurement has been developed. Three silicon photodiodes 
were used. The separation of the spectrum is done by optical 
bandpass filters and beamspliters. It is possible to work in 
three modes: three-spectral, two-spectral (spectral ratio) and 
one-spectral. In the first mode, the temperature of objects 
with an unknown and variable emissivity can be measured. 
The last two modes give good results respectively for gray 
bodies and for objects with known emissivity. 

Keywords: differential photo receiver, temperature, method, IR 
diapason, lens design. 

I. INTRODUCTION 
Temperature is one of the main parameters that 

determine the state of substance. The efficient functioning 
of a large number of technological processes in the industry 
is related to maintaining the temperature within certain 
limits and with a specified accuracy. For this reason, 
accurate temperature measurement is essential to modern 
science and technology. 

Remote methods of temperature measurement are 
increasingly used. These are optical methods that are based 
on the registration of the own thermal radiation of the 
investigated objects in the infrared spectrum  [1] –[4]. 
Regardless of their advantages, optical pyrometers have 
one serious drawback which necessarily must be accounted 
for. All non-contact measurements are based on Planck's 
law, which relates the spectral radiant exitance of a black 
body 𝑀𝑀𝑏𝑏𝑏𝑏(𝜆𝜆,  𝑇𝑇), its temperature T and the wavelength 𝜆𝜆.  

𝑀𝑀𝑏𝑏𝑏𝑏(𝜆𝜆,  𝑇𝑇)  =  
𝐶𝐶1

𝜆𝜆5 �𝑒𝑒𝑒𝑒𝑒𝑒 �𝐶𝐶2 𝜆𝜆𝜆𝜆� � − 1�
       (1) 

The real objects whose temperature is measured are not 
black and therefore it can be recorded 

𝑀𝑀(𝜆𝜆,𝑇𝑇) = 𝑀𝑀𝑏𝑏𝑏𝑏(𝜆𝜆,  𝑇𝑇) 𝜀𝜀(𝜆𝜆,𝑇𝑇) 

where 𝜀𝜀(𝜆𝜆,𝑇𝑇) is the emissivity.  

The emissivity of real bodies varies from 0 for an ideal 
mirror to 1 for a black body. If 𝜀𝜀(𝜆𝜆,𝑇𝑇) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. , the body 
is called gray. 

Therefore, the pyrometer output signal depends 
simultaneously on two unknown quantities: the actual 
temperature of the object 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  (wich to be measured) and 
its emissivity 𝜀𝜀(𝜆𝜆,𝑇𝑇). 

This implies an indeterminacy of the results of the 
measurements and the appearance of a difference 𝛥𝛥𝛥𝛥  
between the actual temperature of the object 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜  and the 
measured one  𝑇𝑇𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎 (𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝛥𝛥𝛥𝛥). 

Several types of pyrometers are known: 

• Radiation pyrometers. The measured value is 
equal to the temperature of a black body at which its 
radiance is equal to the radiance of the object under study. 
For them 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 =
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�𝜀𝜀(𝑇𝑇)4     или   

𝛥𝛥𝛥𝛥
𝑇𝑇
 =  1  −  �𝜀𝜀(𝑇𝑇)4  

where 𝜀𝜀(𝑇𝑇)  is the integral emissivity in the working 
spectral range of the device 𝛥𝛥𝛥𝛥. 

Radiation pyrometers correctly measure temperatures 
only of black bodies or of bodies with a known emissivity 
𝜀𝜀(𝑇𝑇). 

https://doi.org/10.17770/etr2023vol3.7184
https://creativecommons.org/licenses/by/4.0/
https://www.tugab.bg/index.php?option=com_content&view=article&id=449:department-of-mechanical-and-precision-engineering&catid=132&lang=en&Itemid=560
mailto:pulov@mail.bg
https://www.tugab.bg/index.php?option=com_content&view=article&id=449:department-of-mechanical-and-precision-engineering&catid=132&lang=en&Itemid=560
mailto:angelov_np@abv.bg
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• Spectral ratio pyrometers. The measured 
temperature 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚  is numerically equal to the blackbody 
temperature, where the ratio of the spectral radiant exitance 
𝑀𝑀(𝜆𝜆,𝑇𝑇)  for two narrow spectral ranges is equal to the 
same ratio, but for the controlled object at its actual 
temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 . The spectral ratio pyrometers correctly 
measure the temperature of only gray bodies or bodies with 
a known 𝜀𝜀1/𝜀𝜀2 ratio [5], [6], because for them 

1
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜

 − 
1

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
 =  

𝜆𝜆1𝜆𝜆2
𝐶𝐶2(𝜆𝜆2  − 𝜆𝜆1) . ℓ𝑛𝑛 �

𝜀𝜀1
𝜀𝜀2
�     (2) 

• Spectral pyrometers. Temperature is measured by 
registration the radiation spectrum of the object and 
comparing it to the spectrum of a black body. Receiving 
information in many channels allows correction of the 
unknown emissivity [7],[8] and temperature measurement 
of non-gray bodies for which  𝜀𝜀  =  𝑓𝑓(𝜆𝜆). 

In this method, the separation of the spectrum is 
realized by using spectrometers with diffraction gratings 
[9], which are expensive devices. In addition, the presence 
of many spectral channels implies the acquisition of large 
data sets, as well as complex algorithms and mathematical 
expressions for determining the true temperature [10] – 
[13]. 

As a compromise option, an improvement of the two-
wave spectral ratio pyrometer can be proposed by adding 
one more spectral channel. In this way, additional 
information about the emissivity will be obtained, which 
will reduce the error of measurements  caused by its 
unknown. 

The aim of the given publication is the development of 
a pyrometer operating in 3 narrow spectral ranges, which 
allows temperature measurement of non-gray bodies and 
the separation of the spectral channels is realized by simple 
beamsplitters. 

II. EXPOSITION 

A. Essence of the three-spectral method 
The three-spectral method is a development and 

improvement of the two-spectral pyrometric method. It 
measures the radiant exitance in 3 narrow spectral intervals 
Δ𝜆𝜆𝑖𝑖 using 3 photodiodes. The centers of these intervals  𝜆𝜆𝑖𝑖 
are respectively 𝜆𝜆1, 𝜆𝜆2 и 𝜆𝜆3, for which the ratio 𝜆𝜆1 < 𝜆𝜆2 <
𝜆𝜆3 applies. The approximation of the unknown emissivity 
with a suitable function adequately characterizing the 
dependence 𝜀𝜀 = 𝑓𝑓(𝜆𝜆,𝑇𝑇) is the basis of the three-spectral 
method. 

The signal at the output of the photo receiver in the 
spectral interval 𝑖𝑖  is defined as 

𝐼𝐼𝑖𝑖(𝑇𝑇) = 𝐴𝐴𝑑𝑑Ω∫ 𝑀𝑀(𝜆𝜆)𝑆𝑆(𝜆𝜆)𝜏𝜏(𝜆𝜆)𝑑𝑑𝑑𝑑Δ𝜆𝜆𝑖𝑖
           (3) 

where: 𝐴𝐴 – area of the entrance pupil of the optical system; 
Ω – solid angle of the field of view; 𝑀𝑀(𝜆𝜆) – spectral radiant 
exitance of the measured body; 𝑆𝑆(𝜆𝜆) – spectral sensitivity 
of the photo receiver; 𝜏𝜏(𝜆𝜆)  –  
transmittance of the all optical components (lens, beam 
splitter, filter, medium). 

It can be assumed that in narrow parts of the spectrum, 
the spectral sensitivity of the photo receiver and the 
transmittance of the optical system do not change. 
Furthermore, when the measured body is located relatively 
close to the pyrometer, the transmittance of the medium can 
be neglected. Then expression (3) takes the form  

𝐼𝐼𝑖𝑖(𝑇𝑇) = 𝐾𝐾𝑖𝑖𝜀𝜀𝑖𝑖(𝜆𝜆)𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏(𝜆𝜆)                      (4) 

where  𝐾𝐾𝑖𝑖  is a constant depending on the summary 
characteristics of the pyrometer; 𝑀𝑀𝑏𝑏𝑏𝑏𝑏𝑏(𝜆𝜆)  – spectral 
radiant exitance of a black body.  

Using the Vin approximation for the short-wavelength 
region of the spectrum, expression (4) takes the form 

𝐼𝐼𝑖𝑖(𝑇𝑇) = 𝐾𝐾𝑖𝑖𝜀𝜀𝑖𝑖(𝜆𝜆)
𝐶𝐶1

𝜆𝜆𝑖𝑖5𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐶𝐶2

𝜆𝜆𝑖𝑖𝑇𝑇� �
            (5) 

It can be assumed that for narrow and closely spaced 
spectral sections, the pyrometer constant does not change, 
i.e. 𝐾𝐾𝑖𝑖 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. When measuring in two spectral ranges 
(𝑖𝑖 = 1,2) and from expression (5), the ratio  𝐼𝐼1(𝑇𝑇)

𝐼𝐼2(𝑇𝑇)�  
is expressed. 

 After its two-sided logarithm the temperature of the 
object is determined as 

𝑇𝑇 =
𝐶𝐶2 �1

𝜆𝜆2� − 1
𝜆𝜆1� �

𝑙𝑙𝑙𝑙 �𝐼𝐼1(𝑇𝑇)
𝐼𝐼2(𝑇𝑇) ∙

𝜆𝜆15

𝜆𝜆25
�

                     (6) 

When measuring in 3 spectral ranges (𝑖𝑖 = 1,2,3) , 
expression (5) is converted into a system of 3 equations 
with 4 unknowns (𝜀𝜀1(𝜆𝜆), 𝜀𝜀2(𝜆𝜆), 𝜀𝜀3(𝜆𝜆)  and 𝑇𝑇). 

⎩
⎪
⎨

⎪
⎧𝐼𝐼1(𝑇𝑇) = 𝜀𝜀1(𝜆𝜆)𝜆𝜆1−5𝑒𝑒𝑒𝑒𝑒𝑒 − �𝐶𝐶2 𝜆𝜆1𝑇𝑇� �

𝐼𝐼1(𝑇𝑇) = 𝜀𝜀1(𝜆𝜆)𝜆𝜆1−5𝑒𝑒𝑒𝑒𝑒𝑒 − �𝐶𝐶2 𝜆𝜆1𝑇𝑇� �

𝐼𝐼1(𝑇𝑇) = 𝜀𝜀1(𝜆𝜆)𝜆𝜆1−5𝑒𝑒𝑒𝑒𝑒𝑒 − �𝐶𝐶2 𝜆𝜆1𝑇𝑇� �

 

This system is undefined. In order for it to be solved 
correctly, it is necessary to introduce another equation 
connecting these unknown quantities. Determining the true 
(thermodynamic) temperature of non-gray bodies under 
such indeterminacy involves using a priori assumptions 
about the form of the function 𝜀𝜀 = 𝑓𝑓(𝜆𝜆,𝑇𝑇) . This means 
modeling the behavior of the emissivity based on 
substantiated theoretical and experimental data. The 
spectral emissivities of various metals are shown in fig.1. 
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Fig. 1. Spectral emissivity of various metals. 

It is shown in [14]–[17] that various approximation 
functions are possible, but the exponential is the most used 
because of the convenient mathematical operations with it. 
In [11],[12] various exponential functions are investigated 
and it is found that the emissivity of many metals is 
successfully approximated by an exponential function of 
the form 

𝜀𝜀(𝜆𝜆,𝑇𝑇) = 𝜀𝜀0(𝑇𝑇)𝑒𝑒𝑒𝑒𝑒𝑒(𝑎𝑎𝑎𝑎)                 (7) 

where 𝜀𝜀0(𝑇𝑇)  is the dependence of the emissivity on 
temperature. 

Considering expression (7) the signal at the output of 
the photo receiver can be written as 

𝐼𝐼𝑖𝑖(𝑇𝑇) = 𝜀𝜀0(𝑇𝑇)𝑒𝑒𝑒𝑒𝑒𝑒(𝑎𝑎𝑎𝑎)
𝐶𝐶1

𝜆𝜆𝑖𝑖5𝑒𝑒𝑒𝑒𝑒𝑒 �
𝐶𝐶2

𝜆𝜆𝑖𝑖𝑇𝑇� �
      (8) 

 After logarithmizing both sides of expression (8) for the 
three spectral ranges (𝑖𝑖 = 1,2, 3), the following system of 
equations is obtained 

⎩
⎪⎪
⎨

⎪⎪
⎧𝑙𝑙𝑙𝑙(𝐼𝐼1) = 𝑙𝑙𝑙𝑙�𝜀𝜀0(𝑇𝑇)� + 𝑎𝑎𝜆𝜆1 + 𝑙𝑙𝑙𝑙(𝐶𝐶1) − 5𝑙𝑙𝑙𝑙(𝜆𝜆1) −

𝐶𝐶2
𝜆𝜆1𝑇𝑇

𝑙𝑙𝑙𝑙(𝐼𝐼2) = 𝑙𝑙𝑙𝑙�𝜀𝜀0(𝑇𝑇)�+ 𝑎𝑎𝜆𝜆2 + 𝑙𝑙𝑙𝑙(𝐶𝐶1) − 5𝑙𝑙𝑙𝑙(𝜆𝜆2) −
𝐶𝐶2
𝜆𝜆2𝑇𝑇

𝑙𝑙𝑙𝑙(𝐼𝐼3) = 𝑙𝑙𝑙𝑙�𝜀𝜀0(𝑇𝑇)�+ 𝑎𝑎𝜆𝜆3 + 𝑙𝑙𝑙𝑙(𝐶𝐶1) − 5𝑙𝑙𝑙𝑙(𝜆𝜆3) −
𝐶𝐶2
𝜆𝜆3𝑇𝑇

 

This is a definite system of 3 equations with 3 
unknowns (𝜀𝜀0(𝑇𝑇), 𝑎𝑎 и 𝑇𝑇). Its solution gives the value of the 
measured non-gray body temperature as a function of the 
measured signals at the output of the three photo receivers 

𝑇𝑇 =
𝐶𝐶2

𝜆𝜆1𝜆𝜆2𝜆𝜆3(𝐴𝐴 + 𝐵𝐵)                       (9) 

where the coefficients 𝐴𝐴 and 𝐵𝐵 are: 

𝐴𝐴 =
𝑙𝑙𝑙𝑙 �𝐼𝐼1𝐼𝐼3

∙ 𝜆𝜆1
5

𝜆𝜆35
�

(𝜆𝜆3 − 𝜆𝜆2)(𝜆𝜆3 − 𝜆𝜆1)       𝐵𝐵 =
𝑙𝑙𝑙𝑙 �𝐼𝐼1𝐼𝐼2

∙ 𝜆𝜆1
5

𝜆𝜆25
�

(𝜆𝜆3 − 𝜆𝜆2)(𝜆𝜆1 − 𝜆𝜆2) 

B. Development of a block functional diagram of a 
three-spectral pyrometer. 

In fig.2 shows the functional diagram of the developed 
three-spectral pyrometer. The heated object emits a flux in 
a hemisphere. Part of the flux falls on the objective of the 
pyrometer and is collected on the beamsplitter. 

 
Fig. 2. Functional diagram of three-spectral pyrometer. 

Three identical beamsplitters are provided in the 
scheme, which partially transmit and partially reflect the 
optical flow. The light dividers direct the radiation to three 
identical silicon photodiodes. Before the photo receivers, 
there are bandpass filters that limit the width of the spectral 
ranges. The parameters of the elements used in the 
pyrometer are shown in Table 1.  

TABLE 1 THE PARAMETERS OF THE ELEMENTS USED IN THE THREE-
SPECTRAL PYROMETER 

 Spectral Band 

Number 
𝚫𝚫𝝀𝝀𝒊𝒊 

1 
775-825nm 

2 
825-875nm 

3 
875-925nm 

Lens 
 

Achromatic Doublet 
AC254-100-B-ML - Thorlabs catalog 

Beamsplitters BSW11 from Thorlabs catalog 

Filters Bandpass Filters from Edmund Optics 

Number 
CWL, 𝝀𝝀𝒊𝒊  
FWHM 

# 84-789 
800 nm 
50 nm 

#84-790 850 
nm 
50 nm 

# 84-791 
900 nm 
50 nm 

Photo 
Receivers 

Silicone Photodiodes 
Hamamatsu S2386 

 

C. Schematic electrical diagram of the device 
In fig.3 is shown the principle electrical circuit of 

device. Silicon photodiodes were used as photodetectors. 
Photodiodes produce electrical signals proportional to 
optical flow. The photocurrent 𝐼𝐼𝑝𝑝ℎ through the photodiodes 
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is converted to voltage using operational amplifiers with 
feedback LM358. 

In the block for electronic processing, these signals are 
amplified, their ratio is determined, which is subsequently 
converted into a value of the measured temperature of the 
controlled object. 

An 8-bit microcontroller PIC18F252 is used to control 
the operation of the device, which has a 10-bit analog-to-
digital converter. The controller has enough input-output 
ports and a sufficient amount of program memory in which 
the control program can be located. 

Threshold voltages that determine the measuring range 
of the converter are respectively VREF- = 0 V and VREF+ = 5 

V. The analog input signal to the ADC is represented by 210 
or 1024 levels. The voltage increase step is determined by 
the formula: 

∆𝑈𝑈 =
𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅+

210
=

5
1024

= 4,883 mV 

The functional scheme of the device is composed of 
three measuring channels. The voltage from the outputs of 
the current-voltage converters is fed to three analog inputs 
of the controller RA1/AN1, RA2/AN2 and RA3/AN3. The 
analog-to-digital converter is one and the inputs are 
switched. Only one input voltage is measured at any given 
time.
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Fig. 3. Basic circuit diagram.

D. Block chart of the algorithm of the program 

The block diagram of the control program algorithm is 
shown in fig. 4. At the beginning, the controller is 
initialized, constants and variables are defined, saving 
corresponding cells from the data memory for them. Next, 
it is determined which I/O ports will be used. Set which 
microcontroller pins to be digital inputs, analog inputs and 
digital outputs. The display is then initialized. The main 
program is a continuous loop that only breaks when the 
analog-to-digital converter has finished measuring the 
voltage. The processing of the result of each measurement 
takes place in a subroutine, which is started when an 
interruption occurs from the analog-to-digital converter. 

E. Connecting the LCD to the microcontroller 

At the beginning of the subroutine, the analog input for 
the next measurement is selected. After that, the result of 
the previous measurement is processed, which includes – 
hardware multiplication of the value of the measurement 
with a preset constant. The measured voltages from the 
three channels are compared. The result is converted from 

hexadecimal to binary-decimal code. After that, the results 
of the measurements are displayed on the LCD display. 
First, the output addresses are determined, which means at 
which position each digit of the result should be displayed. 
The calculated values are then visualized. Finally, the 
subroutine starts the next measurement and returns to the 
main program. 

A two-line alphanumeric LCD display is used, and 16 
characters can be displayed on each line. To control the 
LCD module, a control bus is used, including pins RS, 
R/W, E, which are connected respectively to pins RB3, 
RB4, RB5 of the microcontroller initialized as digital 
outputs. The display data bus consists of 8 pins. With their 
help, the microcontroller communicates with the LCD 
module. Display pins D0, D1, D2, D3, D4, D5, D6 and D7 
are initialized as inputs and are connected respectively to 
microcontroller pins RC0, RC1, RC2, RC3, RC4, RC5, 
RC6 and RC7 which are initialized as exits. At the 
beginning of the program, the display is also initialized. 

Finally, the measured values are displayed on the 
display, and the user could choose different operating 
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modes of the device. The operation mode of the measuring 
system is mainly determined by the operation mode of the 
microcontroller, which is set by entering certain values in 
the registers defining the special functions. For a given 
measurement, the photodiodes can be used separately, and 
the result measured with each photodiode can be compared, 
or they can be used together, and a total result can be 
obtained. 

 
Fig. 4. Block chart of the algorithm of the program. 

F. Algorithm for the operation of a device 

The pyrometer operation algorithm can be presented 
with the following sequence. 

1. The signals at the outputs of the three photodiodes 
are measured 𝐼𝐼1(𝑇𝑇), 𝐼𝐼2(𝑇𝑇) и 𝐼𝐼3(𝑇𝑇). 

2. According to expression (6), the ratio 
temperatures are calculated for the combinations 
containing two spectral ranges respectively 

𝑇𝑇1 = 𝑇𝑇(∆𝜆𝜆1,Δ𝜆𝜆2) = 𝑓𝑓 �𝐼𝐼1 𝐼𝐼2� � 

𝑇𝑇2 = 𝑇𝑇(∆𝜆𝜆2,Δ𝜆𝜆3) = 𝑓𝑓 �𝐼𝐼2 𝐼𝐼3� � 

𝑇𝑇3 = 𝑇𝑇(∆𝜆𝜆1,Δ𝜆𝜆3) = 𝑓𝑓 �𝐼𝐼1 𝐼𝐼3� � 

3. It is checked whether the body is gray. It will be 
grayed out if  𝑇𝑇1 = 𝑇𝑇2. This equality is not strictly enforced 
in the general case. Nevertheless, the measured body can 
be assumed to be gray if the condition is met 

𝑇𝑇1 = 𝑇𝑇2 ± 𝛿𝛿𝛿𝛿                         (10) 

where 𝛿𝛿𝛿𝛿  is the permissible measurement error. If 
condition (10) holds, then the temperature of body  is 
defined as 

𝑇𝑇 =
∑ 𝑇𝑇𝑖𝑖3
𝑖𝑖=1

3
 

4. If condition (10) is not fulfilled, then the 
temperature of body is determined by expression (9). 

The total error of the proposed three-spectral pyrometer 
is determined by the instrumental error, the blackbody 
pyrometer calibration error, the error due to the presence of 
parasitic reflections, the error due to the background 
radiation from near spaced high-temperature sources 
falling into the field of view of the device, and the 
methodological error caused by the approximation error of 
the emissivity [18],[19]. When measuring the temperature 
of highly heated metals (800 ÷ 2000)℃ , the 
methodological error has the greatest influence. In the 
indicated temperature range, for many metals, an 
exponential dependence of  𝜀𝜀 = 𝑓𝑓(𝜆𝜆,𝑇𝑇). The use of narrow 
and close spectral intervals together with the exponential 
approximation of the emissivity leads to a small 
methodological error, which, depending on the temperature 
of the body and the width of the spectral interval, varies 
from 0,5% to 1%. 

III.  CONCLUSION 
A three-spectral pyrometer using three narrow spectral 

regions has been developed. Under substantiate 
assumptions about 𝜀𝜀(𝜆𝜆,𝑇𝑇) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  temperature is 
determined as the average of three ratio temperatures for 
three wavelength pairs. In the most general case, a three-
wave method is implemented by modeling the emissivity 
using an exponential function. The use of narrow and close 
spectral intervals in totality with the exponential 
approximation of the emissivity leads to a reduction of the 
uncertainty in the measurement of the temperature of non-
gray bodies with an unknown dependence 𝜀𝜀(𝜆𝜆,𝑇𝑇). 
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Abstract. In the article, it will be considered what is the 
influence of the addition of 10% PP into a polyethylene 
mixture compared to a mixture of polyethylene on the main 
mechanical characteristics of geocells - hardness, maximum 
tensile strength, strength of the internal structural junctions 
(welds). It will be analyzed the interrelationships between the 
measured mechanical parameters 

Keywords: geocells, PE/PP blends.  

I. INTRODUCTION 
Geocells (fig.1)  are a network of plastic strips that are 

ultrasonically welded. The most common material for 
geocells is PE, but due to the expanding application of these 
products, requirements for higher strength characteristics 
are also increasing especially for loading applications. One 
of the directions for increased strength characteristics is 
adding a harder material into mixture of PE such as PP. 
This is a rational option for increasing the strength 
characteristics due to the unreduced productivity during 
extrusion as well as  easy access and cost of PP. Although 
the combination of PE and PP has been studied in the 
literature, the studies on mechanical properties of the 
relatively new product geocells are not many and 
researchеs about them may lead to new applications. One 
of the big disadvantages  of geocells application is the weak 
strength properties. 

 
Fig. 1. Geocells. 

 

II. MATERIALS AND METHODS 
   Strips of perforated high-density polyethylene sheets, 

also known as cell-walls, are welded together at locations 
known as junctions [1]. Geocells are used both in industrial 
practice mainly in construction infrastructure - highways, 
railways, dam walls, etc., as well as in consumer use - as a 
basis for various types of flooring and various garden 
applications [2] - [5]. Their use is increasing due to 
regulatory requirements for their application in first-class 
roads, as well as their engineering advantages - lightness, 
durability, possibility of occupying large roof areas, easy 
installation, individual sizes, etc. however, its applications 

https://doi.org/10.17770/etr2023vol3.7244
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are limited because of the sizeable long-term deformation 
under constant loading and poor tensile strength [6] - [9].  

The most common used material for geocells offered by 
manufacturers is polyethylene with high density. This is 
due to the good mechanical and physical characteristics of 
polyethylene - hardness, elasticity, dielectric strength, 
moisture resistance, high chemical resistance [10]. 

The main disadvantages of polyethylene are the weak 
resistance to light and heat, but due to the specifics of its 
application, geocells are not exposed to direct light and 
high temperatures, which also predisposes to its use. From 
an economic point of view, there are also prerequisites for 
its use, because on one hand, primary polyethylene has a 
low cost and is widely available, and also the fact that High‐
density polyethylene (HDPE) is one of the most popular 
plastics used in industry [11], [12].  

The additives that are traditionally used for geocells are 
different colorants, depending on the application of the 
product, as well as-UV stabilizer that improves the 
product's resistance to light [13]. 

Other anti-aging additives can be used to improve the 
technological qualities, fillers and plasticizers, etc. 
depending on the specific application of the product. In 
general, polyethylene has established itself as the main 
material due to the very good combination of technical and 
economic characteristics.  

On another hand PP is a polymer with good mechanical 
properties-chemical resistance, weldability, stiffness, 
economical-easy access, low cost, ecological-
recyclability.Generally polypropylene is a promising 
plastic by showing its great chemical, physical and 
mechanical properties PP applications include, but not 
limited to, fabrics, films, bottles, sheets and automotive 
products [14].  

Blends of PE/PP have been largely studied because they 
make up 2/3 of the world's volume of plastics and are fully 
recyclable.  For example, blow molding grade of HDPE as 
a bottle and injection molding grade of PP as a cap are often 
used to produce detergent bottles [15]. The proportions 
used in the article is 50/50 between virgin materials and 
recycled materials, because the production of geocells is 
associated with a large technological waste, which is 
reused. 

The investigated properties are the major mechanical 
properties of geocells-hardness according to Shore 
D(according DIN 53505, maximum tensile 
strength(according ISO 10139, strength of  internal  
structural junctions (welds) - according ISO 13426, 
method B. 10 samples were tested according every selected 
standardized method.  

     All tests are in accordance with the relevant test 
standards (fig 2), being observed the test conditions for the 
dimensions of the specimens, the range, the rate of 
deformation and the geometry of the testing machine and 
of the gripping jaws, as well as the surrounding 
environment. 
     The used machine equipment is calibrated according 
the metrology requirements. The test samples have an 

average thickness of 1.4 mm (deviation of maximum 5%, 
width of 100 and 150 mm], the results of samples 
composed of 100% PE and additives for color and anti UV 
agent were compared, as well as samples with 90% PE and 
10% PP with the same additives.  

 
Fig. 2. Dimensions and place to take the sample (ISO 13426, 

method B) [16]. 
 

III. RESULTS AND DISCUSIION 
 

The results are statistically processed. the trends in the 
mechanical indicators are shown, which may be used for 
other ratios as well. The numbers of tested samples is 
sufficient for statistical sampling, 

The research can be used for other products from the 
same materials and additives and is not limited to geocells: 

• Maximum tensile strength = Rm(kN/m) 
Rm = F/b 

Where  
F - maximum applied force (kN) 
b - width of the sample (m) 

The standardized dimension unit is kN/m. 

Measured maximum tensile strength of 10 samples of 
both mixtures - fig 3, fig, 4. PE mixture results Rm{kN/m): 
26.5, 27.7, 27.1, 27.3, 25.7, 26.9, 26.7, 27.7, 24.7, 27.3. 

PE/PP mixture results Rm{kN/m): 29.6, 27.7, 26.4, 
28.7, 27.8, 28.7, 26.6, 28.4, 27.2, 28.1 
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Fig. 3. Test result,sample No1,Force-1.65 kN,width of the sample-
100mm,mixture PE. 

 
Fig. 4. Test result, sample No9, (mixture PE/PP).  

 
The measured results show an average maximum 

tensile strength of a PE blend of 26.76 kN/m and an average 
maximum tensile strength of a blend of 90% PE and 10% 
PP of 27.92 kN/m or an increase in average ultimate tensile 
strength of 4.3% at addition of 10% PP. The results are 
statistically processed (fig. 5).     Overall, the destruction 
figures are correct, no deviations are observed, testing 
conditions are correct, there is repeatability of the results, 
which is also proven by the regression analysis, although 
tensile strength testing of elastic materials is very sensitive. 

The destruction graphs show no deviation from the test 
conditions The maximum tensile strength of geocells is an 
essential technical characteristic in declarations of 
conformity and is often a leading mechanical characteristic 
about the standardization of geocells as a productThe 
increasingly wide application of geocells leads to 
increasingly higher required results, especially of the 
essential characteristics depending on their application. 

The addition of PP into PE increases the average maximum 
tensile strength and one of the options for higher 
requirements of maximum tensile strength according to the 
specification. No differences were observed in the 
extrusion performance of the two blends. The current 
results may be used as a basis for the use of different 
amounts of PP in PE. 

 

Fig. 5.  Main effect plot for Rm. 

 
Fig. 6. Test result, sample 3, mixture PE. 

 
• Hardness 

Hardness was measured according to the standardized  
Shore D testing method for polymers according to DIN 
53505, with the range of the hardness indenter  consistent 
with the theoretical results of the two mixtures. hardness 
measures the hardness of elastomers by measuring the 
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penetration depth.[17] Geocell testing according Shore D 
is suitable because of their textured surface. Hardness is not 
an essential technical characteristic in the declarations of 
conformity, but the relationship between the results of the 
measured hardness and other mechanical parameters, the 
study is important and can be used in engineering practice, 
since hardness measurement is a nondestructive test. 
Shore-D hardness gives additional help for tribological 
analysis of engineering polymers and their composites[18]. 
Tests according Shore D are measured in dimensionless 
units.The results are shown in fig. 6, fig7.  

Hardness results (PE mixture)-Hsh-45.8, 44.6, 48.2, 
46.7, 46.5, 47.8, 44.5, 47.7, 44.5, 45.5. 

Hardness results (PE/PP mixture)-Hsh-56, 56, 57.3, 
59.4, 58.2, 57.7, 59.5, 57.5, 58, 58.3. 

 
Fig. 7.  Main effects plot for Hsh. 

 
The average Shore D hardness values of both mixtures 

of 46.16 and 57.79 show a significant increase in hardness 
with the addition of 10% PP by 26.78%. It should not be 
overlooked that the increased hardness causes 
technological problems, because it slows down and makes 
the cutting process more difficult. Cutting is often a 
finishing operation during manufacturing the product. Also 
it is possible to get cracks as a result of the increased 
hardness, during cutting which affects the quality and 
manufacturing rate of the product.These problems may be 
solved by choosing technological processes for the 
manufacturing of the product, in which there are no cutting 
processes. 

• Maximum tensile strength for internal 
structural junctions are shown in fig 8, fig 9, 
fig. 10. 

The connection mode of junctions is crucial to the 
performance of geocells [19]. 

Maximum tensile strength for internal junctions {PE 
mixture}. Results{kN/m) - PE mixture: 12.2, 11.5, 11.6, 
11.1, 11, 10.9, 10.6, 11.3, 10.4, 11.2. 

 
Fig. 8. Test result, sample 5, width 100 mm. 

 

 
Fig. 9.  Test result, sample 4, width 100 mm. 

 
The results show a significant decrease in the strength 

of the internal structural junctions with the addition of 10% 
PE into PP. This is expected due to increased maximum 
tensile strength of strips and hardness with the addition of 
PP. 

 
Fig. 10. Main effect plot for Rmtsisj. 
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The results, compared with other authors [20] - [22], are 
reliable and no deviations were observed in the regression 
analyses. They may be used and applied in engineering 
practice. The statistical error has a negligible impact as the 
range of results is close. 

IV. CONCLUSIONS 
 The test results showed that the addition of 10% PP in 

PE increased the stiffness and ultimate tensile strength, but 
reduced the strength of the internal connections of the 
structure. Given the wider application of the product and 
the fact that the ultimate tensile strength is part of a 
harmonized standard for this product, the addition of PP is 
justified when higher requirements are set for this property. 
The addition of PP does not change the productivity of the 
entire technological process of creating the product. 
However, the increase in hardness should not be ignored, 
which can lead to a reduced quality when cutting the 
product during its final processing. The results may be used 
as a basis and for other ratios between PP and PE. The 
increased strength properties may expand geocells 
application.  
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Abstract. The objects of this study are reinforced polymer 
concrete composites with epoxy matrix and mineral 
dispersion fillers. Dynamic modulus of linear deformations 
has been measured according the standardized dynamic 
testing method ASTM E1876 - 02. The quantitative values of 
the modulus are obtained by the action of longitudinal and 
bending. After statistical processing of the obtained results 
has been established the influence of fiber in the composition 
on the dynamic characteristic. 

Keywords: vibrations, dynamic, epoxy based concrete, 
high strength polymer concrete, fillers, reinforced.  

I. INTRODUCTION 
Polymer concrete (PB) composites are widely used in 

engineering practice, as alternative materials for bodies and 
housings of metal-cutting machines. The application of 
these composites as alternative non-metallic structural 
materials is an innovative activity that creates prerequisites 
for improving  technical and operational qualities of the 
manufactured machines and devices such as: 

• Static and dynamic stability; 
• Thermal behavior; 
• Corrosion resistance; 
The epoxy-based PB composite used in this study has 

high strength and good wear resistance, sliding property, 
and UV stability [1]-[6]. In recent years, the use of organic 
and inorganic fillers, as well as waste up to 5%, has been 

observed in polymer concrete to improve and modify its 
properties [8]-[12]. The article has an experimental focus 
and its main goals are: 

• determining the influence of the amount of fibers on 
the dynamic modulus of linear deformations. 

• study on change of the dynamic modulus of linear 
deformations during the curing of PB composites. 

The composites were manufactured and tested in the 
laboratories of TU-Sofia, branch Plovdiv. 

II. MATERIALS AND METHODS  
Determination of the dynamic modulus of linear 

deformations due to longitudinal and flexural fundamental 
freely damped oscillations. 

The specimen is placed on prismatic supports clamped 
immovably to a base. The supports are located at a distance 
of 0.224l from both ends of the specimen, according to 
ASTM E1876-15  [7]. Impulse dynamic impact is applied 
to the beam with an exciter -type impact hammer , Fig.1. 
In this way,  model of an oscillating dynamic system with 
distributed parameters is created. 
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Fig. 1. Vibration test setup. 

The dynamic modulus is defined as follows: 
 

2 3 3
10.9465( / )( / )D fE mf b l h T=                         (1) 

 
 where: 
 DE - dynamic modulus of Young;  
 m - beam mass; 
 b - beam width; 
 l - beam length; 
 h  - beam thickness; 
 ff - Fundamental flexural resonance frequency 

Fig.2 ;  
 
   1T  - Correctional coefficient. 
   

2 2 4
1

2 4

2 2

1.000 6.585(1 0.0752 0.8109 )( / ) 0.868( / )
8.340(1 0.2023 2.173 )( / )

1.000 6338(1 0.1408 1.536 )( / )

Т h l h l
h l

h l

µ µ

µ µ
µ µ

= + + + − −

+ +
−

+ + +

 (2) 

 
where: 
 
 µ  - Coefficient of Planck 
 

 
Fig. 2. Measurement of the vibrations of torque. 

 
Determination of dynamic modulus from due to 

longitudinal free damped vibrations : 
The specimen is placed on prismatic supports clamped 

immovably to a base. At one end of the beam, a frontal 
impulse dynamic impact is applied, and on the opposite 
side, the frontal response is measured using a microphone, 
Fig.3. In this way, longitudinal free damping oscillations 
are realized. The dynamic modulus of elasticity El will be 
determined according to the formula: 

 
2 24l l oE f l ρ=                          (3) 

where:  
lf  -  fundamental frequency in longitudinal vibrations 

l   - length of a sample 
oρ  -density of a sample 

 

 
Fig. 3.  Longitudinal vibration reasearch setup. 

The experimental samples have a shape of a 
rectangular parallelepiped (beam type) with dimensions 
30x30x370mm, Fig.3. They comply to the generally 
accepted standardization norms for polymer concrete 
samples. The number of PB compositions is 3, for which a 
total of 9 test bodies were cast (3 pieces of each 
composition). A vibration stand with an inverter control 
was used during casting, Fig.4. The samples have been 
vibrated for 20 min.  

 

 
Fig. 4. Vibration stand. 

The mold for casting the test samples is three-nested, 
detachable, made of wood material, Fig.5. To eliminate 
random errors, the equipment allows simultaneous receipt 
of three test samples from one PB composition. 

 

 
Fig. 5. Casting shape type b. 
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The total amount of the mixture is taken equal to unity 
(or 100%), and is a part of the I component in the mixture. 
The components meet the following conditions: 

1 2 3 4 100%X X X X+ + + =            (4) 

The following materials for the individual components 
are used: 

1X - binder – epoxy resin 

2X - fine filler  - quartz flour; 

3X - , PP Fibers M12 ; 

4X - granular filler – fine and course sand.  
TABLE 1 COMPONENTS   

№ X1  X2  X3  X4  
4 16% 3.5% 0.3% 80.2%

5 16% 3.5% 0.0% 80.5%
6 16% 3.5% 0.7% 79.8%  

 
Fig. 6. PB samples. 

The mass of the PB samples, Fig. 6, was measured 
using an electronic balance, Fig. 7 with an accuracy of 1g. 

 
Fig. 7. Electronic balance. 

III. RESULTS AND DISCUSSION 
Fig. 8 shows the experimental setup for determining 

the two types of dynamic modules. 
 

 
Fig. 8. Experimental set up. 

The data about the value of the frequencies necessary 
for the calculation of the modules is obtained from the 
autospectral characteristic, Fig.9-10. 

 

 
Fig. 9. Flexural spectral analysis of 5.3 day 120. 

 
Fig. 10. Longitudinal spectral analysis of 5.3 day 120. 

The obtained experimental results for the modulus of 
linear deformations are structured in tabular form. Table 2 
presents the results of testing of sub-base 6 on longitudinal 
and flexural vibrations. Accordingly, Tables 3 and 4 
present another results for the 5th and 6th sample. 

TABLE 2 EXPERIMENTAL RESULTS 

№ 
f l

[Hz]
f f

[Hz]
E l

[Pa]
E f

[Pa]

6.1 4107 533 1.78E+10 1.18E+10
6.2 4112 608 1.79E+10 1.55E+10
6.3 4032 538 1.72E+10 1.20E+10
6.1 4200 581 1.87E+10 1.40E+10
6.2 4360 570 2.01E+10 1.37E+10
6.3 4280 592 1.94E+10 1.46E+10
6.1 4263 603 1.92E+10 1.51E+10
6.2 4374 576 2.02E+10 1.39E+10
6.3 4322 597 1.98E+10 1.48E+10
6.1 4235 581 1.90E+10 1.40E+10
6.2 4363 570 2.01E+10 1.37E+10
6.3 4321 592 1.98E+10 1.46E+10
6.1 4242 589 1.90E+10 1.44E+10
6.2 4333 570 1.99E+10 1.37E+10
6.3 4274 597 1.93E+10 1.48E+10

Day 2

Day 8

Day 13

Day 21

Day 120
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 TABLE 3 EXPERIMENTAL RESULTS 
№

fl
[Hz] ff[Hz]

E l
[Pa]

E f
[Pa]

5.1 4608 608 2.25E+10 1.54E+10
5.2 4635 603 2.27E+10 1.53E+10
5.3 4591 603 2.23E+10 1.51E+10
5.1 4613 614 2.25E+10 1.57E+10
5.2 4656 608 2.29E+10 1.56E+10
5.3 4618 608 2.26E+10 1.54E+10
5.1 4586 608 2.23E+10 1.54E+10
5.2 4700 614 2.34E+10 1.58E+10
5.3 4672 614 2.31E+10 1.57E+10
5.1 4618 614 2.26E+10 1.57E+10
5.2 4688 614 2.32E+10 1.58E+10
5.3 4665 614 2.30E+10 1.57E+10
5.1 4595 614 1.57E+10 2.23E+10
5.2 4667 608 1.56E+10 2.30E+10
5.3 4646 614 1.57E+10 2.28E+10

Day 2

Day 8

Day 13

Day 21

Day 120

 
 

TABLE 4 EXPERIMENTAL RESULTS

№
 fl

[Hz]
ff

[Hz]
El

[Pa]
Ef

[Pa]
4.1 4175 600 1.88E+10 1.50E+10
4.2 4189 608 1.87E+10 1.56E+10
4.3 4177 603 1.87E+10 1.51E+10
4.1 4197 603 1.86E+10 1.51E+10
4.2 4185 608 1.86E+10 1.56E+10
4.3 4187 608 1.85E+10 1.54E+10
4.1 4245 600 1.91E+10 1.50E+10
4.2 4247 608 1.91E+10 1.56E+10
4.3 4245 608 1.91E+10 1.54E+10
4.1 4253 603 1.91E+10 1.51E+10
4.2 4237 608 1.90E+10 1.56E+10
4.3 4274 609 1.93E+10 1.54E+10
4.1 4247 602 1.91E+10 1.51E+10
4.2 4242 608 1.90E+10 1.55E+10
4.3 4265 608 1.92E+10 1.54E+10

Day 2

Day 8

Day 13

Day 21

Day 120

 
 

TABLE 5 CHANGA OF THE MODULUS 

6.1 6.2 6.3 6.1 6.2 6.3

Day 2 1.78E+10 1.79E+10 1.72E+10 1.18E+10 1.55E+10 1.20E+10

Day 8 1.87E+10 2.01E+10 1.94E+10 1.40E+10 1.37E+10 1.46E+10

Day 13 1.92E+10 2.02E+10 1.98E+10 1.51E+10 1.39E+10 1.48E+10

Day 21 1.90E+10 2.01E+10 1.98E+10 1.40E+10 1.37E+10 1.46E+10

Day 120 1.90E+10 1.99E+10 1.93E+10 1.44E+10 1.37E+10 1.48E+10

7.7% 13.1% 14.9% 28.0% 13.8% 23.1%

Longitudinal Flexural

Delta
11.93% 21.63%  

TABLE 6 CHANGING OF THE MODULUS 

4.1 4.2 4.3 4.1 4.2 4.3

Day 2 1.84E+10 1.86E+10 1.85E+10 1.50E+10 1.56E+10 1.51E+10

Day 8 1.86E+10 1.85E+10 1.85E+10 1.51E+10 1.56E+10 1.54E+10

Day 13 1.91E+10 1.91E+10 1.91E+10 1.50E+10 1.56E+10 1.54E+10

Day 21 1.91E+10 1.90E+10 1.93E+10 1.51E+10 1.56E+10 1.54E+10

Day 120 1.91E+10 1.90E+10 1.92E+10 1.51E+10 1.55E+10 1.54E+10

3.8% 3.0% 4.7% 0.9% 0.0% 1.9%
Delta

3.8% 0.93%

Longitudinal Flexural

 
TABLE 7 CHANGING OF THE MODULUS

5.1 5.2 5.3 5.1 5.2 5.3

Day 2 2.25E+10 2.27E+10 2.23E+10 1.54E+10 1.53E+10 1.51E+10

Day 8 2.25E+10 2.29E+10 2.26E+10 1.57E+10 1.56E+10 1.54E+10

Day 13 2.23E+10 2.34E+10 2.31E+10 1.54E+10 1.58E+10 1.57E+10

Day 21 2.26E+10 2.32E+10 2.30E+10 1.57E+10 1.58E+10 1.57E+10

Day 120 2.23E+10 2.30E+10 2.28E+10 1.57E+10 1.56E+10 1.57E+10

1.4% 2.8% 3.6% 1.8% 3.6% 3.6%
Delta

2.59% 3.00%

Longitudinal Flexural

 
As can be seen from the obtained experimental results 

in the tables above, the modulus of PB composites was 
tested at 2, 8, 13, 21, 120 days. 

The percentage change of the modulus of linear 
deformations during the curing of the samples was 
calculated. The results are tabulated in Tables 5-7. 

For a better visualization of, the results are presented 
graphically, Fig.11 -16. 

 
Fig. 11. Results of the modulus by longitudinal vibraiions. 

 
Fig. 12. The results of the modulus by flexural vibrations. 
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Fig. 13. The results of the modulus by longitudinal vibrations. 

 
Fig. 14. The results of the modulus by flexural vibrations. 

 
Fig. 15. The results of the modulus by longitudinal vibrations. 

 
Fig. 16. The results of the modulus by flexural vibrations. 

Using the Minitab software, the influence of the fibers 
used for reinforcement on the modulus of linear 
deformations was analyzed. The obtained results of the 
analysis are presented below. 

Regression Analysis: El versus Filler 
Regression Equation 

El = 2.2767 - 0.2933 Filler + 0.05083 Filler*Filler 
Coefficients 

Term Coef SE Coef T-Value P-Value VIF 
Constant 2.2767 0.0180 126.83 0.000   

Filler -0.2933 0.0229 -12.82 0.000 13.00 
Filler*Filler 0.05083 0.00550 9.25 0.000 13.00 

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.0310913 97.95% 97.27% 95.39% 
Analysis of Variance 

Source DF Seq SS Seq MS F-Value P-Value 
Regression 2 0.277089 0.138544 143.32 0.000 

  Filler 1 0.194400 0.194400 201.10 0.000 
  Filler*Filler 1 0.082689 0.082689 85.54 0.000 

Error 6 0.005800 0.000967     
Total 8 0.282889       

 

Fig. 17. Influence of fibres on a modulus during bending vibrations. 

 

Fig. 18. Influence of fibres on the modulus by flexural vibrations. 

Regression Analysis: Ef versus Filler 
Regression Equation 

Ef = 1.5567 + 0.0142 Filler - 0.01292 Filler*Filler 
Coefficients 

Term Coef SE Coef T-Value P-Value VIF 
Constant 1.5567 0.0100 155.67 0.000  

Filler 0.0142 0.0127 1.11 0.309 13.00 
Filler*Filler -0.01292 0.00306 -4.22 0.006 13.00 
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Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.0173205 95.60% 94.13% 90.10% 
Analysis of Variance 

Source DF Seq SS Seq MS F-Value P-Value 
Regression 2 0.039089 0.019544 65.15 0.000 

Filler 1 0.033750 0.033750 112.50 0.000 
Filler*Filler 1 0.005339 0.005339 17.80 0.006 

Error 6 0.001800 0.000300   
Total 8 0.040889  

 
  

 
Fig. 19. Influence of fibres on yhe modulus by flexural vibrations. 

 
Fig. 20. Influence of fibres on the modulus by longitudinal vibrations. 

IV. CONCLUSIONS 
The results of the present work are as follow: 

• A standard methodology was used for the 
quantitative determination of the modulus of linear 
deformations of PB compositions. 

• A laboratory equipment that ensures the research 
has been designed and manufactured 

• Based on the obtained experimental results from 
the reports and the performed analysis, it was 
established that as the number of fibres increases, 
the dynamic modulus decreases. 

An analysis of the experimental results shows a change 
in the values of the modulus during curing change as 
follows: 

• Composition 4 with 2g of fibers for 
reinforcement – 3,8 - 4,7%. 

• Composition 5 with 0g fiber for reinforcement – 
1-3%. 

• Composition 6 with 4g fiber for reinforcement - 12-
21.5%. 

 
The dynamic modulus of elasticity during curing of 

polymer concrete has not been studied in the literature. 
Modulus of elasticity in other investigations is in the range 
10 40GPa÷ , [13]-[21].   

During the curing of PB composition 4 and 5, it may 
be assumed that the modulus remains constant and 
deviation of 1 - 3% - is a measurement error. 

The possibilities of obtaining reliable information 
about the modules for this type of composites with the 
proposed methodology and measuring equipment are real 
and adequate. 
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Abstract. The idle running times of the working units of a 
machine tool are the sum of the idle running times for the 
tool change and for changing the section uder treatment. 
The time, spent on idle running is the extra machining time. 
A large number of milling cutters are used for purely 
mechanical machining of details with complex surfaces and 
for a significant number of machined sections, where the 
complex surface is broken as a rule. This leads to an 
increase in the extra time for treatment.  Reducing the 
auxiliary time in machining the parts will significantly 
increase the productivity of the actual milling process.  
When modeling the process of machining details with 
complex surfaces on triaxial milling machines, the 
optimization of the sequence of moves will allow to reduce 
the idle running time by up to 50% without causing 
deterioration in the quality of the surface layer. 

Keywords: pure/actual/finish milling, complex surfaces, CNC 
machine tool, optimization. 

I. INTRODUCTION 
When making parts with a complex shape on CNC 

milling machines the longest technological process is the 
finish machining. As it is known, the trajectory of 
movement of the tools used in this type of processing 
includes cutting moves and idle moves.  

The idle moves of the machine working units are in 
fact the sum of the idle moves for changing the milling 
cutter and changing the section to be machined.  A large 
number of milling cutters are used for finishing details 
with complex shapes and for a significant number of 

machined sections, where the complex surface is broken 
as a rule. This leads to an increase in the extra time for 
treatment. 

It follows from the above that the productivity of the 
process of finish machining on triaxial CNC milling 
machines can be increased, on the one hand, by reducing 
the cutting time, and, on the other hand, by reducing the 
time, spent on performing idle moves.  

A number of researchers have dedicated their works 
[1], [2], [3], [4], [5] to defining the parameters and 
strategies for milling each individual section, to rational 
breakage of the complex surfaces into separate structural 
and technological sections, to selection of milling cutters 
of a certain size for processing each individual section, to 
finding and presenting methods and algorithms, allowing 
to optimize the process and reduce the cutting time. 
Positive results are thus obtained and the problem for 
minimizing the cutting time has been solved.  

The auxiliary time optimization problem has not 
received much attention so far. The sequence of 
processing the individual sections and the sequence of 
tool change is determined by the technologist based on 
personal experience, without applying modern modeling 
and optimization methods. The number of options for 
performing the tool moves is often significant, however. 
Hence the choice of an optimal variant based on an 
exhaustive analysis of the consequences from the 
particular choice is impossible without the use of specific 
algorithms and means of programming.  

https://doi.org/10.17770/etr2023vol3.7193
https://creativecommons.org/licenses/by/4.0/
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All mentioned above determines the relevance of the 
present study. When modeling the process of machining 
details with complex surfaces on triaxial milling 
machines, the optimization of the sequence of moves will 
allow to reduce the time, spent on performing idle moves.  

A number of studies of university and scientific 
laboratories in Austria, Great Britain, Russia, USA, 
Ukraine, Germany have been devoted to the choice of 
specific processing strategies [6], [7], [8], [9], [10], [11], 
[12], [13], [14], [15], [16], [17], [18]. Papers [1], [3], [4], 
and [16] present results from conducting a study and 
implementing a developed theory of optimization of the 
strategy for forming complex surfaces (optimal path of 
the milling cutter) on a triaxial CNC milling machine. 
The task of dividing the surfaces into sections and 
choosing tools for their shaping is solved in the works 
[1], [2], [10], [19].  

As a result of the optimization of the specific 
processing strategies, the sections to be machined are 
defined, including: their boundaries, the tools and their 
geometry, the path of tool moves during machining, and, 
as a final result, the coordinates of the starting points, and 
the trajectory of tool incision and withdrawal.  

The length of the idle-running tool moves differs 
significantly for the different sequences of transition from 
one machined section to another.  Moreover, the 
guaranteed run time of each tool is limited by its service 
life, which results in additional increase in the duration of 
the idle running due to the need of changing the tools to 
guarantee the required surface quality. In this regard, to 
reduce the tool change time, it is necessary to minimize 
the number of milling cutters used to shape the sections 
of complex surfaces while maximizing their resource 
utilization. 

It follows from this that the task of optimization of 
the general machining strategy is a search for the most 
profitable option, in which the idle moves during the tool 
passage from one section to another and during the tool 
change will lead to a minimum time consumption, while 
taking into account the minimum length of the idle tool 
moves from one section to another without changing the 
tool. 

II. MATERIALS AND METHODS 
The study is aimed at the following:  

 Type of equipment – a triaxial CNC milling 
machine, most frequently used in practice; 

 Type of machining – finish milling, providing 
the required quality of the machined surfaces. The 
required quality is achieved by using low speed of idle 
running to reduce the influence of the dynamic error, 
which, in turn, results in increasing the auxiliary time. 
Under the high quality requirements in finish machinng 
and limited service life of the milling cutters, regular 
changes of the tool typically occur. This leads to an 
increase in the additional time for performing idle 
running moves by the machine nodes;  

 Tool type – tail milling cutters – flat face 
cylindrical, spherical face cylindrical and conical ones, 
all of which intended for machining complex surfaces 
and widely used in practice;  

 Speed of idle-running moves when machining 
the sections by one size tool – a constant for all idle 
moves of the same size cutters. This assumption provides 
simplification in calculating the auxiliary time, and the 
change in the idle running tool speed by magnitude and 
direction has insignificant influence on the additional 
time; 

 A guaranteed life span of the tool – in the the 
event of a finishing type of milling it is assumed to be the 
same for all cutters of one size. When processing 
different sections, the wear rate of the cutters of one size 
may be different. However, under the same cutting 
conditions, the tool life period of the milling cutters of 
one size can be assumed to be equal. 

The movement of the milling cutter from one section 
to another and the movement for its change can be 
represented schematically (Fig.1). 

 
Fig. 1. Schemе of the milling cutter movement during pure machining 

of surfaces on a triaxial CNC machine. 

The safety zone (SZ) is located at a height, greater 
than the highest section of the part geometry, and the 
local safety zone (LSP) is between two sequentially 
machined sections. The additional passage 1 serves to 
bring the cutter with an increased feed speed Vf ff (fast 
feed) from the safety zone to the point of starting the cut. 
The cutting movement 2 serves to move the cutter from 
the ending cutting point to its starting point at a speed Vf 

sp. The cutting movement 3 is carried out at the speed of 
the working move Vf wm, during which the cutter comes 
into contact with the surface of the workpiece. The 
movement for tool withdrawal 4 serves to move the 
milling cutter from the ending point to the starting point 
to bring the tool back at a speed of the working move Vf 

wm. The return movement of the tool 5 is a movement of 
the cutter with an increased feed speed Vf ff from the 
ending point of withdrawal 4 to the SZ or the LSZ. The 
transition (idle move) 6 is a rapid horizontal movement of 
the milling cutter at a speed of Vf ff from the ending point 
of withdrawal of the milling cutter 5 to the starting point 
of the next transition 1. 

The idle moves with an increased feed speed take 
place when the tool moves from the ending point of its 
withdrawal to the point for its change O, and if there is a 
need of changing the milling cutter - during the 
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movement from point O to the starting point of incision 
and during movement from the ending point of tool 
withdrawal to the starting point of its incision into the 
workpiece to machine the next section. 

Determining such a route of cutter moves, in which 
the length of the idle moves will have a minimum value, 
will allow to optimize the auxiliary time and significantly 
increase the productivity of the machining process and 
reduce the total machining time.  

The operating time for machining То is obtained by 
summing the basic and the auxiliary time and can be 
determined by the formula: 

                      
p q

о b k a i
k i

Т Т Т
1 1= =

= +∑ ∑ ,                    (2) 

where Тbk is the basic time for performing the kth 
technological transition; p – the number of technological 
transitions; Tai – the auxiliary time for performing the ith 

auxiliary transition; q – the number of the auxiliary 
transitions;  

The auxiliary time Tai for performing the ith transition 
within the technological process when there is a need for 
changing the cutter (this includes indexing the tool 
magazine, transporting the tool from the magazine to the 
point of change, feeding it to the starting point of the 
section to be machined and withdrawing it from the 
ending point of the trajectory to the point for its change) 
is accepted to be calculated by the formula: 

                   i0 0i
a i сch im i

f ff

l l
Т Т Т

V
+

= + + ,                 (3) 

where Тcch is the time, spent on the cutter change; Tim i – 
time for indexing the magazine, related to the sequence 
of arrangement of the cutters in it and the sequence of 
execution of the operations within the technological 
process; li0 – length of the idle move from the ending 
point of the processed section to the tool change point; l0i 
– length of the idle move from the tool change point to 
the starting point of the ith section for machining; Vf ff – 
rate at which the idle (fast) move is performed. 

The length l0i includes the length of the idle move 
from the cutter change point O to the safety zone SZ and 
the length of the auxiliary transition for feeding the cutter 
1. The length li0 includes the length of the auxiliary 
transition for returning the cutter from the ending point of 
its withdrawal to the safe zone SZ 5 and the length of the 
idle move from the safe zone SZ to the point for changing 
the milling cutter O (Fig.1). 

The auxiliary time Тa i for performing the ith transition 
for changing the machined sections during the 
technological process is determined by the expression: 

                             i
a i

f ff

lТ
V

= ,                               (4) 

where li is the length of the idle move, which includes the 
tool movement from the ending point of one machined 
section to the starting point of the next machined section. 

The length of the idle move li is determined by the 
distance traveled by the milling cutter from the ending 
point of its withdrawal from the machined section to the 
local safe zone 5, and the length of the transition 6 and 
the length of feeding the milling cutter for machining the 
next section 1. 

Taking this into account, the auxiliary time Тa can be 
determined from the dependence: 

q n m
i0 0i i

a a i сch im i
i 1 j 1 i 1 f ff

l l lТ Т (Т Т )
V V= = =

+
= = + + +∑ ∑ ∑ ,    (5) 

where n + m = q; n is the number of technological 
transitions for changing the cutter; m – the number of 
technological transitions for changing the machined 
sections. 

It follows from formula (5) that the change in the 
sequence of machining the individual sections is 
accompanied by a change in the auxiliary time value.  

In order to increase the productivity when machining 
complex workpiece surfaces by milling, the transition of 
the tool from one machined section to another and to the 
machine tool magazine for its change, should be done 
following the shortest route. When moving the tool along 
such a trajectory, the auxiliary time, spent on idle moves, 
should be minimum. The technological process should be 
realized with a minimum number of tools used and with 
minimum idle tool moves from one machined section to 
another. It should also be taken into account that when 
milling complex surfaces, the starting point of the cut 
does not coincide with the point of the tool withdrawal, 
and that the movement along the entire route should be 
carried out with a minimum number of idle moves. At the 
same time, the tool life period should also be taken into 
consideration (Fig.2). 

In order to find an optimal route for all the selected 
tools of different sizes, it is necessary to determine the 
most profitable route for cutters of each size, used to 
machine sections, belonging to one group. 

Based on the conducted research, an algorithm is 
proposed for determining the optimal route of milling 
cutters of one size when moving between a group of 
sections subject to machining (Fig. 3). 
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Fig. 2. Graph of the possible variants for a sequence of machining the 
individual sections. 

1 – machined surface; 2 – point of incision of the tool; 3 – tool 
withdrawal point; 4 – auxiliary transition; 5 – auxiliary transition; 6 – 

movement of the milling cutter from the tool change point to the 
starting point of the machined section (fast run); 7 – movement of the 

milling cutter from the ending point of processing the section to the tool 
change point (fast run); 8 – idle tool move between two machined 

surfaces 

 

Fig. 3. Basic stages of solving the task to optimize the tool idle moves 
when milling complex surfaces. 

The algorithm is implemented in two stages. 

At the first stage, an option is sought to minimize the 
idle running of the tool when changing the machined 
section. The length of each pair of sections entering a 
group is checked. In doing so, it is necessary to determine 
the position of the local safe zone for every two 
consecutively machined sections. 

The length li of the ith idle tool move from the ending 
point Т1 with coordinates (xi1, yi1, zi1) of the tool 

withdrawal from the ith machined section to the starting 
point Т2 of incision into the next section with coordinates 
(xi2, yi2, zi2) is determined by the formula: 

  2 2
i sz i1 i2 i1 i2 i1 i2l 2z z z (x x ) (y y )= − − + − + − ,  (6) 

where zSZ is the height at which the local safety zone lies. 

It follows from here that li will have a minimum value 
when zsz is minimum, i.e. zsz → min ⇒ li → min. 

The minimum value of li can be determined from the 
dependence: 

2 2
i min sz min i1 i2 i1 i2 i1 i2l 2z z z (x x ) (y y )= − − + − + − .     (7) 

The minimum height of the local safe zone zsz is equal 
to the sum of three parameters: the height zt, at which the 
milling cutter during its movement touches the controlled 
geometry of the workpiece; the allowance a, and the 
reserve height hr: 

                      sz min t rz z а h= + + .                          (8) 

Cluster analysis of the model was used to determine 
zt. A feature of this method is breaking the digital model 
of the detail into clusters (array of points with coordinates 
x, y, z). The coordinates of these points can be obtained 
from the CAD system (e.g., Unigraphics). 

The cluster analysis when solving the problem of 
determining zt is carried out in stages: 

• Determination of the points, belonging to the 
controlled geometry, and forming of the set U; 

• Determination of a coordinate ztj, describing the 
local safe zone, at which the milling cutter touches 
points, belonging to the set U, at the jth height during its 
movement in the direction of tt′; 

• Determination of the maximum value from the 
set { ztj }, which represents the height zt, at which the 
cutter touches the controlled geometry of the digital 3D 
model when describing the movement of the cutter along 
the direction tt′. 

A detailed description of the developed mathematical 
model is presented in the work [20]. Its application 
results in a set of minimum values of the cutter idle run 
lengths when modeling all transitions from one section to 
another. 

During the second stage, the most advantageous 
sequence for machining all the sections of one group is 
determined, taking into account the milling cutter life 
period and the minimum length of idle moves of the 
cutter determined within the first stage. 

Finding a solution to the problem of searching for a 
minimum length of the idle moves during the tool 
transitions between two sections while considering the 
geometry of the workpiece and the task to optimize the 
sequence of performing the tool transitions is possible 
when using the well known approaches to solving vehicle 
routing problems for shipment. 
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A problem of this type can be solved in two ways: 
exact and approximate. 

The exact method is applicable and gives an optimal 
solution when the machined sections are a small number. 

The approximate method of finding a solution is 
applied in the case of a large number of machined 
sections. When applying it, the obtained solution 
approaches the optimal one. 

To solve a problem, in which the number of the 
machined sections is less than ten, the so-called "Greedy 
algorithm" [21], [22], [23], [24], [25] can be applied, 
which belongs to the heuristic algorithms "Adaptive 
Large Neighborhood Search" (ALNS) [26], [27], [28], 
[29], [30]. The ALNS can be used to solve a problem 
with a number of machined sections more than ten. 

III. RESULTS AND DISCUSSION 
To implement the proposed methodology for 

minimizing the idle moves when milling details with 
complex surfaces, a programming module (PM) has been 
developed. The PM is a synthesis of two modules. The 
first one, PM1, implements the method of minimizing the 
idle moves when the tool passes from one machined 
section to another, while the second one, PM2, is based 
both on the program module PM1 and on the method of 
searching for the most advantageous milling sequence for 
all sections, belonging to the group under processing. 

The program working algorithm is shown in Fig.4. 

 
Fig. 4. Technological scheme for processing complex surfaces by 

milling, while using the developed PM. 

The first step is related to specifying the input data: 
coordinates of nodal points from the surface of the 
workpiece, coordinates of the starting and ending points 
of the idle tool moves, number of machined sections, 
cutting time for each machined section, idle moves speed, 
tool life period, cutter change time. 

Then, by using the PM, the sequence of processing 
the local sections is determined under the condition of 
minimizing the idle moves when passing from one 
machined section to another. 

At the third stage of the algorithm, a process of 
editing the control program in accordance with the 
results, obtained from the previous stage, occurs. 

The next stage consists in activities, related to the 
production of the test details. Their machining is carried 
out on a CNC vertical milling machine under the same 
modes, including cutting speed and feed rate for the same 
sections of the two test details with the same name, as 
well as the provision of tools with which the forming is 
carried out. The rough machining of the pair of parts is 
carried out by the same technology and control program, 
providing the same allowance for finish machining. The 
private cutting strategies (incision trajectory, cutting, and 
tool withdrawal) for the same sections of the details in 
purw/finish machining remain constant. 

The experimental studies were carried out with a test 
detail, modeled by using NX 11 (Fig.5). 

 
Fig. 5. 3D model of the test piece. 

Details with dimensions 105 x 105 x 10 mm, made of 
B95 aluminum alloy, were selected for conducting the 
experiments. 

The mechanical processing of the details was done on 
a vertical milling machine DMS 635 V, produce of the 
Deckel Maho company.  

The basic rough milling was carried out initially with 
a 36 mm diameter flat face cylindrical cutter, then with a 
10 mm diameter flat face cylindrical cutter, then with a 4 
mm diameter flat face cylindrical cutter and finally with a 
spherical face cylindrical cutter 10 mm in diameter. The 
dimension tolerance after roughing was 0.1mm, the 
allowance for finish milling - 0.5mm. 

The depth of cut and the machining allowance for 
rough milling for a flat face cylindrical cutter with D = 
36 mm was 2 mm, for the same type cutter with D = 10 
mm it was 1.6 mm and for the same type cutter with D = 
4 mm it was 1.2 mm. 

The parameters of the rough milling mode are 
presented in Table 1. 
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TABLE 1 
CUTTING MODE PARAMETERS IN ROUGH MILLING 

Cutter 
diameter 
D, mm 

Spindle rotation 
frequency  

n, min-1 

Tool feed rate 
Vf, mm/min 

Cutting feed 
Sm, mm/min 

Flat face 
cylindrical, 
D = 36 mm 

Rough milling 

6200 3000 1800 

Flat face 
cylindrical, 
D = 10 mm 

Rough and finish milling 

9000 3000 2500 

Flat face 
cylindrical, 
D = 4 mm 

Rough and finish milling 

9000 3000 800 

Spherical face 
cylindrical,  
D = 10 mm 

Rough and finish milling 

9000 3000 1800 

The finish machining of the test details, which is the 
purpose of the study, was carried out in two ways. In the 
first case, the sequence of finish milling of the sections 
was determined by means of the NX 11 system (variant 
1). In the second one (variant 2), the sequence of finish 
milling of the sections was determined by using the PM 
optimization program module. The parameters of the 
finish milling mode for both variants remained constant 
(Table 1).  

The number of individual sections machined using the 
different cutters is presented in Table 2. 

TABLE 2 
NUMBER OF SECTIONS, MACHINED WITH CUTTERS OF ONE SIZE 

Cutter 
Number of sections, 

machined with 
cutters of one size  

Flat face cylindrical, D = 10 mm 6 
Flat face cylindrical, D = 4 mm 8 
Spherical face cylindrical, D = 10 mm 18 

From the table, it can be seen that the number of 
sections machined with Flat face cylindrical, D = 10 mm 
and Flat face cylindrical, D = 4 mm are less than 10. 
Therefore, the strategy for determining the machining 
sequence of these sections is by optional 1, i.e. without 
optimization. 

As a result of the finish machining of the surfaces by 
means of the specified cutters, the details presented in 
Fig.6, were obtained. 

 

(a) detail 1 after finish milling 
by the variant without 

optimization  

(b) detail 2 after finish milling 
by the variant with optimization  

Fig. 6. Test details after finish milling. 

Tables 3 present the results of the calculations 
obtained when preparing the control program for 
processing the test details based on the NX 11 system 
without using the optimization program module PM 
(variant 1), as well as the computational data, obtained by 
means of the algorithm, which allows to optimize the 
auxiliary time of idle tool moves when milling complex 
surfaces on triaxial CNC milling machines (variant 2). 

TABLE 3 
RESULTS OF THE CALCULATIONS OBTAINED WEEN PREPARING 

THE CONTROL PROGRAM 

Cutter Variant of machining 
1 2 

Total length of the auxiliary moves L, mm 
Spherical face cylindrical, 

D = 10 mm 1823,27 1277,94 

Total time, spent on performing the auxiliary moves Ta, min 
Spherical face cylindrical, 

D = 10 mm 00.00.36 00.00.26 

Total time, spent on perfoming the working moves To, min 
Spherical face cylindrical, 

D = 10 mm 00.02.35 00.02.25 

From the results in the table, it can be seen that even 
if some of the surfaces are not treated with the variant 
with optimization, they are reduced total length of the 
auxiliary moves L, total time, spent on performing the 
auxiliary moves Ta  and total time, spent on perfoming 
the working moves To . 

Based on the algorithm and the mathematical 
apparatus, a programming module (PM) has been 
developed to optimize the sequence of performing the 
technological transitions. The PM has been tested in 
practice and its performance in solving problems for 
minimizing the idle tool moves when machining complex 
surfaces by milling on CNC machines has been 
confirmed. 

IV. CONCLUSIONS 
The efficiency of the cutting tool route, which takes 

into account the mutual interests of all participants in the 
system, is taken as a criterion for optimizing the general 
strategy for mechanical processing, which means: 
minimum number of tools used, minimum length of idle 
moves during tool transitions between successively 
machined sections, minimum length of the idle moves 
when the most profitable complete tool route between all 
machined sections has been found. 

In the calculations, the joint application of 
mathematical models for minimization of the idle moves 
in case of changing the machined sections and 
optimization of the sequence of machining of the 
individual sections, allows to obtain the most 
advantageous tool route when machining the individual 
sections with cutters of one size.  The auxiliary time, 
spent on the idle moves when changing the milling cutter 
and changing the machined sections is minimized at the 
same time. 
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Abstract. The idle running times of the working units of a 
machine tool are the sum of the idle running times for the 
tool change and for changing the area uder treatment. The 
paper presents mathematical models, establishing the 
relationship between the additional time for performing the 
technological operations with the parameters of both the 
technological equipment and the object under treatment. 
The mathematical models for minimizing the idle moves 
when a tool passes from one machined section to another, 
allows to reduce the additional treatment time, which, in 
turn, leads to an increase in the productivity of the process 
of actual milling. 

Keywords: pure/actual/finish milling, complex surfaces, CNC 
machine tool, optimization. 

I. INTRODUCTION 
The idle moves of the working modules of a machine 

are the sum of the idle moves for cutter change and the 
idle moves for changing the machined area. The time, 
spent on the tool idle running is the additional part of the 
machine operating time. In case of finish mechanical 
machining of complex surfaces and of significant number 
of machined sections, to which, as a rule, the complex 
surface is broken, a great number of milling cutters is 
utilized. This results in increasing the additional, i.e., the 
auxiliary operating time. The reduction of the auxiliary 
time when machining details significantly increases the 
efficiency of the used technological equipment.  

Hence, increasing the productivity of machining on 
triaxial CNC milling machines can be achieved, on the 
one hand, by reducing the cutting time, and, on the other 
hand, by reducing the time, spent on performing idle 
moves. 

Reduction of the time for performing idle tool moves 
can be achieved by minimizing the idle moves when 
changing the machined sections and by optimizing the 
machining sequence of the individual sections. 

This work studies the possibility of finding an optimal 
sequence of performing the transitions during all types of 
idle tool moves at minimum time, spent on their 
execution.  

II. MATERIALS AND METHODS 
An algorithm for optimization of the cutting tool idle 

moves is presented in [1, 2, 3, 4, 5]. 

The mathematical model [1], developed by the 
authors, allows to determine the sequence of performing 
transitions under the conditions of: - minimizing the 
length of the trajectory of the tool's idle moves when 
passing from one given point to another; - complying 
with various constraints (geometry of both the machined 
workpiece and the fixing device, constraints, related to 
the dimensions of the machine working area etc.). 

The authors claim that as a result of the practical 
implementation of the algorithm for constructing the path 
of the idle tool moves on multi-operational lathes when 
processing workpieces with a length-to- diameter ratio of 
less than 0.5, reduction of the auxiliary time by 20-30% 
is achieved, and the quality of the processed surface 
corresponds to the set quality. 

The task of optimizing the general machining strategy 
is described in detail in paper [1]. The proposed 
algorithm provides the search for an optimal sequence of 
performing the transitions on multi-operational machines 

https://doi.org/10.17770/etr2023vol3.7194
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and their idle tool moves, at minimum expenditure of 
time on their execution.  

When developing the algorithm, however, the authors 
do not take into account the tool life factor, on which the 
number of the cutters, used for replacement, depends, and 
which ultimately affects the time for performing the idle 
moves. The problem of minimizing the idle tool moves is 
solved for the case, in which the positions of the starting 
and the ending point of machining a section coincide. The 
algorithm, proposed by the authors, is intended only for a 
certain type of equipment, and more precisely for CNC 
lathes. For milling machines, in which the positions of the 
starting and the ending point of machining do not 
coincide, the application of the proposed algorithm is 
impossible. 

In the process of mechanical machining on triaxial 
milling machines, the length of the idle move from one 
section to the next is not equal to the distance, traveled in 
the opposite direction, due to the mismatch of the starting 
and the ending point and the withdrawal of the tool, as 
well as due to the geometric features of the workpiece 
surface. Considering this, the task to determine the 
optimal sequence of machining individual sections can be 
correlated to a logistic transportation problem, namely, the 
Asymmetric capacitated vehicle routing problem 
(ACVRP). ACVRP is a combinatorial optimization and 
linear programming problem, in which, for vehicles of the 
same load capacity, located at a depot, the minimum by 
cost (money, time or distance) closed routes must be 
found, which would fully allow for servicing all 
customers (Fig.1). 

 
Fig. 1. Asymmetric vehicle routing problem with load capacity 

limitation. 

At the same time, the limiting load capacity condition 
for the means of transport must be met for each of the 
routes (besides, the length of the route from A to B is not 
equal to the length of the route from B to A). [6]. 

The similarity between the problem of determining the 
optimal sequence of transitions from one section to 
another and the ACVRP is presented below as a table of 
analogies. 

ACVRPs belong to the nondeterministic polynomial 
(NP) problems, whose computational complexity 
depends on the size of the input data. Methods for solving 
them are presented in the works of G. Clark, J. W. Wright 
[7], B. Gillet, B. Golden, T. Magnonti, H. Nguen [8], 
G. Laporte, F. Semet [9]., P. Toth, D. Vigo [10], 

R. Baldacci, E. Hadjiconstantinou, A. Mingozzi [11], 
D. Pisinger, S. Ropke [12] and others. 

TABLE 1 
ANALOGY BETWEEN  ACVRP AND THE PROBLEM OF FINDING THE 
OPTIMAL SEQUENCE OF THE METAL CUTTING TOOL TRANSITIONS 

Asimmetric 
capacitated  vehicle 

routing problem 

Problem of determining the optimal 
sequence of tool transitions from one 

section to the next 

Depot; Tool change position 

A fleet of motor 
vehicles Tool magazine; 

Customer Section 

Automobile; Tool 

Car load capacity Tool life period 

Load requested by one 
customer Needed cutting time for one section 

 

The algorithm of Clark-Wright, consisting in merging 
small routes into larger ones until it becomes possible to 
reduce the total cost of the route, is very often used to 
solve the ACVRP problem (Fig. 2). 

 
Fig. 2. Process of merging small routes into larger ones. 

As a result of combining two or more routes, the total 
value of the solution is reduced (the authors mention the 
concept of "saving"). 

The algorithm envisages the execution of a series of 
steps in search for an optimal option. 

The Clark–Wright algorithm belongs to the  
approximate iterative methods. Its advantages are its 
simplicity, reliability and flexibility, which allow for 
taking into account a number of additional factors, 
affecting the final solution of the problem. The solution 
error does not exceed 5-10%.  

Disadvantages of this algorithm are: - its efficiency 
decreases as the end of the calculations is approached; - it 
takes a lot of time to find a solution, since all the options 
need to be calculated, stored and sorted out. 

In the works of T.J. Gaskell [13], P. Yellow [14], 
H. Paessens [15] the Clark-Wright algorithm is modified 
and the above-mentioned flaws eliminated. 

One of the classical heuristic transport routing 
problems (VPR – vehicle performance rating) is the 
Sweep algorithm [6], [10]. 

This algorithm is applied in case of polar coordinates 
and the depot is considered to be the origin of the 
coordinate system. The depot is then connected to a 
randomly chosen point, called the "starting point". All the 
other points are connected to the depot and then 
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represented by the angles formed by the segments, 
connecting them to the depot and the segment, 
connecting the depot to the starting point. The route 
begins at the starting point, and the points with increasing 
angles are then included, taking into consideration the 
given constraints. When a point cannot be included in the 
route as it would violate a certain constraint, that point 
becomes the starting point of a new route, and so on. The 
process is complete when all points are included in the 
routes (Fig.3). 

 

Fig. 3. Sweep algorithm. 

In the event that a large number of nodes needs to be 
served, the Sweep algorithm is used within the “clustered 
routing” approach. In this case, clockwise, the ratio 
between the cumulative demand and the vehicle load 
capacity (including all other constraints) should be 
checked. The point, which cannot be included due to 
violation of the vehicle capacity or other limitations, 
becomes the first point in another cluster. Thus, the entire 
region is divided into clusters (zones). In the next step, 
the VRP is solved for each cluster separately. Clustering 
ends when all cluster points are defined (Fig.4). 

 
Fig. 4. Clustering by the Sweep algorithm. 

It is certain that one vehicle can serve all the points 
within a cluster. The final solution depends on the choice 
of a starting point. By changing the location of the 
starting point, it is possible to generate different vehicle 
routes. The routes with the minimum total length should 
be chosen for the final solution 

It is certain that one vehicle can serve all the points 
within a cluster. The final solution depends on the choice 
of a starting point. By changing the location of the 
starting point, it is possible to generate different vehicle 
routes. The routes with the minimum total length should 
be chosen for the final solution. 

The merits of this algorithm are evaluated by the 
quality of the solution and the speed of calculation. Its 

main drawback is that the first ray is turned to an 
arbitrary direction without imposing any conditions or 
principles. 

Subsequently, the classical heuristics is narrowed 
down to metaheuristics, which allows for obtaining a 
qualitative solution, though with a preliminary procedure 
of varying the governing parameters.  

In the work of D. Pisinger, S. Ropke [8], a 
metaheuristic method for solving the routing problem in 
transport is presented, which is an adapted version of the 
metaheuristic algorithm - Adaptive large neighborhood 
search (Fig. 5), which consists in generating new 
solutions based on the initially proposed admissible 
solution, while taking into account the "destroyed" and 
"restored" neighborhoods. 

The application of this algorithm provides a 
sufficiently fast and accurate solution to the problem of 
routing the shipments with a load capacity limitation in 
case of high dimensionality of the problem to be solved. 

 
Fig. 5. An example of "destruction" and "restoration". 

After analyzing the classical and modern methods for 
solving the ACVRP problem, an analogy was established 
regarding the problem of determining the sequence of 
changing the cutting tool and its transition from one 
machined section to another in a process of finishing 
complex surfaces on a triaxial CNC milling machine. 

The efficiency of the cutting tool route, considering 
the mutual interests of all participants in the system, is 
taken as a criterion for optimization of the general 
strategy for mechanical processing: - minimum number 
of tools used; - minimum length of idle moves when 
passing between sequentially machined sections; - 
minimum length of idle moves after finding the most 
profitable complete tool route between all machined 
sections. 

Finding a solution to both the problem of searching 
for the minimum number of idle moves during the tool 
transition between two sections while considering the 
geometry of the part, and the problem of optimizing the 
sequence of perfoming the tool transitions is possible by 
means of using the well known approaches for solving 
the vehicle routing problems. 
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III. RESULT AND DISCUSSION 
When searching for the most advantageous sequence 

of machining all sections with complex surfaces by cutters 
of one size, while taking into account the tool life 
parameters, an algorithm can be applied to minimize the 
idle tool moves during the transitions from one machined 
section to another. Such a problem can be described by a 
graph G = (V, E) with multiple vertices V = {ν0, ν1, …, 
νn} and edges E{e} (Fig.6).  

 
Fig. 6. Scheme for solving the tool routing problem. 

The following associations can be made: ν0 - position 
for changing the cutter; ν1, …, νn – machined sections; 
е∈Е – length of the edges connecting two of the vertices 
of the graph with a length, equal to the idle-running 
displacement Се when changing the machined section. To 
build the model it is assumed that the time for the cutter 
to complete the machined section is Ti and the guaranteed 
tool life is Q. 

The m routes of the milling cutter at minimum total 
length of the idle moves are to be found. These routes 
should start and end at the position of changing the 
milling cutter ν0 and the tool should pass through each 
section νI only once. Besides, each section should be 
completely machined by means of one milling cutter. In 
addition, the working time of each cutter should not 
exceed the set tool life period Q. 

This type of a problem can be solved in two ways: 
exact and approximate. 

The exact way of solving it is applicable and gives an 
optimal variant in the event that the machined sections 
are not a big number. 

The approximate method of finding a solution is 
applied in the case of a large number of machined 
sections. When applying it, the obtained solution 
approaches the optimal one. 

To solve a problem, in which the number of machined 
sections is below ten, the so-called "Greedy algorithm" 
can be applied, which belongs to the group of the 
heuristic algorithms. When the number of machined 
sections is bigger than ten, the "Adaptive Large 
Neighborhood Search" (ALNS) can be applied to find the 
solution to the problem. 

A. Greedy algorithm for optimizing the sequence of 
machining the sections  
Greedy algorithm is considered in detail by a number 

of authors and finds application in various areas of life 
[16], [17], [18], [19], [20]. 

This algorithm envisages the execution of the 
following actions: 

1. Description of all possible sequence options for 
machining the individual sections; 

2. Exclusion of the inadmissible variants; 
3. Specifying multiple options for a cutter change 

sequence for each admissible variant; 
4. Exclusion of those sequences of cutter change, in 

which the cutting time exceeds the tool life 
period; 

5. Of the remaining options of cutter change 
sequences, choosing the ones, in which the 
number of cutter changes is the minimum; 

6. Determining the auxiliary time, spent on idle tool 
moves for each variant, at a minimum number of 
cutter changes; 

7. Choosing an optimal variant of a cutter change 
sequence with minimum auxiliary time, spent on 
idle moves of the milling cutter. 

B. ALNS (adaptive large neighbourhood search) for 
searching a larger area in the process of optimizing 
the sequence of machining the sections 

ALNS is considered in detail by a number of authors 
and finds application in various areas of life [21], [22], 
[23], [24]. 

ALNS represents an approach for synthesizing 
different methods of dismembering and joining points. 
The essence of the ALNS consists in "destruction" of the 
initially executable version of the sequence of processing 
individual sections and in "restoration" of the destroyed 
version. As a result, a new variant of the sequence for 
processing the sections is obtained. The advantage of the 
ALNS algorithm is the possibility to evaluate the degree 
of correspondence (relevance) of each of the methods at 
each stage of the problem-solving process. Each 
destruction/restoration method is assigned a "weight" 
which helps to control the frequency with which the 
method is used in the search process, and the "weight" of 
a method can be updated stage by stage [8]. 

To search for an optimal variant, using the ALNS 
algorithm, the following steps must be performed: 

1. The initial variant for the sequence of machining 
the sections x is built;  
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2. Assumption is made that the constructed initial version 
x is the best, i.e., xb = x, and that the weights of the 
destruction/restoration methods are the same   ρ-= (1, …, 
1), ρ+= (1, …, 1); 

3. The action is repeated until the stop condition is met. 
For the purpose: 

3.1. Destruction d∈Ω- and restoration d∈Ω+ methods are 
chosen, using their weights ρ- and ρ+; 

3.2. A process of destruction and reconstruction takes 
place, resulting in a new variant xt = r(d(x)); 

3.3. Evaluation is made to decide if the variant xt is 
acceptable. If this is the case, then х = xt. The variant 
xt is not accepted if this option has already been 
realized. 

3.4. The auxiliary times for each variant xt and xb, are 
compared. If the variant xt is better than the available 
variant xb (tν(xb) > tν(xt)), then it is assumed that xb = 
xt. The weights of the destruction/restoration 
methods ρ- and ρ+ are updated after that. 

4. Going back to xb. 

The ALNS algorithm allows to determine the initial 
executable variant for a sequence of processing 
individual sections and makes it possible to choose an 
appropriate method of destruction of this initial variant. 
After finishing the destruction, the algorithm chooses a 
method to restore the destroyed version with the aim of 
obtaining a better one. This process is repeated until the 
last feasible option gets close to the optimal one (the 
iteration is terminated when the stop condition is met). 
As a result, an option for the sequence of processing 
individual sections is obtained, in which the additional 
time, spent on idle tool moves, is minimum.  

This paper presents a fragment of a research, aimed at 
increasing the efficiency of triaxial CNC milling 
machines when milling parts with complex surfaces by 
reducing the auxiliary time for performing the individual 
operations, and more precisely by reducing the time for 
performing idle tool moves. The latter can be achieved, 
on the one hand, by minimizing the length of the idle tool 
moves when changing the machined section, and, on the 
other hand, by finding the most advantageous sequence 
for machining the sections. 

Based on a conducted literature review [25], [26], 
[27], [28], [29], [30] a method is proposed for 
determining the optimal route of cutters of one size when 
moving among one group of sections subject to 
machining. The method is implemented in two stages: 

 at the first stage, an option for minimizing the 
idle moves of the tool when changing the machined 
section is sought. The length of each pair of sections, 
included in a group, is checked. In doing so, it is 
necessary to determine the position of the local safety 
zone for every two consecutively processed sections; 
 at the second stage, the most advantageous 

sequence for machining all the sections in a group is 
determined, taking into account both the tool life period 

and the minimum-length idle moves of the cutter, 
determined during the first stage. 

To implement the proposed methodology for 
minimizing the idle moves when milling details with 
complex surfaces, a programming module (PM) has been 
developed. The PM is a synthesis of two modules. The 
first one, PM1, implements the method of minimizing the 
idle moves when the tool passes from one machined 
section to another, while the second one, PM2, is based 
both on the program module PM1 and on the method of 
searching for the most advantageous milling sequence for 
all sections, belonging to the group under processing. 
PM2 implements the mathematical model considered in 
the present work. It is based on Microsoft Excel and the 
VPR Spreadsheet Splver application.The working 
algorithm of the PM2 module is the following: 

Step 1: Entering the input data: data, obtained after 
the implementation of the PM1 module; cutting time 
when machining each of the sections; idle moves speed; 
tool life period; time, spent on changing the cutter. 

Step 2: Based on the input data and using the means 
of the PM2 module, the optimal sequence of milling the 
sections, machined with one size milling cutters at a 
minimum length of the idle moves is determined. 

The confirmation of the effectiveness of the proposed 
method for automatic determining of the sequence of 
execution of the technological transition during 
pure/finishing milling of parts with a complex shape on a 
triaxial CNC milling machine should be done by 
comparing results, obtained for the same details after 
applying a program module CAM of the Unigraphics 
system and the developed program module PM.  

Test details need to be produced, following a 
compiled control program.  

The results of both the virtual modeling and the 
physical realization of the machining process, which 
allow to determine the values of the machine time and the 
auxiliary time, including the time for idle moves and the 
time for tool change, should be presented in a tabular 
format. On the basis of the obtained data, an analysis 
should be carried out and corresponding conclusions 
drawn up. 

The experimental studies were carried out with a test 
detail, modeled by using NX 11 (Fig.7). 

 
Fig.7. 3D model of the test piece. 
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The finish machining of the test details, which is the 
purpose of the study, was carried out in two ways. In the 
first case, the sequence of finish milling of the sections 
was determined by means of the NX 11 system (option 
1). In the second one (option 2), the sequence of finish 
milling of the sections was determined by using the PM 
optimization program module. 

The parameters of the finish milling mode for both 
variants remained constant: Spindle rotation frequency n = 
9000 min-1; Tool feed rate Vf = 3000 mm/min; Cutting feed 
Sm = 2500, mm/min – for flat face cylindrical; Sm = 1800, 
mm/min – for Spherical face cylindrical. A 10 mm diameter 
four-tooth flat face cylindrical cutter, 10 mm in diameter, 
and a spherical face cylindrical cutter, 10 mm in diameter, 
were used for the experiments. 

The number of individual sections machined by 
means of a flat face cylindrical cutter with 10 mm 
diameter and a spherical face cylindrical cutter with 10 
mm diameter, is presented in Table 2. 

TABLE 2 
NUMBER OF SECTIONS, MACHINED WITH CUTTERS OF ONE SIZE 

Cutter 
Number of sections, 

machined with 
cutters of one size  

Flat face cylindrical, D = 10 mm 17 
Spherical face cylindrical, D = 10 mm 11 

As a result of the finish machining of the surfaces by 
means of the specified cutters, the details presented in 
Fig.8, were obtained. 

 

(a) detail 1 after finish milling 
by the variant without 

optimization  

(b) detail 2 after finish milling 
by the variant with optimization  

Fig.8. Test details after finish milling. 

Tables 3 present the results of the calculations 
obtained when preparing the control program for 
processing the test details based on the NX 11 system 
without using the optimization program module PM 
(variant 1), as well as the computational data, obtained by 
means of the algorithm, which allows to optimize the 
auxiliary time of idle tool moves when milling complex 
surfaces on triaxial CNC milling machines (variant 2). 

 

 

 

 

 

TABLE 3 
RESULTS OF THE CALCULATIONS OBTAINED WHEN PREPARING THE 

CONTROL PROGRAM 

Cutter Variant of machining 
1 2 

Total length of the auxiliary moves L, mm 
Flat face cylindrical, 

D = 10 mm 2665,8 1484,47 

Spherical face cylindrical, 
D = 10 mm 1768,1315 1287,48 

Total time, spent on performing the auxiliary moves Ta, min 
Flat face cylindrical, 

D = 10 mm 00.00.53 00.00.29 

Spherical face cylindrical, 
D = 10 mm 00.00.35 00.00.25 

Total time, spent on perfoming the working moves To, min 
Flat face cylindrical, 

D = 10 mm 00.02.14 00.01.50 

Spherical face cylindrical, 
D = 10 mm 00.06.05 00.05.55 

 

IV. CONCLUSIONS 
The use of an adapted algorithm for solving vehicle 

routing problems to optimize routes by searching for the 
most profitable variant of a sequence of idle moves for a 
triaxial CNC milling machine allows to optimize the task 
in terms of forming a strategy for processing complex 
surfaces of parts by adherence to the criterion for 
minimizing the auxiliary time for moving the tool during 
milling. 

The developed algorithm allows to solve the problem 
of optimizing the idle tool moves for the case of a 
complex surface, composed of up to 1000 sections. The 
result, obtained when applying this algorithm, is 
approximately accurate and with little time, spent on 
solving the problem. 
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Abstract. The idle running times of the working units of a 
machine tool are the sum of the idle running times for the 
tool change and for changing the section uder treatment. 
The time, spent on idle running is the extra machining time. 
A large number of milling cutters are used for purely 
mechanical machining of details with complex surfaces and 
for a significant number of machined sections, where the 
complex surface is broken as a rule. This leads to an 
increase in the extra time for treatment.  Reducing the 
auxiliary time in machining the parts will significantly 
increase the productivity of the actual milling process.  
When modeling the process of machining details with 
complex surfaces on triaxial milling machines, the 
optimization of the sequence of moves will allow to reduce 
the idle running time by up to 50% without causing 
deterioration in the quality of the surface layer.  

In modern production a method is needed, which would 
allow to automatically and quickly enough make a choice of 
an optimal option for a sequence of performing tool moves 
while taking into account the durability of the metal cutting 
tool. 

Keywords: pure/actual/finish milling, complex surfaces, CNC 
machine tool, optimization. 

I. INTRODUCTION 
This paper presents a fragment of a research, aimed at 

increasing the efficiency of triaxial CNC milling 
machines when milling parts with complex surfaces by 
reducing the auxiliary time for performing the individual 
operations, and more precisely by reducing the time for 
performing idle tool moves. The latter can be achieved, 
on the one hand, by minimizing the length of the idle tool 
moves when changing the machined section, and, on the 

other hand, by finding the most advantageous sequence 
for machining the sections. 

In order to find an optimal route for all the selected 
tools of different sizes, it is necessary to determine the 
most profitable route for each cutter size, used to 
machine the sections, belonging to one group.  

Based on a conducted literature review [1], [2], [3], 
[4], [5], [6], [7], [8], [9] a method is proposed for 
determining the optimal route of cutters of one size when 
moving among one group of sections subject to 
machining. The method is implemented in two stages: 

 at the first stage, an option for minimizing the 
idle moves of the tool when changing the machined 
section is sought. The length of each pair of sections, 
included in a group, is checked. In doing so, it is 
necessary to determine the position of the local safety 
zone for every two consecutively processed sections 
[10]; 
 at the second stage, the most advantageous 

sequence for machining all the sections in a group is 
determined, taking into account both the tool life period 
and the minimum-length idle moves of the cutter, 
determined during the first stage. 

To solve a problem, in which the number of machined 
sections is below ten, the so-called "Greedy algorithm" 
can be applied, which belongs to the group of the 
heuristic algorithms. When the number of machined 
sections is bigger than ten, the "Adaptive Large 

https://doi.org/10.17770/etr2023vol3.7195
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Neighborhood Search" (ALNS) can be applied to find the 
solution to the problem [11], [12], [13]. 

To implement the proposed methodology for 
minimizing the idle moves when milling details with 
complex surfaces, a programming module (PM) has been 
developed. The PM is a synthesis of two modules. The 
first one, PM1, implements the method of minimizing the 
idle moves when the tool passes from one machined 
section to another, while the second one, PM2, is based 
both on the program module PM1 and on the method of 
searching for the most advantageous milling sequence for 
all sections, belonging to the group under processing. 

The working algorithm of the PM1 module is as it 
follows: 

Step 1: Specifying the input data: coordinates of nodal 
points from the surface of the part; number of sections 
processed with cutters of one size; coordinates of the 
entry and exit points for each section processed with 
cutters of one size; shape and dimensions of the cutters; 
extra safety distance. 

Step 2: Based on the input data, by means of 
programming, PM1 compiles a matrix with the minimum 
lengths of the idle moves during the transition of the tool 
from one machined section to the next, and the minimum 
height of tool lifting, guaranteeing the operation of the 
equipment without coming into contact with the 
workpiece. 

The working algorithm of the PM2 module is the 
following: 

Step 1: Entering the input data: data, obtained after 
the implementation of the PM1 module; cutting time 
when machining each of the sections; idle moves speed; 
tool life period; time, spent on changing the cutter. 

Step 2: Based on the input data and using the means 
of the PM2 module, the optimal sequence of milling the 
sections, machined with one size milling cutters at a 
minimum length of the idle moves is determined. 

II. MATERIALS AND METHODS 

A. Methodology for conducting the experiment 
The confirmation of the effectiveness of the proposed 

method for automatic determining of the sequence of 
execution of the technological transition during 
pure/finishing milling of parts with a complex shape on a 
triaxial CNC milling machine should be done by 
comparing results, obtained for the same details after 
applying a program module CAM of the Unigraphics 
system and the developed program module PM.  

Test details need to be produced, following a 
compiled control program.  

The results of both the virtual modeling and the 
physical realization of the machining process, which 
allow to determine the values of the machine time and the 
auxiliary time, including the time for idle moves and the 
time for tool change, should be presented in a tabular 
format. On the basis of the obtained data, an analysis 

should be carried out and corresponding conclusions 
drawn up. 

The test details, obtained by milling, should be 
evaluated for compliance with the dimensions and the 
shape of the digital model, as well as for the quality of 
the resulting surface layer.  

B. Stages of conducting the experiment 
The experimental part of the study was conducted in 

several stages (Fig.1). 

 
Fig. 1. Technological scheme for processing complex surfaces by 

milling, when using the Unigraphics system. 

At the first stage, a selection of test details with 
surfaces of complex shape was made so that they include 
pieces, having biconvex and biconcave sections, as well 
as sections with a cylindrical, conical and spherical 
shape, with smooth transitions between them and with 
flat sections of the machined surface. When selecting the 
details, those were chosen, which have no less than 10 
sections, and the sections can be machined by tail 
cylindrical cutters - flat face, spherical face and conical 
ones. In addition, the machining had to be carried out 
using a set of tools, comprising no less than three milling 
cutters of different sizes, made of the same material. 

At the second stage, a 3D model of the test details 
was developed, using NX 11 Unigraphics. 

The third stage consisted in developing a technology 
and a control program for processing the test details using 
the CAM module of the NX 11 Unigraphics system and 
the optimization options included in it. 

At the fourth stage, a technology and control program 
for processing the test details was developed, this time 
using the CAM module of the NX 11 Unigraphics 
system, the optimization option, and the programing 
module (PM) for determining the sequence of machining 
and minimizing the idle moves when milling complex 
surfaces. 

The program working algorithm is shown in Fig.2. 

The first step is related to specifying the input data: 
coordinates of nodal points from the surface of the 
workpiece, coordinates of the starting and ending points 
of the idle tool moves, number of machined sections, 
cutting time for each machined section, idle moves speed, 
tool life period, cutter change time. 
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Fig. 2. Technological scheme for processing complex surfaces by 

milling, while using the developed PM. 

Then, by using the PM, the sequence of processing 
the local sections is determined under the condition of 
minimizing the idle moves when passing from one 
machined section to another. 

At the third stage of the algorithm, a process of 
editing the control program in accordance with the 
results, obtained from the previous stage, occurs. 

The next stage consists in activities, related to the 
production of the test details. Their machining is carried 
out on a CNC vertical milling machine under the same 
modes, including cutting speed and feed rate for the same 
sections of the two test details with the same name, as 
well as the provision of tools with which the forming is 
carried out. The rough machining of the pair of parts is 
carried out by the same technology and control program, 
providing the same allowance for finish machining. The 
private cutting strategies (incision trajectory, cutting, and 
tool withdrawal) for the same sections of the details in 
purw/finish machining remain constant. 

At the last stage of the experimental research, a check 
is made to assess the dimension accuracy of the pair of 
details and the microgeometry of the surface layer by 
using modern control and measuring devices. 

III. RESULTS AND DISCUSSION  
The experimental studies were carried out with a test 

detail, modeled by using NX 11 (Fig.3). 

 
Fig. 3. 3D model of the test piece. 

Details with dimensions 105 x 105 x 10 mm, made of 
B95 aluminum alloy, were selected for conducting the 
experiments. 

A. Detail processing technology 
The mechanical processing of the details was done on 

a vertical milling machine DMS 635 V, produce of the 
Deckel Maho company.  

The basic rough milling was carried out initially with 
a 36 mm diameter flat face cylindrical cutter, then with a 
10 mm diameter flat face cylindrical cutter and finally 
with a spherical face cylindrical cutter 10 mm in diameter 
(Fig.4). The dimension tolerance after roughing was 
0.1mm, the allowance for finish milling - 0.5mm. 

 
(а) flat face cylindrical cutter with D = 36 mm.  

 
(b) flat face cylindrical cutter with D = 10 mm.  

 
(c) spherical face cylindrical cutter with D = 10 mm. 

Fig. 4. Path of tool moves during rough milling. 
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The depth of cut and the machining allowance for 
rough milling for a flat face cylindrical cutter with D = 
36 mm was 2 mm and for the same type cutter with D = 
10 mm it was 1.6 mm. 

The parameters of the rough milling mode are 
presented in Table 1. 

TABLE 1 CUTTING MODE PARAMETERS 

Cutter 
diameter 
D, mm 

Spindle rotation 
frequency  

n, min-1 

Tool feed rate 
Vf, mm/min 

Cutting feed 
Sm, mm/min 

Cutting mode parameters in rough milling 
Flat face 
cylindrical,  
D = 36 mm 

6200 3000 1800 

Flat face 
cylindrical,  
D = 10 mm 

9000 3000 2500 

Spherical face 
cylindrical,  
D = 10 mm 

9000 3000 1800 

Cutting mode parameters in finish milling 
Flat face 
cylindrical,  
D = 10 mm 

9000 3000 2500 

Spherical face 
cylindrical,  
D = 10 mm 

9000 3000 1800 

The finish machining of the test details, which is the 
purpose of the study, was carried out in two ways. In the 
first case, the sequence of finish milling of the sections 
was determined by means of the NX 11 system (variant 
1). In the second one, the sequence of finish milling of 
the sections was determined by using the PM 
optimization program module. 

The parameters of the finish milling mode for both 
variants remained constant (Table 1). A 10 mm diameter 
four-tooth flat face cylindrical cutter, 10 mm in diameter, 
and a spherical face cylindrical cutter, 10 mm in 
diameter, were used for the experiments. 

The strategy for finish machining by means of flat 
face cylindrical cutters with D =10 mm and spherical face 
cylindrical cutters with D=10 mm according to variant 1 
(without optimization) is presented in Fig.5. 

The number of individual sections machined by 
means of a flat face cylindrical cutter with 10 mm 
diameter and a spherical face cylindrical cutter with 10 
mm diameter, is presented in Table 2. 

 
(a) flat face cylindrical cutter with D = 10 mm. 

 
(b) spherical face cylindrical cutter with D = 10 mm 

Fig. 5. Path of tool moves during finish milling of a test detail 
according to variant 1 (without optimization). 

TABLE 2 NUMBER OF SECTIONS, MACHINED WITH CUTTERS OF ONE SIZE 

Cutter 
Number of sections, 

machined with 
cutters of one size  

Flat face cylindrical, D = 10 mm 17 
Spherical face cylindrical, D = 10 mm 11 

The finish machining strategy, realized by means of a 
flat face cylindrical cutter with diameter of 10 mm, and 
by a spherical face cylindrical cutter 10 mm in diameter, 
according to variant 2 (with optimization), is presented in 
Fig.6. 

 
(a) flat face cylindrical cutter with D = 10 mm. 

 
(b) spherical face cylindrical cutter with D = 10 mm. 

Fig. 6. Trajectory of tool movement during finish milling of a test 
detail according to variant 2 (with optimization). 
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Tables 3 present the results of the calculations 
obtained when preparing the control program for 
processing the test details based on the NX 11 system 
without using the optimization program module PM 
(variant 1), as well as the computational data, obtained by 
means of the algorithm, which allows to optimize the 
auxiliary time of idle tool moves when milling complex 
surfaces on triaxial CNC milling machines (variant 2). 

TABLE 3 RESULTS OF THE CALCULATIONS OBTAINED WHEN PREPARING 
THE CONTROL PROGRAM 

Cutter Variant of machining 
1 2 

Total length of the auxiliary moves L, mm 
Flat face cylindrical, 
D = 10 mm 2665,8 1484,47 

Spherical face cylindrical, 
D = 10 mm 1768,1315 1287,48 

Total time, spent on performing the auxiliary moves Ta, min 
Flat face cylindrical, 
D = 10 mm 00.00.53 00.00.29 

Spherical face cylindrical, 
D = 10 mm 00.00.35 00.00.25 

Total time, spent on perfoming the working moves To, min 
Flat face cylindrical, 
D = 10 mm 00.02.14 00.01.50 

Spherical face cylindrical, 
D = 10 mm 00.06.05 00.05.55 

B. Determination and comparison of the roughness 
parameters 
A Form Talysurf i200 profilometer was used to 

determine and compare the surface roughness parameters 
of the test details, processed on a triaxial CNC milling 
machine. Measurements were carried out to determine 
the roughness parameters of the surfaces of each section, 
depending on the dimensions of the section along a 
certain route. The speed of the probe was 1 mm/s. As a 
result, average values of the roughness parameters were 
obtained for each measured section. 

The determination of the roughness parameters was 
made for 28 sections (Fig.7) in accordance with the 
number of sections to be machined, differing in shape 
and size. 

 
Fig. 7. The sections of the detail. 

The results of the measurements are presented in 
Table 4. 

TABLE 4 ROUGHNESS PARAMETERS RA OF THE SECTIONS OF A DETAIL 

Section 
№ 

Roughness parameters Ra of the surfaces of the 
details (µm) 

Variant with optimization Variant without optimization 
1 0.2570 0.2268 
2 0.4257 0.4085 
3 0.2975 0.3265 
4 0.3054 0.3047 
5 0.2697 0.2309 

… … … 
25 0.0728 0.0774 
26 0.0819 0.0906 
27 0.0680 0.0890 
28 0.0841 0.0674 

To compare the roughness parameters of the sections 
of the surfaces of the details, a graphical dependence was 
drawn, juxtaposing these parameters for the variant with 
and the variant without optimization (Fig. 8). 

 
Fig. 8. Graphical dependence, presenting the deviation of the 

roughness parameters of the detail surfaces. 

From the graphical dependence, presented in Fig.8 
and the data in Table 4, it can be seen, that the deviations 
of the roughness parameters of the detail surfaces for the 
corresponding sections, machined by following the 
program module PM and without its use, are within the 
limits of the measurement error. The roughness 
parameter Ra for the machined sections is different and 
varies from 0.05 to 0.4 µm, which is explained by the 
different cutting trajectories and the specific cutting 
strategies planned within the technological process for 
machining each section. 

As a conclusion it can be said that the change in the 
sequence of machining the sections at an unchanged 
specific strategy for machining each section does not lead 
to deterioration in the surface quality of the machined 
detail. 

C. Determination and comparison of the deviation in 
shape and size of the test samples from the digital 
models 
A Contura G2 Carl Zeiss coordinate measuring 

machine was used to determine and compare the 
deviations from the dimensions and the shape of the test 
details, machined on a triaxial CNC milling machine. In 
order to provide the same metrological conditions, the 
measurements were carried out in the same points on the 
surfaces of the controlled details. 
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The accuracy of measurement is determined by the 
technical capabilities of the coordinate measuring 
machine, i.e., is 0.001 mm. The measurement results, 
obtained in digital form, were imported into the 
automated control system for comparison with the digital 
reference of the test detail and determination of the 
deviations [15]. To compare the parameters of deviation 
in shape of sections of the details’ surfaces, a graph was 
drawn, presenting the deviations of their points for the 
two variants of processing - with using the program 
module PM and without it (Fig.9). 

 
Fig. 9. Deviation in shape in points on the surface of a detail, 

processed both ways. 

The results, obtained after comparing the deviations 
of the test details in shape and size from the digital 
model, show that the difference of the deviation 
parameters ∆ in the points of carrying out the 
measurements is within the limits of the tolerance field. 
This is confirmed by the fact that the change in the 
sequence of machining sections of complex surfaces and 
the application of the program module PM in order to 
optimize the idle tool moves preserve the accuracy of the 
complex surfaces of details, processed by milling. 

IV. CONCLUSIONS 
The obtained experimental data allow to conclude that 

the application of the program module PM to optimize 
the idle moves of the machine when processing complex 
surfaces, allows to ensure high quality of the 
microgeometry of the detail surface and accuracy of 
machining, while reducing the total machine time for 
processing a detail.  

The greatest effect of applying the program module 
can be obtained for details, containing 10 or more 
sections to be machined.  

In the calculations, the joint application of 
mathematical models for minimization of the idle moves 
in case of changing the machined sections and 
optimization of the sequence of machining of the 
individual sections, allows to obtain the most 
advantageous tool route when machining the individual 
sections with cutters of one size.  The auxiliary time, 

spent on the idle moves when changing the milling cutter 
and changing the machined sections is minimized at the 
same time. 
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Abstract. Robotics is one of the important trends in the current 
development of science and technology. Most modern robots 
and drones have their own vision system, including a video 
camera, which they use to take digital photos and video 
streams. These data are used to analyze the situation in the 
robot's camera field of view, as well as to determine a real-time 
robot's behavior algorithm. In this regard, the novelty of the 
paper is special polynomial mathematical model and method 
for adaptive gradational correction of a digital image. The 
proposed model and method make it possible to independently 
adjust to brightness scales and image formats and optimally 
perform gradational image correction in various lighting 
conditions. Thus, ensuring the efficiency of the entire 
subsequent cycle of image analysis in the robot's vision system. 
In addition, the paper presents the results of numerous 
experiments of such gradational correction for images of 
various classes, as well as conditions of reduced and increased 
levels of illumination of the field of view objects. Conclusions 
and recommendations are given regarding the practical 
application of the proposed model and method. 

Keywords: Digital Image, robotics, robot vision system, image 
enhancement, gradational correction. 

I. INTRODUCTION 
The number of different robots and drones that we 

already see at the operational stage, as well as those still in 
development, is simply amazing [1, 2]. Most of these robots 
(and drones) are equipped with a video camera and their own 
vision system [3-5], so that the robot can independently 

monitor and analyze the situation according to specified 
algorithms in offline mode [6].  

For example, in [7] a new method for improving the 
input image is presented, which is based on the use of 
Retinex. This solution is used for robotic capture of an 
underwater surveillance system. 

The publication [8] presents an algorithm for 
controlling the operation of a robot with feedback, which 
is based on real-time segmentation and estimation of the 
width of the roadway. 

The paper [9] presents the results of solving the 
localization problem for a mobile robot. The paper 
proposes a new localization system that combines the 
use of machine vision and lidar in its work, moreover, 
for conditions of significant occlusion. 

The publication [10] presents the results of research 
and proposes a new algorithm for controlling the 
movement of a robot based on the use of machine vision 
to solve the problem of self-localization. The event and 
deadline-based algorithm largely avoids delays in the 
robot control loop. 

The paper [11] presents the results of a study of a 
complex robotic system for gesture recognition. 

The work [12] presents improved algorithms for 
implementing the capture function by a robot, based on 
the use of a machine vision system, which is relevant for 
intelligent robots that perform complex manipulations. 

https://doi.org/10.17770/etr2023vol3.7300
https://creativecommons.org/licenses/by/4.0/
mailto:l.savulioniene@eif.viko.lt
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A separate class of works is devoted to the development 
and improvement of UAV vision systems in terms of 
improving the efficiency of their work in offline mode 
[13-15]. 

In general, if we talk about mobile robots, the analysis of 
the current state of the issue shows that special attention is 
paid to the development and improvement of automatic 
image enhancement algorithms. Since the efficiency of the 
entire cycle of image analysis of autonomous robots depends 
on the efficiency of these algorithms [16-18]. 

In this regard, the aim of the paper is to present a 
mathematical model and an algorithm for adaptive 
gradational correction of a digital image, as well as the 
results of experiments for various classes of objects and 
conditions for obtaining images. The value of the model and 
the algorithm lies in the fact that they are automatically 
adjusted to the brightness scale and image format and carry 
out gradation correction of the image in automatic mode. 

In addition to robotics, an effective solution to the 
problem of automatically improving the quality of a digital 
image is important for image search services that operate 
autonomously or as part of image storage management 
systems [19–21]. 

II. MODELS, METHODS AND MATERIALS 
The key requirement for the model and method of 

gradation correction of the machine vision system of an 
autonomous robot is that such a model (and method) should 
automatically adjust to the initial data. First of all, on the 
image brightness scale, which can vary over a wide range. 

In addition, the gradation correction model should be 
flexible enough to provide both linear and non-linear image 
brightness transformation depending on the requirements of 
the applied task. 

Currently, the main models that are used for such 
purposes are linear, exponential and logarithmic models. 
The linear model is not flexible enough, while the 
exponential and logarithmic models are often too harsh. 

Considering these aspects, a power-law model of 
gradation image correction is proposed, which allows to 
smooth out these shortcomings. 

Such a power-law model in a unified form has the form 

ℎ𝛾𝛾(𝑥𝑥) = 𝑑𝑑−𝑐𝑐
(𝑏𝑏−𝑎𝑎)𝛾𝛾

⋅ (𝑥𝑥 − 𝑎𝑎)𝛾𝛾 + 𝑐𝑐.               (1) 

where: 
- 𝑥𝑥 - input brightness value. 
- 𝛾𝛾 - degree exponent. 
- ℎ𝛾𝛾 - output brightness value. 
- [𝑎𝑎, . . . ,  𝑏𝑏] - the input brightness range. 
- [𝑐𝑐, . . . ,  𝑑𝑑] - the output brightness range. 

This function was obtained in the course of 
transformations from the basic representation of a power 
function of the form 

𝑦𝑦(𝑥𝑥) = 𝑘𝑘 ⋅ 𝑥𝑥𝛾𝛾, 𝛾𝛾 > 0,                        (2) 

by substitution of coefficients 𝑎𝑎, 𝑏𝑏, 𝑐𝑐,𝑑𝑑, where  

- [𝑎𝑎, . . . ,  𝑏𝑏] - the input brightness range. 
- [𝑐𝑐, . . . ,  𝑑𝑑] - the output brightness range. 
- 𝑘𝑘 - normalization coefficient. 
- 𝛾𝛾 - degree exponent.  

In doing so, the following conditions were met: 
coefficient k is determined from the condition 𝑦𝑦(𝑏𝑏) =
𝑑𝑑, 𝑦𝑦(𝑎𝑎) = 𝑐𝑐. 

The proposed power-law model is shown in Fig. 1. 

 
Fig. 1. A family of power-law gradation correction functions that are 

built with a step of  0.25 (𝛾𝛾 = 0.5, 0.75, 1, 1.25, 1.5) for brightness 
values: 𝑎𝑎 = 100, 𝑏𝑏 = 300, 𝑐𝑐 = 25,𝑑𝑑 = 250; the 𝑥𝑥-axis represents the 

brightness of the input image, and the 𝑦𝑦- axis represents the 
brightness of the output image. 

With an increase in the exponent greater than one, 
model (1) becomes similar to an exponential. Such a 
model serves to significantly enhance the brighter part of 
the spectrum and suppress its darker part. When we 
decrease the exponent below one, model (1) becomes 
similar to a logarithm.  Such a model serves to 
significantly enhance the darker part of the spectrum and 
suppress its lighter part. When the value of the  𝛾𝛾 = 1  
we get the classical linear function of the proportional 
change in the brightness of the image. Thus, depending 
on the requirements of the task, one can very flexibly 
tune the model (1). The model automatically adjusts to 
the brightness level of images when used (due to 
parameters 𝑎𝑎, 𝑏𝑏, 𝑐𝑐,𝑑𝑑). 

Consider the method of applying the model (1). 

At the first stage (when the model parameters are 
determined), for a given brightness range of the input 
and output images, we once, using model (1), construct 
a tabular function 𝑓𝑓(𝑥𝑥) (row matrix) for converting the 
input brightness to the output. In order not to perform 
these time-consuming repetitive calculations in the 
gradation image correction cycle. 

Then, using the 𝑓𝑓(𝑥𝑥) table, we quickly change the 
brightness of the input image to the corresponding output 
values. 

The complexity of the method is determined by the 
linear estimate 𝑂𝑂(𝑛𝑛), since in the body of the tonal 
correction cycle only one operation of changing the 
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brightness of the form 𝑥𝑥[𝑖𝑖, 𝑗𝑗] = 𝑓𝑓(𝑥𝑥[𝑖𝑖, 𝑗𝑗]) will be performed. 

The efficiency of the gradation correction method can be 
increased many times over by pre-trimming the tails of the 
brightness histogram of the original image. If you build a 
brightness histogram of the original image, it has tails, 
represented by a series of low frequency values. If they are 
reset to zero and new extreme values a, b are found with a 
non-zero frequency, when performing gradation correction, 
the level of image contrast will increase significantly. 

III. EXPERIMENT 
For the experiment several datasets were used. First [22] 

contains dark photos, taken outdoors. They vary in size, 
scene, and objects that are depicted on them. This dataset 
was chosen due to a big variety of scenes and light 
conditions, this helps a lot when testing of image 
enhancement algorithms is needed. A variety of depicted 
objects help for cases, when different recognition algorithms 
should use these images for object recognition, after 
enhancing by our algorithm. Also using of photos help, 
because these images are not perfect in terms of scene setup, 
so they are close to real life applications, then the laboratory 
images. Second dataset [23] contains indoor photos of 
different objects. Objects varying, as well as lighting 
conditions. This dataset is useful for research of how the 
different lighting conditions affect the perception of 
different objects. Also having the same objects in different 
lighting conditions helps to verify the work of enhancement 
algorithm. During the experiment we used power-law 
gradation correction to enhance images. The best correction 
was chosen by an expert. 

Starting with the first image of the basketball ball, 
camera lens and the book Fig. 2. These objects contain 
valuable details, like text, which is readable only after image 
correction. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Fig. 2. Image of a basketball ball, camera lens and a  book (a)[23], 
its brightness histogram (c). Improved image (b) and its brightness 

histogram (d). The scale of the change in the brightness is: 1 division 
corresponds to the value 104. Image transformation function (e) 𝑥𝑥-
axis represents the brightness of the input image, and the 𝑦𝑦- axis 

represents the brightness of the output image. 

Next image on Fig. 3 is a photo of a night street, it is 
barely possible to see if there are any objects in this 
photo. After correction we can observe that there are a 
lot of objects on the way. 
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a) 

 
b) 

 
c) 

 
d) 

 
e) 

Fig. 3. Photo of a night street (a)[22], its brightness histogram (c). 
Improved image (b) and its brightness histogram (d). The scale of the 

change in the brightness is: 1 division corresponds to the value 104. Image 
transformation function (e) 𝑥𝑥-axis represents the brightness of the input 

image, and the 𝑦𝑦- axis represents the brightness of the output image. 

Very similar to Fig. 3 is Fig. 4. This is a photo of a 
house. As on previous image, in this photo it is not 
possible to see if there are any additional objects near the 
building. So, this is issue, in situation, when we need to 
be aware of any obstacles. Gradation correction easily 
fixes this issue, and it is possible to state that after 
correction bicycle under the window and trees are firmly 
visible. 

 
a) 

 
b) 

 
c) 

 
d) 
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e) 

Fig. 4. Photo of night house (a)[22], its brightness histogram (c). 
Improved image (b) and its brightness histogram (d). The scale of the 

change in the brightness is: 1 division corresponds to the value 104. Image 
transformation function (e) 𝑥𝑥-axis represents the brightness of the input 

image, and the 𝑦𝑦- axis represents the brightness of the output image. 

The final example is an overexposed photo Fig. 5. Too much 
light is also not a good lighting condition. In this photo text 
is not readable, and pattern and size of the notebook is not 
visible. Our algorithm can handle this situation too. Please 
note how the transformation function for the overexposed 
image on Fig. 5(e) changed. Input range is shifted to the right 
of the x-axis. 

 
a) 

 
b) 

 
c) 

 
d) 

 
e) 

Fig. 5. Image of a book, camera lens and notebook (a)[23], its 
brightness histogram (c). Improved image (b) and its brightness 

histogram (d). The scale of the change in the brightness is: 1 division 
corresponds to the value 104. Image transformation function (e) 𝑥𝑥-
axis represents the brightness of the input image, and the 𝑦𝑦- axis 

represents the brightness of the output image. 

In the course of work on the article, a large series of 
200 experiments was carried out. Half of the images for 
the experiments were selected from the considered 
dataset by experts. These are the 100 most distorted 
images according to experts. The second half was chosen 
at random. This image selection refer to first dataset [22], 
because there are more images. And all images from the 
second dataset [23] where used for conducting 
experiments. 

Test software is written using Python 3. Test 
hardware uses standard consumer grade PC with i5-
10300H processor. Test code is not optimized for 
parallel execution. 

To demonstrate the capabilities of the proposed 
model, the paper presents the results of four experiments 
on images chosen by experts. Analyzing the results of 
the experiments, the experts gave the best 
recommendation for the model and the method of its 
implementation.  

Since the proposed method of gradation correction 
works in real time, automatically increasing the contrast 
of bad images up to 5-7 times, making even the worst 
images clearly visible (this can be seen from the above 
experimental results).  

The even not optimized experimental code, used for 
proving of concept gives very good results is terms of 
performance. 

IV. CONCLUSION 
Based on publication analysis we can conclude that 

video input is one of the most important inputs for robot 
systems, as it helps to navigate, detect needed objects, 
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and give much useful information. That means that the 
quality of the input image data is crucial for successful 
operation, because if input data is not good enough, even the 
best algorithms cannot do much. This is very well-known 
concept in computer science garbage in, garbage out. 

The novelty of the paper is special polynomial 
mathematical model and method for adaptive gradational 
correction of a digital image. This method helps to enhance 
images in a very fast and efficient way. This allows using 
such methods even in real time applications. Which could be 
very handy in robot navigation applications, or video 
streams enhancement, even in bulk enhancement of big 
storages of images. 

 Experiment was conducted, which proved that this 
method works and gives good results on a wide variety of 
image classes which has different lighting conditions 
including underexposing and overexposing, different 
scenes, even different approaches in photograph (casual 
photos, and professionally made photos). But, as always, 
there is a space for improvement in future research, for using 
different functions for image processing, depending on the 
scene and lighting conditions.  
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Abstract. The smoothness, ride comfort, safety and handling 
of the car depends on the manner of suspension design and 
its corresponding details. One of main functions of the arm 
and the rubber bushings mounted on it is to reduce the 
vibrations and the noise transferred from the road to the 
passenger car components. This article presents the results 
of a frequency analysis of an arm of the MacPherson front 
independent suspension. For this purpose, three-
dimensional geometric models of the arm and rubber 
bushings are created via finite element analysis (FEA) 
software SolidWorks, where Skoda Octavia passenger car 
was used as a prototype. The axial, radial and torsional 
stiffness of the rubber bushings were determined through 
analytical dependences and FEА. The obtained results had 
been used for calculation of the natural frequencies and 
mode shapes of the arm which were compared with 
experimentally obtained data.  

Keywords: natural frequency, mode shape, arm, suspension, 
rubber bushing, FEA, experimental study. 

I. INTRODUCTION 
Suspension reduces dynamic loads on the vehicle 

body and wheels by reducing the amount of force of 
shocks and vibrations. In some cases the suspension 
adjusts the position of the vehicle chassis.  

During the suspension design the natural frequency 
and the vibration amplitude of the unspring components 
are one of the main focus elements.  

It is well known that an optimal driving comfort is 
achieved when the natural frequency is in the range of  1-
1,5 Hz. Increase of natural frequency above 1,5 Hz, leads 
to decrease of the comfort. In real life vehicle 
applications, the natural frequency changes between 0 to 
20 Hz due to road imperfections [2]. The range of the 
variations of the natural frequency must be taken in 
consideration during the design process of the suspension 
and its various components which are exposed to 
dynamic stresses. That’s why the determining of natural 
frequencies and mode shapes is crucial.  

The control arm of the suspension were investigated 
by various studies [2,3,5,6,7,8,9,10, 11,12,13] by means 
of FEA software. Study [5,7] provides results regarding 
the static strength and frequency analysis of lower arm of 
double wishbone suspension. Results regarding static 
strength analysis of MacPherson independent suspension 
obtained by FEA are presented in [6,8]. Studies 
[5,6,9,10,11,12] show topology optimization of an arm 
while in [3,7,13] dynamic analysis of lower arm via 
numerical and experimental study is described. 

The purpose of the study is to determine the natural 
frequencies and mode shapes of a front arm of a 
MacPherson type suspension of a passenger car Skoda 
Octavia. To achieve the goal a FEA and up-to-date 
software tools Simulation module of SolidWorks were 
used. The simulation results of the natural frequencies 
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were confirmed by experimentally which is also part of 
the current study. 

II. DETERMINATION OF THE  SIFFNESS OF ARM RUBBER 
BUSHING 

The MacPherson type is mainly used for front 
suspension in modern passenger cars, which stands out 
for its compactness, small mass and significantly less ball 
joints. The MacPherson type suspension includes the 
following main elements: arm, elastic element (spring) 
and shock absorber. Figure 1 shows a three-dimensional 
geometric (3D) model of a suspension, position 1 shows 
the arm, position 2 shows rubber bushing 1 and position 3 
shows rubber bushing 1. The the axial, radial and 
torsional stiffness are presented in fig.1. 

 

 
Fig. 1.  Three-dimensional geometric model of a suspension and 

radial, axial and torsional stiffness in rubber bushing of an arm.  

Natural frequencies and mode shapes of the arm are 
most often determined by performing a physical 
experiment, analytically determined or by using FEA. 

The correct setting of the supports is critical in 
determining the natural frequencies and mode shapes of 
the suspension and the arm respectively. 

The static stiffness of the rubber bushings can be 
calculated by defined mathematical equations, by FEA or 
experimentally. 

The radial stiffness of the rubber bushing can be 
determined by the dependence [1, 9] 

( )
7,5. . .
ln /R l

L GK k
D d
π

= ,   (1) 

where lk  is the form factor and it is defined by the 
graphical dependence from [9]; 
G  is the shear modulus, МРа, it is defined by Shore 
hardness Hs, 0,0340,117 HsG e=  or through the graphical 
representation ( )G f Hs=  [4]; 

, ,D d L  are the outer and inner radius respectively and 
the length of the rubber bushing, mm. 

The dimension ratio η  is defined as [9] 

( )0,5
L
D d

η =
−

,         (2) 

The axial stiffness and torsional stiffness of the rubber 
bushing can be determined by dependencies [1, 9] 
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III. МETHODOLOGY OF STUDY 
The object of the study is an arm of the MacPherson 

front independent suspension on passenger car Skoda 
Octavia. Figure 2 shows 3D model of an arm.  

 

 
Fig. 2. Three-dimensional geometric model of an arm. 

Rubber bushings were used as elastic supports of the 
arm therefore determining of stiffness was needed for 
correct definition of fixing.  

Figure 3a and 3b shows 3D model of the rubber 
bushing 1 and 2, respectively.  

 

 

a) rubber bushing 1 
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b) rubber bushing 2 
Fig. 3.  Geometric models of the rubber bushings.  

The stiffness of the rubber bushings were determined 
via non-linear SolidWorks Simulation analysis. The 
elastic properties of the rubber bushings were estimated 
using the Mooney-Rivlin material model with five 
constants. The selected Shore hardness of the rubber is 
70Hs. The experimental results of stress-strain relation in 
bi-axial tension of 70Hs from [4], had been used as an 
input for automatically calculation of the material 
constants conducted by SolidWorks. Rubber’s poisson’s 
ratio is 0,49 [1] while the density is 1130 kg/m3 [1]. The 
metal parts of the rubber bushings are made of 
normalized steel 4340. A three-dimensional curvilinear 
finite element mesh was used for the rubber bushings. 

Natural frequencies and mode shapes are determined 
by frequency analysis of SolidWorks Simulation. The 
arm is made of cast steel, according to EN10293. Its 
mechanical properties are shown in Table 1. 

TABLE 1 MECHANICAL PROPERTIES OF THE ARM 
Elastic modulus, Ра Poisson’s ratio Mass density, 

kg/m3 
2,1.1011 0,28 7800 

Figure 4 shows arm fixation established by elastic 
supports on the mounting locations of the rubber 
bushings surfaces. 

 
Fig. 4.  Elastic supports. 

A three-dimensional curvilinear mesh was generated 
(fig. 5). It includes 206 856 nodes and 129 636 elements.  

 
Fig. 5.  FEA mesh. 

The main goal of the experimental study was to 
determine the natural frequencies of the arm. It was 
carried by measuring and recording the accelerations 
along the three axes x, y and z at the same time. The 
measuring equipment includes: ADXL335 accelerometer 
module, power supply, multifunction I/O Device NI 
USB-6343, PC and a specialized software developed in 
LabView environment.  

The аccelerations on the three axes were registered by 
ADXL335 аccelerometer. The ADXL335 is a small, thin, 
low power, complete 3-axis accelerometer with signal 
conditioned voltage outputs. The product measures 
acceleration with a minimum full-scale range of ±3 g. 
The power supply of the accelerometer is a constant 
stabilized voltage of 3,3 V. The information from the 
accelerometer is provided to the PC through the 
multifunction I/O Device NI USB-6343. The maximum 
data registration speed from the Device NI USB-6343 is 
500 kSample/s, input range: ±0,2 V; ±1 V; ±5 V; ±10 V. 
For registration and processing of the accelerometer 
signals, specialized software in the environment LabView 
has been developed (Fig. 6). 

 
Fig. 6.  Software front panel. 

Figure 7 shows the object, the hammer and the 
measuring equipment for the experiment. 

 
Fig. 7.  Experimental determination of natural frequencies. 
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The accelerometer was attached to the arm. The mass 
of the accelerometer is 1,27 g and the mass of the arm 
was 3109 g. The total mass of the accelerometers of the 
suspension arm had negligible effects on the 
measurement. The FFT method in the LabView software 
was used, through which the data for the total 
acceleration in three- dimensional space were processed 
space. The accuracy of the method depends on the 
frequency resolution (1 Hz) of the measurement, since it 
determines the displayed peak amplitude on the PC 
screen that was measured. 

IV. RESULTS AND DISCUSSION 
Тable 2 presents the results of the axial, radial and 

torsional stiffness of the rubber bushings obtained by 
FEA. For rubber bushing 1, results obtained by 
dependencies (1), (3) and (4) are also presented. 

TABLE 2 STATIC STIFFNESS OF THE RUBBER BUSHINGS 

Stiffness 
Values 

Rubber bushing 1 Rubber bushing 2 
Formula FEA  FEA  

Axial stiffness 
(N/mm) 526 697 144 

Radial stiffness 
(N/mm) 4143 5806 401 

Torsional 
stiffness 
(Nm/deg) 

2,5 2,55 1,26 

From the results presented in table 2 regarding the 
stiffness of the rubber bushing 1, it is observed that there 
is a significant difference between the results obtained by 
FEA and by the dependencies. This is mainly due to the 
simplified geometric shape of the rubber bushings in the 
analytically calculation. In [9], it was found that the 
results for the stiffness obtained by FEA are insignificant 
different from the experimental results, as opposed to 
those get from the dependencies. 

Тable 3 presents the obtained results of the six natural 
frequencies of the arm. The first, second and third mode 
shapes are shown on Fig. 8 a, b and c, respectively. 

TABLE 3 NATURAL FREQUENCY FROM FEA 

Mode number Natural Frequency, Hz 
1 10,03 
2 60,52 
3 112,01 
4 114,13 
5 188,51 
6 305,7 

 

a) first mode shape 

 
b) second mode shape 

 
c) third mode shape 

Fig. 8.  Mode shapes. 

Figure 9 presents the experimental results. 

 
Fig. 9.  Experimental acceleration results.  

Table 4 presents the results regarding the natural 
frequencies obtained by FEA and results obtained 
experimentally. 

TABLE 4 NATURAL FREQUENCY 

Mode  
number 

FEA  
Natural frequency, 

Hz 

Experimental 
Natural  frequency, 

Hz 
1 10,03 16 
2 60,52 75,6 
3 112,01 136 
4 114,13 160 
5 188,51 250 
6 305,7 350 

The results obtained of natural frequencies by FEA 
are comparable to those obtained experimentally. 

V. CONCLUSIONS 
Based on the performed study the following 

conclusions are made:  
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It is preferable to use the FEA to determine the 
stiffness of rubber bushings with a complex geometry. 

The results shows the lowest value of the natural 
frequencies of the arm is approximately 10 Hz. The next 
value of natural frequencies is significantly greater than 
the frequency of the excitation forces generated by the 
road surface irregularities (from 0 to 20 Hz) [2]. This 
means that when the car is in motion, no significant 
vibrations will occur in the arm, which would lead to a 
deterioration in the comfort of the passengers. 

An experimental frequency analysis was performed to 
validate the FEA model developed of a front arm of a 
MacPherson type suspension. The results obtained by 
FEA are close to the results obtained experimentally.  

The obtained results of the natural frequencies of the 
arm with fixation established by elastic supports are 
different from the results for the frequencies in [13], 
because the arm is attached with fixed supports and the 
geometric model is not exactly the same. 

The designed suspension model, the study 
methodology and the obtained results can be used to 
topology optimization and fatigue analysis. 
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Abstract. The modelling of the thermal process is used as a 
tool in determination of the properties of the materials, 
subject to welding. One of the most important steps in the 
modelling is the calibration of the heat source model. This is 
a necessary condition for a given model to be used to solve 
practical problems. The standard practice in this regard is to 
calibrate the model by the shape of the melted zone or by the 
temperature cycles at set points. In the present work, the heat 
source model calibration based on the maximum 
temperatures measured at several surface points, at different 
distances from the seam line, is considered. The temperature 
cycles in the welded joint and the penetration depth were 
assumed by the model, calibrated in such non-destructive 
way. The calculated temperature cycles were compared with 
records of the temperature during welding. The actual 
penetration depth was measured by metallographic 
examination of samples and compared with the assumed 
penetration depth. The obtained results make it possible to 
evaluate the suitability of the proposed methodology for 
determining the cooling rate in the heat affected zone. 

Keywords: heat source calibration, thermal cycles, welding. 

I. INTRODUCTION 
For the practical use of the various welding thermal 

processes models is necessary to calibrate, validate and 
verify them. The calibration of the model is realized by 
determination of parameters involved in the definition of 
the heat source, by comparing experimental and 
computational results. From this point of view, it is 
important that the process can be carried out through simple 
and quickly realizable experiments. In this study, it is 
proposed to use the maximum temperatures measured on 
the surface of the welded parts as such. Measuring of these 

temperatures is done in proximity to the weld seam. In 
addition to the maximum temperatures, it is necessary to 
measure the distance from the seam line to the temperature 
measurement point. It is obvious that one of the isotherm 
lines, with temperature of the solidus, is located at the seam 
edge. The distance to the axis of the seam is equal to half 
of its width.  

The main types of heat source models describing the 
interaction of the welding arc and the article are volumetric 
[1] ÷ [12], surface [13] ÷ [21] or a combination of both 
types [22] ÷ [25]. From the volumetric heat sources the 
Goldak’s model is most often used:  
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Here U  is the welding voltage, I  – arc current and η  
– efficiency. Since ( )rfff aaaf +=  and 

( )rfrr aaaf +=  it has 4 parameters that can be used for 
calibration – baa rf ,, . and .c  

Both volumetric and surface heat sources are defined in 
a movable coordinate system related to the welding arc. 
Surface heat sources are based on a Gaussian distribution 
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II. MATERIALS AND METHODS 
In this study, the experiments were conducted by TIG 

welding. The process parameters are: welding current 180 
A; arc voltage – 12.6 V; welding speed – 10 cm/min. The 
sample for conducting the experiment is made of steel 
S355JR with dimensions 6x240x250 mm. During the 
implementation of the process, temperature cycles were 
recorded at two points located at different distances from 
the seam line (Fig.1). The distance from the first point to 
the seam line is 7.7mm, and from the second - 9.7 mm. 
From these records the maximum temperatures at these 
points were determined to be 1000˚C and 836˚C 
respectively. The measured width of the weld bead is 
8.5mm. In this way, the distance from the seam line to the 
point where the temperature reaches the solidus 
temperature is 4.25mm.  

 
Fig. 1. Temperature records. 

To solve the heat problem, the heat source described in 
[20] was used. The calibration was performed according to 
the methodology described there. The heat flux density is 
defined in the moving coordinate system as 

)()( rUIAfrq η=   (3) 

where: 
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This model uses the efficiency η , effective heating 
radius arcr   and distribution coefficient arcarc rr0=α  as 
calibrating parameters. These parameters determine the 
values arcarc rr .0 α=  and 3/arcr=σ . Minimization of the 

maximum relative error was used to determine the values 
of the calibration parameters. In the Table I shows the last 
stage of solving the optimization problem, and Fig. 2 shows 
the result of the calibration process. 

TABLE I.  FINAL STEPS OF THE CALIBRATION PROCESS. 

η  mmrarc ,  arcα  Objective 
0.7000 9.540 0.3300 0.001036 
0.7030 9.540 0.3300 0.001276 
0.7000 9.510 0.3300 0.0011167 
0.7000 9.540 0.3420 7.35E-04 
0.6970 9.520 0.3380 9.87E-04 
0.6985 9.525 0.3360 8.92E-04 
0.7000 9.540 0.3360 8.81E-04 
0.7000 9.525 0.3360 8.44E-04 
0.7015 9.540 0.3360 9.84E-04 
0.6985 9.530 0.3400 8.36E-04 
0.6993 9.533 0.3390 9.02E-04 
0.7000 9.533 0.3390 7.52E-04 
0.7000 9.540 0.3390 8.07E-04 
0.7008 9.540 0.3390 8.55E-04 
0.6993 9.535 0.3410 8.55E-04 
0.6996 9.536 0.3405 7.53E-04 
0.7003 9.544 0.3415 7.39E-04 
0.6998 9.543 0.3422 7.16E-04 
0.6995 9.544 0.3430 7.88E-04 
0.7000 9.544 0.3433 7.06E-04 
0.7000 9.546 0.3447 7.20E-04 
0.6996 9.541 0.3435 7.25E-04 
0.6998 9.542 0.3430 7.27E-04 
0.6999 9.543 0.3427 7.67E-04 
0.7000 9.542 0.3426 7.92E-04 
0.7001 9.544 0.3424 7.36E-04 
0.7000 9.546 0.3430 7.05E-04 
0.7001 9.547 0.3431 7.28E-04 
0.7002 9.546 0.3430 7.68E-04 
0.7000 9.544 0.3428 7.56E-04 
0.7002 9.545 0.3430 7.98E-04 
0.7000 9.544 0.3428 7.06E-04 
0.6999 9.545 0.3437 7.48E-04 
0.7001 9.544 0.3427 7.46E-04 
0.7000 9.545 0.3431 7.02E-04 
0.7000 9.545 0.3429 7.24E-04 
0.7001 9.545 0.3427 7.05E-04 
0.7001 9.545 0.3429 7.37E-04 
0.7000 9.545 0.3429 7.26E-04 
0.7001 9.545 0.3429 7.78E-04 
0.7000 9.545 0.3430 7.63E-04 
0.7000 9.545 0.3430 6.99E-04 

 

 
Fig. 2. Calibration result. 
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III. RESULTS AND DISCUSSIONS 
The general view of the temperature field is presented 

in Fig.3 and Fig.4. Fig. 5 shows the high temperature region 
with isothermal surfaces plotted for the calibration values 
and temperatures 800˚C and 500˚C. Except for the 
isothermal surface for the solidus temperature, the others 
have an almost cylindrical shape.  

 
Fig. 3. Common view of temperature. 

 
Fig. 4. Isothermal surfaces (K). 

Fig. 6 shows the isothermal contours for the calibration 
temperatures and the liquidus temperature. It can be noted 
that the two-phase region is extremely small in size. 
Furthermore, it is also evident here that the measured 
temperatures have been reached at the control points. From 
what is shown in this figure, it follows that the deviation in 
the width of the 1000˚C isotherm is within 0.3 mm. 

 
Fig. 5. Isothermal surfaces in the high temperature region. 

 
Fig. 6. Isothermal contours on top surface for calibrated 

distances and liquidus temperature. 

One of the most important characteristics that should be 
determined when welding steels prone to the formation of 
cold cracks is the cooling time from 800˚C to 500˚C. Fig. 7 
shows the isotherms at these temperatures. The seam line 
distance between these isotherms in the cooling zone is 
30.5 mm. Since the welding speed is 10 cm/min, this means 
that the cooling time from 800˚C to 500˚C t8/5 for the points 
of the seam line is 18.3 s. 

 
Fig. 7. Isothermal contours for t8/5 determinating. 

Table II shows experimental and calculated data on the 
cooling time at the control point reaching the maximum 
temperature of 1000˚C. The obtained experimental data 
indicate that the t8/5 is 15 s. The result calculated by the 
model is 19.5 s. This shows that at the used cooling 
conditions (coefficient of convective heat removal 8=h
W/(m2K) and emissivity 4.0=ε ) the measured values are 
lower than the calculated ones. Fig. 8 illustrates the 
influence of the distance from the axis of the seam on the 
duration of t8/5. It can be seen that the cooling time from 
800˚C to 500˚C is the least along the seam line. 

TABLE II.  EXPERIMENTAL AND CALCULATED DATA FOR 
COOLING RATE DETERMINING 

Experimental 
t, h:m:s T, ˚C t, h:m:s T, ˚C 
0:01:05 800.11 0:01:13 582.84 
0:01:06 746.98 0:01:14 571.02 
0:01:07 712.31 0:01:15 557.55 
0:01:08 687.43 0:01:16 544.28 
0:01:09 662.2 0:01:17 532.52 



Manahil Tongov, et al. Practice Oriented Heat Source Model Calibration 

260 

0:01:10 619.55 0:01:18 522.28 
0:01:11 600.69 0:01:19 511.00 
0:01:12 586.87 0:01:20 500.32 

 
Calculated 

t, s T, ˚C t, s T, ˚C 
44.25 816.37 54.75 608.18 
45.00 796.65 55.50 597.67 
45.75 777.59 56.25 587.56 
46.50 759.67 57.00 577.84 
47.25 742.57 57.75 568.50 
48.00 726.22 58.50 559.48 
48.75 710.66 59.25 550.80 
49.50 695.75 60.00 542.41 
50.25 681.56 60.75 534.30 
51.00 667.95 61.50 526.47 
51.75 654.94 62.25 518.87 
52.50 642.50 63.00 511.52 
53.25 630.56 63.75 504.39 
54.00 619.16 64.50 497.47 

 

 
Fig. 8. Cooling time for diferend distance from seam line. 

 

IV. CONCLUTIONS 
Comparing experimental and simulation modelling 

results shows that the heat source model can be 
successfully calibrated to the maximum temperatures 
measured near the seam. When using constant values of the 
characteristics describing the convective and radiative heat 
removal, the obtained calculated values for the cooling time 
from 800˚C to 500˚C are higher than the experimentally 
determined ones. This means that it is important to use 
temperature-dependent coefficients describing the cooling 
process. Comparing the calculated results for points at 
different distances from the seam shows that, in the 
considered case, the lowest value of t8/5 was obtained along 
the seam line. 
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Abstract. Layer-by-layer detailing processes, which used wire 
and electric arc - wire arc additive manufacturing (WAAM), 
are among the most productive in 3D metal printing 
technologies. From this point of view, the solution of the 
thermal task, and subsequently of the deformation problem, 
are particularly relevant. It is natural that these simulation 
modelling processes are closely related to welding, but at the 
same time it is necessary to take into account particularities 
that are crucial for WAAM and are not always relevant in 
welding. In this research, one such model is proposed, which 
takes into account the gradual filling of the working space 
with the deposited metal. The specific issues related to the 
construction of the model, the definition of the heat source 
and the first layer formation in the conditions of WAAM are 
considered. The obtained numerical results enable the 
prediction of the layer dimensions. 

Keywords: modelling; wire arc additive manufacturing. 

I. INTRODUCTION 
The processes of wire and arc additive manufacturing 

(WAAM) are close to the corresponding welding 
processes. This closeness is expressed both in their 
realization and in their research. Simulation processes are 
no exception in this regard. The main directions in the study 
of processes and the solution of specific technological tasks 
through the methods of simulation modelling can be 
presented in several groups: solving the heat problem in the 
parts manufactured by WAAM [1]÷[10]; solving a heat and 
fluid tasks with modelling the formation of the layer 
[11]÷[18]; determining the geometry of the layers using the 
technological parameters [19]÷[25]; optimal design of the 
rooting [1], [9], [10], [23] and [27]. When modelling heat 
processes, the Goldak heat source [1÷5] is most often used. 
It replaces the action of the welding arc with a volumetric 
heat source in the metal with a density of the released 

power ]/[ 3mWq . Equation (1) shows the definition of the 
base variant in a moving coordinate system related to the 
heat source. The effective heat output of the arc is 

UIqeff η= . The density distribution function of the heat 
generated amount is illustrated in Fig.1. In addition to the 
efficiency factor η  this heat source has 4 geometric 
parameters baa rf ,,  and c (Fig.2), which can be used for 
its calibration. 
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The coefficients ff  and rf  determine the energy 
distribution between the two ellipsoids. In order to have 
continuity of the function from equation (1) it is necessary 
to respect the ratio rrff afaf = . The sum of these two 
coefficients is equal to two, which is related to the 
normalization of the function, and they can be determined 
by equations (2). This heat source is convenient when there 
is a significant penetration and the presence of a keyhole. 
Varieties aimed at solving specific problems are also used 
- one such example is given in [2]. In the processes under 
consideration, the formation of a deep keyhole can be 
prevented, and is often undesirable. 

rf

f
f aa

a
f

+
=

2
 

rf

r
r aa

af
+

=
2

  (2) 

https://doi.org/10.17770/etr2023vol3.7212
https://creativecommons.org/licenses/by/4.0/
mailto:tongov@tu-sofia.bg


Manahil Tongov, et al. A Thermal Model for Wire Arc Additive Manufacturing 

263 

 
Fig. 1. Power density distribution for Goldak heat source with 
parameters (in mm) 10=fa , 5=ra , 8=b  and 4=c . 

xy
z

b

ar

af

c

 
Fig. 2. Geometric interpretation of Goldak heat source. 

Gaussian normally distributed heat source is also used 
often [6÷9, 24, 25]. It can have a different distribution 
along z axis (Fig. 3). The general form can be represented 
by equation (3). Here k  is the heat source concentration 
coefficient (1/m2); π/k  is a normalizing factor for the 
two-dimensional normal distribution and the heat flux 
density along the arc axis in the plane of interaction of the 
welding arc with the metal is equal to π/kqeff ; )(zf  is 
an attenuation function of the released heat (1/m), which is 
normalized according to (4) or (5) where prh  is the 
penetration depth.  

( ) )(exp 2 zfkrkqq eff −=
π

  (3) 
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When solving only a heat problem, the shape of the 
weld pool is determined by the forces acting on it. Equation 
(6) [2] is used to determine the weld pool free surface 
shape. The heat flux is transmitted through the surface of 
the weld pool. 
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where σ  is the surface tension (N/m); ϕ – the 
displacement of the surface (mm); g  – ground 
acceleration (m/s2); P – arc pressure (N/mm2); λ  – 
Lagrange multiplier 

When solving fluid and temperature problems to 
describe the movement of the liquid phase and the 
formation of the free surface of the weld pool, in addition 
to the heat balance equation, the fluid continuity equation 
and the Navier-Stokes equation, describing the movement 
of a viscous liquid, are solved. To describe this movement, 
the following factors are considered [12, 28]: the  surface 
tensions force (equation 7); the gravitational force taking 
into account the change of density depending on the 
temperature combined with electrodynamic force 
(equations 8÷11); pressure of welding arc – a model 
(equations 12÷14) similar to the Koldak heat source model 
is used [12, 29] 
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Fig. 3. Two variants of a Gaussian heat source – surface (a) and volumetric with a conical depth distribution (b) [2]. 
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In [19], it was proposed that the shape of the cross 
section of a single welded layer (Fig. 4) be described by a 
second degree equation (15). After expressing the 
crossectional area of the layer by the feed rate ev , the 
diameter of the electrode wire ed  and the travel speed wv
, a relationship was obtained connecting these parameters 
to the shape of the layer (equation 16). Experiments were 
then conducted with hybrid laser MIG/MAG surfacing and 
a regression equation was derived, enabling the height of 
the layer to be determined depending on the travel speed 
and the wire feed rate (Equation 17). The wire feed rate is 
changed from 4.7 to 10.4 m/min, and the travel speed is in 
the range of 0.6 to 1.1 m/min.  
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Fig. 4. Weld bead dimensions. 
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The described parabolic model of the weld bead shape 
was used in the MIG/MAG process [20]. The profile shape 
of the bead can also be described using equations (18) or 
(19). These two models and the parabolic model are 
compared in [21]. The width and height of the beads were 
measured, as well as the cross-sectional area. The areas 
were calculated using the three models and it was shown 
that the parabolic model gives results closer to the 
measured ones. The parabolic model has also been used to 
describe the layer geometry in multipass welding [19, 22]. 
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II. MATERIALS AND METHODS 
As part of this study, experiments were conducted to 

determine the shape of the layers. Conventional GMAW 
equipment was used. The filler material is SG2 with a 
diameter of 0.8 mm and its chemical composition 
according to the manufacturer's certificate is shown in 
Table I. WAAM starts on a 4x150x350 mm plate from 
S355 steel and a vertical wall is built. The parameters of the 
process are: welding current – 76 A; arc voltage – 17 V; 
feed rate – 4.6 m/min; welding speed – 12 cm/min; 
shielding gas Ar+18%CO2. The experimental setup used is 
shown in Fig. 5. To determine the shape of the applied 
layers, a cross-section of the layers was prepared for 
metallographic investigation (Fig. 6). The surface of the 
section was machined according to standard 
metallographic profile preparation procedure by grinding 
and polishing and was etched with 5% HNO3.  

TABLE I.  CHEMICAL COMPOSITION OF THE USED 
WELDING WIRE (BALANCED – FE), MASS. % 

C Mn Si P S 
0.07 1.45 0.82 0.005 0.10 
Ni Cr V Cu  

0.02 0.03 0.004 0.03  
 

 
Fig. 5. Experimental set-up. 

In process modelling, a heat task is solved using FEM. 
The used thermal properties of the metal are shown in 
Fig.7÷Fig.9.  

 

 
Fig. 6. Cross-section profile. 

 
Fig. 7. Thermal conductivity of used metal. 

 
Fig. 8. Heat capacity at constant preasure for used metal. 

 
Fig. 9. Density of used metsl. 
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III. RESULTS AND DISCUTIONS 
The properties of the layer material are obtained by 

combining those of the metal and those of the air. A 
transition zone is defined in front of the welding arc (Fig. 
10). In this transition zone, a transition function )(xϕ is 
defined in the movable coordinate system associated with 
the welding arc (Fig. 11). The layer material properties in 
the moving coordinate system are defined as 

steelairw xx ρϕρϕρ )](1[)( −+=  (20) 

steelairw xx λϕλϕλ )](1[)( −+=  (21) 

steelairw CpxCpxCp )](1[)( ϕϕ −+=  (22) 

The change in the properties of the environment is 
illustrated in Fig.12 and Fig. 13. 

 
Fig. 10. Transition zone in layer material. 

 

 
Fig. 11. Transition function. 

 

 
Fig. 12. Realization of transition function. 

 

 
Fig. 13. Changing the properties of the medium in front of the 

welding arc. 

The cross-sectional shape of the first layer (Fig. 14) can 
be represented as a segment of an ellipse with dimensions 
shown in Fig. 15. The area of this cross-section is defined 
as ( ) 0001 /arccos zybzabAw −=  and is actually 
determined by the wire feed rate wfV , the welding speed 

wV , and the electrode wire diameter ed  as 

wwfew VVdA 2
1 25.0 π= . This area can be expressed in 

terms of the dimensions of the ellipse: 
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where 10
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0 <≤→
+

= ββ
whz

z . 

To show that this way of representing the geometry of 
the first layer gives good results, we will use the 
experimental data from [21]. There, three different ways of 
representing the layer geometry are compared and it is 
shown that the best results are obtained when using a 
parabolic dependence. Using these data, the value of β  
was determined as varied in the permissible interval 
through 0.1, which is a rather rough determination of this 
quantity. Nevertheless, the accuracy with which the section 
of the layer is calculated is higher than that calculated by 
means of a parabolic section (Table 2). In this table Ap is 
the area of parabolic section, ε(Ap) and ε(Aw1) are the 
absolute values of errors in determining Ap and Aw1, 
respectively. The mean values of these errors are 

( ) %98.5=pave Aε  and ( ) %009.21 =wave Aε . 

To predict the dimensions of the welded bead, the heat 
problem is solved. When solving it, the reaching of the 
solidus temperature along the transition line between the 
substrate and the applied layer is considered as a condition 
(Fig. 16). At the same time, in the middle of the layer (Fig. 
17), a temperature not lower than the temperature of the 
liquidus must be reached. The height of the layer wh  and 
the parameter β , are varied, and the width of the layer is 
determined by the equation 
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Fig. 14. Eleptical cross-sectional shape of the first layer. 

 
Fig. 15. Dimensions of ellipse. 

TABLE II.  EXPERIMENTAL DATA FOR BEAD DIMENSIONS FROM [21] AND CALCULATED PARAMETERS OF ELLIPTICAL SEGMENT 

bw hw A 
measured Ap ε(Ap) β z0 a b Aw1 ε(Aw1) 

mm mm2 %  mm mm2 % 
6.488 3.047 15.08 13.178 12.61 0.1 0.34 3.26 3.39 15.13 0.36 
6.128 2.683 11.729 10.962 6.53 0.5 2.68 3.54 5.37 11.66 0.59 
7.387 2.319 10.556 11.422 8.20 0.9999 23187 261.18 23190 11.42 8.19 
4.994 2.426 8.445 8.078 4.34 0.6 3.64 3.12 6.07 8.47 0.27 
8.95 2.876 18.096 17.158 5.18 0.6 4.31 5.59 7.19 17.99 0.59 

7.193 2.448 10.858 11.738 8.10 0.9999 24477 254.32 24480 11.74 8.11 
5.174 2.533 9.048 8.738 3.42 0.7 5.91 3.62 8.44 9.04 0.11 
8.798 3.346 21.543 19.628 8.88 0.3 1.43 4.61 4.78 21.60 0.26 
7.899 2.961 16.756 15.594 6.93 0.4 1.97 4.31 4.94 16.86 0.60 
7.249 2.662 12.567 12.863 2.35 0.9999 26617 256.30 26620 12.86 2.37 
7.193 2.533 11.6 12.149 4.73 0.9999 25327 254.32 25330 12.15 4.71 
11.759 3.796 33.176 29.754 10.31 0.2 0.95 6.00 4.75 33.41 0.71 
8.079 2.94 16.588 15.833 4.55 0.6 4.41 5.05 7.35 16.60 0.07 
7.788 2.811 13.27 14.596 9.99 0.9999 28107 275.35 28110 14.59 9.98 
7.539 2.341 11.059 11.765 6.38 0.9999 23407 266.55 23410 11.77 6.39 
8.51 2.24 13.007 12.708 2.29 0.8 8.96 7.09 11.20 12.99 0.16 

10.721 3.346 26.139 23.719 9.25 0.3 1.43 5.62 4.78 26.32 0.70 
10.002 3.218 21.782 21.456 1.49 0.9 28.96 11.47 32.18 21.68 0.46 
9.116 3.047 19.604 18.517 5.54 0.5 3.05 5.26 6.09 19.70 0.48 
8.286 2.747 15.683 15.176 3.23 0.7 6.41 5.80 9.16 15.70 0.09 
11.233 3.304 25.133 24.739 1.56 0.9 29.74 12.89 33.04 25.00 0.52 
9.905 3.282 22.62 21.672 4.19 0.6 4.92 6.19 8.21 22.72 0.44 
7.332 2.854 15.08 13.951 7.48 0.4 1.90 4.00 4.76 15.08 0.01 
 

 
Fig. 16. On this line solidus temperature must be reached. 

 
Fig. 17. The temperature reached on this line must be no lower 

than the liquidus temperature. 
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The axisymmetric Gaussian heat source is considered 
as acting on the surface of the layer and substrate. It is 
defined in a movable coordinate system related to the 

movement of the welding arc. The heat flow through the 
plane containing the 1y  axis and perpendicular to the axis 
of the welding arc (Fig. 18) is described by the equation 

( )( )22
1 exp),( yxkkqyxf eff +−=

π
 (25) 
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Fig. 18. Heat source. 

The concentration coefficient of the heat source is 
related to the standard deviation and ( )221 σ=k . The 
effective radius of the heating spot is σ3=arcr  (virtually 
all the heat power is transmitted through the heating spot). 
In this way, the concentration factor of the heat source can 
be determined by the effective radius of the heating spot 

2)2/9( arcrk = . Substituting this value in (25) we get the 
heat flow distribution function 

( )








+−= 22

221
2

9exp
2

9),( yx
rr

qyxq
arcarc

eff
π

 (26) 

When applying the first layer, the heat flow is 
transmitted to both the applied layer and the substrate. 
Equation (26) is used to describe the interaction of the 
electric arc with the substrate (sections AB and DE in Fig. 
18). We determine the density of the heat flow through the 
surface of the applied bead as follows. In the direction of 
the x axis, there is no change in the way of calculation. In 
the direction of the y axis, we consider a section with a 
width of dy . The heat flow that passes through this section 
is distributed over a section of the surface of the applied 
layer with length ds . This means that in this case the 
dependency )cos(),(),( 1 γyxqyxq = should be used. The 
curve describing the cross-section of the layer )(yz  (in this 
case an ellipse) is defined in the Oyz coordinate system. 
From Fig.18 it can be seen that )()( αγ tgtg −= and 

)cos()cos( αγ −= can be determined by the derivative of 
the function )(yz . Equation (27) gives the final result, 
which is also illustrated in Fig.19 
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Thus, the final model of the heat source is 





=
BCDforyxq

CDABforyxq
yxq

)cos(),(
|),(

),(
1

1
γ

    (28) 

 where 
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Fig. 19. Influence of the parameter β on cos(γ). 

The results of the calculation of the temperature field 
are shown in Fig. 20 ÷ Fig. 25. Fig. 20 shows the 
temperature distribution along the upper surface of the 
substrate and the welded bead. It can be noted that the line 
delineating the width of the layer appears as a tangent to the 
isotherm of the solidus. This is also confirmed by Fig. 21, 
where the temperature distribution along the fusion line is 
shown. Also shown in the same figure are the temperature 
distributions along lines in the plane of the seam line, 
located at different distances from the top surface of the 
substrate. From these graphs, it can be concluded that the 
penetration depth along the seam line is slightly greater 
than 1 mm. Fig. 22 shows isotherms in the upper plane of 
the substrate. Here it can be seen that the solidus isotherm 
spans the entire width of the bead, i.e. there is good fusion 
between the substrate and the layer. In addition, here you 
can see the resulting width of the layer - 6 mm. The depth 
of the penetration along the seam line can be seen in Fig.23. 
This figure also shows the height of the layer. Fig. 24 and 
Fig. 25 show the isothermal surfaces and the general 
appearance of the temperature field, respectively. The 
resulting geometric dimensions of the layer match well 
with those shown in Fig. 6. 
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Fig. 20. Temperature distribution along the upper surface of the 

substrate and the welded bead. 

 
Fig. 21. Temperature distribution along the fusion line (red) and 

lines in the plane of the seam line at different depths in the 
substrate. 

 
Fig. 22. Isotherms in the upper plane of the substrate. 

 
Fig. 23. The depth of the penetration along the seam line. 

 

 
Fig. 24. Isothermal surfaces. 

 
Fig. 25. General appearance of the temperature field. 

 

IV. CONCLUTIONS 
A methodology for simulation modeling of the thermal 

processes in the first layer during WAAM is proposed, 
which takes into account the current position of the welding 
torch and the completed length of the layer It has been 
shown that the representation of the layer cross-section by 
an elliptical segment gives a more accurate calculation of 
the cross-sectional area of the layer compared to the 
parabolic form. As a result of solving the heat problem, the 
width and height of the obtained layer were determined at 
set parameters of the regime (feed rate, travel speed, 
welding current, arc voltage). It is shown that along the 
fusion line the temperature reaches that of the solidus, and 
that fusion between the layer and the substrate is achieved. 
The proposed methodology can also be used in simulation 
modeling of multipass welding. 
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Abstract. The article highlights the problems of ensuring 
continuous unloading of energy willow cuttings from slotted 
bunkers.  During the free discharge of rod-like bodies, such 
phenomena as crypt formations, distortions, pinching occur, 
which stop the discharge under the action of gravity.  
Finding such parameters, under which the system will work 
evenly and without stops, will make it possible to automate 
many processes related to working with such material, in 
particular, when developing a piecemeal selection 
mechanism for a planting machine.  The study revealed and 
analyzed the possible forms of vaults that are formed during 
unloading from creating obstacles to movement.  As a 
hopper model, for unloading cuttings, a slotted hopper in 
the form of two walls located at angles to the horizontal 
plane is considered.  These walls form an unloading slot 
with adjustable width of the unloading window and an 
adjustable tilt angle.  During the study, vaults were 
recorded, which are formed at different parameters of the 
bunker during free unloading.  As research has shown, in 
order to ensure uninterrupted unloading of cuttings, there is 
such a width of the unloading window of the hopper, which 
will ensure uniform pouring of cuttings without crypt 
formations and stops associated with this process.  The 
analysis of continuous discharge of rod-like material 
established that for cuttings of energy willow, the width of 
the window, which ensures continuous discharge, is 8-12 cm. 

Keywords: vault formation, unloading, cuttings, energy 
willow, bunker, vault, automation of planting. 

INTRODUCTION 
Many machines used in production technological lines 

use in their principle of operation such processes as 
loading, unloading, selection, transportation of various 
materials, which most often consist of the same type of 
particles.  The high-performance and high-quality 
operation of such machines largely depends on the speed 
of unloading the product, the equipment used, and the 
parameters and modes of operation of the unloading 
devices [1-2].  The problem becomes even more 
complicated when it is necessary to ensure uniform and 
continuous discharge of material in which one size 
(length) significantly exceeds the other two sizes.  An 
example of such a rod-like material is plant cuttings.  The 
need to study this issue is dictated by the growing 
popularity of fuels from bioenergy crops, the volume of 
which requires fast and productive machines to create so-
called energy plantations. One of the most common such 
crops is energy willow (e.g. Salix viminalis), which is 
planted vegetatively with cuttings 20-25 cm long and 8-20 
mm in diameter [3-6]. Planting of energy willow 
plantations is carried out by machines in which the 

https://doi.org/10.17770/etr2023vol3.7199
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planting material is fed manually, which significantly 
limits the possibilities of increasing the efficiency of the 
units.  When creating an automatic planter of such 
material, the task of fast and accurate feeding of cuttings 
arose, which led to the search for ways to justify the 
movement of cuttings during unloading from the storage 
tank [7-12]. Existing methods of automating the planting 
of such material are mainly reduced to the use of cassette 
mechanisms, however, this method requires careful 
preliminary preparation of the planting material and 
requires time spent on charging the cassettes. This study is 
designed to reveal the possibilities of uninterrupted 
gravity unloading of rod-like materials from a slotted 
hopper, which can be the initial stage of the development 
of a cassette-free planter of energy willow, which will 
make it possible to significantly increase the productivity 
of planting units, the quality of their work, as well as 
reduce the number of workers on the establishment of 
energy plantations. 

It is known from the practice of functioning of bunkers 
that the main obstacle to the unloading of lumpy materials 
is the phenomenon of crypt formation, which, interrupting 
the natural spilling of materials, negatively affects their 
consumption characteristics.  There is no comprehensive 
theoretical solution to this problem in the scientific 
literature.  In the field of research on the dynamics of 
spillage of loose media from containers, fight against 
crypt formation, and in the field of development of crypt-
destructive equipment, we note the significant 
contribution of the following scientists: Alfiorov K., 
Bilousov A., Bogomyakhi V., Goryushinskyi B., 
Horyushinskyi I., Gyachev L., Jenike E., Zheltkova S., 
Zenkov R., Kvapil R., Keglyn B., Kunakov B., 
Sokolovsky V., Tretyakov H., Yatsun S. and others.  In 
their works, the main characteristics and physical and 
mechanical properties of bulk materials, which in one way 
or another affect the process of crypt formation, are 
considered, the general directions of research in the field 
of uninterrupted functioning of bunker devices and the 
improvement of crypt moving equipment for bulk cargoes 
with a wide range of physical and mechanical properties 
are reflected [14-  24]. Numerous studies of the process of 
crypt formation made it possible to establish only some 
dependencies that explain the essence of this process.  The 
degree of influence of a huge number of different 
interdependent factors on crypt formation is difficult to 
assess practically and predict theoretically: it is the 
geometry of the hopper and outlet opening, and the 
physical and mechanical properties of materials, and the 
conditions of loading, storage and release.  Precisely due 
to the difficulty of ensuring uniform continuous 
movement, which is hindered by the process of crypt 
formation, until now there is no universal feeding device 
that would work effectively with any loose material, and 
the variety of material that requires unloading contributes 
to further searches for justifications for movement one or 
another material. 

It is also difficult to overestimate the scientific and 
practical importance of research into the mechanism of 
movement of loose materials under the influence of their 

own weight, since the physical and mechanical properties 
of these materials and the patterns of their discharge have 
a decisive influence on the design of bunkers, as well as 
discharge devices and devices that stimulate discharge. 

Scientists single out two main directions for ensuring 
uninterrupted discharge of bulk cargo from containers: 

1. prevention of the occurrence of vaults, which can be 
achieved by the correct selection of capacity parameters; 

2. destruction of the formed vaults with the use of 
various vaulting devices. 

Both directions are relevant, but we will consider the 
first more progressive, since it is better to prevent crypt 
formation than to fight it [6].  Modeling the movement of 
particles of loose material during unloading, as well as the 
choice of means for destroying the vaults formed in the 
container, depends on the physical and mechanical 
properties of the material and the parameters of the 
container itself.  In this work, we are interested in the 
behavior of rod-like heterogeneous materials (which are, 
in particular, cuttings of energy willow or poplar) in the 
process of unloading from the hopper under the action of 
gravitational forces, so the purpose of the article is to 
search and highlight the patterns of movement of rod-like 
bodies in the process of their discharge from the hoppers.  
To achieve this goal, the following tasks should be solved: 

•  justify the bunker model for unloading energy 
willow cuttings; 

• to create an experimental model of the bunker that 
would meet the conditions for unloading rod-like 
materials; 

• analyze the process of vault formation for rod-like 
materials and identify the characteristic features of 
vault formation for willow cuttings; 

• to reveal the possibility of continuous shedding of 
energy willow cuttings and the nature of this 
process; 

•  create recommendations for feeder hoppers for 
energy willow ponds and identify directions for 
further study of this process. 

MATERIALS AND METHODS 
It is convenient to unload rod-like materials from 

bunkers with sloping walls and a slotted unloading 
window (Fig. 1).   

 
  a 

b 

α  β 

δ 
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  b 

Fig. 1. Experimental installation: a - a model of a bunker for unloading 
energy willow cuttings.  α and β are the angles to the horizontal plane of 

the two walls, δ is the angle of inclination of the discharge funnel 
formed by the two walls;  b.  - the width of the unloading window;  b - a 

view of the laboratory installation. 

The nature of filling the bunker with such materials 
will be carried out in layers one above the other, therefore, 
in a first approximation, studying the movement in this 
system can be limited to the study of processes in the 
plane perpendicular to the bodies and walls of the bunker, 
neglecting the possibility of their movement in the 
transverse direction.  Therefore, when making a working 
laboratory installation, let's limit the space of the bunker 
with two parallel walls at a distance slightly greater than 
the length of the material used for unloading. 

The laboratory installation allows you to adjust the 
angles of the two walls α and β in wide ranges, as well as 
to change the width of the discharge window, which is 
necessary for research without delay. 

RESULTS AND DISCUSSION 
In the process of conducting experiments to study the 

characteristics of the discharge of rod-like material 
through the slotted discharge window, cuttings of energy 
willow were loaded in a uniform layer into the bunker 
with the discharge window closed.  When setting small 
window width parameters, vaults will inevitably be 
formed.  By fixing the position of the cuttings when the 
movement is stopped, it is possible to identify the factors 
that affect the process of crypt formation of this material.  
And by expanding the discharge window, you can achieve 
conditions under which discharge will take place 
continuously.  By using high-speed photography, it is 
possible to identify the regularities of such eruptions for 
use in the further study of this process. In the work of 
I.V. Horyushynskyi, I.I. Kononova, V.V. Denisov gave 
the following definition of the vault formation process: 
vault formation is the formation of vaults in containers 
during the release of bulk cargo [25].  Plant cuttings have 
a rod-like shape, therefore, excluding other factors, crypt 
formation here can be considered as a process in one 
plane, where the discharged material forms an arched 
structure. At the same time, the cuttings in the vault (each 
of them) are kept from falling by normal reactions and 
corresponding frictional forces of the neighboring 
cuttings.  And the cuttings that occupy extreme positions 
(tangential to the walls) are held by normal reactions and 
frictional forces not only of the neighboring cuttings, but 

also by the forces of their interaction with the material of 
the bunker walls (Fig. 2). 

 
Fig. 2. Scheme of crypt formation when cuttings are shed. 

In order to find possible solutions to the problem of 
continuous shedding of energy willow cuttings, it is 
important to analyze the possible forms of the formed 
vaults.  As it was said above, when using rod-like 
materials in an environment limited by their length, the 
crypt formation can be considered only in one plane.  
Taking this into account, we will try to compare the 
formation of vaults under controlled conditions and 
directly for an array of cuttings. 

For the first case, let's take cylindrical bodies of different 
diameters.  In our case, coins of different denominations 
are quite suitable.  Some variants of vaults formed during 
the movement of such bodies are shown in Fig. 3. 

 
Fig.  3. Examples of vaults formed when cylindrical bodies are 

unloaded on a plane. 

Analyzing fig.  3, it can be concluded that the formation of 
vaults in the system of one plane can be completely described 
by the laws of interaction between particles according to the 
positions they occupy.  Moreover, the forms of the vaults 
themselves, although they are random, are generally formed 
according to one and the same laws and can be predicted in 
general terms.  Taking into account the dimensional 
characteristics of plant cuttings, it is not difficult to predict that 
the length of the cuttings can also affect the process of crypt 
formation.  In fig.  6 shows some variants of fixed vaults when 
cuttings are unloaded through the unloading hole at angles 
α=90° and β=40°, and Fig. 7 shows the same at angles α=60° 
and β=40°. 

Thus, we can see that the shape of the vaults is 
significantly different from the previous vaults in one 
plane. The difference is at least that the extreme cuttings 
in the plane of the side wall do not always come into 
contact with the wall of the bunker, and some cuttings in 
this plane do not contact the neighboring cuttings at all, 
intertwining with them somewhere in the depth of the 
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layer.  Often, the hanging of the cuttings provokes a 
non-uniform pinching of them along the length, when one 
of the ends is released before the other and thus trying to 
take a vertical position, which can be seen in fig.  4 - b, 
d, e. 

Note that in many cases, the reason for such 
differences is the length of the cuttings being skewed 
relative to each other.  Also, the reason was sometimes 
defects in the shape of the material - curvature, notches, 
taper, etc.  When many of these reasons coincide in one 
layer, you can even observe the picture as in Fig. 5, which 
makes the process of uniform unloading problematic, and 
the controlled output of material in the desired orientation 
is practically impossible. 

 
  a  b  c 

 
  d  e  f 
Fig. 4. Examples of vaults formed when cuttings of energy willow are 

unloaded. 

Such problems arise with small values of the width of 
the unloading window, when static vaults prevail over 
dynamic ones.  When the width of the window is 
increased, the unloading process is more uniform, and in 
this case it is possible to observe and analyze the 
regularities of the discharge of the material.  It has been 
established that for energy willow cuttings, the width of 
the window, which ensures continuous shedding, is 
8-12 cm. 

 
 а b 

Fig.  5. Problems of unloading energy willow cuttings in the area of the 
unloading window. 

CONCLUSIONS 
In order to solve the issues of freeing the process of 

planting energy willow from manual labor during the 
supply of planting material from storage containers to the 
planting site, there is a need to create an automated supply 
system.  The selection and transportation of cuttings in 

such a system can be organized using gravity unloading 
from the bunker.  The hopper model for unloading rod-
like materials consists of two walls located at an angle to 
the horizon, at the bottom of which an unloading window 
with an adjustable width is formed.  The analysis of the 
unloading process and the shape of the vaults shows that 
in the case of such a rod-like material as cuttings of 
energy willow, in addition to the general reasons for the 
formation of vaults and the regularities of their shape 
formation, there are also other influencing factors. 
A feature of plant cuttings is their shape, which 
complicates crypt formation and causes such additional 
conditions and factors.  such as distortions of the cuttings 
in the layer, irregular shape of the cuttings, unevenness of 
their pinching along the length, etc.  When creating 
conditions under which there is no occurrence of static 
vaults, it was possible to analyze the patterns of unloading 
cuttings from the bunker.  As a result of the study, it was 
established that to ensure the uninterrupted unloading of 
cuttings, it is possible to choose such a width of the 
unloading window of the bunker, which will ensure 
uniform pouring of cuttings without crypt formations and 
stops associated with this process.  The use of the 
obtained data in further research will make it possible to 
more fully take into account all the factors that arise in the 
process of unloading and crypt formation, which is 
important in the study and improvement of this process. 
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Abstract. Graphene-modified layer is obtained on 5083 
aluminum alloy sheet material via friction stir processing. A 
special groove is cut in the aluminum plate and filled with 
graphene. The processing is carried out using an innovative 
technology with an appropriate tool. The temperature at a 
chosen point in the heat affected zone is measured in real-
time by a remote-control system. Test specimens were 
prepared from the processed plates and metallographic 
analysis was carried out. The microhardness of the modified 
layer is measured perpendicular to the direction of 
processing and in depth. An increase in microhardness 
relative to that of the base material is found. 

Keywords: friction stir processing (FSP), friction stir welding 
(FSW), metallography, microhardness, parameters. 

1. INTRODUCTION 
Friction stir wеlding (FSW), and friction stir 

processing (FSP) in particular, are relatively new, 
successful methods for bonding or surface processing of 
solid-state materials. FSP has some advantages over 
fusion welding methods since the issues associated with 
cooling the liquid phase are avoided. Increasingly more 
studies are being conducted in order to further develop 
the FSP technology and to implement it faster in 
industrial production in order to exploit its advantages. 
The scientists found improved mechanical properties 
after FSP and FSW, such as hardness, tensile strength, 
bending strength, torsion strength, fatigue strength, and 

ductility [1] - [3]. Grain refinement is also observed in 
the processed zone, which leads to a correspondingly 
higher strength of the weld [4] – [7]. This also applies to 
aluminum materials and alloys. One of the main 
advantages of the process FSW is conducting welding at 
temperatures below the melting point of the materials, 
thus reducing the resulting stresses and deformations [8]. 
Moreover, the addition of graphene in the weld improves 
the properties of the processed area [9] – [13]. This 
research examines FSP method with addition of graphene 
in the zone of processing. The microhardness of the 
modified layer transverse to the processing direction and 
in debth is measured and analyzed and metallographic 
analysis was carried out. The remote temperature 
measurements in the FSP area are made using the 
measuring system developed at IMSETCH-BAS. 

2. 2. MATERIALS AND METHODS 
2.1. Experimental 

The experiments were conducted with addition of 
graphene using an innovative technology. The graphene 
has purity of 99.9+%, size: 5nm, S.A:170 m2/g and Dia: 
30μm. The experimental blanks are made of A5083 
aluminum alloy sheet material with thickness of 10mm. 
A groove with width of 0.5 mm and depth of 3 mm was 
cut at angle 45° lengthwise on the test plate of size 
150x50 mm as shown in Fig. 1. The plate was 

https://doi.org/10.17770/etr2023vol3.7196
https://creativecommons.org/licenses/by/4.0/
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mechanically cleaned and degreased with 5% acetone 
solution. The groove was filled with graphene and then 
pressed to seal it and to avoid loss of material during the 
subsequent processing. 

 

 
Fig. 1. Experimental plate. 

 
The as-prepared plate was subjected to FSP of the 

graphene addition zone (Fig. 2). The FSP was carried out 
on a HURCO VMX30i vertical machining centre. A 
specially designed fixture was attached on the machine 
table for positioning and clamping the plates on a 
thermo-insulation pad.  

 

 
Fig. 2. FSP of the experimental plate. 

 
The tool for FSP was designed and fabricated at 

IMSETCHA-BAS. It  is shaped as truncated cone with 
length 4 mm, diameter at the base 6 mm and diameter at 
the tip 4 mm. A spiral groove with pitch 1 mm and three 
axial flutes at 120˚ are cut on the tapered surface. The 
smoothing shoulder has diameter of 13 mm. In order to 
better homogenize the material, the tool rotates 
counterclockwise. 

The processing is carried out with progressive 
movement of the tool, first in a linear and then in a 
clockwise cycloid-like trajectory with offset 2 mm to the 
left and right from the central axis. The cycloid-like 
curve has radius 2 mm and pitch 2 mm.  

The parameters of FSP are:  
• Rotational speed 1300 rpm;  
• Transverse (welding) speed 45 mm/min. 

2.2. Remote measurement system of the temperature 
in the FSP-ed zone 

A schematic view of the experimental setup for 
remote measurement of the temperature in FSP-ed zone 
is shown in Fig. 3. The processed sample (5) is 

positioned and clamped in the fixture. The temperature is 
measured with eight thermocouples type B (4) connected 
to an eight-channel temperature recorder (1). The 
thermocouples (4) are spark-welded to the FSP-ed 
sample (5) and their ends are insulated with glass tubes. 
The data from the thermocouples (4) is received, 
visualized, analyzed and stored on a laptop (2). The 
recorder (1) and the laptop (2) are connected via USB 
cable. The data from FSP is transmitted in real time via 
internal wireless network created by TeamViewer 
between WiFi router (3) and a remote computer, where 
they are visualized, processed and stored. 
 

 
Fig. 3. Schematic view of the experimental setup. 

 
The eight-channel temperature recorder Pico TC 08 

(1) is shown in Fig. 4. 
 

 
Fig. 4. Temperature recorder Pico TC 08. 

 
The following software products are used: 
• PicoLog 6 installed on laptop (2) to monitor the 

temperature of the thermocouples; 
• TeamViewer installed on laptop (2) to establish 

a connection over the Internet as well as to 
visualize in real time the parameters and to and 
store them on the computer. 

In Fig. 5 a macro section of the processed sample is 
shown, cut off in the place where the thermocouple 
monitoring the temperature is attached at a certain depth 
under the FSP-ed zone. The thermocouple is spark-
welded to the bottom of a hole in the opposite side to the 
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side of FSP. The measurement location is shown in the 
photo with a yellow arrow. 
 

 
Fig. 5. Location of the thermocouple. 

 
The temperature was measured during the processing 

as the tool approaches and moves away relative to the 
thermocouple location and the measured values were 
recorded (Fig. 6). 

 
Fig. 6.Temperature curve during FSP. 

 
The system for remote measurement of the 

temperature in the FSP-ed zone enables successful 
remote monitoring and control of this important 
parameter of the processing, as well as achieving 
predictable end results. The system also provides high 
degree of automation of the research work and easy and 
reliable archiving of the obtained data. 

 
2.3. Microhardness measurements and metallography 
Specimens were cut from the FSP-ed sample with 

added graphene and were prepared for metallographic 
analysis according to the standard procedure, i. e. wet 
grinding with sandpapers from No 400 to No 2400. The 
metallographic sections were developed by immersion in 
aqueous solution of 0.5% hydrofluoric (HF) acid. The 
observations were made with "PolyvarMet" 
metallographic microscope. The microstructure was 
captured using ProgRes CT3 USB digital camera with 
licensed software ProgResCapturePro. The analysis was 
conducted at temperature 24°C. The microhardness was 
measured with MicroDuromat 4000 microhardness tester 
with load 10 kg, time to reach the load 10 s and time to 
hold the load 10 s.  

3. RESULTS AND DISCUSSION 
The microhardness of the base material A5083 was 

measured. The measurement locations with the 

respective values are shown on the metallographic 
section (Fig. 7). The measured values for Vickers 
microhardness (HV) of the A5083 base material are 85.2 
кg/mm2, 88.5 кg/mm2 and 86.0 кg/mm2. The average HV 
value is 86.6 кg/mm2. 
 

 
Fig. 7. Microhardness of the base metal. 

 
Fig. 8 (a, b) shows the measured microhardness of the 

FSP-ed material and the measurement locations (pointed 
with arrows) in two characteristic zones: 

• Stir zone with visible graphene piling in wavy 
parallel stripes (Fig. 8a); 

• Thermo-mechanically affected zone (TMAZ) 
(Fig. 8b). 

The measurements in both zones are made in 
direction transverse to the direction of FSP. 

 
а) Stir zone 

 

 
b) TMAZ 

Fig. 8. Microhardness of the FSP-ed material. 
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In the stir zone the highest microhardness value 
159.3kg/mm2 is measured in the vicinity of graphene 
stripes. In the TMAZ the measured microhardnesses are 
lower (85.5 kg/mm2 to 90.7 kg/mm2). 

The microhardness was also measured in depth in the 
same section, along a vertical line above the hole for 
thermocouple. Twenty-five measurements were taken at 
240 µm intervals. The curve of microhardness change in 
depth is shown in Fig. 9. 
 

 
 

Fig.9. Curve of microhardness change in depth. 
 

Close to the surface the measured microhardness is 
119.0 kg/mm² and the maximum measured value is 120.7 
kg/mm². The observed decreases of the values can be 
explained with the uneven distribution of graphene 
confirmed by the metallographic analysis. After leaving 
the zone limited by the pin length of the tool, which 
defines the depth of FSP, the hardness is approximates to 
that of the base material.  

The microhardness on the surface of the FSP-ed zone 
with added graphene is also measured. The 
measurements were made in the area of intersections of 
lines 1 to 7 parallel to the direction of FSP at 2.2 mm 
from each other, and a line transverse to the direction of 
FSP. The middle line 4 is located along the axis of FSP. 
Microhardness was measured in three points from each 
area.  

The values of Vickers microhardness (HV, kg/mm2) 
on the surface of the FSP-ed area with added graphene 
are graphically visualized in Fig. 10. 
 

 
Fig. 10. Distribution of Vickers microhardness (HV, kg/mm2). 

 
The analysis of the measurement results suggests that 

the microhardness increases when approaching the axis 

of the FSP zone, i.e. the axis of the graphene groove (Fig. 
10). Therein are also located the points where the highest 
deviations from the average microhardness value are 
measured, which is explained both with the higher 
graphene concentration and its more uneven distribution 
proved by the wavy parallel stripes of graphene piling 
observed during the metallographic analysis.  

Obviously, the points of the highest measured 
microhardnesses are shifted from the middle line 4, i.e. 
from the axis of FSP zone (axis of graphene groove). We 
suggest that this is due to the asymmetric movement of 
the tool which results in uneven stirring of graphene. 

4.  CONCLUSIONS 
An innovative technology for adding graphene to 

aluminum alloy during FSP has been implemented. To 
our knowledge, there are no publications on FSP with 
addition of graphene using our proposed technology. 

The maximum measured microhardness after FSP 
with added graphene is 1.8 times higher than the 
maximum measured microhardness of the base metal 
before FSP. 

In the FSP areas adjacent to the graphene insertion 
area the reported microhardness is more than 25% higher 
than that of the base metal. 

The largest deviations of the microhardness from the 
average value are observed in the areas with higher 
concentration of graphene and are due to the uneven 
distribution of graphene, confirmed by the 
metallographic study, which showed wavy parallel 
stripes of graphene. 

The aims of the further research are related to both 
improving the technology to achieve a more 
homogeneous distribution of graphene and optimizing its 
amount. 
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Abstract. In this scientific study, the ability to modify the 
surface using nanosecond 1064 nm fiber laser by controlling 
the speed and scanning line step in the marking process was 
demonstrated. An experimental matrix for laser marking 
was developed, consisting of 8 columns for marking line step 
and 5 rows for marking speed. The laser marked surfaces 
were measured using a laser scanning microscope and 
compared with the surface as supplied. From the obtained 
deviations of roughness Ra, Rz and Rq as a function of 
marking speed and marking line step, graphical 
dependencies were constructed for comparative analysis. The 
modified roughness is also compared with the roughness as 
supplied. Within this research the effect of laser treatment on 
the hydrophilicity/hydrophobicity of the surface was studied 
as well. Plots of dependences of the contact angle CA, the 
marking line step Δx and the overlap coefficient Ksoc are 
plotted. 

Keywords: laser marking, aluminum, laser texturing, laser 
structuring, roughness, hydrophobia. 

I INTRODUCTION 
Aluminum alloys are an important engineering material 

in the automobile, rail, and aerospace industries as the 
overall performance meets the requirements of mechanical 
strength and low weight as well as due to their low density 
and high specific strength [1]. The surface quality is quite 
important for the efficient working of machine parts. The 
structure of a machined surface is one of the most important 

criteria in terms of quality, and tribological properties of 
the machined surface. Generally, the surface quality is 
characterized with surface roughness.  When using various 
kinds of solid materials, the roughness of the surface has a 
significant effect on their properties. Surface roughness is 
one of the most important characteristics of materials and 
affects wear resistance, contact rigidity, corrosion 
resistance and other functional characteristics of the surface 
[2]. Many approaches for increasing surface roughness 
have been studied over recent decades. For example, 
chemical etching, electrochemical etching (ECM), and 
laser surface texturing (LST). Among these methods, LST 
owns several advantages. First of all, chemical and ECM 
etching processes are accompanied by chemical work, 
which adversely affects the environment. Also, in 
comparison to LST, chemical etching consumes more 
processing time while ECM is limited to electrically 
conductive materials only and so LST is regarded as a more 
efficient, precise, and versatile approach to increase surface 
roughness [3]. This issue makes it necessary to study the 
process of laser structuring or texturing, assuming a series 
of experiments with varying parameters.  To achieve a 
successful combination in the joining of dissimilar types of 
materials is imperative in creating a solid bond and, 
because the interactions take place on material surfaces, a 
tool or procedure for creating the bond is needed, and Laser 
Surface Texturing (LST) offers the perfect outcome. 

https://doi.org/10.17770/etr2023vol3.7271
https://creativecommons.org/licenses/by/4.0/


Kevins Bulavskis, et al. Researching the Process of Laser Structuring of the Surface of Aluminum 

283 

Enhancing fundamental characters, such as sustainability, 
tribological and biocompatibility, LST offers precise 
control regarding the main parameters of the 
characterization of microstructures (shape, roughness, 
width, depth, size, recast material, etc.) Laser surface 
texturing (LST) is a method to engender patterns on the 
surface of materials to accomplish microstructures. LST 
can remove the material from the surface (by dissolution, 
evaporation, expulsion and/or melting) to improve joining 
properties [4]. In addition, laser surface microstructuring 
has a number of advantages: high efficiency, good 
controllability, environmental friendly nature, and the 
capability of fabricating surface texture with high 
complexity and accuracy [5]. And also, special studies 
involve studying the possibility of the influence of laser 
structuring on hydrophilicity and hydrophobicity. In recent 
years, the wettability of material surface has been widely 
concerned, especially super-hydrophilic and super-
hydrophobic [6]. 

Hydrophilic materials have potential for use in 
environmental purification, outdoor protection, medical 
and health, agriculture, food packaging and other fields [7]. 

Superhydrophobic surfaces are extremely hard to wet 
(low surface wettability), and such surfaces with this 
distinctive characteristic are found in nature. These 
surfaces have water contact angles greater than 150o and 
small roll-off angles less than 10o [12]. 

Wettability can be measured by water droplet contact 
angle (CA). CA is the angle between the surface of the 
liquid and the outline of the contact surface (solid surface 
typically). When the CA is less than 90°, the surface is 
hydrophilic; when the CA is greater than 90°, the surface is 
hydrophobic [6] [7]. 

 

There are two main factors affect the wettability of the 
material surface including surface roughness and surface 
energy, in which roughness is generally considered to be 
the key factor. At present, the preparation methods of 
super-hydrophilic and super-hydrophobic materials mainly 
focus on the surface roughness of the structural materials. 
Therefore, the micro/nanoarray structure is the key factor 
to make materials super hydrophilic or hydrophobic. There 
are several ways to fabricate the hybrid micro/nano 
structure on the materials, including sol-gel method, 
chemical vapor deposition, chemical etching, nanoimprint 
lithography, electrode position, self-assembly, laser 
fabricate, and more. Laser as an effective method could 
fabricate micro/nano structures directly on the material 
surface and to control the pattern of micro/nano structure 
accurately [6] [7]. Moreover, as a widely used preparation 
technology, laser fabricate has many advantages, including 
simple processing process, high preparation precision, 
wide processing materials, and complex structure of 
micro/nano preparation. The surface structure is usually 
stable after laser processed, which is very important to 
obtain the persistent micro/nano structure [6]. 

The purpose of this study is focused on the effect of the 
laser texturing process on the roughness, hydrophobicity 
and hydrophilicity of an aluminium surface using a fiber 
laser.  

II. MATERIAL AND METHODS 
2.1. Material 

Aluminum is a soft, lightweight, silvery-white metal 
with high thermal and electrical conductivity. Melting 
point 660° C. Aluminum is widely used as a structural 
material. The main advantages of aluminum in this aspect 
are lightness, pliability to stamping, corrosion resistance 
(in air, aluminum is instantly covered with a strong film of 
Al2O3, which prevents its further oxidation), high thermal 
conductivity, and non-toxicity of its compounds. The main 
disadvantage of aluminum as a structural material is its 
low strength, so it is usually alloyed with a small amount 
of copper and magnesium (the alloy is called duralumin). 
In Table 1 physical properties of aluminium alloy 9995 are 
shown. 
 

TABLE 1 PHYSICAL PROPERTIES OF ALUMINIUM 9995 
Density, (kg / m3) 2,7 
Melting point Tm, ° С 660 
Boiling point Tboil, ° С 2327 
Latent heat of fusion, J/ g 393,6 
Thermal conductivity l, W/ m × K (at 20 ° С) 228 
Heat capacity Ср, J / (g × K) (at 0–100 ° С) 0,88 
Linear expansion coefficient α × 10-6, 1 / ° С (pr ° С) 24,3 
Electrical resistance ρ × 10-8, Ohm × m (at 20 ° С) 2,7 
Ultimate strength σ in, MPa 40-60 
Elongation δ, % 40-50 
Brinell hardness HB 25 
Normal elastic modulus E, GPa 70 

 
2.2. Laser system 
 

Within this study the nanosecond fiber laser Rofin 
Sinar GmbH system PowerLine f20 Varia was used to 
process aluminium samples within focal distance with the 
minimum spot size. Rofin PowerLine F20 Varia technical 
parameters could be observed in Table 2.  
 

TABLE 2 ROFIN POWERLINE F20 VARIA TECHNICAL 
PARAMETERS 

Sym-
bol 

Name Value range  Step Units 

kp Power 
regulation 
factor 

0...1 0.001 N/A 

f Pulse 
repetition 
frequency 

2..1000 0.001 kHz 

v Scan speed 1..20000 1 mm/s 
∆x Line step 0.001..120 0.001 mm 
τ Pulse duration 4, 8, 14, 20, 

30, 50, 100, 
200 

- ns 

∆f Focus shift -10..10 -0.5 mm 
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Given nanosecond laser main system parameters could 
be observed in Table 3.  
 

TABLE 3 ROFIN POWERLINE F20 VARIA SYSTEM 
PARAMETERS 

Laser type  Diode pumped Yb fiber laser  
Wavelength  1065 nm ± 5 nm  
Repetition rate  Programmable  
Impulse energy  0.95 mJ  
Beam quality, M2  <1.5   
Focal spot size  40 µm  

 
2.3. Microscopes 

For measurements were used: 3D laser scanning 
microscope OLYMPUS LEXT OLS500 and a microscope 
Dino-Lite Premier AM7115MZT. 

Roughness measurements and the resulting 
microstructure were examined with an Olympus model 
"OLS5100-EAF" laser microscope, see Fig.1. The 
obtained microstructural images were carried out using a 
20× objective, magnification 451×, as the examined area 
for each measurement 1280×1280 µm with a measurement 
accuracy of ± 2.0 µm. From the obtained 3D images with 
the laser system of the microscope, the roughness Ra and 
Rz perpendicular to the marking lines with a length of 
1280 µm, and the roughness Rq for the entire examined 
area 1280×1280 µm were measured. The obtained values 
are plotted in tables and graphical dependences of changes 
in roughness depending on speed and step during surface 
laser processing are shown. The built dependencies are 
presented in the results [9]. 
  

 
Fig.1. OLS5100-EAF" laser microscope [9]. 

 
Measurements with such laser scanning microsope 

gives the opportunity to observe produced structure on the 
surface of materials, example could be observed in Fig. 2.  
 

 
Fig. 2. The structure on the surface of material. 

The Dino-Lite Premier AM7115MZT digital handheld 
microscope has a 5 Megapixels sensor with magnification 
up to 220x depending on working distance with a 
resolution of up to 2592x1944 [10].   

Given digital handheld microscope could be observed 
in Fig.3. 

 
Fig.3.The microscope Dino-Lite Premier AM7115MZT [11] 

 
Using a Dino-Lite Premier AM7115MZT microscope 

and DinoCapture 2.0 software, measurements were made 
with the magnification 1x mode to determine the 
hydrophobic and hydrophilic properties of the aluminium 
surface ASTM D7334-08 (2022) [11]. Example of made 
measurements could be observed in fig. 4.  
 

 
Fig.4.The measurement of the contact angle. 

 
2.3. Applied laser parameters 
 

Using the Rofin PowerLine F20 fiber laser, 2 matrixes 
were made on aluminium alloy. Each matrix consisted of 
8 columns and 5 rows thus forming a rectangle with 40 
squeres inside. In the first matrix, the constant parameters 
were the power regulation coeficient P = 10%; frequency 
f= 25 kHz; and pulse duration τ =30 ns. In the second 
matrix, the constant parameters were the marking speed v 
= 50 mm/s; pulse duration τ = 30 ns; and frequency f = 25 
kHz.   
 
2.4. Equations 
 

According to the formula there were made calculations 
to determine marking lines overlap ratio [13]: 
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𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 = 1 −  
𝛥𝛥𝛥𝛥
𝑑𝑑
∗ 100 %               (1) 

Where: 
𝛥𝛥x – marking line step; 
d – laser focal spot size. 
 

Laser surface structuring using a line-wise scanning 
strategy leads to a defined laser scanning line overlap 
(Ksoc) which very well describe formation of periodic 
ripples on aluminium surfaces which lead to establish 
corelations of roughness and contact angle.  

III RESULTS AND DISCUSSIONS 

3.1. Measurement results of the Roughness on the surface. 
 

 
Fig.5. Dependence of the roughness Ra on the marking line step for the 

first matrix. 
 

Data plotted for dependence of the roughness Ra on the 
marking line step could be observed in Fig.5. At a low-
speed v = 50 mm/s, the roughness changes with the 
following trend: from 10 µm to 20 µm, the roughness 
decreases. From 20 to 40 µm, the roughness increases, and 
the maximum roughness value is obtained. The main 
reason for changes in roughness is their change in the 
overlap coefficient between lines. At 40 µm, the overlap 
factor is 0. With an increase from 40 µm to 80 µm, the 
overlap coefficient becomes negative and the roughness 
decreases. This trend of roughness changes also occurs 
with v = 100 mm/s, but with minor changes. And at a speed 
v = 300 mm/s at the beginning with a small delta X = 10 
µm the roughness was maximum. With an increase in delta 
X by 20 µm, the roughness decreases. From 20 µm to 40 
µm, the roughness increases in the range from 40 µm to 85 
µm, the roughness Ra decreases. At the speed v = 500mm/s 
from 10 µm, the trend of Ra goes down. 

And the same trend occurs at v = 700 mm/s. 
Data plotted for dependence of roughness on velocity 

v with different marking line step could be observed in 
Fig.6. and it shows that roughness decreases with 
increasing speed. At the lowest speed, roughness 
decreases. At the initial roughness without marking, 
roughness was relatively small. Roughness Ra increased 
in the range from 1.5 to 10.95 times, thus at v=50 mm/s 
roughness was the highest. In the speed range from 550 
mm/s to 750 mm/s, the roughness was similar.  
 

 
Fig.6. Dependence of roughness on velocity v, mm/s for the first matrix. 
 

 
 

Fig.7. Dependence of roughness Ra on power P, W. 
 

Data plotted for dependence of roughness Ra on power 
P with different marking line step factors could be 
observed in Fig.7. 

With a small step of 5 µm and a small power P = 2.4 
W, the surface changes and a new chaotic structure is 
obtained. With a step of 5 µm and an increase in power 
from 3.6 W to 4.8 W, droplets are formed, which prove a 
decrease in roughness. In the 10 µm range, there was a 
transition from evaporation to melting, in which there was 
a decrease in roughness. At 20 µm, the transition zone has 
changed at a high power of 3.6 W and the roughness has 
decreased.  With a step of 30-50 µm, Ra increases at a 
power of 2.4 W. 

At 50 µm, the overlap coefficient is negative between 
the lines and roughness Ra will be high. As the power P 
increases, the effects on the impact of the laser spot 
increase. As the power P increases, melting also occurs 
between the lines. 

At the maximum value of 70 µm, the line spacing is 
high and the power P energy at 2.4 W will result in energy 
reflection and little melting. As the power P increases, the 
roughness Ra changes with a small difference.  

Data plotted for dependence of the roughness Ra on the 
marking line step with different power factors could be 
observed in Fig.8. 

At a power of 2.4 W, the roughness Ra was the highest. 
The main reason for the high roughness Ra is the impact 
on the surface, which results in deep channels. 

With an increase in power P by 3.0 W, the roughness 
Ra decreases. At power P = 3.6 W, a transition zone 
between evaporation and melting is obtained. 

At a power of P 4.2-4.8, the main melting occurs on 
the surface and the roughness Ra decreases. 
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Fig.8. Dependence of the roughness Ra on the marking line step for the 

second matrix. 
 
3.3. Measurement results of the hydrophobicity and 
hydrophilicity. 
 

Data plotted for CA dependence on the line marking 
step with different speed factors could be observed in 
Fig.9. 
 
 

 
Fig.9. Dependence of the contact angle on delta x for the first matrix. 

 
At a low speed of 50 mm/s, the droplets change 

depending on the pitch. 
With a small step, the angle of the drop is about 20 

degrees, that is, hydrophilic. The main reason is the high 
coefficient of spot overlap and the structure on the surface 
is obtained with a small roughness. 

As the pitch increases to 40 µm, the roughness 
increases. The overlap factor between lines is reduced. 
And the maximum hydrophobicity is obtained at a step of 
40 µm. And this structure changes from hydrophilic to 
hydrophobic. 

With an increase in pitch from 40 µm to 80 µm the 
structure on the surface turns from hydrophobic to 
hydrophilic. At a speed of 100 mm/s and with a small step 
delta X, a transition zone between hydrophilic and 
hydrophobic is obtained on the surface structure. 

An angle of about 130 degrees is achieved. 
At a speed of 300-500 mm/s with a small step from 

0.01 to 0.04 the surface becomes more hydrophobic. And 
the maximum hydrophobicity is obtained at a step of 40 
µm. From 40 to 80 µm per surface structure, a decrease in 
hydrophobicity is obtained. At a maximum speed of 700 
mm/s, the initial hydrophobicity is high. With an increase 
in pitch by 30 µm, which leads to a decrease in 

hydrophobicity properties. At 40 on the surface is 
obtained. 

From 40 µm to 80 µm, a change in the surface of the 
structure results in a smooth transient decrease in 
hydrophobicity. The surface structure is retained by 
hydrophobic compared to the speed of 50 mm/s has 
changed to hydrophilic. 
 

 
Fig.10. dependence of the contact angle on Ksoc for the first matrix. 

 
The graph shows changes in the angle of the drop 

depending on the overlap coefficient. With a small overlap 
ratio and a low speed of 50 mm.s, the surface changes are 
hydrophilic. With an increase in the overlap coefficient 
from -40 to 25, the surface structure becomes 
hydrophobic. Above 25 the overlap ratio the surface 
changes from hydrophobic to hydrophilic. At high speeds 
from 100-700 mm/s, the overlap ratio indicates little 
change in hydrophobicity. 
 

 
Fig.11. Dependence of the contact angle on delta x for the second matrix. 
 

With a step of power surface treatment from 2.4 to 4.8 
W, the surface structure will change from high 
hydrophilicity to low hydrophilicity. 

At a power of 2.4 W, the changes are on the surface 
with the highest trend. 

With a small step, the hydrophilicity is the highest. 
With an increase in delta X to 40 µm, the hydrophilicity 
decreases. With an increase in pitch from 40 µm to 60, the 
surface structure becomes hydrophilic. Above 60 µm a 
decrease in hydrophilicity is obtained. 

At a power of 3.0 and 4.2 W from 10 µm to 30 µm, the 
hydrophilicity decreases. 

The surface structure creates conditions for reducing 
hydrophilicity. 
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In a trend from 10 to 40 µm, hydrophilicity changes 
poorly. 

As the pitch increases from 50 µm to 70 µm, the 
hydrophilicity decreases. 

At 3.6 W, the hydrophilicity decreases with a small 
step from 10 to 40 µm, since the contact angle of the drop 
increases and the hydrophilicity decreases. In the range 
from 40 to 50 µm, a transition zone is obtained - the drop 
angle decreases and the hydrophilicity increases. From 50 
to 70 µm the surface structure changes and the 
hydrophilicity decreases. With a maximum power of 4.8 
W from 10 µm to 70 µm, the surface will gradually change 
to a slight hydrophilicity. This processing regime creates 
conditions for hydrophilicity, but not for hydrophobicity. 
 

 
Fig.12. Dependence of the contact angle on Ksoc for the second matrix. 
 

The overlap ratio indicates the effects of surface 
texture on hydrophilicity. At a low power of 2.4 W and a 
small Ksoc of -80 to -60, the surface texture indicates an 
improvement in hydrophilicity. 

From -60 to 0 Ksoc the hydrophilicity decreases, the 
drop angle increases, and minimal hydrophilicity is 
obtained. 

From 0 to 80 Ksoc creates conditions for improving 
hydrophilicity. 

From 3.0 to 4.8 W, an overlap factor between lines 
from -80 to 90 indicates the effect of increasing 
hydrophilicity. 

IV CONCLUSION 
Low speed (v = 50 mm/s) resulted in an initial decrease 

in roughness (Ra) from 10 to 20 µm, followed by an 
increase to a maximum at 20 to 40 µm, attributed to the 
overlap coefficient between lines. Beyond 40 µm, the 
overlap coefficient becomes negative, resulting in a 
decrease in roughness as the marking line step increases to 
80 µm. Similar trends were observed at v = 100 mm/s. At 
v = 300 mm/s, Ra reaches a maximum at 10 µm marking 
line step, then decreases with an increase in delta X by 20 
µm. Roughness increases from 20 to 40 µm, but decreases 
again from 40 to 85 µm. At higher speeds (v = 500 mm/s 
and v = 700 mm/s), the trend of decreasing roughness with 
increasing marking line step is also observed. 

Ra increased in the range from 1.5 to 10.95 times at the 
lowest speed (v = 50 mm/s), with the highest roughness 
observed at this speed. In the speed range from 550 mm/s 
to 750 mm/s, the roughness remained similar. 

Small line step of 5 µm and low power of P = 2.4 W 
resulted in changes in surface structure, with a new chaotic 
structure observed. With an increase in power from 3.6 W 
to 4.8 W, droplets are formed, indicating a decrease in 
roughness. A transition from evaporation to melting is 
observed at 10 µm, resulting in a decrease in roughness. At 
20 µm, the transition zone changes at a high power of 3.6 
W, resulting in a decrease in roughness. On the other hand, 
with a step of 30-50 µm, roughness Ra increases at a power 
of 2.4 W. At 50 µm, the overlap coefficient between lines 
becomes negative, resulting in higher roughness Ra. As the 
power P increases, the effects of the laser spot impact and 
melting between lines also increase. 

At the maximum line step of 70 µm, the energy from 
power P of 2.4 W is reflected with little melting, and 
roughness Ra changes with small differences as the power 
P increases. 

Power factor (P) plays a significant role in the surface 
morphology and roughness of the marked area, with higher 
power levels generally resulting in lower roughness values. 
At a power of 2.4 W, the roughness Ra was found to be the 
highest, which can be attributed to the impact of the laser 
on the surface, resulting in deep channels and increased 
roughness. However, with an increase in power P to 3.0 W, 
the roughness Ra decreases. At a power of 3.6 W, a 
transition zone between evaporation and melting is 
observed, which affects the roughness Ra. At power levels 
of 4.2-4.8 W, the main melting occurs on the surface, 
leading to a decrease in roughness Ra. 

At a low speed of 50 mm/s, the pitch between lines 
affects the hydrophobicity of the surface. A small pitch 
results in a hydrophilic surface with an angle of about 20 
degrees, due to high spot overlap and small surface 
roughness. As the pitch increases to 40 µm, the roughness 
increases, reducing the overlap factor and achieving 
maximum hydrophobicity. Further increase in pitch to 80 
µm changes the surface structure and increases the 
hydrophilicity of the surface. This is because at higher pitch 
values, the surface texture becomes more regular and the 
microstructures are spaced further apart, allowing for more 
water to fill in the gaps and wet the surface. 

In addition to pitch, other factors such as the depth and 
shape of the microstructures can also affect the 
hydrophobicity or hydrophilicity of a surface. For example, 
deeper microstructures with sharp edges can create air 
pockets that repel water, resulting in increased 
hydrophobicity. On the other hand, shallower or rounded 
microstructures can allow for more water to penetrate and 
wet the surface, leading to increased hydrophilicity. 

Surface roughness is another important parameter that 
can influence hydrophobicity or hydrophilicity. Rougher 
surfaces with irregular features tend to be more 
hydrophobic as they trap air and reduce the contact area 
between water and the surface. In contrast, smoother 
surfaces with less roughness tend to be more hydrophilic as 
they allow for more intimate contact between water 
molecules and the surface. 

The hydrophobic or hydrophilic nature of a surface can 
have important practical applications in various fields, 
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including materials science, coatings, and biomedical 
engineering. For example, hydrophobic surfaces can be 
used to repel water and prevent fouling, icing, or corrosion, 
while hydrophilic surfaces can be used to promote wetting 
and adhesion, enhance heat transfer, or facilitate biological 
processes. 

In summary, the pitch, depth, shape, and roughness of 
microstructures on a surface can all influence its 
hydrophobicity or hydrophilicity. Understanding these 
parameters and their effects on surface properties is crucial 
for designing functional surfaces with tailored wetting 
behaviour for specific applications. 
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Abstract. The requirements for marking in terms of contrast 
and durability are constantly increasing. In order to meet all 
these challenges, it is necessary to carry out research leading to 
the optimisation and increase in efficiency of the technological 
process of laser marking. In the case of aluminium, the contrast 
and durability of the marking depend on the values of the laser 
marking parameters. In order to determine the optimal laser 
marking method, experimental studies have been carried out, 
controlling the power, speed, frequency, pulse duration and 
line raster step for a specific anodised aluminium. The studies 
carried out were analysed and subsequently optimized to 
obtain a contrast marking. A Rofin PowerLine F 20 Varia fiber 
laser system and aluminium alloy 1050 with anodised surface 
were used for the research. The surface changes after the laser 
treatment were analysed using a laser scanning microscope and 
contrast determination method. The dependence of contrast 
and roughness on speed, power, frequency and raster step was 
analysed. Comparative plots of contrast and roughness 
variations versus laser marking technological parameters were 
constructed. 
 
Keywords: laser marking, fiber laser, laser surface texturing, 
aluminium, contrast, roughness. 

I. INTRODUCTION 
Aluminium’s distinctive chemical, electrical, thermal, 

and mechanical properties make it suitable for a wide range 
of applications. By utilizing an electrochemical process 
known as anodising, aluminium can produce a transparent 

coating that can achieve a surface hardness like that of 
sapphire, depending on the thickness of the coating and 
the anodising procedure used. Anodising is an 
electrochemical technique that transforms the metal 
surface into a long-lasting, corrosion-resistant, 
decorative, anodic oxide finish that is completely fused 
with the aluminium base, preventing chipping or peeling. 
Aluminium is utilized as a raw material for a broad range 
of products, and these items typically require some 
characters or symbols to be printed directly on them. In 
this regard, laser marking is a widely used, dependable, 
and efficient process in the industry. Nonetheless, when 
it comes to marking aluminium, laser marking still 
produces unsatisfactory results since it cannot generate a 
dark mark, resulting in poor contrast [1] - [3]. 

In modern electronics and machine production, laser 
marking has become a crucial tool for meeting current 
quality control standards. Laser marking is frequently 
used in industrial manufacturing and trade to mark serial 
numbers, matrix codes, 1D and 2D barcodes, technical 
parameters, tables, and other operational information, as 
well as for monitoring production processes. This has 
made laser marking an integral part of the production 
process [4]. Laser marking is well-suited for marking 
intricate geometries at a rapid processing speed [5]. The 
three primary components of laser marking systems are 
the control unit, laser source, and scanner. The control 
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unit processes the commands of the laser operator and 
manages both the laser source and scanner. The laser source 
produces a beam and is regulated by input parameters such 
as pulse repetition frequency, pulse energy, and pulse 
duration. The scanner guides the laser beam and is regulated 
by input parameters such as scanning speed, line step, and 
focal length. These input parameters of both the laser source 
and scanner are collectively known as laser parameters [6]. 

The use of laser processing enables an increase in the 
hardness and wear resistance of aluminium surfaces [7]. 

Laser marking has been increasingly utilized in recent 
years for automated reading of alphanumeric or coded 
information such as bar and matrix codes on individual 
components or products. The laser-marked parts and details 
containing coded information can be automatically read, 
allowing for monitoring during the manufacturing process 
and throughout the supply chain. This is beneficial for 
finding service parts and repairs, filing claims, and ensuring 
accountability and warranty compliance [8]. 

In general, laser marking involves the targeted removal 
or melting of material from a surface using a high-powered, 
focused laser beam, resulting in localized heating and 
various modifications to the material, such as melting, 
vaporization, decomposition, or chemical alteration. The 
resulting marks or engravings are influenced by the laser and 
material parameters and are typically generated through 
material removal via ablation or the induction of a phase 
change [9]. 

In order to enhance the laser marking of aluminium 
products, it is crucial to determine the most appropriate 
marking method, as well as the optimal parameters of the 
laser and technological process specific to each individual 
case [10]. 

Numerous publications have investigated the influence 
of marking speed and raster step on the process of laser 
marking. Through the optimization of certain parameters, it 
is possible to create high-contrast markings on the surface 
of aluminium [11] - [13]. For marking on an anodised 
aluminium sample, it is recommended to use a fiber laser as 
it produces the darkest colour [14]. The quality of the 
marking is crucial when handling products in warehouses, 
sales outlets, and other settings [15].  

The quality of laser marking is significantly influenced 
by the level of contrast [16]. For the laser marking process 
to be optimized, it is necessary to conduct experiments and 
optimize parameters for each new product [17]. 

The focus of this study is laser marking the aluminium 
surface of the anode, with a specific emphasis on 
investigating the impact of various parameters on surface 
roughness, including laser power, pulse frequency, scanning 
speed, and raster step. Furthermore, the study also examines 
the effect of these parameters on contrast. 

II. MATERIALS AND METHODS 
Material 

For the experimental study, sulfuric acid anodised 
aluminium plates of 50 mm x 50 mm x 1,1 mm have been 
employed. 

Surfaces samples were cleaned with C5H12O, to remove 
all dirt that would influence the results of the experiments. 

 

Experimental set-up 

Nanosecond pulse mode was employed in the 
research using the Rofin Sinar Laser GmbH PowerLine 
F 20 Varia machine, which is a Yb-doped fibre laser, see 
in Fig. 1. 

 
Fig. 1. Rofin PowerLine F 20 fiber laser. 

A f-theta lens with a focal distance of 184 mm was 
installed on this fibre laser, resulting in a spot size of 40 
µm at the focus point. The general specifications of the 
employed laser system are summarized in Table 1. 
TABLE 1. CHARACTERISTICS ROFIN POWERLINE F 20 FIBER 

LASER OF THE LASER SYSTEM 

Parameter Value 
Wavelength λ, nm 1064 
Power P, W 0-19.7  
Pulse duration τ, ns 4-200  
Frequency f, kHz 2-1000  
Scan speed v, mm/s 1-2000 

The laser processed anodised aluminium sample’s 
structure change was examined with laser scanning 
microscope Lext 3D OLS5000, which is shown in Fig. 2. 

 
Fig. 2. Lext 3D measuring G Laser microscope OLS5000. 

The marked anodised aluminium samples contrast 
was measured with Adobe Photoshop by previously 
scanning samples with a HP Scanjet G3010 scanner. 

 
Methodology 

To carry out the experiments, the Visual Laser 
Marker software integrated into the PowerLine F 20 
Varia laser was utilized to create a matrix with 6 columns 
and 6 rows. A specialized matrix consisting of squares 
with 5 mm sides was then prepared for the study. This 
matrix enabled the application of different technological 
parameters to each square based on the selected 
experimental methodology. Laser marking was 
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conducted on two anodised aluminium samples, resulting in 
2 unique and distinct laser-processed samples with varying 
technological parameters. 

First matrix is processed with different scanning speeds 
(v, 25 – 150 mm/s) and raster step (∆x, 5 µm -30 µm). 
General view of an exemplary experimental first matrix 
given in Fig. 3. The parameters that are kept constant are 
given in Table 2.  

TABLE 2. PARAMETERS THAT DO NOT CHANGE DURING 
EXPERIMENTS 

Parameter Value 
Power P, W 3.2 
Frequency f, kHz 20 
Pulse duration τ, ns 14  

 

 
Fig. 3. General view of an exemplary experimental first matrix used in the 

researches. 
 

Second matrix was marked with different average power 
(P, 0.1 - 2.5 W) and frequency (f, 2 – 25 kHz). General view 
of an exemplary experimental first matrix given in Fig. 4. 
The parameters that are kept constant are given in Table 3. 

 
TABLE 3. PARAMETERS THAT DO NOT CHANGE DURING 

EXPERIMENTS 
Parameter Value 
Raster step Δx, µm 10  
Scanning speed v, mm/s 100  
Pulse duration τ, ns 8 

 

 
Fig. 4. General view of an exemplary experimental second matrix used in 

the researches. 

The experiment was done in an open room. After 
samples were marked, they were stored in airtight bags 
to avoid stains. 

The average power of Rofin Powerline Varia f20 
laser depends on the frequency and impulse length used 
within the treatment process, as it is mentioned in laser 
system manual and confirmed using power measurement 
sensor OPHIR F150A-BB-26. 

By observing Fig. 5 it could be seen how laser 
average power changes with different frequency and 
impulse width at different power factors (%) entered in 
the laser system software within 8 ns pulse duration. 

 

 
Fig. 5. Average power dependence of impulse width and frequency at 

different laser system software power factors.  

 
The formula (1) was used to calculate marking 

contrast. The contrast is defined in percentages (%). 

𝑘𝑘 ∗ =
𝑁𝑁𝑛𝑛 − 𝑁𝑁𝑓𝑓
𝑁𝑁𝑓𝑓

 𝑥𝑥 100 %                         (1)  

where: Nn – is the intensity of the light reflected from the 
affected zone on the sample; Nf - is the intensity 
of the light reflected from the untreated surface of 
the sample (from the background). 

The overlap coefficient influences the roughness and 
contrast of the marking. There are two overlap 
coefficients: pulse overlap coefficient (Kov) and 
coefficient of overlap between lines (Ksoc). This 
coefficient determines the pulse or line overlap in 
percent within a single laser scanning path. They can be 
calculated by using formula (2) and formula (3): 

                        𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 = � 1 −
𝛥𝛥𝛥𝛥
𝑑𝑑

 � × 100 %              (2) 

                        𝐾𝐾𝑜𝑜𝑜𝑜 = � 1 −
𝑣𝑣

𝑓𝑓 × 𝑑𝑑
 � × 100 %           (3) 

where: Δx – distance between scanning lines (mm); d – 
laser point diameter (mm), (for aluminium 0,04 
mm); v – scanning speed (mm/s); f – laser 
frequency (kHz). 

III. RESULTS AND DISCUSSION 
A laser-marked sample is created with a grid of 5×5 

mm squares, showing how the laser-marked surface 
changes for each square in the matrix.  

The marking contrast for each of the marked surfaces 
was calculated according to equation (1). A prerequisite 
for good readability is a permanent high contrast 
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between the applied marking and the surrounding material. 
To ensure that the Q-code is scanned accurately, the contrast 
between the Q-code and the surface on which it is applied 
should be greater than 15 %. 

How different parameters affect the contrast of market 
anodised aluminium is shown in Fig. 6 to Fig. 9. 

 

 
Fig. 6. Contrast dependence on the raster step and constant 

scanning speed. 

 
Analysing the graph in Fig. 6, we can see that the highest 

contrast of 40 % is formed with a low scanning speed and 
raster step. Contrast marking is possible at all scanning 
speeds, but with a scanning speed of 100 mm/s, the contrast 
marking is formed with a raster step of 25 µm, with 125 
mm/s up to 20 µm, and with 150 mm/s – 17 µm. The lowest 
contrast is formed with a large scanning speed (150 mm/s) 
and raster step (30 µm). 

Moreover, increasing the scanning speed and the raster 
step decreases the colour reflection. 

 

 
Fig. 7. Contrast dependence on the scanning speed and constant 

raster step. 

 
Analysing the graph in Fig. 7, it is found that the contrast 

decreases with the increasing scanning speed and raster step, 
but the contrast is higher when the scanning speed and the 
raster step are the smallest. 

 The highest contrast is observed at a scanning speed of 
25 mm/s and a raster step of 5 µm.  

Changing the power and frequency of the laser, it turned 
out that a marking that is lighter than the material itself can 
be achieved. 

 
Fig. 8. Contrast dependence on the frequency and constant power. 

 

Analysing the graph in Fig. 8, it can be observed that 
the contrast is higher with a high frequency and power. 
A contrast marking is possible if any laser power is used, 
but a frequency of 13 kHz and above must be used. In 
the graph, we can see a negative contrast because the 
marking appears white, which is lighter than the material 
itself. 

 

 
Fig. 9. Contrast dependence on the power and constant frequency. 

 
From the analysis of the graphs in Fig. 9, increasing 

the laser power and frequency results in an increase in 
marking contrast. With a small frequency range of 2 to 
10 kHz, a contrast marking is not formed. The highest 
contrast of 29 % is observed with a frequency of 25 kHz 
and power of 100%. 

The effect of pulse overlap on the contrast of the 
marked anodised aluminium is illustrated in Fig. 10 to 
Fig.13. 

 

 
Fig. 10. Contrast dependence on the pulse overlap and 

constant power. 
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From the graph in Fig. 10, it can be observed that to 
achieve a contrast marking with a laser power of 10 to 100 
%, a pulse overlap of 85 % of the laser pulses incident on 
the surface of the material is required. 

 

 
Fig. 11. Contrast dependence on the pulse overlap and constant 

raster step. 

 

From the analysis of the graphs in Fig. 11, it can be 
concluded that contrast increases with an increase in raster 
step and pulse overlap. A contrast marking is possible at a 
raster step of 5, 10, and 15 µm, but to obtain a contrast 
marking at a higher raster step, a 90 % pulse overlap of one 
laser scan path is required.  

 

 
Fig. 12. Graph of the contrast of the marking from pulse 

overlap and frequency. 

 
From the analysis of the graphs in Fig. 12, it can be 

concluded that a contrast marking is possible at a frequency 
of 25 kHz. With a frequency of 20 kHz, a contrast marking 
can be formed at a pulse overlap of 20 %. 

Analysing the graph in Fig. 13, it is found that the 
contrast increases with an increase in pulse overlap. A 
contrast marking is possible with a scanning speed of 25, 50, 
and 75 mm/s, but a pulse overlap of 90 % is required when 
using a scanning speed of 100mm/s. 

The most important result of the contrast analysis after 
marking is that the highest contrast is formed at low 
scanning speed and raster step. 

 

 
 

Fig. 13. Graph of the contrast of the marking from pulse overlap 
and scanning speed. 

 

Analysing the roughness of a labelled sample is 
crucial for evaluating the durability of a part. If a part is 
rougher than it needs to be, there can be irregularities in 
the surface that will cause quicker wear and tear, breaks, 
and corrosion. The effect of different parameters on the 
roughness of the marked anodised aluminium is 
illustrated in Fig. 14 to Fig. 19. 

 

 
Fig. 14. Roughness dependence on the overlap between line and 

constant scanning speed. 

 

From the analysis of the experimental roughness 
results, it can be observed that: 
● The smallest roughness is formed with a scanning 

speed of 150 mm/s and an overlap between lines of 
25 %.  

● The highest roughness, on the other hand, is formed 
at a scanning speed of 25 mm/s. 
 

 
Fig. 15. Roughness dependence on the pulse overlap and 

constant raster step. 
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Analysing the structural change in anodised aluminium, 
a smallest roughness can be obtained with a raster step of 30 
µm and an overlap of pulses of 81%. 

 

 
Fig. 16. Roughness dependence on the scanning speed and 

constant raster step. 

 
Analysing the graph in Fig. 16, it can be observed that 

the roughness of the marked samples decreases as the 
scanning speed increases. The smallest roughness is formed 
at a scanning speed of 150 mm/s and a raster step of 30 µm 
compared to the average unmarked sample. 

 

 
Fig. 17. Roughness dependence on the frequency and constant power. 

 
From the analysis of the graphs in Fig. 17, it can be seen 

that the roughness is high with 50% power and 25 kHz 
frequency, while small roughness is obtained with 100 % 
power and 2 kHz frequency. 

 

 
Fig. 18. Roughness dependence on the power and constant frequency. 

 

From the analysis of the graphs in Fig. 18, it can be seen 
that the smallest roughness is obtained with 2kHz frequency 
and 100 % laser power. 

 
Fig. 19. Roughness dependence on the raster step and constant 

scanning speed. 
 

Analysing the graph in Fig. 19, it can be observed 
that the highest roughness of the marked samples is 7.07 
µm and the smallest roughness is 2.34 µm. Further 
analysis of the roughness data reveals the following: 
● The marked samples exhibit the highest roughness at 

a scanning speed of 25 mm/s compared to the 
unmarked sample. 

● The smallest roughness is obtained with a scanning 
speed of 150 mm/s compared to the average 
unmarked sample. 
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Fig. 20. Roughness changes in scanning speed 150 mm/s. 

 
The most important result of the roughness analysis after 

marking is that the lowest roughness is obtained at the 
highest scanning speed and raster step, as shown in Fig. 20. 

IV. CONCLUSIONS 
This study used a Rofin PowerLine F 20 fiber laser to 

determine laser parameters impact for marking on anodised 
aluminium. The laser parameters were optimized to achieve 
high contrast marking. Based on the results of the 
experiment, it is possible to understand which parameters 
are suitable for contrast marking and which are not. From 
the experimental results, the main conclusions are: 
● It is possible to understand which parameters are suitable 

for contrast marking and which are not based on the 
results of the experiment. 

● Changing the power and frequency of the laser resulted 
in a lighter marking than the material itself. However, 
since the PowerLine F20 Varia system was used, it was 
impossible to make the frequency less than 2 kHz, so a 
contrasting white marking was not possible. 

● The highest contrast was achieved at a speed of 25 mm/s 
and a raster step of 25 µm. 

● Increasing the laser power and frequency increased the 
contrast of the marked surface. 

● Laser marking with a frequency of 2 kHz and a laser 
power of 100 % produced the smallest surface roughness 
of anodised aluminium. 

● A gradual increase in surface roughness values was 
observed at higher pulse and line overlap. 
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Abstract. In the research carried out at the Rezekne 
Academy of Technology, the technology for color laser 
marking on chromium-nickel base and other metal bases was 
used in industrial production from the point of view of the 
repeatability and stability of the produced color markings. 
The study and research was done during the Erasmus 
internship by the authors at the Academy of Technology in 
Rezekne, Latvia. For this purpose, an AISI 304 color palette 
consisting of fifteen colors was developed and implemented. 
After the practical experiments, the dependence of the 
obtained colors on the various parameters of the laser 
processing was analyzed. The resulting colors were then 
tested using optical, scanning electron and atomic force 
microscopy, and the configuration of the oxide films was 
determined by Raman spectroscopy. The resulting colors are 
of appropriate uniformity, brightness and cover almost all 
spectral zones, and the resulting colors are of many times 
better quality than other metallic bases. A color 
standardization and palette repeatability test was also 
performed by evaluating the reflectance spectra of the 
formed colors. The color palette demonstrated high 
repeatability for all but one particular color. In parallel, the 
stability of the color markings was studied in terms of 
environmental, mechanical and chemical resistance. The 
resulting colors show high resistance to most environmental 
conditions; however, exposure to very high temperatures and 
extreme humidity (100 °C, 90%) and to low temperatures 
and extreme humidity (-40 °C, 90%) results in degradation 
of several colors. Colored brands show high hardness and 
excellent mechanical resistance to external influences and 
exceptional resistance to various chemicals, except for acid 
solutions and salts. 

Keywords: color marking; laser; marking; power; speed. 

I. INTRODUCTION 
The marking of the various materials is an essential part 

of the production cycle, which provides the necessary 
information about the product and serves as a marketing 
tool to attract the attention of consumers to a particular 
product. Although various types of markings are applied to 
products, permanent markings are preferred [1], [2]. A 
variety of techniques can be used to create a permanent 
mark, including etching, electrochemical etching, 
engraving, dot etching, and laser marking. Nowadays, laser 
marking is widely used in various sections of the 
production line for a variety of applications to create high-
quality permanent marks. The laser marking method is 
effective, non-contact and applies to both metallic and non-
metallic surfaces. In addition, it requires no additional 
additives or solvents and produces no waste; thus, it is 
environmentally sustainable. Additionally, laser surface 
coloring is possible using color laser marking technology, 
which is the focus of this article. Color laser marking has 
been known for a long time, so many studies have been 
conducted on the use of different types of laser sources, the 
influence of environmental conditions on the results, and 
the analysis of the physical and chemical properties of 
surfaces before and after laser treatment. A technique for 
laser marking substrates such as ceramics, glass, plastic and 
metal was proposed by Axtell [3], [4]. In the laboratory of 
the Chinese scientist Li se. obtained a comprehensive view 
of the process of oxide formation during the interaction of 
an ultraviolet laser beam with stainless steel in air [5]. 
Modeling of coloring of stainless steel surfaces with 

https://doi.org/10.17770/etr2023vol3.7222
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colored pixels by heating the surface using a laser was 
carried out by Lehmuchero in his laboratory. [6]. Dusser 
and his team demonstrated the achievement of material 
modifications using ultrafast laser pulses by creating 
polarization-dependent structures that can create specific 
color designs [7]. Color laser marking technology for 
coloring metals has also been researched at Gorny's 
research center. [8], [9]. The famous scientist Visco and his 
team researched a method for coloring metal surfaces, in 
which nanosecond laser pulses form small-scale periodic 
structures [6]. Liu and his team investigated the recent 
developments of laser technologies for surface coloring and 
three specific physical mechanisms for color generation, 
which are the thin-film surface oxidation effect, laser-
induced periodic surface structures (LIPSSs), and laser-
induced nanoparticles and nanostructures [7], [10], [11]. 

II. MATERIALS AND METHODS 
 

 
Figure 1: The configuration of the laser processing system. 

 

Setting and parameters of the laser procedure Stainless 
steel contains chromium in its composition, which provides 
chemical stability and high heat resistance of the alloy and 
makes it suitable for use in the laser process. AISI 304 
stainless steel plates with a thickness of 2 mm and initial 
roughness level Rz = 8.42 µm, reflectivity R (λ=1.06 µm) 
= 0.75, thermal diffusivity a = 3x10-6 are used in this study. 
m2/s, thermal conductivity k = 37 W/mK, melting point = 
1800 °C and boiling point = 3145 °C. At the initial stage, 
the surfaces were cleaned with acetone to avoid any 
contamination or stains. A nanosecond pulse ytterbium 
fiber laser supplied by IPG Photonics Corporation <τ<200 
ns at a repetition rate of 1.6 was selected as the source of 
laser radiation with a wavelength of 1055<λ<1075 nm 
generating pulses of 4 seconds duration <f<1000kHz. The 
configuration of the laser processing system developed for 
scribing and marking purposes is presented in Fig. 1 and 
consists of 1) IPG Photonics nanosecond fiber laser, 2) 
fiber optic transfer, 3) SCANLAB scanning system, 4) 100 
mm objective, 5) Neff-Wiesel linear drive for vertical 
movement, 6) XY coordinate stage, 7) Kollmorgen ACD 
servo drives. 

A fiber pulsed ytterbium laser was emitted and fed into 
a collimating system via an optical fiber to form a parallel 
beam output. A dual-axis galvanometer scanning system 
(hurrySCAN II 14 digital scanning head from SCANLAB 
corp. ) was installed to move along the X and Y axes. A 

focusing lens with a focal distance 100 mm [11], [12]. 
Additional horizontal movements and vertical movements 
can be performed using a multi-axis linear motor 
coordinate stage, which allows the extension of the 
working space to 250×250 mm. Laser radiation parameters 
and scan speed can be changed using the developed 
labVIEW code. Also, all vertical and horizontal 
movements can be controlled by the same code. 

A focused laser beam with a diameter d0 moving at a 
speed Vsc and a pulse repetition rate f irradiates a sample 
surface along a line (Fig. 2). When one scan line is 
completed with an overlap, the laser beam continues along 
the Y axis along the next line with an overlap Ly(%), 
characterized by the hatch spacing 𝐻𝐻, where P is the laser 
power and d0 is the spot diameter. A laser beam diameter 
is needed to calculate the power density of the laser 
radiation. In this study, the diameter of the laser beam is 40 
µm. 

 
Figure 2 Focused laser beam. 

 

Color palette development 

The color laser marking process involves sequential 
melting and solidification of the material, which results in 
oxidation and nitriding of the material surface. The final 
surface and oxide film formation is the result of repeated 
pulsed laser operation, which varies depending on the heat 
of the laser and the overlap value of the laser pulses [13], 
[14], [15]. The result of the relief and color of the surface 
is affected by almost all parameters of the laser source. In 
this study, the dependence of the obtained colors on the 
scanning speed, laser power, pulse duration and laser pulse 
frequency is investigated. The study of the dependence of 
the resulting color on the surface relief is not the aim of this 
study. 

 
Figure 3: Dependence of obtained colors on power and speed. 
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The result shows that with increasing power the colors 
do not change significantly and only the parametric 
window moves to higher values of the scan rate for each 
color [1], [16]. Given that greater performance can be 
obtained at higher intensities, the next step was to 
investigate the dependence of color on scan rate with a 
maximum continuous power of 20 W available at the same 
parameters of frequency, hatch spacing and duration of the 
impulse. Initially, the scanning speed was changed from 
450 to 850 mm/s with a step of 10 mm/s, and then from 50 
to 150 mm/s with the same step. The results are presented 
in Fig. 4. 

 
Figure 4: Obtaining a color palette at different speeds. 

As shown in fig. 4, at a low scan speed, only dark gray 
colors appear, while as the scan speed increases, the colors 
vary in the following order: dark green, dark violet, wine 
red, orange, light green, gold, and light blue. 

To investigate the dependence of colors on the 
frequency of laser pulses, the experiment was carried out 
with I0=1.6-108 W/cm2, 𝑟𝑟 =100 ns, H=0.01 mm, Vsc=450-
1200 mm /s with step 50 mm/s and a changing frequency 
that changes from top to bottom every two lines, 100, 200, 
500 and 1000 kHz respectively. Fig. 5 shows the 
dependence of the color on the scan rate for different 
frequencies. 

Figure 5 shows the dependence of the produced color 
on the scanning speed for different frequencies (I0 =1. 
6·108 W/ cm2, τ=100 ns, H=0.01 mm, Vsc =450- 1200 mm 
/s, f =100 kHz: lines No. 1, 2 ; f= 200 kHz: lines No. 3, 4 ; 
f=500 kHz: lines No. 5 ,6 ; f=1000 kHz: lines No. 7, 8 . 

 
Figure 5. The dependence of the produced color on the 

scanning speed. 
 

The test result revealed that specific colors such as light 
pink, aquamarine or bright purple can be obtained with 
higher frequency modes. At f=1000 kHz, only silver colors 

are formed for the entire scan rate range; hence, the 
parametric color window could not be produced at the 
mentioned frequency, although it could be assimilated into 
a final palette to produce white or silver due to its fast 
production speed. 

The experiment to study the dependence of colors on 
the pulse duration was carried out with two different power 
densities I0=0.8x107 and I0=1.6x107 W/cm2 and two 
different pulse durations 𝑟𝑟=4 and 𝑟𝑟=8 ns with scan speed 
Vsc=50 - 200 mm/s with step 10 mm/s and H=0.01 mm. 
The test result is shown in Fig. 6. 

Figure 6 shows the dependence of the produced color 
on the scan rate for different pulse durations (𝑉𝑉𝑉𝑉𝑉𝑉=50-200 
mm/s, H=0.01 mm, f=60 kHz, lines № 1, 2: τ=4 ns, 
I0=0.8х108 W/cm2; lines № 3, 4: τ=4 ns, I0=1.6х108 W/cm2; 
lines № 5, 6: τ=8 ns, I0=0,8х107 W/cm2; line № 7: τ=8 ns, 
I0=16х108 W/cm2). 

 
Figure 6. The dependence of the produced color on the scan rate for 

the different pulse durations. 
 

As can be seen from fig. 6, the duration of the pulse has 
a significant effect on the color. The sequence of colors, 
hues and surface roughness under the color are different for 
shorter and longer pulse durations. For a longer duration 
pulse (𝑟𝑟=20 ns), visually the colors are glassy and the 
material underneath is smoother compared to the shorter 
duration pulses. In contrast, for shorter pulses, the 
parametric window is shifted to the scan rate with lower 
values, which reduces the marking efficiency. 

Almost the same color dependence is observed for 
pulse durations of 4 ns and 8 ns; however, with a pulse 
duration of 8 ns, the scan rate is higher and the resulting 
colors are more consistent. Based on the analysis 
performed, the number of pulses per spot (Nx, Ny) and the 
power density (I0) were selected to develop a color palette 
with fifteen different shades for AISI 304 stainless steel [3], 
[7], [17], [18] 

Analysis of the obtained structures 
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Figure 7. Micrographs of the color palette for AISI 304 

stainless steel. 
 

Optical microscopy was used to examine the 
microstructure of the developed colors and to analyze the 
oxide film structure of the color palette. The micrographs 
of each produced color and of the untreated surface are 
shown in Fig. 7. 

Evaluation of the microimages shows that the created 
color patterns with large overlap, i.e., with large Nx and Ny 
values, are composed of distinct regions of different colors. 
In addition, the structure of the oxide film will be different 
depending on the overlapping and laser processing mode.  

 
Figure 8. SEM images of the samples. 

 

Some samples, including samples No. 8, 9, 10, 15, have 
a pronounced bar microstructure, while samples No. 11, 12, 
14 have an irregular microstructure, and samples No. 6 and 
7 have a granular structure. For a more detailed study of the 
structures, scanning electron microscopy (SEM) images of 
some samples were taken with an electron beam 
acceleration voltage of 5kV (Fig. 8). 

The structures were also investigated by atomic force 
microscopy (AFM) operating in contact mode. The surface 
profile of specimen №9 and the 3D plane are shown in 
Fig. 9. 

In fact, the sample has a periodically repeating relief 
that corresponds to the scanning geometry. The maximum 
and average roughness heights are nearly 2.6 and 1.5 µm, 
respectively, which is quite small compared to the material 
surface roughness (Rz = 8.42 µm). 

 
Figure 9: Profile of the studied material. 

 

To determine the chemical composition of the obtained 
samples in this study, the Raman scattering method was 
used [5], [16], [18], [19]. A solid-state laser was used for 
the Raman scattering analysis. It initiates scattering on the 
surface of sample #9 with a wavelength of 532 nm and an 
output power of 1 mW (Fig. 10). A Lorentz fit function was 
applied to the plot to accurately characterize the position of 
the peaks. Seven Lorentzian peaks at 288, 332, 390, 541, 
634, 674 and 715 cm-1. FeCr2O4 has eigenphonon modes 
that coincide with 541, 634, 674 cm-1; therefore, this 
means the presence of FeCr2O4 in the produced films. The 
peaks at 288, 332, 390 and 715 cm-1 are associated with 
the existence of maghemite (Fe2O3) or a maghemite-rich 
region that may exist due to the oxide film in addition to 
the virgin steel. 

 
Figure 10: Dependence of intensity on distance. 

 

III. RESULTS AND DISCUSSION 

The quality of the coating is essential for industrial 
production and must meet the requirements of 
standardization organizations, manufacturers and users [1], 
[5], [11]. The produced colors were tested for repeatability 
and stability in terms of environmental, mechanical and 
chemical resistance. 
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Repeatability is a crucial factor in color coatings in the 
sense that the same color can be reproduced in different 
production runs. Color determination is done by analyzing 
the reflectance and transmission spectra of the objects. In 
this research work, the standard CIE RGB coordinate space 
is used to control the colors of the samples, in which the red 
(R), green (G) and blue (B) components of the flux form 
the coordinates [8]. The additive rule in Eq. 1 is used to 
define colors in this system [7]. 

𝐶𝐶 = 𝑟́𝑟 𝑅̅𝑅 + 𝑔́𝑔 𝐺̅𝐺 + 𝑏́𝑏 𝐵̅𝐵                                            (1) 

Where R¯, G¯ , B¯ are the units of the respective 
primary colors, and r , g , b are the number of units of each 
primary color required to construct the particular color C. 
The relative color coordinates can be calculated similarly 
to those in the CIE XYZ system via Eq. 2-4 [4]. 

𝑟𝑟 = 𝑟𝑟 / ( 𝑟𝑟 + 𝑔𝑔 + 𝑏𝑏 )                                              (2) 

𝑔𝑔 = 𝑔𝑔 / ( 𝑟𝑟 + 𝑔𝑔 + 𝑏𝑏 )                                             (3) 

𝑏𝑏 = 𝑏𝑏 / ( 𝑟𝑟 + 𝑔𝑔 + 𝑏𝑏 )                                             (4) 

 
Figure 11. Matrix for conducting the tests. 

 

The reflectance spectra of each color are needed to 
calculate the color coordinates. As shown in fig. 11, each 
color square is divided into 25 areas; therefore, the final 
spectrum is the average spectrum of the selected areas. 

Depending on the type of peaks that appear in the 
wavelength, four groups of spectra can be defined. The first 
group (Fig. 12a) are flat spectra that do not have obvious 
peaks in the wavelength range and their initial appearance 
resembles the spectra of untreated steel. In the second 
group (Fig. 12b), one clear peak is observed between 500 
and 700 nm. In the third group, two peaks are observed 
around 420 and 550 nm, respectively (Fig. 12c). In the last 
group (Fig. 12d), the peaks are broadened compared to the 
previous group. Interference effects in the denser oxide 
film and surface staining are suggested to be responsible 
for the peaks. A program was developed in LabVIEW to 
calculate the color coordinates in the CIE RGB space for 
each sample [3], [8], [20], [21]. 

 
Figure 12: Spectra of the investigated material. 

 

To investigate the repeatability, twenty color palettes 
were made, six of which are shown in Fig. 13. 

 
Figure 13. Six identical color palettes produced with the same laser 

processing parameters. 

 

The difference in the colors of the palettes determines 
the repeatability of the colors obtained by applied laser 
technology. The International Commission on Illumination 
defines the color difference standard using the definition of 
the Delta E concept, which represents the evaluation of the 
change in the visual perception of two specified colors [6], 
[10]. In this study, the concept of delta E was used to 
estimate the color difference [6], [12], [22]. For color 
repeatability purposes, delta E = 2 is typically used. The 
average value of delta E was calculated using MATLAB 
code for all samples of the same color, which are presented 
in Fig. 14. 
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Figure 14. Delta E values of fifteen different colors averaged over 

ten samples. 

 

The green line is the minimum delta E value perceived 
by the human eye. The red line is the maximum delta E 
value allowed in production. 

According to fig. 14, the repeatability of all colors is 
satisfactory, making them suitable for use in the production 
line. The majority of color squares (№ 1, 2, 3, 7, 8, 14, 15) 
have superior delta E, so color variation is not noticeable 
even under close observation by an experienced observer. 
Samples №. 4, 6, 10 and 11 have acceptable delta E values 
in the sense that the color difference can only be detected 
by an experienced observer under suitable lighting 
conditions. Square #9 still has a satisfactory delta E value 
that is acceptable for production use. Squares №. 5 and 13 
have higher average delta E values, which can be related to 
the corner effect [2], [12], although these colors can still be 
inserted into the color palette because they were not 
visually established differences between samples. Square 
№12 has the largest delta E value and correspondingly the 
lowest repeatability, which means that a casual observer 
can notice the difference. Therefore, this color cannot be 
recommended for further use. This problem can be solved 
by adjusting the laser processing parameters or by choosing 
different modes that can provide uniform color. 

Environmental chamber testing 

Product coatings and markings must withstand various 
environmental conditions and must not change during the 
period of use of the product [1], [14]. In this study, 
environmental testing was performed in a chamber based 
on four different operating conditions. Experiments are 
regularly conducted under temperature and humidity 
conditions that are not actually expected, such as a 
combination of extremely low or high temperatures (-40, -
20, 40, 100 °C) with high humidity (70%, 90%). This 
ensures the stability of the samples under normal 
conditions and also compensates for the short duration of 
the test exposure (24 hours) compared to the actual 
operating time. The first test was conducted under ambient 
conditions with a temperature of -20 °C and a humidity of 
70%. The result shows that there is no change in colors or 
materials after 24 hours in the environmental test chamber 

as shown in Fig. 15. Optical microscope analyzes did not 
reveal any damage or defects in the oxide layers. 

 
Figure 15. Color palette after 24 hours of environmental exposure in 

the test chamber at -20 °C and 70% humidity. 

The second test was conducted under ambient 
conditions with a temperature of -40 °C and a humidity of 
90%. The result reveals numerous minor changes to the 
surface after 24 hours of exposure to the environment in the 
chamber, as shown in Fig. 16. 

 
Figure 16. Color palette after 24 hours of environmental exposure in 

the test chamber at -40 °C and 90% humidity. 

 

Photographs of the problem areas and microimages of 
the defects are shown in Figs. 17a and fig. 17b. A cloudy 
spot with a diameter of about 400 µm appears on the 
surface of square No. 1 (Fig. 17a, left). Upon detailed 
observation under an optical microscope, it was found that 
the spot is a modified oxide layer with remarkable damage 
(Fig. 17b left). However, the rest of the square shows no 
changes. The presence of a stain is probably due to surface 
contamination or an impurity in the material. The creation 
of these types of defects is random in nature and occurs 
only once during the entire test. In square #5, the color 
changes slightly from blue to gray at the end of the treated 
area, which may be due to the partial oxidation of the 
sample (Fig. 17a middle). Under the microscope (Fig. 17b 
middle), only one damaged area with dimensions of 
approximately 1 × 1.5 mm is visible. Since these types of 
defects are characteristic of only one color, it can be 
concluded that they are probably related to the operating 
mode of the laser. In square #10, the color changed from 
burgundy to yellow in an area approximately 1 × 0.5 mm 
in size (Fig. 17a, right). Microscopic analysis presents the 
degraded region where the oxide film was etched while the 
structure was not destroyed (Fig. 17b right). This type of 
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defect can be caused by high humidity, which is likely to 
increase with increasing test exposure time. It can be 
concluded that, in general, laser colored stamps can 
withstand low temperature and high humidity 
environmental conditions [3], [15]. However, for these 
purposes, it is recommended that the color palette be 
slightly changed. 

 
Figure 17. Color errors after 24 h exposure in an environmental test 

chamber at -40 °C and 90% humidity: a) photographs b) microimages. 

 

The third test was conducted under ambient conditions: 
temperature 40 °C and humidity 70%. The results showed 
that the palette had no significant defect and no change in 
color or metal surface was observed after 24 hours in the 
environmental test chamber as shown in Fig. 18. 

 
Figure 18. Color palette after 24 hours of environmental exposure in 

the test chamber at 40 °C and 70% humidity. 

 

However, upon careful inspection, a spot of 
approximately 1 × 2 mm in size was found in one of the 
corners of square No. 4, visible only at a certain angle, as 
shown in Figure 19a. Microscopic analysis shows that the 
observed spot is a darkening of part of the oxide film, which 
may be due to the adjustments of the laser processing 
parameters (Fig. 19b). Overall, the color palette is 
relatively stable under the environmental conditions of 
Test 3. 

 
Figure 19. Color error of square No. 4 after 24 h exposure in an 

environmental test chamber at a temperature of 40 °C and a humidity of 
70%: (a) photographs (b) microimage. 

 

The last test was conducted under extremely harsh 
environmental conditions - temperature 100 °C and 
humidity 90%. The result showed some spots and dark 
spots on the metal surface itself and on the colors seen in 
fig. 20. 

 
Figure 20. Color palette after 24 hours exposure in the 

environmental test chamber at a temperature of 100 °C and 
humidity of 90%. 

 

Most of the obvious defects are presented in Fig. 21a 
left and center. Almost entire color squares No. 2 and No. 
8 are damaged in the form of dark spots with sizes from 
500 µm to 3 mm, which do not depend on the laser 
processing parameters. Optical microscopic analysis of 
Fig. 21b on the left and fig. 21b right , 21b middle means 
that the spots appeared are a complete breakdown of the 
oxide film, most likely caused by the evaporation of the 
condensed water on the surface due to the 
humidity/temperature of the test chamber. Furthermore, the 
untreated surface demonstrates poor resistance to such 
types of environmental conditions (Fig. 21a) right). When 
examining the surface with an optical microscope, dark 
spots ranging from 0.5 to 2 mm in size were found on the 
entire untreated steel surface (Fig. 21b, right). The 
darkening may be related to the rusting of certain areas of 
the surface caused by the condensation and subsequent 
evaporation of water on the metal, leading to partial 
oxidation. 
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Figure 21. Color errors after 24 h exposure in an environmental test 

chamber at a temperature of 100 °C and a humidity of 90%: 
a) photographs b) microimages. 

 

Therefore, the results of the test experiment show that 
color laser marking is not suitable for application in harsh 
environmental conditions with very high temperature and 
humidity. However, if there is adequate air circulation in 
the workplace, the risk of damage to the colored area can 
be greatly reduced. 

IV. CONCLUSIONS 

The stability of color laser marking under different 
environmental conditions was investigated using a climatic 
test chamber for four different operating conditions, 
including low and high temperatures and high humidity 
[13]. The results showed that the color palette has great 
persistence in most environmental conditions; however, at 
excessively high temperature and high humidity (100°C, 
90%), limited destruction occurred in some colors and the 
raw metal surface was also damaged. Also, prolonged 
exposure to -40°C and 90% humidity results in minor 
discoloration of many colors that need to be replaced with 
more stable ones. The mechanical stability of the color 
palette was evaluated by determining the Vickers hardness 
value before and after laser treatment using a 
microhardness tester equipped with a diamond pyramid. 
After processing, the hardness of most of the samples was 
on average 26% less than the hardness of the base material, 
which still confirms the high hardness of the coatings and 
therefore ensures the mechanical resistance of the color 
markings against external influences. Moreover, given the 
fact that the color is not obtained by adding an additional 
layer of coating, but by changing the surface of the material 
itself, the cohesion of these labels is much higher than color 
markings created by conventional methods. The stability of 
the color palette to various chemical compounds including 
sulfuric acid, sodium hydroxide, ethanol, surfactant and 
sodium chloride was investigated. The laser color markings 
produced have been proven to be resistant to chemicals 
such as caustic soda, surfactants and alcohol. On the other 
hand, prolonged interaction with acid solutions and salts 
can damage the colored characters. Therefore, the 
interaction of color laser marks with environments 
containing acidic and salty components should be avoided. 

The results of this paper make an impressive 
contribution to the implementation of color laser marking 
technology in industry. Future research directions would be 
to develop a color palette of AISI 304 stainless steel that 

includes at least 30 different colors, and to increase the 
marking performance by using stronger lasers and higher 
frequency modes. 

The laser processing system developed for the 
purpose of this research work is based on a nanosecond 
ytterbium fiber laser on a multi-axis work piece platform 
and the ability to move the laser scanning head vertically. 
In the preliminary phase, the scanning system was 
calibrated and the specifications of the laser beam at the 
focal point were determined. To find the appropriate power 
density value, the distribution of the laser spot on the 
surface is measured. The dependence of the resulting colors 
on laser processing parameters, including scan speed, pulse 
duration, emission power, and pulse repetition rate, was 
investigated. Based on the analysis, twenty color palettes of 
AISI 304 stainless steel were developed. Each sample 
consists of 15 squares of different colors and dimensions of 
8×8 mm. The obtained oxide films were examined using 
optical microscopy and scanning electron microscope 
(SEM). The surface topology was established using atomic 
force microscopy (AFM). To evaluate the structure of the 
obtained oxide films, Raman scattering spectroscopy was 
performed. Peak analysis showed that four types of oxide 
compositions were created according to the laser 
processing parameters. The film consists of two main 
components: Fe2O3 and FeCr2O4, which is consistent with 
data previously obtained by other researchers. Color 
standardization was performed based on the standard of the 
International Commission on Illumination. Light 
coordinates in the CIE RGB color space were calculated 
and reflectance spectra of each color were obtained using 
spectrophotometric measurements. The results confirm that 
the created colors have appropriate consistency, brightness 
and cover approximately all spectral regions. The 
repeatability of the resulting colors is proven by calculating 
the delta E value. Overall, the color palette confirms 
exceptional repeatability, although it is recommended that 
one particular color be replaced as it does not meet the 
minimum delta requirement. 
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Abstract. The factors affecting the dimensional accuracy of 
3D scanning using a measuring arm with an integrated 
scanner and a custom open source 3D printer using FDM 
technology are researched in this paper, with the purpose of 
isolating and reducing the sources of errors affecting the 
results. A consumer 3D printer is analyzed in terms of 
achieving accurate physical dimensions, consistent shapes, 
and predictable surface coverage. 

Keywords: Geometric accuracy, laser scanning, tactile sensor. 
3D printing Error. 

I. INTRODUCTION 

Hardly any other technical field has developed as 
quickly in recent years as 3D printing. It not only finds 
application in the commercial, technological, industrial 
and scientific sectors, but also in private households. 
Interest in 3D printing [6][9] is growing rapidly, as is the 
variety of 3D printers for personal use. Factors such as 
easy development of customized products and reduction 
in production costs are driving more and more industries 
and companies to embrace 3D printing and incorporate it 
into their business. FDM (Fused Deposit Modeling) or 
FFF (Fused Filament Fabrication) are 3D printing 
processes where a filament in the form of a thermoplastic 
thread is heated in a print head and printed on a print 
platform through a nozzle. In this process, the chosen 
model is built up layer by layer. When talking about 3D 
printers, most of the time it is meant FDM printers. The 
so-called filament is a material that is wound on a spool 
and processed by the printer. There are a number of 
different materials (PLA, PETG, ABS, PE (nylon), etc.). 
They differ significantly in their properties. Filaments also 
available in different diameters and multiple colors. 

Since layer height depends on the 3D printer used, it is 
one of the most important parameters of 3D printers. In 
general, the lower the layer height, the finer and smoother 
the model surface will be. On commercially available 3D 
printers, the average layer height is from 0.1 mm to 0.32 
mm. The height of the layer depends not only on the 3D 
printer used, but also on the software with which a given 
model is cut (so-called Slicing). Today's 3D software has 
almost no limitations on layer height. On the other hand, 
however, the constantly increasing requirements for the 
quality of manufactured details and elements, especially in 
the field of mechanical engineering, lead to the need to 
improve both the technological equipment and the 
methods and means of measurement. One of the important 
metrological tasks in this regard is carrying out 
measurements with proven accuracy of the geometrical 
parameters of machine-building products, including both 
determining the deviations from the correct geometrical 
shape and the mutual location of the surfaces and axes, as 
well as all other requirements that are set in the technical 
drawings of engineering products. The high level of 
automation and intellectualization of measuring systems 
nowadays expands the possibilities of applying new 
metrological procedures based on non-contact scanning 
methods. 

Contactless scanning systems are entering the industry 
more and more every day. These systems allow a 
significant reduction in production costs, mainly due to a 
significant reduction in inspection time. They allow the 
acquisition of a large amount of data, which provides very 
good levels of quality of results. Despite the well-known 
advantages that these systems offer, there are also some 
difficulties, such as the undefined and unstandardized 
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accuracy compared to traditional inspection systems based 
on tactile sensors with touch. This is one of the reasons for 
the practical absence of scanning systems in metrology 
applications: they have not been adequately tested for 
accuracy to control geometric and dimensional tolerances. 
In fact, these systems are mainly used as reverse 
engineering or multimedia applications. Two different 
measurement systems were analyzed: by a non-contact 
laser scanner and a contact tactile sensor, both mounted on 
a seven-degree-of-freedom Romer measuring arm. A 
common alignment method is defined to compare the 
geometry generated for the two measurement systems. 
Finally, an analysis was performed to compare them in 
terms of geometric and dimensional tolerances, being 
accounted for the contact measurements as a benchmark. 
As a result, some advice is given regarding the best 
scanning strategies and deviations are evaluated. Control 
dimensions of an aluminum part were measured by both 
methods (contact and non-contact). Using a 3D printer, 
copies of the aluminum detail were made and checked for 
deviations of their control dimensions and deviations from 
geometric accuracy (flatness and parallelism). 

II. SEQUENCE MEASUREMENT 
The measurement results show that the errors of non-

contact and contact measurement methods are within the 
tolerance of the measuring arm. The sources of most 
deviations are due to the printing process of the 
details(Table 2). The main sources of these deviations are 
due to: material shrinkage and deformation challenged by 
residual stress or rapid cooling, machine positioning errors 
[3], first layer adhesion problem, material extrusion 
problem (over or under-extrusion). Before starting any 
print, it is important to check the bed level. If the bed is 
not properly leveled, the first layer may not stick to the 
slab. The bed temperature is checked while printing starts. 
Some materials require a heated substrate to ensure that 
the print will stick to the substrate. The temperature of the 
bed can be easily controlled by the slicing software. 
Nozzle height can also affect layer adhesion. This is 
mostly a one time adjustment where the height of the 
nozzle from the bed is adjusted to the optimum level. If 
the nozzle is too high from the bed, then the deposited 
layer will not stick or even fall in the desired place. If the 
height is too low, then the nozzle itself can scrape off the 
build-up material. The height of the nozzle can also affect 
the extrusion of material, if the nozzle is too close to the 
build plate, then the extruder may not be able to apply the 
required amount of material to the bed. Therefore, it is 
important to set the appropriate height of the nozzle. 

The HEXAGON Absolute arm 8525-7 measuring arm 
with 7 degrees of freedom with integrated RS5 laser 
scanner and OPTIV M 4.4.3 multisensor and optical 
coordinate measuring machines (CMM) draw on the 
strength of Hexagon's Enhanced Productivity Series (EPS) 
were used for the research. 

 

TABLE 1 MEASUREMENT ACCURACY VALUES 

Model EUNI 
mm 

PSIZE 
mm 

LDIA 
mm 

PFORM 
mm 

SSA 
mm 

8525-7 0.031 0.012 0.048 0.025 0.048 
 

The certification specifies four accuracy values (see 
Table 1) known as EUNI, PSIZE, PFORM и LDIA. Each of these 
values represents a different aspect of the contact 
measurement accuracy of a portable measuring arm. The 
EUNI value is the maximum allowable error for 
unidirectional length measurements. Therefore, it most 
accurately reflects most measurement needs. The PSIZE 
value is the maximum allowable error for measuring the 
diameter of a sphere. Therefore, it reflects the accuracy of 
the feature measurements. 

The value of PFORM is the maximum allowable error for 
the shape of a sphere. This is a value that determines the 
accuracy of the shoulder variance. 

The LDIA value is the maximum allowable error for the 
articulation location. It therefore represents the 
repeatability of the arm. Scanning accuracy is the SSA 
[mm] value. 

The results of determining the geometric deviations 
(length, thickness, flatness and parallelism) of the control 
aluminum detail and the printed copies using the laser 
scanner (laser scan copy LSC) and the tactile sensor 
(tactile probe copy TPC) were established using the high-
precision multi-sensor measuring machine OPTIV M 443 
for which a protocol has been created. 

III. ALUMINUM DETAIL RESULTS 

The deviations in manufacturing of the aluminum 
detail are: 

Length = 59,9825 mm (60mm by specification), Width 
= 10,5073 mm (10.5mm by specification), flatness - plane 
1 = 0.009 mm and plane 2 = 0.003 mm, parallelism 
between plane 1 and plane 2 = 0.032mm.  

All deviations are within the tolerance for the accuracy 
requirements of the detail. 

IV. TACTILE SENSOR RESULTS 

The dimensions obtained by measuring the aluminum 
detail using the tactile sensors (see above) were used to 
print this copy. Measurement errors [5] are limited mainly 
by the shape deviation and roughness of the sensor sphere 
and the overall stability of the instrument during the 
measurement procedure. Deviations after printing are 
shown below: 

Length = 59,6861 mm, Width = 10,4295 mm, flatness - 
plane 1 = 0.093 mm and plane 2 = 0.003 mm, parallelism 
between plane 1 and plane 2 = 0.484mm. 
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V. LASER SCANED PART RESULTS 

The dimensions (fig.1) obtained from the non-contact 
laser scan were used to print this copy of the detail. The 
laser-scanned part processing program PolyWorks allows 
high-end point cloud inspection to produce a CAD model 
in STL format. Dark, shiny and transparent surfaces 
cannot be scanned with this method. This is because from 
the experiments we have done in order to obtain a quality 
model of the scanned object there must be a diffuse 
reflection of the laser beam. During the scan operation [2], 
the system allows the selection of different exposure 
times, so that a complete image of the scanned surface can 
be obtained even in the conditions of the existence of areas 
with relatively important color differences. 

Object positioning during scanning can also be a 
source of errors. Correct positioning must be done to avoid 
object surfaces being parallel to the incident beam. If this 
cannot be avoided, the scan will be performed in several 
reference positions. That is how views are obtained in 
which the surfaces are with sufficiently wide angles versus 
the incident beam to avoid gaps in the point cloud. 
Although non-contact scanning allows a faster point 
cloud, a larger number of points, and access to narrower 
channels or holes than contact scanning, there are 
situations where areas of the detail cannot be reached [12]. 
These surfaces are of the type of holes or narrow channels, 
the deep areas of which are shaded by their walls. 

Sometimes it is possible to inspect them by choosing a 
convenient position on the detail, but there are cases when 

they cannot be reached, necessitating physically cutting 
the piece or giving the inspection to the relevant areas. 

The results after printing the model thus obtained are 
shown below: 

Length = 59.9825 mm, Width = 10.5073 mm, flatness 
- plane 1 = 0.259 mm and plane 2 = 0.324 mm, parallelism 
between plane 1 and plane 2 = 0.267mm. 

Fig.1 Laser-scanned part dimensions. 
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 TABLE 2 MEAUSERMENT PROTOCOL 

 
VI. CONCLUSION 

Despite the rapid growth of 3D printers in many fields 
of technique and household, the factors that affect the 
accuracy of 3D printed models have not been thoroughly 
studied. It is often necessary to create models by laser 
scanning, which are then to be printed on a 3D printer. 
According the results obtained in the paper, it can be 
concluded, that current scanning technologies allow the 
creation of 3D models with accuracy within tolerances, 
this is not always achieved when printing the model in 
practice. Inaccuracies are due to errors occurring during 
the 3D printing itself. Understanding and researching the 

factors that affect the accuracy of a 3D printed model and 
the metrics used to measure that accuracy is key in 
creating methodologies leading to the reduction of these 
errors and the corresponding increase in the accuracy of 
printed models. 
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Abstract. The role of basic quantities influencing the process 
of laser raster marking of AISI 304 stainless steel products 
using a fiber laser was investigated. Some dependencies were 
found when changing the contrast of the marking when 
changing the parameters in wide intervals. As the raster step 
increases, a non-linear decrease in contrast occurs as the rate 
of contrast decrease. Regarding the influence of the speed on 
the contrast, it was found that as the speed increases, the 
contrast of the marking decreases non-linearly, and as the 
step increases, the speed of the contrast decrease also 
increases. Above 20 kHz, the frequency has relatively little 
influence on the contrast, as with increasing frequency the 
contrast slowly increases and the dependence is almost linear. 
The effective energy is strongly influenced by the contrast. At 
effective energy values below 18 kJ/cm2 the contrast of the 
marking is insufficient for visual perception of a good quality 
marking, but in the interval from 6 kJ/cm2 to 46 kJ/cm2 the 
contrast increases very quickly. At values of the effective 
energy above 100 kJ/cm2, the contrast of the marking hardly 
changes.  

The obtained results can be used by the operators of laser 
systems to evaluate the working ranges and quickly 
determine the boundary areas of the optimal technological 
parameters when obtaining a good contrast in the laser 
marking of stainless steels with a fiber laser. 

Keywords: contrast, fiber laser, frequency, laser marking, 
raster step, speed, stainless steel, working intervals. 

I. INTRODUCTION 
Laser marking is a technology for creating permanent 

alphanumeric characters, advertising logos, QR and UDI 

codes directly on finished products. Laser marking 
provides a unique combination of speed, high positioning 
accuracy and flexibility [1]. Lasers can mark a wide 
variety of materials, they are reliable, durable and 
relatively economical. The technology is used in all 
industrial sectors and can eliminate secondary processes 
such as the use of consumables and secondary processing 
and features easy system maintenance [2]-[6]. Stainless 
steel materials are used in the food industry as well as in 
the automotive, electronics, medical and engineering 
industries [7]-[9]. In article [10], the influence of operating 
parameters on contrast, roughness and oxide layer during 
laser marking of AISI 304 stainless steel is investigated. In 
article [11], the authors use a nanosecond pulsed laser to 
induce surface staining of stainless steel, one of the main 
parameters that they change in the experiments is the focal 
length, the repetition rate and the scanning speed. In article 
[12], the authors present experiments to produce colors on 
stainless steel. They research how, through changes in the 
thickness of the resulting layers, a variety of colors can be 
obtained. In article [13], the authors experimented with 
two types of continuous mode (CW) lasers with different 
wavelengths 1064 nm and 532 nm to produce contrast 
marking on aluminum. The conclusions they draw are that 
the treated areas in argon and in air do not show a 
difference in the color of the mark, but the experiments 
reveal a difference in the amount of material removed, 
with the ablation being greater with the laser operating in 
the visible spectrum. In article [14], the authors modified 
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the surface of duplex stainless steel by laser processing. 
Experiments are done on the influence of the raster step on 
the roughness. In the article [15], the author gives an 
overview of some laser technological processes such as 
laser surface alloying, coating application, laser 
hardening. 

The scientific research in this paper aim to investigate 
the influence of some basic parameters such as effective 
energy, raster step, speed, and frequency on contrast in 
laser marking with a nanosecond fiber laser. 

II. MATERIAL AND LASER SYSTEM 

A. Preparation of the material 
AISI 304 / EN 1.4301 stainless steel with the 

composition shown in Table 1 was used in this study, the 
samples were 0.8 mm thick. The material is austenitic steel 
with high corrosion resistance. This grade of stainless steel 
has very low magnetization and is suitable for welding, 
forging and cold forming. 
 

TABLE 1 CHEMICAL COMPOSITION OF THE STUDIED AISI 304 
STAINLESS STEEL 

Element C Cr Mn S 
Content, % ≤ 0.07 17.5 ÷ 19.5 ≤ 2.00 ≤ 0.03 
Element Si Ni N P 
Content, % ≤ 1.00 8.0 ÷ 10.5 ≤ 0.10 ≤ 0.045 

B. Laser system 
 

 
Fig. 1. Laser technological marking system. 

The research was done with a laser technology system 
with a fiber laser. It is a pulsed laser that operates in the 
near infrared region (λ =1.064 µm). The fiber laser is 
characterized by high quality beam, high efficiency and 
low maintenance costs. The system has by high precision 
and good positioning accuracy. A general view of the laser 
technology system with which the experiments were 
performed is given in Fig. 1. Its main parameters are 
presented in Table 2. 

 

 

 

TABLE 2 CHARACTERISTICS OF THE LASER SYSTEM 

Parameters Values 

Wavelength λ, µm 1.064 

Power P, W 20 

Frequency ν, kHz 1 ÷ 200 

Speed v, mm/s 1 ÷ 2000 

Focal length f, mm 254 

Spot diameter d, µm 60 

Positioning accuracy, µm 2.5 

Efficiency, % 40 

III. METHODOLOGY OF EXPERIMENTS 
Samples of cold-rolled steel sheet AISI 304 with a 

thickness of 0.8 mm were used for the experiment. 
- Samples were prepared in a rectangular shape with 

dimensions of 100 mm × 65 mm (see Fig. 2); 
- Before starting the laser marking process, the polymer 

film protecting the surface was removed from the 
samples, after which the surface was washed with 
isopropyl alcohol; 

- The working field consists of 5 rows of 8 square 
modules with dimensions of 10 mm × 10 mm and a 
distance of 2 mm between them. An example change 
of the working parameters is shown in Fig. 2; 

- The matrices are captured with a scanning device, the 
contrast k* is determined from the grayscale images 
by the formula (1) 

 ,           (1) 
where Nf is the darkening value reported for the 
background and Nx is the darkening value reported for 
the particular square. 
 

 
Fig. 2. Sample matrix on which the experiments are performed. 
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IV. RESULTS 
The pre-prepared samples were raster marked with the fiber 
laser. Contrast was then determined using the gray scale for 
each square. The following tasks were performed: 

A. Investigation of the influence of raster pitch on 
contrast 

The raster step was varied in the interval Δx Є [20, 80] µm. 
The quantities that remained constant are given in Table 3. 
The resulting images for a speed of 75 mm/s are presented 
in Fig. 3. From the obtained data, a graphics of the 
dependence of the contrast k* on the raster step Δx for three 
marking speeds 75 mm/s, 125 mm/s and 125 mm/s were 
drawn (see Fig. 4). The following conclusions may be 
made: 

• As the raster step increases, contrast decreases; 
• In the interval of the raster step Δx Є [20, 80] µm, 

the contrast changes in the interval k* Є [68, 48] 
% for a speed of 75 mm/s; 

• In the interval of the raster step Δx Є [20, 80] µm, 
the contrast changes in the interval k* Є [64, 42] 
% for a speed of 125 mm/s; 

• In the studied interval of the raster step, the 
contrast changes in the interval k* Є [60, 36] % 
for a speed of 175 mm/s. 

• The rate of contrast change is 
0.33 %/µm for speed 75 mm/s; 
0.37 %/µm for speed 125 mm/s; 
0.40 %/µm for speed 175 mm/s. 

• The working intervals of the raster step are 
Δx Є [20, 76] µm for speed 75 mm/s; 
Δx Є [20, 63] µm for speed 125 mm/s; 
Δx Є [20, 47] µm for speed 175 mm/s. 

 

TABLE 3 QUANTITIES THAT DO NOT CHANGE DURING THE EXPERIMENTS 
Parameters Values 

Power P, W 20 

Frequency ν, kHz 20 

Speed       v1, mm/s 

               v2, mm/s 

               v3, mm/s 

75 

125 

175 

Spot diameter d, µm 60 

Number of repetition N 1 

Defocus Δf, mm 0 

 

 
Fig. 3. Obtained images from laser raster marking for a speed of 75 

mm/s and a raster step of 20 µm to 80 µm. 

 

 
Fig. 4. Experimental graphics of the dependence of the contrast on the 

raster step. 

B. Investigation of the influence of speed on contrast 
The marking speed was varied in the interval v Є [25, 175] 
mm/s. The quantities that remained constant are given in 
Table 4. From the obtained data, a graphics of the 
dependence of the contrast k* on the speed v for three 
raster steps 20 µm, 45 µm and 80 µm were drawn (see Fig. 
5). The following conclusions may be made: 
 

• As the speed increases, contrast decreases; 
• In the interval of the speed v Є [25, 175] mm/s, 

the contrast changes in the interval k* Є [72, 60] 
% for a raster step of 20 µm; 

• In the interval of the speed v Є [25, 175] mm/s, 
the contrast changes in the interval k* Є [66, 51] 
% for a raster step of 45 µm; 

• In the studied interval of the speed, the contrast 
changes in the interval k* Є [52, 36] % for a raster 
step of 80 µm. 

• The rate of contrast change is 
0.08 %/(mm/s) for raster step 20 µm; 
0.10 %/(mm/s) for raster step 45 µm; 
0.11 %/(mm/s) for raster step 80 µm. 
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• The working intervals of the speed are 
v Є [25, 175] mm/s for raster step 20 µm; 
v Є [25, 175] mm/s for raster step 45 µm; 
v Є [25, 50] mm/s for raster step 80 µm. 

TABLE 4 QUANTITIES THAT DO NOT CHANGE DURING THE EXPERIMENTS 

Parameters Values 

Power P, W 20 

Frequency ν, kHz 20 

Raster step   Δx1, µm 

                   Δx2, µm 

                  Δx3, µm 

20 

45 

80 

Spot diameter d, µm 60 

Number of repetition N 1 

Defocus Δf, mm 0 

 

 
Fig. 5. Experimental graphics of the dependence of the contrast on 

the speed. 

C. Investigation of the influence of frequency on contrast 
The frequency was varied in the interval v Є [20, 200] kHz. 
The quantities that remained constant are given in Table 5. 
From the obtained data, a graphics of the dependence of the 
contrast k* on the frequency v for three marking speeds 75 
mm/s, 125 mm/s and 175 mm/s were drawn (see Fig. 6). 
The following conclusions may be made: 

• As the frequency increases, contrast also 
decreases; 

• In the interval of the frequency v Є [20, 200] kHz, 
the contrast changes in the interval k* Є [68, 79] 
% for a speed of 75 mm/s; 

• In the interval of the frequency v Є [20, 200] kHz, 
the contrast changes in the interval k* Є [64, 72] 
% for a speed of 125 mm/s; 

• In the studied interval of the speed, the contrast 
changes in the interval k* Є [60, 65] % for a speed 
of 175 mm/s. 

• The rate of contrast change is 
0.061 %/(kHz) for speed 75 mm/s; 
0.044 %/(kHz) for speed of 125 mm/s; 
0.029 %/(kHz) for speed of 175 mm/s. 

TABLE 5 QUANTITIES THAT DO NOT CHANGE DURING THE EXPERIMENTS 

Parameters Values 

Power P, W 20 

Speed      v1, mm/s 

               v2, mm/s 

               v3, mm/s 

75 

125 

175 

Spot diameter d, µm 60 

Number of repetition N 1 

Defocus Δf, mm 0 

 

 
Fig. 6. Experimental graphics of the dependence of the contrast on 

the frequency. 

D. Investigation of the influence of effective energy on 
contrast 

The effective energy was varied in the interval Eeff Є [6, 
388] kJ/cm2. From the obtained data, a graphic of the 
dependence of the contrast k* on the effective energy Eeff 
was drawn (see Fig. 7). The following conclusions may be 
made: 

• As the effective energy increases, contrast 
increases; 

• In the interval of the speed Eeff Є [6, 388] kJ/cm2, 
the contrast changes in the interval k* Є [6, 70] 
%; 

• The rate of contrast change is 
1.45 %/(kJ/cm2) for interval Eeff Є [6, 46] kJ/cm2; 
0.017 %/(kJ/cm2) for interval Eeff Є [46, 388] 
kJ/cm2; 

• The working interval of the speed is 
Eeff Є [18, 388] kJ/cm2. 
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Fig. 7. Experimental graphics of the dependence of the contrast on the 

effective energy. 

V. CONCLUSION 
Fiber laser marking experiments were performed on 

stainless steel samples. The influence of raster pitch, 
frequency, speed, and effective energy on labeling contrast 
was investigated. The obtained graphic dependencies of: 

the contrast k* from the speed v of processing;  

the contrast k* from the frequency v of pulses;  

the contrast k* from the raster step Δx;  

the contrast k* from the effective energy Eeff , 

can be used to create technological tables defining the 
optimal limits of the investigated process for marking 
contrast satisfying the user's requirements. 

The obtained results are useful for operators of laser 
technology systems working in production. 
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Abstract. The application of lasers in many fields of 
technology and medicine is constantly increasing. This causes 
the development of new physical methods and principles for 
correct measurement of power, energy, and other 
parameters of laser sources. In most cases, the correct 
measurement of the laser power is important because the 
quality of the processes in which laser sources are used 
depends on it. In the paper, a comparative analysis of the 
existing methods for measuring the power and energy of laser 
radiation of diverse types of laser sources is made. This 
research aims to help users of laser equipment to choose the 
right measurement method depending on the laser source. 

Keywords: laser power, measurement methods, types of 
measuring devices, physical principles. 

I. INTRODUCTION 
The main parameter it requires control during laser 

processing is the power of laser radiation and its stability 
during the technological operation. Currently, many 
methods have been developed to measure the power of 
laser radiation because in recent years, the laser industry 
has developed extremely fast, with more new laser sources 
with new wavelengths, higher power and energy, 
frequencies, and modes of operation. For measurement, the 
power of laser radiation is necessary radiation receiver, 
which converts radiation into an electrical signal subject to 
measurements [12]. The existing radiation receivers work 
on various physical principles, but the most distribution 
received photoelectric and thermal receivers. The result 
and the quality for each specific laser technology such as 
laser welding, cutting, marking, engraving, drilling, etc. 
depend on many factors, including laser power therefore its 
measurement and control is important. 

II. CLASSIFICATION OF LASER POWER MEASUREMENT 
METHODS 

In fig. 1 shows the classification of methods for 
measuring laser power. Nowadays, a wide range of high 
precision laser power meters are available, suitable for all 
professional users, some of which require high 
measurement accuracy. The large ranges of power and 
energy to be measured require a considerable number of 
devices because the range of any one device is relatively 
limited but there are already also measuring devices that are 
relatively insensitive to wavelength, because the greater the 
useful range, the less devices need to be designed, tested, 
calibrated, and maintained. An advantage of calorimeters, 
which convert radiant energy into heat and measure the 
amount of heat, is that they can be designed to work over a 
wide range of wavelengths. There are companies on the 
market that offer universal laser power meters capable of 
measuring powers from 100 µW to 200 W over a wide 
wavelength range from 250 nm to 11 µm. Such a meter is 
suitable for measuring the power of both CW and pulse 
lasers such as diode lasers, dye lasers, CO2 lasers, HeCd 
lasers, Nd:YAG lasers and others. The operating conditions 
also affect the measurement. Single pulses usually require 
an energy measurement and CW lasers require power 
measurement. In some cases, it is necessary to use high-
speed laser power measurement devices [6]. What has been 
said so far defines the wide variety of methods and 
principles for measuring laser power – fig. 1. 

https://doi.org/10.17770/etr2023vol3.7252
https://creativecommons.org/licenses/by/4.0/
mailto:karadjov_st@abv.bg
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Fig. 1. Classification of methods for measuring laser power. 

III. METHODS FOR MEASURING THE POWER OF LASER 
RADIATION 

A. Thermocouple laser power meter 
The thermopile consists of a central, light-absorbing 

disk, thermocouples that surround this disk, and an annular 
heat sink around the ring of thermocouples – fig. 2. Laser 
energy falls on the absorbent disc and is converted into heat 
[2]. The heat then passes through the disk from the 
thermopile to the radiator, which is supported at a constant 
ambient temperature by forced cooling. The temperature 
difference between the absorber and heat sink is converted 
into an electrical signal by the thermocouples, then an 
electronic system converts this signal into a laser power 
reading. 

 
Fig. 2. Construction of thermopile. 

Thermocouple sensors have the following advantages, 
wide spectral range, operation in a wide power range, high 
damage-resistance when measuring powerful laser 
radiations. 

B. Measurement of laser power with pyroelectric 
sensors 
The operation of pyroelectric receivers is 

fundamentally on the occurrence of charges on special 
faceted noncentrosymmetric crystals at temperature 
changes. 

The output signal of pyroelectric receivers is 
proportional to the rate of change of the temperature of the 
sensitive element, which determines their high speed and 
rapid action – fig. 3. When a light pulse hits the absorbing 
surface of the detector, it heats up and polarizes the crystal, 
thereby creating an equal and opposite charge on both 

surfaces of the detector. The surface of the detector is 
metallized, so the charge is collected on the parallel 
capacitor, regardless of where the laser beam falls on the 
surface [5]. Therefore, the charge on the capacitor is 
proportional to the pulse energy. After the pulse ends, the 
capacitor voltage is measured by an analog-to-digital 
converter and then the capacitor is discharged to measure 
the energy of the next pulse. The advantages of pyroelectric 
receivers are high speed and sensitivity. The main 
disadvantage is the need for modulation when measuring 
continuous radiation. For this reason, pyroelectric detectors 
are particularly suitable for measuring pulse energy in 
pulsed lasers. They can measure up to several thousand 
pulses per second and at the same time are quite sensitive. 
Their disadvantage is that they are not particularly durable, 
and for this at higher energies and powers, an optical filter 
is placed in front of the sensor crystal to reduce the energy 
on the pyroelectric crystal. Pyroelectric sensors for pulse 
energy measurement are now available that use an 
innovative technology that allows pulse measurements 
over a wide range, from long pulses up to 20 ms to pulses 
with repetition rates up to 25 kHz. 

 
Fig. 3. Pyroelectric detectors [8]. 

C. Colorimetric sensors for laser power measuring 
The calorimetric method is based on the thermal effect 

of optical radiation. Laser calorimetry is the measurement 
of laser power or energy by measuring the increase in 
temperature of an optical absorber irradiated by a laser 
beam. Radiation falls on the optical absorber, under the 
influence of which the temperature of the optical absorber 
changes [1]. By measuring the difference in the 
temperature of the absorber compared to the ambient 
temperature, one can find the energy or power of the 
incident radiation. Instruments that measure energy 
parameters of lasers in this way are called calorimeters [3]. 
The absorbers of the calorimeter, as a rule, are devices that 
are types of black bodies, for example, a cone blackened 
inside. At the top of the cone is a fast-acting temperature 
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sensor, such as a semiconductor bolometer or a thermistor, 
whose resistance changes with temperature. The absorber 
can also be made in the form of a sphere, inside which there 
is an insulated wire, the resistance of which changes under 
the influence of the thermal effect of radiation. There are 
calorimeters hold two absorbers, one of which is under the 
action of ambient temperature, and the measured radiation 
falls on the other. The absorbers must be identical. In this 
case, they are measured not the absolute values of the 
temperatures of the absorbers are measured, but their 
difference, which significantly increases the accuracy of 
measurements. These are the so-called differential 
calorimeters. The operation of the calorimeter can be 
described using the simplified equation for heat 
conduction: 

                        𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝛼𝛼𝛼𝛼∆𝑇𝑇 = Ф                     (1) 

where m is the mass of the absorber; с – specific heat 
capacity; α is the coefficient of heat exchange between the 
absorber and the environment; S is the surface area through 
which heat exchange occurs; ΔT is the temperature 
difference between the absorber and the environment [16]. 

D. Laser power measurement with photodiodes 
The photodiode measurement principle is one of the 

most common methods for measuring the power of laser 
radiation. Photodiode sensors convert incident laser 
photons into charge carriers (electrons and holes), which 
are then measured as voltage or current. The action of the 
photodiode is based on increasing the reverse current of the 
p-n junction when it is illuminated, which is practically 
used to measure the intensity or power of laser radiation. 
Measuring the power of laser radiation with photodiodes 
has several advantages. They have low noise and high 
sensitivity, which allows them to be used in measuring of 
lasers with extremely low radiation power. The photodiode 
has the fastest response of all optoelectronic 
photodetectors, which is also its greatest advantage. It can 
be used to measure fast-changing laser radiation. The 
photodiode can work in two modes – photoconductive (fig. 
4) and photovoltaic (fig. 5) mode, and both modes can be 
used to measure the intensity of laser radiation. To measure 
the power of pulsed lasers, so-called PIN photodiodes are 
used, which have a greater speed than traditional 
photodiodes with a PN transition [10]. 

 
Fig. 4. Photoconductive mode [9]. 

Most laser power measurement circuits use light to 
voltage converter at which the output voltage is 
proportional to the luminance over the active area of the 
photodiode created by the laser beam fig. 4 and fig. 5. The 
other important advantage when measuring with 
photodiodes is that they have a linear light-to-current 
conversion characteristic, which allows more correct 
measurements to be made. There are also power meters that 
use light to frequency converter with a photodiode at the 
input in which the number of pulses per unit time is 
proportional to the power of the laser radiation. 

 
Fig. 5. Photovoltaic mode [9]. 

IV. COMPARATIVE ANALYSIS OF LASER RADIATION POWER 
MEASUREMENT METHODS DEPENDING ON THE TYPE AND 

POWER OF THE LASER 

A. Criteria for choosing a method for measuring 
the power of laser radiation 
Choosing a sensor and method to measure laser power 

or pulsed laser energy is an essential and important task. 
When choosing a type of device to measure, it is not always 
enough to know only the power range of the device and the 
laser, but also to consider other important characteristics of 
the laser that can help to choose the right method and 
measuring device [4]. Considering besides the power and 
some other important characteristics of the laser source, the 
choice of the most appropriate device can be optimized for 
accurate and correct measurements of laser power or 
energy without causing damage to the measuring device for 
a long time. 

We will look at the choice of measurement method in a 
few steps. 

1. To select the correct method for measuring laser 
power or energy, the operating characteristics of the laser 
source must be known. The wavelength of the laser must 
be known because there are measurement devices that can 
only be used to measure the power of lasers with specific 
wavelengths, i.e., have a narrow measurement range. Beam 
diameter - on which the power or energy will be measured, 
is the next essential element. This parameter will determine 
the size of the sensor's sensitive area and whether it is 
necessary to use optical extension lenses for the 
corresponding length of the laser source. One should not 
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choose to measure the power or energy at the focal point of 
the laser beam. It is recommended that the measurement 
sensor be positioned either before or after the laser focus 
point. 

It is also important to know whether the laser is CW or 
pulsed and whether power or pulse energy will be 
measured. 

CW Lasers – Continuous wave lasers are measured 
using average power from µW to kW. When choosing a 
device to measure CW laser power, one must consider what 
the average power will be measured. If the laser power 
variation range is too large, two different measurement 
sensors may be needed. One for low and the other for high 
laser power. It is important to choose a device where the 
power of the laser source is close to the middle of the 
device's measurement range, not at the lower or upper end 
of the range, as that is where the sensors have the highest 
measurement accuracy. 

CW Laser – Exposure Time. Another criterion when 
choosing a device is to know the duration during which the 
laser beam will be on the sensor. Are only periodic 
measurements needed or will the laser beam be on the 
sensor the entire time the laser is running. If the laser beam 
hits the sensor all the time, either a larger sensor with air 
fins or one with a built-in fan to continuously cool the 
sensor will be needed. 

Pulsed Lasers. With pulsed lasers, it is important to 
determine the energy of the pulses to be measured and from 
there select a measuring device with the appropriate range. 

Pulse Width. The determination of the pulse width can 
also influence the choice of a suitable measurement device, 
as this parameter can reach the sensor's destruction 
threshold although the average laser power is less and lies 
within the measurement range of the device. 

Pulse Rate. Another parameter to consider is the pulse 
repetition rate. From here it can be understood whether a 
device to measure the pulse energy is needed or whether a 
device to measure the average power of the laser source 
will be used. There are already pulse energy sensors on the 
market that can work up to 20 kHz pulse repetition rate. 

2. The type of measurement to be performed must be 
specified. 

Average Power. With most lasers, regardless of 
whether they are CW or pulsed, a measuring device can be 
used to measure the power of the laser radiation and as a 
result we will get a value for the average power of the laser. 
It is important to say that sensors that are designed to 
measure average power are slower. When measuring 
pulsed lasers with an average power sensor, there can be a 
discrepancy between the actual efficiency of the laser and 
the resulting measurement results since the energy 
characteristics of the pulses cannot be measured. When 
using a pulsed laser with a pulse repetition rate of a few 
kilohertz, is suitable to use a measuring device with a 
pyroelectric sensor that can measure the energy of each 
pulse is used and at even higher frequencies it is advisable 
to use photodiodes as measurement sensors. For powerful 

lasers working in CW mode, it is best to use calorimetric 
measuring devices. 

The main result of the comparative analysis is fixed in 
Table 1 which shows comparison of laser power 
measurements methods. This table can be useful when 
choosing a method and device for measuring the power of 
laser radiation depending on the most important parameters 
of laser sources. 

TABLE 1 COMPARISON OF LASER POWER MEASUREMENT METHODS 

Feature Thermo-
pile 

Photo-
diode 

Pyro-
electric 

Calori-
meter 

Spectral 
Range 

Broad-
band 

narrow 
band 

narrow 
band 

Broad-
band 

Power 
Range 

Low to 
medium 

Low Low to 
medium 

 

Very 
high 

 
Signal Voltage 

(V) 
Current 

(A) 
Voltage (V) 

or 
 

Voltage 
(V) 

Response 
time 

High Low Low High 

Wavelength 
dependent 

 

No Yes No No 

Linear 
response 

Yes Yes, up to 
saturation 

-- -- 

V. CONCLUSION 
The aim of the paper is to be useful to engineers 

involved in laser technology in choosing a system for 
measuring the energy or power of laser radiation. 

To achieve this aim in the paper, a comparative analysis 
of the most used methods for measuring the power of laser 
radiation is made, depending on the type and power of the 
laser and the accuracy of measurement. To determine the 
correct measurement system, it is very important to know 
which parameters of the laser radiation are to be measured. 
A methodology has been developed that covers the main 
criteria for choosing a method for measuring the laser 
power. 
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Abstract. Titanium Gr 2 is widely used in engineering and 
medicine due to its excellent mechanical and corrosion-
resistant properties. Laser marking is a crucial process for 
many applications that require high-contrast, durable 
markings. In this study, we used a Rofin PowerLine F 20 
Varia fiber laser to mark titanium Gr 2 with a 6x6 matrix of 
5x5 mm squares. We varied the speed (100-1100 mm/s), 
power (8-18 W), and frequency (100 and 500 kHz) of the laser 
marking process to investigate their effects on the surface 
roughness and contrast of the markings. We analyzed the 
markings using a laser scanning microscope and Adobe 
Photoshop software. Our results show that the contrast and 
roughness of the markings were influenced by the frequency, 
scanning speed, and power. High marking speeds produced 
lighter markings, while low marking speeds produced darker 
markings. We also found that the surface roughness increased 
with higher frequency and powers. Our findings provide 
valuable insights into the optimal laser marking parameters 
for titanium Gr 2, which can enhance its performance and 
durability in various applications. 

Keywords: Fiber laser, laser marking, laser texturing, laser 
parameter optimization, titanium. 

I. INTRODUCTION 
Over the past two decades, lasers have increasingly 

replaced traditional processing methods in various 
industries due to their high quality and productivity, along 
with lower production costs [1]. 

Laser processing has become popular for marking, 
texturing, welding, and processing different types of 
materials, including metals and nonmetals [2], [3]. 

Comparing laser marking and texturing to other 
methods such as dot marking systems, CNC marking 
tools, sandblasting, etc., it is evident that laser marking 
has numerous advantages over other marking 
techniques, such as high marking speed, marking 
quality, and no need for post-processing [4]. 

Currently, there are many studies and scientific 
literature related to laser processing of various 
materials. For instance, researchers have studied the 
challenging fabrication of green color on titanium 
surface using laser irradiation and infrared temperature 
measurement [5], [6]. The method of changing the 
color of titanium using a laser involves the formation of 
oxidation layers or structures on the surface of the 
material so that the emitted light and the surface 
produce thin-layer diffraction to demonstrate the color 
change [7], [5]. 

Numerous researchers have investigated laser color 
marking on metals [8], [9]. To obtain the required 
colors, the thickness of the thin film oxide layer must 
meet certain parameters [10]. Relatively recently, 
researchers have paid attention to producing oxide 
layers on titanium surfaces using nanosecond fiber 
lasers in an atmospheric environment [11], [12]. 

The process of material texturing is similar to laser 
marking, where different material surface structure 
forms can be obtained by changing parameters such as 
scan speed, focus position, and pitch [13]. This can 
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induce shapes like grid, chaotic, dimpling, etc., resulting in 
an increase in the static adhesion resistance of the textured 
surface [14]. 

The purpose of this study is to provide insights into 
how the parameters of a pulsed (ns) fiber laser (wavelength 
1064 nm) - power, frequency, and scanning speed - affect 
the results of laser marking and texturing of Gr 2 titanium. 

II. MATERIALS AND METHODS 

A. Material  
The research was conducted on titanium grade 2 sheet 

sample with chemical element composition: Ti ≥ 98.9%, Fe 
≤0.30%, O ≤0.25%, C ≤ 0.080%, N ≤ 0.030%, H ≤ 
0.015%. The sample dimensions were 100x100x1 mm. The 
sample surfaces were cleaned with (C3H7OH) to remove all 
dirt and stains that could influence the results of the 
experiments to be performed.  

B. Laser setup 
The experiments were performed using a pulsed fiber 

laser Rofin PowerLine F 20 Varia (Fig. 1) with a 
wavelength of 1064 nm, maximum power of 19 W, and 
variable pulse duration. The laser beam was focused using 
a 160 mm lens with a spot size of 40 μm. The laser was 
controlled using a computer-controlled Galvano scanner 
with a scan field of 120x120 mm. 

 
Fig. 1. Technological system with fiber laser Rofin PowerLine F20. 

Specification of Rofin PowerLine F 20 Varia laser is 
shown in Table I. 

TABLE I. CHARACTERISTICS OF THE LASER SYSTEM ROFIN POWERLINE F 
20 VARIA 

Parameter Magnitude, Unit 
Wavelength (λ) 1064 nm 
Max. Power (P) 19 W 
Max. Pulse Energy (E) 1 mJ 
Scan Speed (v) 1 mm/s to 20000 mm/s 
Pulse Width (τ) 4 – 200 ns 
Repetition Rate (F) 20 kHz to 1000 kHz 

C. Microscope setup  
The surface roughness and structure changes of the 

marked titanium grade 2 (Ti Gr2) sample were examined 
using the Olympus LEXT OLS5000 3D Measuring Laser 
Microscope, as shown in Figure 2. The microscope was set 
to a magnification of x451, an accuracy of measurement of 

0.4 µm, a numerical aperture (N.A.) of 0.6, a working 
distance (W.D.) of 1 mm, a focal depth of 1.8 µm, a 
focusing spot diameter of 0.82 µm, and a measurement 
area of 640 X 640 µm.  

 
Fig. 2. Olympus LEXT OLS5000 3D Measuring Laser Microscope.  

D. Scanner 
 The contrast of the marked samples was scanned 
using an HP Scanjet G3010 scanner with a scanning 
area of 216 X 297 mm and a color depth of 48-bit. The 
scanning parameters were set to a resolution of 2400 
DPI, brightness of 100, contrast of 80, and the file 
format used was .tif. 

E. Methodology 
 Laser marking was carried out using a fiber laser on 
Ti Gr 2 sample, size 100x100x1 mm. Before laser 
marking Ti Gr 2 sample was cut with a 1 kW fiber laser 
with a wavelength of 1064 nm. Before laser marking, 
the sample was thoroughly cleaned using isopropyl 
alcohol 99.8% (IPA) to remove any contaminants. Two 
matrices of 6 rows and 6 columns each were marked on 
the sample, which is 72 markings with different speed, 
power and frequency parameters and constant pulse 
duration of 4 ns. Experiments were conducted in 
ambient conditions without the use of any assist gases. 
The marking of Ti Gr 2 plate occurred between the three 
changing parameters: power P (W), scanning speed v 
(mm/s) and frequency F (kHz). Figure 3 shows the 
marking schematics of Ti Gr 2 samples. 

 
Fig. 3. Laser marking schematics of Ti Gr 2 samples. 

The first matrix was marked between the values 
(Table II): marking speed v (mm/s), output power P 
(W) versus frequency at 100 kHz. For the other matrix, 
only the frequency has changed to 500 kHz. 
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TABLE II. FIBER LASER MARKING PARAMETERS FOR TI GR 2 SHEET 
SAMPLE AT 100 KHZ 

Parameter Magnitude, Unit 
Pulse Duration (τ) 4 ns 
Output Power (P) 8/10/12/14/16/18 W 
Scanning Speed (v) 100/300/500/700/900/1100 mm/s 
Square Size 5×5 mm 
Frequency (F) 100 kHz 

 The formula (1) was used to calculate the percentage, 
which is equal to the power, because in the used fiber laser 
the unit of measurement of power is entered in percentage. 

𝑃𝑃(%) =
100% ∗ 𝑃𝑃(𝑊𝑊)
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑊𝑊)

(1) 

  
Were 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚(𝑊𝑊) = maximum laser power in watts and 
𝑃𝑃(𝑊𝑊) = power (in watts) used for each laser marking. The 
calculated power values in watts, corresponding to the 
power values in percent, are shown in table III.  

TABLE III. POWER VALUES IN WATTS, CORRESPONDING TO THE POWER 
VALUES IN PERCENT 

P (%) 41.7 52.1 62.5 72.9 83.3 93.8 
P (W) 8 10 12 14 16 18 

 

The contrast kx is a percentage value [15]. To calculate 
kx, we need to determine Nf volume of the unmarked area. 
On the other hand, Nx value of the laser marked area can be 
obtained directly from the marked area. The formula used 
to determine kx is given by Equation (2): 

𝑘𝑘𝑥𝑥 =
𝑁𝑁𝑓𝑓 − 𝑁𝑁𝑥𝑥
𝑁𝑁𝑓𝑓

× 100% (2) 

 To express the difference between two measured colors 
in the CIE color uniform space, we use the CIE color 
difference L* a* b* formula [16], [17]. The total color 
difference Nx between two points in three-dimensional 
color space is expressed using Equation (3): 

𝑁𝑁𝑥𝑥 = �(∆𝐿𝐿𝑥𝑥)2 + (∆𝑎𝑎𝑥𝑥)2 + (∆𝑏𝑏𝑥𝑥)2  (3) 

Similarly, the total color difference Nf is expressed 
using Equation (4): 

𝑁𝑁𝑓𝑓 = �(∆𝐿𝐿𝑓𝑓)2 + (∆𝑎𝑎𝑓𝑓)2 + (∆𝑏𝑏𝑓𝑓)2  (4) 

In these equations, ∆L, ∆a, and ∆b represent the 
differences in lightness/darkness, red-green, and blue-
yellow color channels, respectively, taken from the marked 
areas L, a, and b using Adobe Photoshop color tool. The L 
channel refers to the lightness or darkness of the color, 
where L = 0 represents black and L=100 represents white. 

To ensure that all contrast values are positive, we take 
the absolute value (|kx|) of each calculated contrast value. 

III. RESULTS AND DISCUSSIONS 
Laser treatment of Ti Gr 2 resulted in change of 

contrast (color marking) as well as surface roughness 
change, compared to untreated material. The data 
obtained for the marked samples of titanium Gr 2 are 
shown in Fig. 4. – Fig. 10. 

A. Marking at 100 kHz 

On Fig. 4 can be seen two Ti Gr 2 plates with laser 
markings at 100 kHz and 500 kHz frequency. Several 
color tones appear on both matrices. We can observe 
shades of gray, yellow, brown-orange, blue, purple, 
pink, and green. Laser color marking on Ti Gr 2 is a 
result of surface oxidation and chemical reaction 
between the titanium material and the surrounding air 
during laser treatment, which leads to the formation of 
a thin oxide layer with varying thicknesses and 
refractive indices, resulting in color contrast. 

(a) 

 
(b) 

 
Fig. 4. Laser marked Ti Gr 2 plates with (a) 100 kHz and (b) 500 

kHz frequency. 

 

 

Figure 5 displays the contrast change in the laser 
marking at a frequency of 100 kHz. Contrast absolute 
value was calculated as a percentage of the difference 
between the marked and unmarked areas, where the 
unmarked area's contrast value Nf is 75. 
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Fig. 5. Effect of power, scan speed and frequency (100kHz) on contrast 

absolute value change in Ti Gr 2 laser marking. 

 The obtained results showed that there is a clear 
correlation between the power and speed values and the 
contrast for Ti Gr 2 material. As can be seen from Fig. 5, 
increasing the power value from 8 W to 18 W generally led 
to an increase in contrast absolute values |kx| (%). 
Similarly, increasing the speed value from 100 mm/s to 
1100 mm/s generally resulted in a decrease in |kx| values. 

Further analysis of the obtained results reveals that the 
highest contrast |kx| absolute values were achieved at the 
lowest speed value of 100 mm/s and the highest power 
value of 18 W. Specifically, a |kx| absolute value of 33.57 
% was obtained at the power of 18 W and speed of 100 
mm/s. From the other hand, the lowest |kx| absolute value 
of 1.24 % was observed at the scan speed of 500 mm/s and 
the power of 12 W. This demonstrates the importance of 
carefully selecting the power and speed values when 
aiming to achieve high contrast in laser marking of Ti Gr 2 
material. 

A sharp drop in contrast |kx| was observed when scan 
speed was increased from 100 mm/s to 500 mm/s for 
power levels ranging from 12 W to 18 W. However, when 
the scan speed was further increased to 500-1100 mm/s, 
there was an increase in |kx| values with a maximum of 
19.98 % at a speed of 900 mm/s and power of 18 W. 

It is worth noting that the contrast values obtained in 
this study were measured using Adobe Photoshop software, 
and thus reflect the visual contrast perceived by the human 
eye. Future studies could explore the correlation between 
the measured contrast values and other physical properties 
such as surface hardness. 

 

 Fig. 6 shows the effect of different scan speeds and 
power levels on the roughness of the marked Ti Gr 2 
samples at a constant pulse duration of 4 ns and marking 
step of 10 µm, with a frequency of 100 kHz. 

 

 

 

 

(a) 

 
(b) 

 
Fig. 6. Surface roughness (Rq) of Ti Gr 2 marked samples at 100 kHz 

laser frequency, (a) varying power and (b) scanning speed. 

 The roughness of Ti Gr 2 surface after laser 
marking/treatment was measured using Rq parameter. 
The roughness values ranged from 0.8 µm to 1.3 µm, 
with an average value of 0.9 µm. Roughness is little bit 
higher at power 18 W for all scan speeds, reaching its 
maximum value 1.3 µm at scan speed of 100 mm/s. 

 It should be noted that the roughness of the non-
marked Ti surface was measured to be 0.8 µm, which is 
0.1 µm lower than the average roughness of the marked 
surface. It can be concluded that laser marking using 
these particular parameters on average slightly 
increases roughness of Ti Gr 2 surface. 

 Further studies are needed to investigate the 
relationship between laser marking parameters and 
surface roughness in more detail exploring the effects 
of different pulse durations or beam spot sizes on 
roughness. The roughness data can be used as a 
reference for future studies or for selecting appropriate 
laser marking parameters for Ti Gr 2 surfaces. 

B. Marking at 500 kHz 

 Fig. 7 shows the results of laser marking contrast 
change where are shown contrast |kx| absolute values for 
different combinations of speed and power settings 
when marking a Ti Gr 2 plate with 500 kHz. The 
contrast absolute values range from 5.09 % to 59.51 %, 
with the highest contrast absolute value obtained at a 
speed of 100 mm/s and power of 18 W. 
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Fig. 7. Effect of power, scan speed and frequency (500 kHz) on contrast 

absolute value change in Ti Gr 2 laser marking. 

 At a fixed power setting, increasing the speed generally 
leads to a decrease in contrast, with the exception of the 
power setting of 12 W, where the contrast absolute value 
peaks at a speed of 700 mm/s before decreasing at higher 
speeds. At a fixed speed setting, increasing the power 
generally leads to an increase in contrast, with the 
exception of the speed setting of 700 mm/s, where the 
contrast absolute value peaks at a power of 12 W before 
decreasing at higher powers. 

 Overall, the highest contrast values are obtained at 
higher power settings and lower speed settings, indicating 
that higher energy input per unit area leads to better 
marking contrast on Ti Gr 2 plate at 500 kHz. 

 Fig. 8, 9 shows the effect of different scan speeds and 
power levels on the roughness of the marked Ti Gr 2 
samples at a constant pulse duration of 4 ns and marking 
step of 10 µm, with a frequency of 500 kHz. 

 

 
Fig. 8. Surface roughness (Rq) of Ti Gr 2 marked samples at 500 kHz laser 

frequency with varying power. 

 

 

 
Fig. 9. Surface roughness (Rq) of Ti Gr 2 marked samples at 500 kHz 

laser frequency with varying scanning speed. 

 From the Fig. 8, 9 we can observe that the 
roughness values vary significantly with changes in the 
marking speed and power. At lower marking speeds, 
the roughness values tend to be higher than at higher 
marking speeds, and the roughness values generally 
increase with increasing power. For example, at a 
marking speed of 100 mm/s, the roughness values range 
from 0.6 µm to 23.8 µm, while at a marking speed of 
1100 mm/s, the roughness values range from 0.9 µm to 
0.7 µm. It should be noted that the roughness of 23.8 
μm is a pronounced maximum, which is 7.4 to 39.7 
times higher than the other roughness values. We can 
observe that the highest roughness values are obtained 
at the lowest marking speed and highest power levels, 
while the lowest roughness values are obtained at the 
lowest marking speed and power levels. This suggests 
that a trade-off needs to be made between the desired 
roughness level and the marking speed and power used. 

 Overall, the results of the roughness analysis 
suggest that the optimal marking conditions for 
achieving a desired roughness level would depend on 
the specific application requirements. The results can 
help guide the selection of marking speed and power 
levels for achieving the desired roughness level for a 
given application. 

Fig 10. shows 3D and 2D laser scanning microscope 
images of the laser marking with the highest roughness 
of Rq = 23.8 µm. And on Fig. 11 can be seen visual 
color change and roughness change on Ti Gr 2 surface 
laser treated at specific power, scanning speed and 
frequency parameters, with constant step between 
scanning lines10 μm and constant pulse duration 4 ns. 
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(a) (b) 

 
Fig. 10. Effect of laser parameter settings on surface roughness of Ti 
Gr 2 markings: (a) 3D laser scanning microscope image of marking 

with the highest roughness (Rq = 23.8 µm), (b) corresponding 2D laser 
scanning microscope image. 

 
Fig. 11. Color and roughness change on Ti Gr 2 after laser treatment at 

specific parameters. 

Our findings are consistent with the results of Johnson 
and Lee [18], who used a similar laser marking technique 
to mark titanium alloys and observed a significant 
influence of laser power and speed on the contrast and 
roughness of the markings. The results of our study are in 
agreement with the findings of Smith et al. [19], who also 
investigated the effect of laser marking parameters on 
titanium Gr 2 using a fiber laser. 

Several studies have reported that the choice of laser 
parameters can have a significant impact on the surface 
properties of titanium and other metals (Chen et al., [20]; 
Wang et al., [21]). Our results support these findings, 
highlighting the importance of optimizing laser parameters 
for specific applications. 

The findings presented in this study have important 
implications for the development of high-quality laser 
marking processes for Ti Gr 2, which is widely used in 
aerospace, medical, and automotive industries. The 
marking conditions identified in this study can help 

improve the quality and efficiency of laser marking 
processes for Ti Gr 2, which can ultimately lead to 
more reliable and durable products in these industries. 

IV. CONCLUSION 
 We investigated the effects of varying laser marking 
parameters on the surface roughness and contrast of 
titanium Gr 2 markings. Our results show that the 
contrast and roughness of the markings are influenced 
by the laser marking parameters, including frequency, 
scanning speed, and power. Specifically, we found that 
high marking speeds result in lighter markings, while 
low marking speeds produce darker markings.  

 Our findings can help to guide the development of 
optimal laser marking parameters for titanium Gr 2, 
which can lead to more effective and efficient marking 
for a variety of applications. The optimal laser marking 
parameters identified in this study can be applied in 
industries that require high-quality and durable 
markings on titanium Gr 2, such as aerospace, medical, 
and automotive industries. Manufacturers and engineers 
can use the findings of this study to develop more 
efficient and effective laser marking processes for 
titanium Gr 2, ultimately leading to cost savings and 
improved product quality. Additionally, the results of 
this study can also serve as a guide for future research 
on laser marking of titanium and other metals. Overall, 
the use of a pulsed fiber laser for marking titanium Gr 2 
has shown to be a promising technique for achieving 
high-quality markings with desired characteristics. 
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Abstract. In this work, a numerical model of laser texturing 
is considered. A finite element model of a representative 
sample of pure aluminum was created. The impact of a laser 
pulse was simulated, assuming a Gaussian volume 
distribution of the heat flux. Material properties are assumed 
to be constant and latent heat is accounted for. Results are 
obtained for the thermal field and the width of the vaporized 
zone, assuming that the crater is characterized by its 
maximum width. The numerical model was used to study the 
influence of pulse power density, reflection, focal diameter 
and pulse duration. The ablation threshold at different laser 
pulse durations was determinate. 

Keywords: laser texturing, pure aluminum, finite element 
method (FEM), vaporized zone. 

I. INTRODUCTION 
Laser texturing is pulsed processing by means of a laser 

beam, in which ablation of the material occurs in the impact 
zone. By multiple repetition of this process, along a 
predetermined trajectory, a groove is obtained. The 
industrial application of laser texturing is most often done 
by creating a number of grooves close enough together to 
be perceived as a uniform area. Different modifications of 
the processing sequence is discussed in [1]. 

Laser texturing serves to improve adherence, 
wettability, electrical and thermal conductivity, and friction 
[2]. This application of laser ablation is characterized by an 
overlap factor less than one and a different diameter of the 
laser beam, and hence a different size of the resulting crater. 

The obtained result depends on the characteristics of the 
laser machine: scanning speed, repetition rate, average 

power, laser beam spot, diameter, and pulse duration. Fiber 
lasers [3], YAG [4] and others are suitable for laser 
texturing. The duration of the impact varies widely, using 
nanosecond [5], picosecond [6] and femtosecond lasers [7], 
[1]. 

Laser texturing is applicable to various materials, such 
as metals and their alloys, superalloys [8], ceramics [3], 
wood [9], composite materials [10] and others. Due to its 
wide application in industry, aluminum and its alloys are 
the subject of increased research, including regarding the 
possibilities of its laser processing [11]. 

The main characteristics of the laser texturing result are 
the width, the depth and the hatch. They can be determined 
directly experimentally by performing the laser texturing 
with the prescribed processing modes. To reduce setup time 
and the number of technological samples, computer models 
created on the basis of numerical methods, most often the 
finite element method (FEM), are applied. Commercial 
programs such as ABAQUS [9], [12], [13], COMSOL [14], 
[15], [16] and others are used for this purpose, as well as 
proprietary codes [5]. 

Most often, the modeling of laser texturing by the FEM 
to determine the resulting dimples is reduced to solving the 
problem of determining the temperature field by using the 
law of thermal conductivity. Regarding the considered area, 
the problem to be solved can be one-dimensional [13], two-
dimensional [3], two-dimensional - axisymmetric [17] or 
three-dimensional [18], [9]. Depending on the number of 
set pulses, the models are for one pulse [9], for one 
transition [14] and several transitions [16]. A number of 
authors focus on the action of a single laser pulse [19], [5], 

https://doi.org/10.17770/etr2023vol3.7278
https://creativecommons.org/licenses/by/4.0/


Lyubomir Lazov, et al. Application of a Finite Element Model to Obtain the Influence of the Treatment’s Power, 
Reflecion and Focal Diameter in Laser Texturing of Aluminum 

329 

which allows the determination of the temperature field, 
and from there the resulting topography. 

The modeling of the processed part as a solid body is 
accomplished with Fourier's law. The heat flux can be 
volumetric or planarly distributed Gaussian function [16], 
[3]. Guo et al. [9] use in the heat flow’s formula a 
coefficient considering the plasma. Nikolidakis et al. [16] 
also consider the influence of the evaporated plasma layer. 
Some authors consider radiation and convection [19], [8], 
but the process is fast and the heat conduction in the solid 
body has a dominant effect. 

Some authors model the liquid phase by solving the 
Navier-Stokes equations [20]. This allows obtaining results 
for keyholes and voids in the material and splashes. 
Chryssolouris et al. [21] address the issue of plume 
formation. The evaporation at the melt surface is associated 
with the emission of neutral atoms or molecules into the gas 
that shields the laser–material interaction zone. Wang et al. 
[10] used in their work a simple finite element model to 
determine the plasma shielding effect in laser engraving of 
aluminum. 

Computer determined crater dimensions can be used to 
validate the model. Liu et al. [22] offers a solution to the 
problem of measuring the diameter of such a small hole 
with a single laser pulse - D2 method. In the modeling of 
laser texturing, in addition to the temperature field, some 
authors also determine the roughness of the obtained 
surfaces [15] and the stresses arising in the processing and 
after it [4], [3].  

Numerical modeling of laser engraving can be 
performed by accounting for the nonlinear properties of the 
material [3]. A number of authors prefer the use of latent 
heat [20], which greatly eases the computational process.  

The aim of the present research is the creation of a finite 
element model of laser texturing, allowing the 
determination of the groove width by taking into account 
the latent heat and the influence of the pulse power, the 
diameter of the laser beam, the reflection and the duration 
of the laser pulse. 

II. PHYSICAL LAWS DESCRIBING THE PROCESS 
A complete physical description of the laser texturing 

process is difficult to achieve. This necessitates the use of 
a suitable physical-mathematical model, on the basis of 
which a computer model should be built, allowing the 
determination of the required quantities. For the needs of 
the presented study, it is assumed that the impact of the 
laser beam from the moment of its impact on the processed 
part, which is a solid body, will be considered.  

The Fourier's law of heat conduction for solids is valid, 
which together with the heat balance equation has the form 

div �𝐋𝐋 ∙ grad(𝑇𝑇)� + 𝑄𝑄 = 𝜌𝜌𝐶𝐶𝑝𝑝
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

, (1) 

where L is the tensor with the heat transfer material 
characteristics depending on the temperature T, Q is the 
amount of heat in the considered volume, ρ is the density 

of the material Cp is the material heat capacity, and t is the 
time. 

The laser beam is a flow of electromagnetic wave in the 
visible spectrum, which in the process of texturing 
propagates in the solid body according to the Beer-Lambert 
law [23]: 

𝐼𝐼(𝑧𝑧) = 𝐼𝐼0𝑒𝑒−𝛼𝛼𝑧𝑧,  (2) 

where 𝐼𝐼(𝑧𝑧) is the intensity at depth z and I0 is the surface 
intensity. The equation for the absorption coefficient - 𝛼𝛼, 
is 

𝛼𝛼 = 4𝜋𝜋𝜋𝜋𝜋𝜋
𝜆𝜆0

,   (3) 

where 𝜆𝜆0 is the wave length of the laser in vacuum, 𝑛𝑛 is the 
refraction index, and 𝑘𝑘  is the extinction index. The 
equations for the last characteristics are [24]: 

𝑛𝑛 =

⎝
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,   (4) 

𝑘𝑘 =
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2
2−𝜀𝜀1

2

⎠

⎟
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1/2

,   (5) 

where 𝜀𝜀1 and 𝜀𝜀2 are the real and the imagenery part of the 
material's relative permittivity. 

Lehmuskero et al. [25] give their own and others' results 
for the refractive and absorption coefficients of aluminum. 
For a wavelength of 578 nm, n = 1 and k = 7 are reported. 
The same values are also used in [26].  

Absorption is one of the parameters of the laser impact 
on the processed medium, as together with the reflection, 
R, give the heat flow vector [27]: 

𝑞𝑞 = 𝐼𝐼(𝑥𝑥, 𝑦𝑦)�1 − 𝑅𝑅�𝑒𝑒−𝛼𝛼𝛼𝛼,   (6) 

The intensity of the laser beam depends on the power 
of the laser machine and is distributed according to a 
Gaussian law according to the equation 

𝐼𝐼(𝑥𝑥, 𝑦𝑦) = 2𝑃𝑃𝑝𝑝
𝜋𝜋𝑟𝑟2 𝑒𝑒

−2
�𝑥𝑥−𝑥𝑥𝑓𝑓�

2
+�𝑦𝑦−𝑦𝑦𝑓𝑓�

2

𝑟𝑟2 ,   (7) 

where Pp is the pulse power of the laser, r is the radius of 
the laser beam, and xf and yf are the coordinates of the laser 
beam. 
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The phase changes from solid to liquid and from liquid 
to solid cause a strong nonlinearity in the specific heat 
capacity. In order to reduce the computational time, the 
latent heat is used, which is described by the equation 

𝐶𝐶𝑝𝑝 = 𝐶𝐶𝑝𝑝0 + 𝐿𝐿𝑚𝑚𝐷𝐷𝑚𝑚 + 𝐿𝐿𝑒𝑒𝐷𝐷𝑒𝑒 ,  (8) 

where 𝐶𝐶𝑝𝑝0 is the equivalent specific heat capacity, 𝐿𝐿𝑚𝑚 is the 
latent heat of melting, 𝐿𝐿𝑒𝑒 is the latent heat of evaporation, 
and 

𝐷𝐷𝑚𝑚 = exp�−(𝑇𝑇−𝑇𝑇𝑚𝑚)2/∆𝑇𝑇𝑚𝑚2 �
∆𝑇𝑇𝑚𝑚√𝜋𝜋

,  (9) 

𝐷𝐷𝑒𝑒 = exp�−(𝑇𝑇−𝑇𝑇𝑒𝑒)2/∆𝑇𝑇𝑒𝑒2�
∆𝑇𝑇𝑒𝑒√𝜋𝜋

,   (10) 

In the above two equations take parts, the melting 
temperature - Tm, the evaporation temperature - Te and the 
displacements relative to them - ∆Tm and ∆Te. 

III. COMPUTER MODEL 
The object of research is a part of pure aluminum 

subjected to laser processing. The process parameters 
ensure that a temperature above the vaporization 
temperature of aluminum is reached. Due to the small size 
of the diameter of the laser beam and the short duration of 
one pulse, a representative sample (Fig. 1) of the total 
volume of the body is considered. This has sufficient 
dimensions so that the physical laws can exhibit, and in the 
same time the dimensions to be small enough to minimize 
the duration of the computational process in the computer 
model. The dimensions of the representative volume are 
100x100 μm in the processing plane and 70 μm in depth. 

 
Fig. 1. General scheme of laser texturing. 

The impact of a laser pulse, which creates a crater of a 
certain shape and size, is examined. The main properties of 
the crater are the width and the depth. In this work, it is 
accepted that the width is enough to characterize the result 
from the laser processing. It is based on the assumption that 
the formation of a groove consists of the repeated repetition 
of the pulse impact on the part, with the possibility of 
overlapping of individual craters and the presence of 
unprocessed areas - Fig. 2. The impact time between two 
pulses is long enough for the heat to spread in the 
considered representative volume and reach a temperature 
close to that of the environment at its boundaries. The 

formation of a complete processed layer is done by 
overlapping the furrows. Various processing sequences are 
possible to achieve such planar overlap, but these are 
beyond the scope of the present study. It is expedient to 
introduce an overlap factor between the individual craters 
in the direction of the groove 

𝑘𝑘 = 𝜈𝜈𝜈𝜈
𝑙𝑙𝑔𝑔

= 𝜈𝜈𝜈𝜈
𝑣𝑣𝑣𝑣

,    (11) 

where ν is the pulse frequency and v is the speed of the laser. 

 
Fig. 2. Craters, grooves, layеr. 

A transient finite element model was created in the 
ABAQUS program [28]. Spatial discretization is 
performed using an eight-node hexahedral finite element 
DC3D8. The elements on the surface of laser impact are 1 
μm in size - Fig. 3. To reduce the computational work, the 
feature size in the thickness direction is increased, reaching 
a size of 20 μm for the bottommost layer. The mesh is 
consist from 57222 nodes and 50500 elements. 

 
Fig. 3. Discretization of the representative volume. 

The processed material is pure aluminum having the 
material characteristics given in Table 1. The liquid and 
gaseous phase changes are modeled by introducing latent 
heat (8), which allows the specific heat capacity to be set as 
constant. 

TABLE 1 MATERIAL PROPERTIES 

Material properties  Value 

Density, kg/m3 2700 

Conductivity, W/(m.K) 235 

Specific heat capacity, J/(kg.K) 900 

Melting point, K 933,47 

x 

y 

z 

Leans assembly 

Laser beam 

Representative 
volume 

Aluminum 
part 

hx 

h
y
 d 

lg 
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Material properties  Value 

Evaporation temperature, K 2743 

Latent heat of fusion, kJ/mol 10.71 

Latent heat of vaporization, kJ/mol 284 

 
It is assumed that the initial temperature of the test 

specimen is 20 °C. Convective and radiant heat transfer are 
neglected due to the short duration of the process. The time 
for one pulse – τ, is 30 μs. The pulse power is 

𝑃𝑃𝑝𝑝 = 𝑃𝑃/𝜈𝜈𝜏𝜏,  (12) 

where P is the laser average power. Engraving modes with 
different laser power ranging from 5.5 to 10 W were 
investigated. 

The laser beam is modeled as a heat flux equivalent to 
one pulse, according to (7). A volume distribution of the 
heat flux by means of a Gaussian function was used. The 
slope coefficient of the Gaussian function is taken to be 
equal to 3. The heat flux is specified in the model by 
subroutine DFLUX [28]. It allows setting the model 
characteristics that are involved in the parametric analysis: 
laser pulse power, focal diameter and reflection. The 
calculations were performed by discretizing the process 
time in 10000 increments. 

IV. RESULTS AND DISCUSSION  
Temperature distribution results in a representative 

volume of a pure aluminum workpiece are obtained. In 
Fig. 4 shows the temperature field, at the end of the pulse, 
at a pulse power of 12511 W, a laser focal spot diameter 
of 30 μm and a reflection coefficient of 0.3.  

 

 
Fig. 4. Temperature distribution at Pp = 12511 W , d = 30 μm, R = 0.3. 

The temperatures of the evaporation point are shown 
with a light color, and the temperatures below the melting 
point with a dark color. Similar diagrams are obtained for 
the different laser engraving modes. By measuring the 
evaporation isotherm, the width of the crater in the 
corresponding mode was obtained. 

The effect of power density on crater width at two laser 
beam frequencies is shown in Fig. 5. 

 
Fig. 5. Influence of pulse power density. 

Figure 6 shows the dependences between the width of 
the vaporized zone - along the y axis and the pulse power 
- along the x axis. The resulting crater width results were 
smoothed using the smooth function in MATLAB, with 
the exact values given as dots. Such dependences were 
determined for focal spot diameters in the range from 10 
to 30 μm, with a step of 5 μm. 

 

 
Fig. 6. Influence of pulse power on crater width at different focal spot 

diameters. 

Increasing the pulse power leads to a smooth increase 
in the vaporized zone width. This trend is more distinct at 
larger values of the focal diameter. 

The relationship between the reflection and the power 
at different diameters of the laser beam is shown at Fig. 7. 
The width of the crater decreases monotonically with 
increasing reflectivity. The effect of pulse power is linear. 
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Fig. 7. Influence of the reflection. 

Influence of the pulse duration on the width of the 
crater (Fig. 8) and the width of the molten zone – Fig 9. 

 

Fig. 8. Effect of pulse duration on crater width. 

 

Fig. 9. Effect of pulse duration on the width of the melted zone. 

It was found that as the pulse duration increased, the 
width of the vaporized zone increased. This tendency 

decreases for larger values of time. This parameter has a 
greater influence than the pulse power. The width of the 
melted zone, which contributes to the formation of 
irregularities, decreases with larger values of the laser 
pulse duration. For pulse durations above 100 ns, a 
tendency to increase the width is observed, which may be 
due to a numerical instability of the model related to the 
grid density. 

The ablation threshold is the power density at which 
the evaporation temperature is reached. Ablation threshold 
at different laser pulse durations is shown in Fig. 10. The 
slope  

 
Fig. 10. Ablation threshold. 

V. CONCLUSIONS  
The created finite element model allows the 

determination of the influence of pulse power, reflection 
and diameter of the laser beam on the width of the 
vaporized zone during laser texturing of pure aluminum.  

The pulse power has a linear effect on the width of the 
resulting craters. The influence of this parameter is less at 
small values of the diameter of the laser beam.  

Increasing the reflectivity of the material leads to a 
decrease in the width of the crater. This trend is 
independent of the pulse power and increases with 
increasing reflection.  

As the pulse duration increases, the width of the crater 
also increases. At larger values, this trend decreases, and 
above 100 ns it is particularly visible. The effect of pulse 
duration is inverse with respect to the width of the 
vaporized zone. At values above 100 ns, a trend reversal is 
observed, which may also be due to numerical instability. 
This question requires further research. 
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Abstract. The quality of the marked surfaces changes the 
optical characteristics. The aim of the study is to optimize the 
contrast in laser marking of Steel 75. The influence of the step 
in the raster marking and the influence of the repetition 
frequency of the pulses on the reflection coefficient were 
analysed. The experimental investigations of the reflectance 
were carried out using a spectrophotometer. For the marked 
samples, it was found that when directing electromagnetic 
radiation with a wavelength in the studied range, there are 
areas with absorption and reflection of light. The reflectance 
is plotted as a function of marking step and laser frequency 
for the marked Steel 75 samples. 

Keywords: laser systems, laser safety, laser beam, optical 
properties. 

I. INTRODUCTION 
Laser has become the most advanced and widely used 

tool in material processing due to its advantages such as 
high power, easy focus, high brightness and good 
directivity. The laser processing has advantages such as 
high precision, high speed and low cost. It can be 
automatically controlled by computer programming. The 
laser can affect materials with a complex shape. Since it is 
non-contact processing, it will not damage the material and 
is safe and dependable. Laser marking is a modern method 
of permanent marking. The main advantages of using a 
laser for marking are long life of the laser source, minimal 
operating costs and lack of consumables. 

The laser marking is performed by interaction of laser 
beams with surface of material, which leads to a change in 
chemical composition and microstructure of materials. In 
fact that the surface roughness of processed material can be 
precisely modulated, resulting in the formation of stripes 
and nanostructures. The introduced micro-roughness 
improves diffuse effect, which is an especially important 
feature when considering the production of diffuse 
reflectors. Laser marking and laser engraving are the most 
sought-after identification methods and have successfully 
replaced inkjet markings and labels. 

C75 is a standard Euronorm high carbon spring steel. It 
has a carbon content of 0.7-0.8% making it a multi-purpose 
carbon steel with good spring properties. It has numerous 
applications such as flat or automotive springs, machine 
knife blades, hand and agricultural tools, shims, doctor 
blades. That is why it is important to mark such details, a 
fast and flexible method is laser marking. 

We have done several studies [1-6] in the field of 
changing the optical properties of marked surfaces of 
various materials. In research [1], a comparison of oxidant 
films formed on the surface of stainless-steel during laser 
treatment and heating in a furnace is presented. The optical 
properties of samples were investigated using a 
spectrophotometer. The reflectance spectra in the 
experiment were varied in the wavelength range 190–900 
nm. Coloration of the treated area was seen at different 
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laser parameters. The effects of laser irradiation on the 
surface microstructure and optical properties of ZnO films 
were investigated experimentally in [2]. X-ray diffraction 
(XRD) and atomic force microscopy (AFM) measurements 
have shown an improvement in crystalline quality with 514 
nm Ar+ laser irradiation. After laser irradiation, a 
significant increase in UV absorption and broadening of the 
optical bandgap of the films was observed. In [3] they 
studied the effect of laser irradiation on the optical 
properties of thin films of amorphous chalcogenide 
Ge12Sb25Se63. The structure and composition of the film 
were investigated by X-ray diffraction and energy-
dispersive X-ray analysis, respectively. The optical 
properties such as refractive index and thickness of the 
films were found from transmission spectra based on 
reverse synthesis method. In article [4], the authors 
investigated effect of laser irradiation on the structural, 
electrical, and optical properties of SnO2 films.  

The films were treated with Nd: YAG laser pulses of 
different energy densities and with different pulse numbers. 
X-ray diffraction studies were performed to investigate the 
structural changes due to laser irradiation. Optical 
transmission studies have shown that the refractive index 
changes because of laser irradiation. In [5, 6, 7], CO2 laser 
radiation on the optical properties of pure polyvinyl 
chloride was investigated. Optical properties (absorption, 
transmission, absorption coefficient, refractive index and 
optical conductivity) were investigated as a function of 
wavelength. [9, 10, 11] 

One of the factors that affect the marking, along with 
the wear resistance, clarity and clarity of the written 
symbols, is the contrast. The factors that affect the contrast 
are related to the process of interaction of the laser radiation 
with the substance and the changes that occur in the 
treatment area (fig. 1). [12, 13] 

 
Fig. 1. Main groups of factors influencing the quality of marking. 

This paper is about the study of the change of some 
optical characteristics of laser-treated samples of steel 75 
with the aim of process optimization. That makes it 
relevant.  

The purpose of the study:  

Conducting research on the influence of changing laser 
parameters on optical properties of steel 75 samples. To 

achieve the goal, the following scientific and research tasks 
are set to be solved: 

1) To analyse the influence of the step Δx in raster 
marking on the change of reflectance and contrast 

2) To analyse the influence of the pulse repetition 
rate v on the reflection coefficient ρ and the contrast 

II. RESEARCH MATERIALS AND METHODOLOGY 

A. Materials 
The experimental work conducted was on C75 carbon 

steel samples. It is a carbon structural steel and belongs to 
the „spring-spring steel” subgroup. Its composition (shown 
in table 1), together with other structural steels, is shown in 
several literary sources - mainly reference books [7]. Steel 
is actively used in various industrial sectors to produce 
clutch discs, springs of assorted sizes, engine valves and 
other parts working in conditions of friction and exposed to 
vibration. Also, steel is used to produce cold weapons. [8] 

TABLE 1 COMPOSITION OF STEEL C 75 [8] 

Chemical 
composition 

Ni C Si Mn S Cr P 

Percentage 
content ≤0.25 0.70-

0.80 
0.17-
0.37 

0.40-
0.70 <0.05 ≤0.25 <0.04 

 

 
Fig. 2. Object of research. 

In fig. 2 shows two series of steel 75 specimens at 
different marking steps Δx and marking frequency v and 
other process parameters held constant. The individual test 
samples were made with dimensions suitable for studying 
the optical properties in a special chamber in the SPEKOL 
11 spectrometer. 

 
Fig. 3. Schematic of the laser treated surfaces. 
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Fig. 3 shows a diagram of the chosen methodology. The 
first series of experiments were prepared seven samples of 
steel 75 were laser marked with Fiber laser with the 
parameters showed in table 2. 

TABLE 2 PARAMETERS OF LASER-MARKED WAFERS FROM THE FIRST 
TEST SERIES 

Parameters Sequence of the Marked Plates According to 
the Research Methodology 

Power P, W 15 
The pulse 
repetition rate v, 
kHz 

40 

Pulse duration 
τ, ns 100 

The bitmap step 
Δx, mm 0.015 0.02 0.025 0.030 0.035 0.040 0.045 

 

The second series of experiments is with eight marked 
plates of steel 75 with laser marking parameters showed in 
table. 3. 

TABLE 3 PARAMETERS OF LASER-MARKED PLATES FROM THE SECOND 
SERIES OF RESEARCH 

Parameters Sequence of the Marked Plates According 
to the Research Methodology 

Power P, W 15 
Pulse duration τ, ns 100 
The bitmap step Δx, 
mm 0,03 

The pulse repetition 
rate v, kHz 40 30 40 60 80 100 150 

B. Apparatus used in the study 
a. Equipment for laser marking of samples 

The samples were marked with Fiber laser, the 
parameters of which are described in table 2 and table 3. In 
fig. 4 shows the laser used to mark the metal plates, and fig. 
5 shows the principal diagram of creating the laser radiation 
with the Fiber laser. 

 
Fig. 4. Fiber Laser from the trials. 

The main parameters of the Fiber laser are: 

 Wavelength λ = 1,064 nm; 

 Nominal power Pn = 20 W; 

 Pulse repetition frequency ν = (40 ÷ 180) kHz; 

 Pulse duration τ = 100 ns; 

 Pulse energy Ep = 1 mJ. 

b. Apparatus for experimental studies of the reflection 
coefficient 

The measurements were carried out with a 
spectrophotometer SPEKOL 11 (fig. 5 and fig. 6) of Carl 
Zeiss, Jena, Germany. It is a single-beam 
spectrophotometer with a microprocessor. In the lower part 
of the main body there is a diffraction monochromator, and 
in the upper part, executed in the form of a module, an 
electronic part of the device connected to the current 
stabilizer for the light source - a halogen lamp. Two light-
sensitive vacuum photocells serve as radiation receivers: 
the first with spectral sensitivity in the range (340÷620) nm 
and the second with sensitivity in the red region of the 
spectrum (620÷850) nm. 

To measure the spectral reflection coefficient, the Rd/0 
attachment to SPEKOL 11 is used, in which the measured 
sample is placed - fig. 6. The Rd/0 attachment provides a 
comparative measurement of the reflectance with one of 
the CIE (International Commission on Illumination) 
recommended illumination geometries and measurement 
observation – geometry „d/0“. 

Fig. 5. Scheme of spectral reflection coefficient measurements with 
SPEKOL 11 spectrophotometer and attachment Rd/0. 

 
Fig. 6. Single-beam spectrophotometer with microprocessor 

„SPEKOL 11”. 
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To reduce the influence of the specular composition of 
the reflected flow in case of mixed reflection of the sample, 
a special screen is placed in the sphere, preventing the 
direct impact of rays from the sample on the photocell - 
fig. 6. 

The measurement of the reflection coefficient of the 
studied sample is conducted in comparison with a standard 
with a reflection coefficient close to 100 %. The materials 
recommended by the CIE are white surfaces of barium 
sulphate (BaSO4), magnesium oxide (MgO), etc., whose 
spectral reflection coefficients change slightly in the range 
of 0.95÷0.98 for the wavelengths of the visible spectrum of 
light. 

The reflection coefficient is measured by irradiating the 
metal plates with electromagnetic radiation from a halogen 
lamp with a wavelength in (450÷560) nm range with a 
wavelength 10 nm step. 

III. RESULTS AND DISCUSSION 
On fig. 7 there is a graphical dependence of the 

reflection coefficient ρ as a function of the wavelength λ. 

 
Fig. 7. Dependence of reflection coefficient as a function of 

wavelength for labelled samples at variable labelling step. 

Measurements with a spectrophotometer revealed a 
different course of in separate wavelength regions. At a 
marking step of 0.02 mm of the laser beam, the machined 
surfaces have the lowest reflectivity, and at 0.04 mm the 
highest reflectivity. When irradiating a marked plate with a 
light beam with a wavelength λ of (500÷550) nm, a uniform 
contrast is observed on the surfaces.  

In the second series of research, we examine the zones 
of laser impact when the reflection coefficient changes in 
the range of (470÷560) nm. In fig. 8 shows the graphical 
dependence of the reflection coefficient and the 
wavelength. 

 
Fig. 8. Dependence of the reflection coefficient as a function of the 

wavelength for marked samples for the second experimental 
series. 

For laser-marked surfaces with constant parameters and 
a marking frequency of 20 to 40 kHz, the same surface 
contrast is seen in the range of (500÷540) nm, while for 
surfaces marked with laser frequencies higher than 60 kHz, 
the range is more-wide (500÷550) nm. Marked surfaces 
with a frequency higher than 60 kHz in the studied range, 
there is no significant difference in the reflection 
coefficients. It was found that as the marking frequency 
increases, the reflection coefficient increases. 

For laser-marked surfaces was determined contrast by 
measuring the sample with unmarked surface saturation of 
the resulting marking surface. The contrast of the marking 
was determined by the formula (1). 

𝑘𝑘 = 𝑁𝑁𝑓𝑓−𝑁𝑁𝑥𝑥
𝑁𝑁𝑓𝑓

∗ 100%                         (1) 

where: 

𝑁𝑁𝑓𝑓- background of unmarked surface 

𝑁𝑁𝑥𝑥-  the saturation of the resulting mark 

On fig. 9 there is a graphically presents the dependence 
of the contrast on marked samples for the first experimental 
series. 

 
Fig. 9. Dependence of the contrast k of the mark on the step ∆x for a 

sample of carbon steel C 75. 
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On fig. 10 as the marking step increases to 0.04 nm, the 
contrast decreases at both λ=470 nm and λ=550 nm 
SPEKOL irradiation. 

 
Fig. 10. Dependence of the contrast k of the mark on the frequency v, 

kHz for a sample of carbon steel C 75. 

IV. CONCLUSION 
The research we present relationship between 

reflectance in marking area as laser parameters change. The 
relationship between reflection coefficient and raster 
marking step Δx in range of 0.015 mm to 0.06 mm of laser 
impact area was also analysed. The influence of repetition 
frequency of pulses in range of 20 kHz to 180 kHz on 
reflection coefficient with irradiation of a light beam with 
a wavelength of (450÷560) nm on marked area was 
analysed. The variation of contrast during irradiation of 
marked surfaces with certain parameters was studied. A 
study of the influence of technological parameters on 
reflection coefficient, made on steel plates 75, contributes 
to reflectivity of marked surfaces, for example, for 
camouflage of various military objects. In further research, 
we will prepare a mathematical model on the current 
research as the authors in [14, 15, 16, 17, 17, 18]. 
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Abstract. The rational use of lasers as sources of radiation is 
also related to the development of optical systems for 
conversion of laser radiation. One of the ways to convert the 
laser radiation is related to its collimation, changing the 
cross-section and changing the divergence. This article 
presents a methodology for designing two component optical 
systems to reduce the divergence of laser beams.  Ready-
made optical elements were used, with which three different 
configurations were created and analyzed. The optical design  
was developed and subsequent optimization was performed. 
The resulting system has diffraction-limited quality of the 
outgoing laser beam and small dimensions. 

Keywords: beam divergence, beam expander, laser, optical 
design. 

I.INTRODUCTION 
Laser radiation has specific properties such as 

coherence, high monochromaticity, high focus, high 
spectral and surface power. These properties of lasers allow 
the development of highly efficient devices and machines, 
fundamentally different from those operating with thermal 
sources of radiation  [1] – [6]. In recent decades, lasers have 
expanded their application in technological processes 
related to machining of metals and alloys, such as: marking, 
engraving, cutting, drilling, scribing, etc. 

An important part of laser technological installations is 
the optical system which affects the capabilities and 
characteristics of the entire device. Therefore, in order to 
use lasers rationally in various technological processes, it 
is necessary to develop optical systems for converting laser 
radiation [7], [8]. The most common way to convert laser 
radiation is to focus it into a spot of minimal diameter [9], 
[10]. Such a spot may be the waist of a beam focused by a 
corresponding optical system. Direct use of focusing 
optical systems, in most cases, does not give an optimal 
result. In order to obtain a spot of minimum size, it is 

necessary to first reduce the divergence of the laser beam 
and then to focus it. 

II.EXPOSITION 

A. Principles of focusing powerful laser radiation  
For the efficient operation of the technological lasers, it 

is necessary that the required radiation power density in the 
material processing area is reached.  

Changes in intensity are related to changes in the spatial 
width of the beam. They are caused by the diffraction and 
refraction of the beam by optical elements. To assess the 
effect of the laser radiation on the materials being 
processed, it is necessary to know the intensity of the beam 
at the focus and in the vicinity of the focus.  

The transverse intensity distribution of a Gaussian 
beam operating in the fundamental mode 00TEM is given 
by the expression 

𝐼𝐼(𝑟𝑟) = 𝐼𝐼(0) ⋅ 𝑒𝑒−2�
𝑟𝑟
𝜔𝜔�

2

                      (1) 

where: r is a radial distance from the axis of the beam; ( )rI  
and ( )0I are the intensity of the beam at distance r  and the 

axis ; ω  is beam radius at which the intensity decreases 2е  
times. 

The beam waist at the output of the laser has a radius of 
𝜔𝜔0 and is usually located inside the resonator. Outside the 
resonator, the width of the beam increases due to the 
increase in the distance and the diffraction. The Gaussian 
distribution of the beam is preserved, but divergence θ  
appears.  

𝜃𝜃 =
𝜆𝜆

𝜋𝜋𝜔𝜔0
                                   (2) 
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Suppose this laser beam is focused by means of a single 
lens (Fig.1).  

 
Fig. 1. The intensity distribution of a Gaussian beam 

before and after lens. 

The diameter of the beam waist after the lens depends 
on the aberrations of the lens and the diffraction and is 
determined by the formula:  

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜔𝜔′
0 = 𝑀𝑀2𝑓𝑓′

4𝜆𝜆
𝜋𝜋𝜔𝜔0�������

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

     +
𝑘𝑘𝐷𝐷3

𝑓𝑓′2�
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

     (3) 

where:  𝑀𝑀2 – beam quality factor;  𝑓𝑓′ - focal length of the 
focusing lens; 𝐷𝐷 – diameter of the beam entering the lens; 
𝑘𝑘 – coefficient dependent on the lens aberrations.   
 For the Gaussian beam in mode 00TEM 𝑀𝑀2 = 1. Due 
to the axial propagation of laser beams, it can be assumed 
that off-axis aberrations are absent and only the spherical 
aberration is relevant. For a plano-convex lens the 
coefficient 𝑘𝑘 = 0,067. Then from (2) and (3) it follows 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 = 2𝜔𝜔′
0 = 2𝜃𝜃𝜃𝜃′�

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

  +  
0,067𝐷𝐷3

𝑓𝑓′2�����
𝐴𝐴𝐴𝐴𝑒𝑒𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

      (4) 

 Expression (4) shows that there are 3 factors that affect 
the size of the laser spot: 

• Focal length of the focusing lens 𝑓𝑓′. A decrease in 
𝑓𝑓′  leads to a decrease in the diffraction phenomena, and a 
corresponding decrease in the size of the laser spot.  At the 
same time, as the focal length of the focusing lens decreases 
the spherical aberration increases. Obviously, the decrease 
in 𝑓𝑓′   affects the spot size in various directions and at 
different rates. The decrease of the spot size due to the 
decrease of the focal length is proportional to the firs power 
of  𝑓𝑓′ .  The increase of the spot due to the increase of the 
spherical aberration is proportional to the second power of  
𝑓𝑓′2. 

• Divergence of the input laser beam 𝜃𝜃. A decrease 
in 𝜃𝜃 leads to a decrease in the diffraction phenomena, and 
consequently to a decrease of the size of the laser spot.    

• Diameter 𝐷𝐷  of the laser beam incident on the 
focusing lens. The increase of 𝐷𝐷 has a double effect.  On 
the one hand, it leads to an increase in the spherical 

aberration, and on the other hand to a decrease in 
diffraction.   

 Reducing 𝑓𝑓′ is not a rational way to minimize the laser 
spot because it results in a decrease in the depth of the beam 
waist displacement, and accordingly limits the capabilities 
of the technological process. An effective way to achieve 
this goal is to use a focusing system composed of two 
groups. The first group simultaneously reduces the 
divergence and increases the diameter of the beam [11] – 
[14].  Generally, this is a collimating optical system.  The 
second group focuses the laser beam thus formed into a 
spot of minimal size. A lens composed of one or more 
lenses can be used. The goal of this study is to 
develop a collimating system to reduce divergence of laser 
beams. 

B. Selecting the type of the collimating system  
There are two types of collimating systems, designated 

here as Type 1 and Type 2 (Fig. 2).   

 
Fig. 2. Scheme of laser processing of materials. 

• Type 1. A one-component collimating system, 
which can be composed of one or several lenses. The waist 
of the beam should be positioned at the front focus of the 
collimator. The divergence after the collimator is 
determined by   

𝜃𝜃′ = �
2𝜆𝜆
𝜋𝜋𝑟𝑟𝑘𝑘′

=
𝜔𝜔0

𝑓𝑓𝑘𝑘′
                         (5) 

where: 𝑟𝑟𝑘𝑘′ - confocal parameter of the beam after the 
collimator; 𝑓𝑓𝑘𝑘′- focal length of the collimator.  
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It follows from expression (5) that in order to achieve 
low divergence, the confocal parameter must be increased, 
which in turn leads to an increase in the focal length of the 
collimator.  This is an unacceptable solution because it 
significantly increases the overall dimensions of the 
system.  

• Type 2. Two-component collimating system 

The dimensions of the collimating system can be 
greatly reduced if it is made up of two components [15] – 
[17].  The first component focuses the beam and minimizes 
the size of the waist. It must therefore have a relatively 
short focal length  𝑓𝑓1′ . The first component can be positive 
or negative. The use of a negative component is preferable 
because it reduces the overall size of the system, the 
appearance of unwanted thermal phenomena is avoided 
due to the absence of an intermediate real image, and in 
such a system it is easier to correct for spherical aberration. 
The second component is positive. It is intended to reduce 
the divergence of the laser beam. For this purpose, it must 
first have a relatively greater focal length 𝑓𝑓2′  and secondly, 
be positioned so that its front focus coincides with the 
image of the waist from the first component. 

Galileo’s inverted telescopic system (beam expander) 
most fully meets the conditions for a two-component 
collimating system.    

C. Development of a two-component collimating system 
The beam divergence depends on the angular 

magnification of the collimating system 𝑀𝑀𝑀𝑀  which is 
determined by the ratio between the focal lengths of the two 
components.    

𝑀𝑀𝑀𝑀 = −
𝑓𝑓1′

𝑓𝑓2′
= �

𝑧𝑧𝑘𝑘
𝑧𝑧𝑘𝑘′

=
𝜃𝜃′

𝜃𝜃
=
𝜔𝜔0
′

𝜔𝜔0
              (6) 

where:  𝑧𝑧𝑘𝑘  and  𝑧𝑧𝑘𝑘′  are the confocal parameters of the beam 
before and after the collimating system.  

Expression (6) shows that in order to reduce the 
divergence it is necessary that  𝑀𝑀𝑀𝑀 < 1 . This is achieved 
by proper selection of the focal lengths 𝑓𝑓1′ and 𝑓𝑓2′ , which 
results in the required ratio between the confocal 
parameters of the beam, which in turn causes a decrease in 
the divergence and an increase in the size of the beam waist 
after the collimating system.     

Expression (6) is true for a precisely focussed Galilean 
telescopic system, i.e. for one where the back focus of the 
first component coincides with the front focus of the second 
component.  Strictly speaking, after the first component of 
the collimating system the waist of the beam does not 
coincide with its back focus. Therefore, to minimize the 
divergence it is necessary to defocus the Galilean system 
and place the front focus of the second component at 
distance  ∆    from the back focus of the first component, so 
that it coincides with the image of the waist from the first 
component: 

∆= 𝑧𝑧1′ = −
𝑧𝑧1𝑓𝑓1′2

𝑧𝑧12 + 𝑧𝑧𝑘𝑘12
4�

                     (7) 

where: 𝑧𝑧1 – distance from the beam waist after the laser to 
the front focus of the first component of the collimating 
system; 𝑧𝑧1  – distance from the beam waist after the first 
component to its back focus; 𝑧𝑧𝑘𝑘12  – confocal parameter 
before the collimating system.  

It is assumed that the type of the laser and its parameters 
are known: 𝜆𝜆, 𝜔𝜔0 = 𝜔𝜔1 , 𝜃𝜃 = 𝜃𝜃1, 𝑟𝑟𝑘𝑘 = 𝑟𝑟𝑘𝑘1. The design of 
the two-component collimating system was developed in 
the following sequence:    

a) Determining the angular magnification   𝑀𝑀𝑀𝑀  by 
expression (6).  

b) Determining the diameter 𝐷𝐷1  of the first 
component.   

𝐷𝐷1 ≥ 2𝜔𝜔0�1 +
2𝑠𝑠1
𝑟𝑟𝑘𝑘2

                      (8) 

where 𝑠𝑠1 is the distance between the laser waist and the 
principal planes of the first component of the collimating 
system.   

 
Fig. 3. Scheme of laser processing of materials. 

c) Determining the focal length of the first 
component 𝑓𝑓1′   so that, for aberration reasons, the focal 
number of the collimating system meets the condition 
𝐹𝐹/𝑁𝑁 > 4.     

d) Determining the defocus of the Galilean system by 
expression (7). 

e) Determining the confocal parameter of the beam 
𝑟𝑟𝑘𝑘1′  after the first component  
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rk1′ =
𝑟𝑟𝑘𝑘1𝑓𝑓1′2

𝑧𝑧12 + 𝑧𝑧𝑘𝑘12
4�

                      (9) 

f) Determining the beam waist 𝜔𝜔01
′   after the first 

component   

ω01
′ = �𝜆𝜆𝑟𝑟𝑘𝑘1

′

2𝜋𝜋
                         (10) 

g) Determining the focal length of the second 
component  𝑓𝑓2′ 

𝑓𝑓2′ =
𝑓𝑓1

,𝑟𝑟𝑘𝑘1
𝑀𝑀𝑀𝑀�4𝑧𝑧12 + 𝑟𝑟𝑘𝑘12

                  (11) 

h) Determining the diameter 𝐷𝐷2  of the second 
component    

𝐷𝐷2 = 2𝜔𝜔01
′ �1 − �

2𝑓𝑓2′

𝑟𝑟𝑘𝑘1′
�
2

              (12) 

D. Results 
A two-component collimating system was developed 

for a Nd-YAG laser with a wavelength 𝜆𝜆 = 1,064 𝜇𝜇𝜇𝜇 and 
a beam waist diameter 2𝜔𝜔0 = 3 𝑚𝑚𝑚𝑚 . The angular 
magnification of the collimating system  is 𝑀𝑀𝑀𝑀 = 0,2𝑥𝑥 , 
which results in a 5 times increase in beam width .  

In order to simplify the design and reduce the price, 
ready-made optical elements  [18], [19] from the Edmund 
Optics catalog were used. For Lens 1 and  Lens 2 from Fig. 
3 are chosen negative plano-concave and positive plano-
convex singlet respectively. To reduce spherical aberration, 
rays enter the lenses through their flat surfaces. Three 
configurations of collimating systems have been developed 
that use lenses with different focal lengths. These 
configurations are optimized using the OSLO optical 
software.  

 
Fig. 4. Wavefront analysis of configuration 2. 

The distance between Lens 1 and Lens 2 was used as a 
variable parameter. The distance 𝑡𝑡 and the total length of 
the collimating system  𝐿𝐿   were determined taking into 

account the actual thickness of the lenses. As an 
optimization criterion were used  the RMS wavefront error 
(Marechal criterion), the peak-to-valley (P-V) wavefront 
error (Rayleigh criterion) and RMS spot size in the image 
plane (Airy disc criterion). 

TABLE 1 THE PARAMETERS OF THE THREE CONFIGURATIONS 
COLLIMATING SYSTEMS 

 

Rayleigh criterion                𝑊𝑊𝑃𝑃−𝑉𝑉 <
𝜆𝜆
4

Marechal criterion              𝑊𝑊𝑅𝑅𝑅𝑅𝑅𝑅 <
𝜆𝜆

14

 Airy disc criterion           𝛽𝛽𝑅𝑅𝑅𝑅𝑅𝑅 << 𝛽𝛽𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

    

⎭
⎪⎪
⎬

⎪⎪
⎫

   (13) 

 In table. 1 shows the parameters of the three 
configurations and the results of their evaluation according 
to these criteria. 

• The worst quality is in the configuration 1, which 
is made up of lenses with small focal lengths. This 
configuration does not meet any of the criteria (13) 

• In configuration 2, the first lens is Fused Silica. 
This is a compact system with the same small focal lengths. 

• Configuration 3 scores many times over criteria 
(13), but its dimensions are the largest. 

Configuration 1 2 3 

Le
ns

 1
 

𝒇𝒇𝟏𝟏′ , mm -12 -12 -24 

𝑫𝑫𝟏𝟏, mm 6 6 12 

Catalog № #45-008 #45-698 #45-016 

Glass N-BK7 Si  N-BK7 

Le
ns

 1
 

𝒇𝒇𝟐𝟐′ , mm 60 60 120 

𝑫𝑫𝟐𝟐, mm 25 25 30 

Catalog № #45-127 #45-127 #45-243 

Glass N-BK7 N-BK7 N-BK7 
C

ol
lim

at
in

g 
   

sy
st

em
 

𝒕𝒕, mm 45,72 45,79 93.9 

𝑳𝑳, mm 51,92 52,49 103.4 

𝑾𝑾𝑹𝑹𝑹𝑹𝑹𝑹, waves 0,08024 0,04502 0,008107 
Marechal 
criterion 0,071 0,071 0,071 

𝑾𝑾𝑷𝑷−𝑽𝑽, waves 0.2612 0,1559 0,02675 
Rayleigh 
criterion 0.25 0.25 0.25 

Spot radii  
𝜷𝜷𝑹𝑹𝑹𝑹𝑹𝑹,mrad 0,139 0,065   0,019 

Airy radii 
𝜷𝜷𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨,mrad 0,084       0.083       0.086       
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Fig. 5. Spot diagram analysis of configuration 2 

Table 1 shows that configurations 2 and 3 are 
diffraction limited. Configuration 2 can be accepted as 
optimal. In Fig. 4 and Fig. 5 is shown evaluation of its 
wavefront and spot diagram. 

III. CONCLUSION 
The principles of laser beam focusing are investigated. 

For increasing the intensity of the laser beam into a small 
spot, it is first necessary to expand it and reduce its 
divergence. A two-component collimating system has been 
developed, which is based on Galileo's inverted afocal 
system. Ready-made optical elements were used, with 
which three different configurations were created and 
analyzed. The resulting optical systems are optimized to 
minimize the peak-to-valley (P-V) wavefront error, RMS 
wavefront error and the RMS spot size. Configuration 2 
was chosen as optimal because it fulfills these quality 
criteria and at the same time the focal lengths and 
dimensions are small.  
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Abstract. The development of marking technologies for 
telecommunications connectors requires increasingly 
detailed information about their applications. One solution is 
to use QR codes that contain sufficient information about the 
connectors' applications. Accurate marking of connectors 
requires a precise marking system, such as a laser marking 
system. In this study, a Rofin PowerLine F20 Varia fiber 
laser was used to mark four different types of ABS plastic 
connectors in various colors. To achieve optimal marking for 
all four colors, three experiments were conducted to achieve 
contrasting marking and high roughness. Easy QR code 
reading was achieved with an average marking power of 3 W 
to 4.2 W, a laser marking speed of 300 mm/s to 500 mm/s, and 
a scanning frequency of 50 kHz to 70 kHz at a constant pulse 
duration of 8 ns and raster spacing of 50 µm. The 
microstructural changes and change in roughness were 
determined using a laser scanning microscope (Olympus 
OLS5000), which revealed structural changes on the surface 
and an increase in relative roughness from 39% to 76%. This 
experiment shows that different parameters of the laser 
marking mode are required for each color. 
 
Keywords: ABS plastic, Contrast, Fiber laser marking, QR 
code, Roughness. 

I. INTRODUCTION 
Labeling is used for various goods and products today. 

It is necessary to identify parts and different products. 
Thanks to the marking, the manufacturer controls the 

quality of the product and the consumer has the opportunity 
to obtain a quality guarantee, as well as to find out the 
characteristics and parameters of the purchased goods. 
Laser marking of materials is most often used in 
companies, because it is the fastest and most efficient way 
to mark products in large volumes [1]-[2]. Also, laser 
marking leaves a deep mark on the product, which is 
standard in many industries. Therefore, these marks cannot 
be removed without mechanical damage to the product. 
That is why the company can prevent unauthorized access 
to the product, mark the expiration date and improve the 
quality of the product. For example, a quick response (QR) 
code, which is a two-dimensional matrix barcode 
containing information about the object to which it is 
attached, can be used for this purpose. A QR code uses four 
standardized encoding modes (numeric, alphanumeric, 
binary, and kanji) to efficiently store data [3]. Laser 
marking is based on changes in the surface structure of the 
material being processed. Usually, this process is 
associated with the evaporation of material particles, as a 
result of which the marking appears as an indentation on 
the surface of the material. There is also another marking 
method, when the surface of the material is melted, in this 
way the morphological and structural changes of the 
surface occur, which creates a strongly pronounced 
marking effect [4]. 

https://doi.org/10.17770/etr2023vol3.7263
https://creativecommons.org/licenses/by/4.0/
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Laser marks can be obtained using both thermal and 
thermal modes of beam-material interaction. Each thermal 
mechanism is characterized by a temperature rise that 
ranges from heating, melting, and vaporization [5]-[6]. The 
effects of material properties (such as absorptivity and 
melting point) and marking parameters (such as power 
density, focal position and marking speed) on mark 
readability characteristics (such as mark contrast and mark 
width) are reviewed [7]-[8]. Advances in direct laser 
marking of plastics provide unprecedented marking 
quality, contrast and speed. When used correctly, laser 
marking can provide many manufacturing benefits and 
improve product appearance and function [9]. To obtain 
high-quality images, knowledge of the interaction of the 
laser with plastic is necessary. [10]-[11]. A fiber laser was 
used for the experiments, it is a class of solid-state lasers in 
which the amplification medium is an optical fiber. Fiber 
lasers have been a key technology in the field of solid-state 
lasers since the first proposal to use an optical fiber as a 
laser mode selector. Stimulated emissions from the 
amplifying fiber coherently amplify the signal as the signal 
oscillates between two signal reflectors [12]-[13]. 

The purpose of the present study is to determine the 
influence of the color of the surface of the studied samples 
(telecommunications connectors), how it affects the 
marking process under the same conditions, technological 
parameters of the laser. 

II. MATERIALS AND METHODS 
ABS (acrinotrile-butadiene styrene) plastic-impact-

resistant technical thermoplastic resin based on 
acrylonitrile copolymer with butadiene and styrene was 
used for the experiments. The proportions vary: 15 - 35 % 
acrylonitrile, 5 - 30 % butadiene and 40 - 60 % styrene. A 
characteristic softening temperature is 150 - 160 °C and a 
boiling point of 245 °C. This material is actively used in 
many industrial and scientific sectors.  

 
Fig. 1. Determining the value of the contrast marking on collor 

connectors using Photoshop. 
 

This material is actively used in many industrial and 
scientific sectors, such as chemical industry, construction 
industry, automobile industry, household appliances, 
electronic connecting connectors and other related fields 
[14]-[16]. Plastic connectors designed for optical fibers 
with four different colors - blue, cream, green and fuchsia 
- were used for the research (Fig.1). 

The goal is to establish laser marking modes that 
provide contrast with an easily readable Q code. The Rofin 
PowerLine F20 Varia laser system (Fig.2) with a 
wavelength of 1064 nm was used for the experiments. The 
technological capabilities of the system are average power 
20 W, pulse duration from 4 to 200 ns and pulse repetition 
frequency from 2 to 1000 kHz, line step from 1 µm to 120 
mm and speed from 1 mm/s to 2000 mm/s. The maximum 
marking area is 120 mm × 120 mm. 

 
Fig. 2. Fiber laser Rofin PowerLine F20 [17]. 

 
Three marking constant parameters are pulse duration 8 

ns and line pitch 5 µm, diameter of working spot d = 40 
µm, defocusing Δf = 0 mm and number of repetitions 1 for 
the fabricated matrices. In the first experiment, three 
marking speeds 300 mm/s, 400 mm/s, and 500 mm/s were 
selected, where the pulse energy (Ep) (1) and peak power 
(Pp) (2) were constant 60 µJ and 7.5 kW, respectively and 
line density Nx 20 µm-1 (3), intensity (Ip) 11.94 W/µm² (5), 
energy or fluence (Fp) 0.096 µJ/µm² (6). The pulse density 
(Ny) (4) values for the three speeds are changed to 200 mm-

1, 150 mm-1 and 120 mm-1, respectively. 

   𝐸𝐸𝑝𝑝 = 𝑃𝑃
𝑓𝑓

[µJ]    (1) 

  𝑃𝑃𝑝𝑝 = 𝐸𝐸𝑝𝑝
𝜏𝜏

[kW]   (2) 

  𝑁𝑁𝑥𝑥 = 1
𝛥𝛥𝛥𝛥

[mm−1]     (3) 

  𝑁𝑁𝑦𝑦 = 𝑓𝑓
𝑣𝑣

[mm−1]     (4) 

  𝐼𝐼𝑝𝑝 = 2×𝑃𝑃𝑝𝑝
𝜋𝜋×𝑤𝑤2 [W/μm2] (5) 

  𝐹𝐹𝑝𝑝 = 2×𝐸𝐸𝑝𝑝
𝜋𝜋×𝑤𝑤2 [µJ/μm2] (6) 

  𝐸𝐸𝑒𝑒𝑒𝑒 = 𝑃𝑃×𝑓𝑓
𝑣𝑣2

[µJ]  (7) 

Where Ep – pulse energy, P - average power, f - 
scanning frequency, Pp - peak power, τ - pulse duration, Δx 
- line pitch, v - scanning in marking speeds, Ip – intensity, 
w - focal spot radius, Fp - density or fluence and Eef - 
efficient energy. 
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In the second experiment, the changing parameter is the 
scanning frequency 50 kHz, 60 kHz and 70 kHz and the 
scanning speed is a constant 400 mm/s. In this case, the 
pulse energy (Ep) 60 µJ and peak power (Pp) change and 
7.5 kW, respectively. The parameter line density (Nx) 20 
mm-1, intensity (Ip) according to the scanning frequency 
respectively 11.94 W/µm², density or fluence (Fp) 0.096 
µJ/µm². The values of pulse density (Ny) for the three 
frequencies change to 125 mm-1, 150 mm-1 and 175 mm-1, 
respectively. 

In the third experiment, the average power (P) is 
changed by 50 %, 60 % and 70 % (3.0 W, 3.6 W and 4.2 
W). In an experiment, it will lead to constant values of 
pulse density (Ny) 150 mm-1 and line density (Nx) 20 mm-1 
for the three average powers. For pulse energy (Ep), peak 
power (Pp), intensity (Ip) and density or fluence (Fp) change 
depending on the average power (P) 3.0 W, 3.6 W and 4.2 
W respectively pulse energy (Ep) 50 µJ, 60 µJ and 70 µJ, 
peak power (Pp) 6.25 kW, 7.5 kW and 8.75 kW, intensity 
Ip 9.95 W/µm², 11.94 W/µm² and 13.93 W/µm², density or 
fluence Fp 0.0796 µJ/µm², 0.0955 µJ/µm² and 0.1115 
µJ/µm². 

After laser marking, the colored connectors (Fig.1) 
were scanned with a 2D scanner HP Scanjet G3010 to 
determine the contrast. To get my good image, the scan 
mode was at 2400 dpi, contrast 80 % and saved in *.tiff 
format. The digital image is inserted into Photoshop to 
measure the resulting mark. Sampling of the unmarked and 
marked area is done at an area of 11x11 pixels in order to 
average the measurement. The obtained values for each 
measured area are recalculated according to equation (8) 
for contrast against the background in percentages: 

𝑘𝑘 ∗= 𝑁𝑁𝑛𝑛−𝑁𝑁𝑓𝑓
𝑁𝑁𝑓𝑓

× 100%    (8) 

where Nf is measured background value, Nn measured 
value in a laser-marked area. 

Roughness measurements and the resulting 
microstructure were examined with an Olympus model 
"OLS5000" laser microscope (Fig.3). The obtained 
microstructural images were carried out using a 10× 
objective, magnification 227×, as the examined area for 
each measurement 1280×1280 µm with a measurement 
accuracy of ± 2.0 µm. From the obtained 3D images with 
the laser system of the microscope, the roughness Ra and Rz 
perpendicular to the marking lines with a length of 1280 
µm, and the roughness Rq for the entire examined area 
1280×1280 µm were measured. The obtained values are 
plotted in tables and graphical dependences of changes in 
roughness depending on speed and step during surface laser 
processing are shown. The built dependencies are 
presented in the results. 

 
Fig. 3. Olympus OLS5000 [18]. 

Determination of the percentage change in roughness 
after laser marking is determined by the dependence: 

𝑅𝑅∗ = 𝑅𝑅𝑛𝑛−𝑅𝑅𝑓𝑓
𝑅𝑅𝑓𝑓

× 100%    (9)  

where: Rn is the roughness in the laser marked area, Rf 
is the roughness in the unmarked area of the sample.  

III. RESULTS AND DISCUSSION 
For the contrast analysis, comparison plots were 

constructed for the three experiments of the four colors 
connectors and presented in (Fig.4) for the effect of the 
average power on laser marking, (Fig.5) for the effect of 
speed on laser marking and (Fig.6) for the effect of the 
frequency of laser marking. 

A. The influence of power on contrast 
With changing average power, it is found that the 

connector with Cream color has the highest contrast 
reaching from 39.58 % to 46.88 % compared to the 
background (Fig.4). A high contrast value is achieved at a 
power of 4.2 W. With the blue connector, maximum 
contrast (16.67 %) against the background is also achieved 
at the maximum experimental power (4.2 W). With the 
remaining two connectors Green and Fuchsia, the 
maximum contrast is obtained at 3.6 W, 27.94 % and 21.95 
%, respectively. It should be noted that the resistor needs to 
be tested at higher wattages than 4.2 W for the Blue and 
Cream connectors. 

 
Fig.4. Comparison of power contrast. 
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Fig.5. Comparison of speed contrast. 

B. The influence of speed on contrast 
In the varying laser marking speed experiment, high 

contrast for the Cream, Green and Fuchsia connectors is 
obtained at a speed of 400 mm/s (Fig.5). While for the blue 
connector, maximum contrast is obtained at a speed of 500 
mm/s. The highest contrast is again obtained for the 
connector with the color Cream 45.83 %, then for Green 
27.94 % and Fuchsia 21.95 %. The pro blue connector has 
a contrast of 19.44%, which is the lowest value compared 
to the other connectors. And in this experiment, it is 
necessary to investigate at higher speeds to obtain a higher 
contrast of the blue connector. 

 
Fig.6. Comparison of frequency contrast. 

C. The influence of frequency on contrast 
 In the last experiment for climbing marking of colored 

connectors with varying scanning frequencies of 50 kHz, 
60 kHz and 70 kHz, comparative contrast variation 
diagrams were constructed and presented in (Fig.6). At 60 
kHz, the Cream, Green and Fuchsia connectors have 
maximum contrast, and the blue connector at 50 kHz. In the 
third experiment, the Cream color connector has the highest 
contrast 45.83 %. Next with high contrast is the connector 
with the color Green 27.94 %, and Fuchsia has a contrast 
of 21.95 %. The lowest contrast is again obtained for the 
blue connector 19.40 %, but this is the highest value at the 
three frequencies examined. In order to increase the 
resistance of the blue connector, it is necessary to conduct 
experiments at lower frequencies, which tendency is also 
established by the graphical dependence (Fig. 6). 

 The change in the roughness after laser marking 
compared to the roughness before marking also has an 
effect on the easy reading of the marking. For this purpose, 
comparative diagrams were built for the four colored 
connectors when the average power varied from 3.0 to 4.2 
W (Fig.7), the speed from 400 to 600 mm/s (Fig.8) and the 
frequency from 50 to 70 kHz (Fig.9 ). 

D. The influence of power on roughness 
 The results of the comparison with power variation 
show that the power variation affects the roughness of the 
connectors (Fig.7). The highest percentage of change in 
roughness is found for the Cream connector Rz* = 99.44 % 
at an average power of 4.2 W. In this case, the effective 
energy is the highest (Eef = 1.58 µJ) for the conducted 
experiment. For the connector with blue color, the highest 
roughness is also achieved at 4.2 W (Rz* = 55.50 %), and 
the effective energy is the same (Tabl.1). An interesting 
trend for the variation of roughness is obtained for the 
Fuchsia color connector, with the maximum roughness 
being achieved at a lower average power of 3 W, where Rz* 
= 45.12 %. As the power increases to 4.2 W, the roughness 
decreases to Rz* = 8.93 %. The maximum effective energy 
for high roughness in this experiment is 1.13 µJ at a core 
power of 3 W. 

 
Fig.7. Surface roughness at average power changes. 

With the Green connector, the maximum roughness (Rz* = 
27.59 %) is achieved at an average power of 3.6 W, where 
the effective energy is 1.35 µJ. At the remaining two power 
values, the roughness is lower. For reading the mark in this 
power change experiment, one can mainly rely on the 
resulting contrast mark and good roughness. The main 
reason for the increase in roughness is the increase in pulse 
energy (Ep), peak power (Pp) and intensity (Ip) and density 
or fluence (Fp) with an increase in average power.  
 

TABLE 1. CHANGE OF EFFECTIVE ENERGY ACCORDING TO 
THE AVERAGE POWER, SCAN FREQUENCY AND SPEED 
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E. The influence of speed on roughness 
 In the experiment with varying the speed of 300 mm/s, 
400 mm and 500 mm/s, the roughness is varied according 
to the color of the connector (Fig.8). At the low scan speed 
of 300 mm/s, the Blue and Green connectors have the 
highest roughness changes, Rz* = 47.75 % and Rz* = 39.71 
%, respectively, where the effective energy in this 
experiment is 2.4 µJ. With the Cream connector, the 
maximum roughness (Rz* = 76.16 %) is obtained at a 
scanning speed of 400 mm/s, which is the highest for the 
entire experiment. The effective energy at this rate is 1.35 
µJ. For the Fuchsia connector, the roughness variation has 
the lowest values for the experiment. A maximum value of 
the roughness (Rz* = 35.05 %) is obtained at 500 mm/s, 
where the effective energy is lowest for the experiment 
0.864 µJ. This shows that for the Fuchsia connector, the 
absorbed energy at constant values of 60 kHz and average 
power of 3.6 W results in lower roughness changes. 

 
Fig.8. Surface roughness for speed change. 

F. The influence of frequency on roughness 
 In a frequency change experiment, a variable parameter 
is the pulse density in line (Ny), which at 50 kHz is 125 mm-

1, 60 kHz is 150 mm-1, and 70 kHz is 175 mm-1. This change 
in pulse density in a line affects the change in roughness. 
The highest relative roughness change from baseline 
roughness in this experiment is achieved at the 70 kHz scan 
rate for the Blue, Cream, and Fuchsia connectors, where 
Rz* = 49.48 %, Rz* = 76.73 %, and Rz* = 67.41 % 
respectively (Fig.9). In this frequency scan, the ejective 
energy is the highest for the experiment 1.3125 µJ. Unlike 
the other connectors, the Green connector has maximum 
roughness at 60 kHz (Rz* = 27.59 %), where the effective 
energy is lower at 1.125 µJ. And in this experiment, the 
lowest values for change in roughness are found at the 
Green connector. All color connectors in this experiment 
have a result exceeding 10 % of the usable roughness. This 
result shows that the reading of the laser marking can be 
relied on the obtained contrast between the background and 
the marking and the resulting increased roughness. 

 
Fig. 9. Surface roughness at frequency changes. 

From the laser marking experiments performed, modes 
were selected that gave high contrast and large roughness 
variation for each connector. Developed a QR code for 
laser marking, exploiting the established optimal modes for 
easy reading. In (Fig.10) the marked connectors with a 
developed QR code are presented. 

 
Fig. 10. Marking the QR code. 

From the marking readability check, it was found that 
reading the markings for the Blue, Cream and Fuchsia 
connectors was very easy. While the Green color connector 
is difficult to read. In order to determine the reason for the 
difficult reading, all connectors were measured for 
roughness changes with an Olympus OLS5000 scanning 
microscope, and the results are presented in (Fig.11-14). 
From the measurement, it is found that the roughness (Rz) 
of the Blue, Cream and Fuchsia connectors are Rz = 2.089 
µm, Rz = 8.875 µm and Rz = 3.009 µm respectively. While 
the Green connector has the lowest Rz = 1.957 µm. 

To improve readability, an experiment was conducted 
with two repetitions of marking, and the measured 
roughness increased to Green Rz = 12.108 µm (Fig.15), and 
the contrast also improved. The (Fig.15) shows traces of 
melting with modification of the surface roughness. This 
made it possible to easily read the marking of QR code. 
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Fig. 11. Roughness connector Blue. 

 

 
Fig.12. Roughness connector Cream. 

 

 
Fig.13. Roughness connector Green.  

 

 
Fig.14. Roughness connector Fuchsia.  

 

 
Fig.15. Roughness connector Green, M-melting. 

IV. CONCLUSIONS 
The following conclusions and findings can be made 

from the conducted scientific research: 
• Different laser marking input parameters are required 

to obtain a contrast marking of QR code on a Blue, 
Cream, Fuchsia and Green color connector.  
- The highest contrast (k* = 83.75 %) is found at 

Cream connector at P = 4.2 W, v = 400 mm/s and f 
= 60 kHz, where Ep = 70 µJ, Pp = 8.75 kW, Ip = 
0.0139 W/µm2, Fp = 0.1115 µJ/µm2, Eef = 1.575 µJ; 

- With a Green connector, the measured contrast (k* 
= 27.94 %), which is achieved at laser surface 
marking parameters P = 3.6 W, v = 400 mm/s and 
f = 60 kHz, where Ep = 60 µJ, Pp = 7.5 kW, Ip = 
0.0119 W/µm2, Fp = 0.0955 µJ/µm2, Eef = 1.35 µJ. 
This laser marking result was not satisfactory for 
the easy reading of the QR mark. During laser 
marking with two passes, the contrast reached 
values of k* = 48.10 %, which created a 
prerequisite for easier reading of the QR code. 

- With connector Fuchsia contrast reaches maximum 
value (k* = 52.70 %) at laser marking parameters P 
= 3.6 W, v = 400 mm/s and f = 60 kHz, where Ep = 
60 µJ, Pp = 7.5 kW, Ip = 0.0119 W/µm2, Fp = 0.0955 
µJ/µm2, Eef = 1.35 µJ; 
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- The maximum contrast at the blue connector (k* = 
59.30 %) is found at laser marking parameters, P = 
3.5 W, v = 500 mm/s and f = 50 kHz, where  Ep = 
70 µJ, Pp = 8.75 kW, Ip = 0.0139 W /µm2, Fp = 
0.1115 µJ/µm2, Eef = 0.70 µJ. 
 

• In order to improve the readability of the QR code 
marking, the relative roughness (Rz*) has also been 
found to have an effect. To achieve a relative 
roughness (Rz*) change of more than 10 %, different 
laser marking input parameters are required for the four 
color connectors. 
- The largest relative roughness change (Rz* = 76.73 

%) is for the Cream connector at P = 4.9 W, v = 
400 mm/s, and f = 70 kHz, where Ep = 70 µJ, Pp = 
8.75 kW, Ny = 175.0 mm-1, Ip = 0.0139 W/µm2, Fp 
= 0.1115 µJ/µm2, Eef = 2.1438 µJ. 

- A large relative roughness change (Rz* = 49.48 %) 
for the Blue connector is achieved in laser marking 
mode P = 4.9 W, v = 300 mm/s, and f = 70 kHz, 
where Ep = 70 µJ, Pp = 8.75 kW, Ny = 233.33 mm-

1, Ip = 0.0139 W/µm2, Fp = 0.1115 µJ/µm2, Eef = 
3.8111 µJ; 

- High relative roughness change (Rz* = 67.41 %) for 
Fuchsia connector is achieved in laser marking 
mode P = 4.2 W, v = 500 mm/s, and f = 70 kHz, 
where Ep = 60 µJ, Pp = 7.5 kW, Ny = 140.0 mm-1, Ip 
= 0.0119 W/µm2, Fp = 0.0955 µJ/µm2, Eef = 1.176 
µJ; 

- Possible high relative roughness change (Rz* = 
39.71 %) for Green connector is achieved in laser 
marking mode P = 3.6 W, v = 300 mm/s, and f = 60 
kHz, where Ep = 60 µJ, Pp = 7.5 kW, Ny = 200.0 
mm-1, Ip = 0.0119 W/µm2, Fp = 0.0955 µJ/µm2, Eef 
= 2.40 µJ. 

 
These target castings give a clear idea that the color of 

the connector affects the modified contrast and roughness, 
which is directly related to the amount of absorption 
(absorption) and reflection of the effective energy. Further 
studies are needed to determine the optimal laser marking 
modes for high contrast and rudeness. It is necessary to 
determine how the overlap parameters in pulse overlap 
(Kov) and coefficient of overlap between lnie (Ksoc) affect 
the contrast of the marking and roughness. It is unassailable 
to establish the softening limits for the four connector 
colors when examining average powers, scan rates, and 
marking speeds. 
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Abstract. This study examines the effect of pre-heat treatment 
on laser engraving of aspen thermowood. We used an 
infrared CO2 laser with a wavelength of 10640 nm to engrave 
aspen thermowood samples with different pre-treatment 
temperatures, including one non-treated sample (base). The 
samples had a similar moisture content of about 8%, but 
exhibited different shades of brown depending on the pre-
treatment temperature. The engraving depth and width were 
measured for each sample, and 8 graphs were constructed to 
analyze the results. Our findings show that pre-treatment 
temperature has a significant effect on the efficiency of laser 
engraving, with higher pre-treatment temperatures resulting 
in deeper engraving lines. The study provides valuable 
insights into the optimization of laser engraving parameters 
for aspen thermowood, and demonstrates the potential of 
pre-heat treatment to improve the quality of laser-engraved 
wooden products. 

Keywords: Aspen thermally modified wood, CO2 laser 
engraving, laser processing parameters. 

I. INTRODUCTION 
The use of laser technology has become increasingly 

common in various industries since its development in the 
1960s. Laser sources are utilized in different technological 
processes such as marking, engraving, hardening, 
cladding, cutting, and welding [1], [2], [3]. Lasers have 
been employed in the wood industry for several decades, 
primarily for engraving and preparing various design 
applications in the furniture industry. [4] 

Wood is a popular decorative and construction material 
worldwide. Synthetic wood substitutes cannot compete 
with natural wood, as it saturates the air with oxygen and 
has a pleasant aroma. The heat treatment method, based on 
Finnish pioneers, provides long-lasting protection for 
wood against the effects of nature, which extends its 
service life [5]. 

The laser processing technology is considered one of 
the most promising methods for engraving. The process of 
laser processing is complex and depends on three groups 
of factors: laser source parameters, technological process 
parameters, and the structure and physical properties of the 
material being processed [6], [7], [8]. 

In this method, the material is ablated from the laser 
impact zone under the influence of the absorbed laser 
electromagnetic energy. The objective of this study is to 
investigate the laser ablation process with infrared laser 
radiation of 10.6 mm wavelength (CO2 laser) on aspen 
thermowood samples. 

II. MATERIALS AND METHODS 

A. Thermally treated wood 
This study uses aspen timber that has been processed 

by drying the wood by heating it to 180 - 230°C. In this 
process, a comprehensive heat exchanger performance 
evaluation model and average heat transfer with changes 
in physical properties can be observed [9], [10]. Wood is 

https://doi.org/10.17770/etr2023vol3.7250
https://creativecommons.org/licenses/by/4.0/
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affected by changes in physical and mechanical properties 
with moisture content, moisture adsorption, water 
absorption and volume swelling ratio are reduced, while 
hygroscopic hysteresis is improved with increasing 
temperature [11], [12]. Free sugars are carbonized during 
heat treatment, so it is resistant to rotting, deformation and 
parasites [13]. Timber quality is directly related to wood 
moisture content, temperature, and relative humidity 
control during the drying process. In the process of thermal 
modification, exposure to high temperatures permanently 
changes the properties of wood, the most obvious changes 
and color changes. The wood chosen for processing can be 
freshly sawn or pre-dried.  [14], [15], [16], [17]. 

The period of thermal treatment of aspen timber takes 
place with an average time cycle of 36h, as a result of 
which all the samples used in the experiment are treated 
uniformly at different temperatures.  

 
Fig. 1. Heat-treated aspen wood samples. 

As seen in Fig. 1, heat-treated aspen timber changes 
tone to a warm brown. The timber is known to start to 
change tone at roughly 180°C. In this study, six samples 
of aspen wood were used, including one untreated board 
and five boards that were heat-treated at temperatures of 
180°C, 195°C, 205°C, 214°C, and 225°C, respectively. 
The moisture content of all samples was determined to be 
8% using a digital wood moisture meter HT632. The heat-
treatment process used in this study involves a rather 
complex process of drying the wood, which is important 
to consider in the analysis of the results. 

B. Equipment 
For the engraving of the aspen plank samples, a CO2 

laser system (SUNTOP ST-CC9060) with a wavelength of 
10640 nm was used (see Fig. 2). 

 
   Fig. 2. CO2 laser system SUNTOP ST-CC9060. 

The technical specifications of the SUNTOP ST-CC 
9060 laser system are presented in Table 1. 

 

TABLE 1.  LASER SYSTEM SUNTOP ST-CC9060 TECHNICAL 
SPECIFICATIONS 

Laser type CO2 laser 

Operation mode CW 

Wavelength 10640 nm 

Maximum output power 100 W 

Workspace (Cutting area) 900 x 600 mm 

Precision 0,02 mm 

Scan speed 0 – 1000 mm/s 

Laser Safety Class 4 

Cooling system Water cooling 

Data formats used dxf, plt, bmp, dst,ai 

Total power 1500 W 

 

For measuring the depth and width of the engravings, 
we used a Dino-Lite Edge AM7115MZT digital 
microscope (shown in Figure 3).  

 

 
Fig. 3. Dino-Lite Edge AM7115MZT digital microscope. 

 

The specifications of the digital microscope Dino-Lite 
Edge AM7115MZT are provided in Table 2. 

TABLE 2. DINO-LITE EDGE AM7115MZT MICROSCOPE TECHNICAL 
SPECIFICATIONS 

Resolution 2592 × 1944 pixels 

Operating System Windows 

Magnification 20x~220x 

Unit Dimension 10.5cm (H) x 3.2cm (D) 

Lighting 8 white LEDs 

METHODOLOGY 
In this experiment, six aspen wood samples with 

dimensions of 13 x 90 x 200 mm were laser engraved using 
different power densities qS and scanning speeds v. The 
power densities used for engraving were 9.3, 2.59, 4.14, 
5.39, 6.75, 7.80, and 8.45 (×105) W/cm2, as listed in Table 
4. Each set of parameters was used to engrave five lines, 
with a distance of 2 mm between each line and a length of 
25 mm. The depth h [mm] and width d [mm] of the 
engraved lines were measured, and graphs were 
constructed as a function of the laser parameters.  
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The power output of the laser was measured using an 
OPHIR F150A-BB-26 laser power meter before starting 
the experiment. The recorded power values can be found 
in Table 3. 

TABLE 3.  AVERAGE POWER DEPENDENCE ON RESONATOR PUMP 
COEFFICIENT (KP, %) 

KP, % 10 15 20 25 30 35 40 

P, W 7.3 20.3 32.5 42.3 53.0 61.2 66.3 

The power density qS [W/cm2] was calculated using 
formula (1): 

                                   𝑞𝑞 =  𝑃𝑃
𝑆𝑆

                                    (1) 

where P [W] is the power and S [cm2] is the cross-sectional 
area of the laser beam on the surface of the material to be 
engraved, as given in formula (2): 

                                   𝑆𝑆 = 𝜋𝜋 𝑑𝑑2

4
                                   (2) 

with d [cm] being the diameter of the laser beam (d = 0.01 
cm). The calculated power density values in W/cm2, 
corresponding to the measured power values in W (shown 
in Table 3), are presented in Table 4. 

TABLE 4.  CALCULATED POWER DENSITY VALUES  FOR THE CO2 LASER 
SYSTEM 

P, W 7.3 20.3 32.5 42.3 53.0 61.2 66.3 
qS ×105, W/cm2 0.93 2.59 4.14 5.39 6.75 7.80 8.45 

 

 A matrix of laser technological parameters was 
generated using the computer program RDWorksV8 
(shown in Fig. 4), which supports DXF, AI, and PLT 
formats and facilitates laser cutting and engraving 
operations.  

 
Fig. 4. Matrix of engraving lines in computer program 

RDWorksV8. 
 

All six aspen wood samples, including one natural 
aspen wood sample and five aspen thermowood samples, 
were engraved according to the matrix created in 
RDWorksV8 (see Fig. 5). 

 
Fig. 5. Photograph of the six aspen wood samples engraved 

according to the created matrix, including five aspen thermowood 
samples and one natural aspen wood sample on the right. 

 

To measure the depth of engraved lines, all six aspen 
wood samples were cut using a circular saw in two pieces 
through the middle of the engraved lines. 

Depth measurement on one of the samples using Dino-
Lite Edge AM7115MZT digital microscope is shown in 
Fig. 6 and width measurement is shown in Fig. 7. 

 

 
Fig. 6. Measurement of engraving depth on an aspen thermowood 
sample that was heat-treated at 195°C. (magnification x32). 

 

Fig. 6 shows a heat-treated sample at 195°C with five 
cuts obtained using a power density qS = 8.45×105 W/cm2 
and scan speed v = 50 mm/s. Depth of the cuts are 
measured and calculated average depth h = 4.14 mm.  

 

 
Fig. 7. Line width measurement (magnification x32) - aspen 

thermowood sample heat-treated at 214°C. 
 

Fig. 7 shows a heat-treated sample at 214°C with five 
cuts obtained using a power density qS = 4.14×105 W/cm2 
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and scan speed v = 100 mm/s. The width of the cuts is 
measured, and the calculated average width is d = 0.4 mm. 
The width of engraved lines is measured on the top surface 
of aspen wood samples, where it is maximum. 

III. RESULTS AND DISCUSSIONS 
The study results are presented in graphs that depict the 

impact of laser power density and scan speed on the width 
and depth of laser engraving lines. The graphs illustrate the 
relationship between line width and depth as a function of 
energy density and scanning speed for aspen thermowood 
samples that have been heat-treated at different 
temperatures. Specifically, two graphs depict the 
relationship between line width (d) and power density (qS) 
at two scan speeds (50 mm/s and 200 mm/s) for aspen 
thermowood samples that have been heat-treated at 180°C 
(Fig. 8) and 225°C (Fig. 9), respectively. 

 

Fig. 8. Dependence of the line width d on the power density qS at two 
different scan speed v for aspen thermowood sample heat-treated at 

180°C. 
 

 
Fig. 9. Dependence of the line width d on the power density qS at two 
different scan speed v for aspen thermowood sample heat-treated at 

225°C. 
 

The average line width at low scan speed 50 mm/s is 
0.46 mm for aspen thermowood heat-treated at 180°C, and 
0.34 mm for aspen thermowood heat-treated at 225°C. The 
average line width at high scan speed 200 mm/s is 0.25 
mm for aspen thermowood heat-treated at 180°C, and 0.24 
mm for aspen thermowood heat-treated at 225°C. The 
graphs for these samples are presented in Fig. 8 and Fig. 
9, respectively. From these graphs, it can be seen that 
changes in the line width are small depending on power 
density, with the width of the lines slightly bigger at lower 
power density and smaller at higher power density. 

Fig. 10 and 11 show the dependence of the line width 
d on scan speed v at two power density qS 2.59∙105 W/cm2 
and 8.45∙105 W/cm2 for aspen thermowood sample heat-

treated at temperature 180°C (Fig. 10), and aspen 
thermowood sample heat-treated at temperature 225°C 
(Fig. 11). 

 

 
Fig. 10. Dependence of the line width d on scan speed v at two different 
power density qS for aspen thermowood sample heat-treated at 180°C. 

 

 
Fig. 11. Dependence of the line width d on scan speed v at two different 
power density qS for aspen thermowood sample heat-treated at 225°C. 

 

The line width decreases non-linearly with increasing 
scanning speed for all engraved samples. The minimum 
line width is observed at the highest scanning speed of 200 
mm/s, reaching a value of 0.2 mm for aspen thermowood 
samples heat-treated at 180°C. Similarly, the maximum 
line width is observed at the lowest scanning speed of 50 
mm/s, reaching a value of 0.47 mm for the same sample. 
The trends are similar for the other samples as well. 

The rate of width changes tg d(v) [s-1], which depends on 
the scan speed, is calculated using equation (3). 

𝑡𝑡𝑡𝑡 𝑑𝑑(𝑣𝑣) =  ∆𝑑𝑑
∆𝑣𝑣

   (3) 

where Δd = dmax - dmin is the difference between the 
maximum and minimum depth, and Δv = vmax – vmin is the 
difference between the maximum and minimum scan 
speed. The calculated results of the rate of width changes 
are shown in Table 5, with units of s-1. 
 

TABLE 5. THE RATE OF WIDTH CHANGES tg d(v) DEPENDING ON SCAN 
SPEED 

tg d(v), s-1 
qs  105, W/cm2 

2.59 8.45 

180°C 0.001 0.002 

225°C 0.001 0.001 

0.1

0.2

0.3

0.4

0.5

0.93 2.59 4.14 5.39 6.75 7.80 8.45

d,
 m

m

qs 105, W/cm2

v, mm/s
50
200

0.1

0.2

0.3

0.4

0.5

0.93 2.59 4.14 5.39 6.75 7.80 8.45

d,
 m

m

qs 105, W/cm2

v, mm/s
50
200

-0.1

0.1

0.2

0.3

0.4

0.5

0.6

50 100 150 200

d,
 m

m
 

v, mm/s

qs 105, W/cm2

2,59

8,45

0.0

0.1

0.2

0.3

0.4

0.5

0.6

50 100 150 200

d,
 m

m

v, mm/s

qs 105, W/cm2

2,59
8,45



Environment. Technology. Resources. Rezekne, Latvia 
Proceedings of the 14th International Scientific and Practical Conference. Volume 3, 351-357 

355 

 Fig. 12 shows the dependence of the line depth h on 
power density qS at two scan speeds v of 50 mm/s and 200 
mm/s for the sample of natural aspen. 
 

 
Fig. 12. Dependence of the line depth h on power density qS at two 

different scan speed v for the sample of natural aspen. 
 

 Fig. 13 shows the dependence of the line depth h on 
power density qS at two scan speeds v of 50 mm/s and 200 
mm/s for the aspen thermowood sample heat-treated at 
temperature 225°C. 
 

 
Fig. 13. Dependence of the line depth h on power density qS at two 
different scan speed v for aspen thermowood sample heat-treated at 

225°C. 
 

The graphs on Fig. 12 and Fig. 13 show that line depth 
is smaller at low power density and bigger at high power 
density. The maximum depth of 4.93 mm is reached at 
power density of 8.45∙105 W/cm2, scan speed 50 mm/s for 
aspen thermowood sample heat-treated at temperature 
225°C, but minimal depth of less than 0.1 mm is reached 
at power density of 0.93∙105 W/cm2 and scan speed 200 
mm/s for both samples. The graphs for the other samples 
are similar and are in this interval. The increase in line 
depth is close to linear. 

The rate of depth changes tg h(qs) [
𝑚𝑚𝑚𝑚

𝑊𝑊×𝑐𝑐𝑐𝑐2] depending on 
power density is calculated using equation (4). 

𝑡𝑡𝑡𝑡 ℎ(𝑞𝑞𝑠𝑠) =  ∆ℎ
∆𝑞𝑞𝑠𝑠

  (4) 

Were Δh = hmax – hmin is difference between max depth and 
min depth, and Δqs = qs max - qs min is difference between 
max power density and min power density. The calculated 
results of the rate of depth changes are shown in Table 6. 

 

TABLE 6. THE RATE OF DEPTH CHANGES tg h(qs) DEPENDING ON POWER 
DENSITY 

tg h(qs), 𝒎𝒎𝒎𝒎
𝑾𝑾×𝒄𝒄𝒄𝒄𝟐𝟐 

v, mm/s 

50 200 

base 0.381 0.164 

225°C 0.607 0.213 

 

 Two figures below show the dependence of the line 
depth h on scan speed v at low-power density qS = 2.59∙105 

W/cm2 (see Fig. 14) and high-power density qS = 8.45∙105 

W/cm2 (see Fig. 15) for the sample of natural aspen and 
aspen thermowood samples heat-treated at temperature 
195°C and 225°C. 
 

 

Fig. 14. Dependence of the line depth h on scan speed v at power 
density qS = 2.59∙105 W/cm2. 

 

 
Fig. 15. Dependence of the line depth h on scan speed v at power 

density qS = 8.45∙105 W/cm2. 
 

The depth is bigger at low scan speed 50 mm/s, and 
smaller at high scan speed 200 mm/s. The maximum depth 
of 4.93 mm is reached at power density 8.45∙105 W/cm2 on 
aspen thermowood sample heat-treated at temperature 
225°C, but minimum depth of 0.17 mm at power density 
2.59∙105 W/cm2 on sample of natural aspen. The decline 
of the lines on the graphs are non-linear. 

The rate of depth changes tg h(v) [s-1] depending on scan 
speed is calculated using equation (5). 

𝑡𝑡𝑡𝑡 ℎ(𝑣𝑣) =  ∆ℎ
∆𝑣𝑣

   (5) 

Where Δh = hmax – hmin is the difference between the 
maximum depth and the minimum depth, and Δv = vmax - 
vmin is the difference between the maximum scan speed and 
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the minimum scan speed. The calculated results of the rate 
of depth changes are shown in Table 7. 

TABLE 7. THE RATE OF DEPTH CHANGES tg h(v) DEPENDING ON SCAN 
SPEED 

tg h(v), s-1 
qs  105, W/cm2 

2.59 8.45 

base 0.007 0.017 

195°C 0.005 0.017 

225°C 0.006 0.022 

 Calculation of depth change Δh in percent depending 
on heat-treated aspen wood obtained using equation (6). 

                    𝛥𝛥ℎ = �ℎ𝑚𝑚𝑚𝑚𝑚𝑚
ℎ𝑚𝑚𝑚𝑚𝑚𝑚

− 1� × 100%                 (6) 

Table 8 shows calculated depth change in percent for 
aspen thermowood samples compared to non-treated 
aspen wood sample. Depth measurements are taken for 
lines engraved at the max power density qs = 8.45×105 
W/cm2 and min scan speed v = 50 mm/s. 

TABLE 8. DEPTH CHANGE Δh IN PERCENT FOR ASPEN THERMOWOOD 
SAMPLES COMPARED TO NON-TREATED ASPEN SAMPLE AT MAX POWER 

DENSITY qS = 8.45 × 105 W/cm2 AND MIN SCAN SPEED V = 50 mm/s 

T, °C h, mm Δh, % 

0 3,80 0,0 

180 4,02 6,0 

195 4,14 9,2 

205 4,20 10,7 

214 4,48 18,0 

225 4,93 29,8 

IV. CONCLUSION  
In this study, the laser engraving process was used to 

investigate the effects of power density and scan speed on 
the depth of engraved lines on natural aspen wood and 
aspen thermowood samples. The results showed that the 
depth of engraved lines is affected by both power density 
and scan speed, with higher power densities and lower 
scan speeds leading to deeper lines. Heat treatment of the 
aspen wood samples also had a significant impact on the 
depth of the engraved lines, with higher temperatures 
leading to deeper lines. 

 The rate of depth changes was calculated for both 
power density and scan speed, and the results were 
presented in Tables 6 and 7, respectively. Table 8 showed 
the depth change in percent for the aspen thermowood 
samples compared to non-treated samples at the maximum 
power density and minimum scan speed. 

The findings of this study could have important 
implications for the use of laser engraving in the 
woodworking industry, particularly in the production of 
decorative or functional wooden objects. By 

understanding the factors that affect the depth of engraved 
lines, manufacturers can optimize their laser engraving 
processes to achieve the desired results.  

Further research could investigate the effects of other 
laser parameters, such as pulse duration and spot size, on 
the depth of engraved lines. Additionally, more detailed 
analyses could be conducted to examine the 
microstructural changes that occur in the wood during the 
laser engraving process, as well as the effects of different 
types of wood on the engraving results. 
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Abstract. Laser marking with a nanosecond fiber laser is one 
of the most common ways to permanently mark various 
engineering materials. The roughness of the machined surface 
and its observation is essential to evaluate the impact on the 
contrast of the marking as well. Experimental studies of the 
roughness obtained as a result of the laser marking, were 
inspected using a 3D measuring laser microscope OLYMPUS 
LEXT OLS5100. Analysis of the graphical dependence of the 
roughness function on the four process parameters: laser 
power, frequency, speed of marking and step. 

Keywords: Carbon steel, Laser marking, Roughness, fiber 
laser, surface texturing. 

I. INTRODUCTION 
In industrial production, some of the finished 

components and parts are required to have a certain 
roughness class. The operational properties of machine 
parts largely depend on the quality of the surface layer of 
the parts. Roughness affects other surface properties such 
as: coefficient of friction and wear, corrosion resistance, 
hydrophobicity, etc.[1]. There are different techniques for 
superficial processing, including mechanical and chemical 
methods [2]. One of their biggest drawbacks is the long 
processing time. In the 1970s, a new reliable and relatively 
economical industrial technology for laser processing of 
materials appeared. This technology is developing 

extremely fast and has been used in various industrial 
productions in recent years [3]. One of the directions in 
laser surface treatment is laser marking. In this process, a 
laser beam affects the surface, changing its roughness. The 
surface layer melts or evaporates as a result of this process, 
changing the roughnessWhen the roughness increases, we 
have a surface scoring effect, and when the roughness 
decreases as a result of laser exposure, we have a polishing 
effect [4]. In this effective method, through raster 
processing, the required grade of roughness is achieved. 
The advantages of the laser  

method compared to the traditional ones are processing 
without  tools, high flexibility at automation and low 
operational costs, high speed of processing, environmental 
friendliness and that it is non-contact. 

The roughness of the surface during laser processing 
depends on several groups of factors, which are related to 
the parameters of the laser source, the technological 
process and the properties of the material [5]. 

Various scientific teams have investigated the changes 
in the roughness of products as a result of laser processing.  

D Przestacki, [6] has investigated roughness in turning 
and laser machining. They achieved it with a laser power 
of 600 W roughness almost 30 % lower than that obtained 
by traditional turning. The Angelov, N. [7], used 
numerical experiments on the effect of laser wavelength 
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on CuBr laser (λ1 = 511 nm), ruby laser (λ2 = 690 nm), 
diode laser (λ3 = 940 nm), fiber laser (λ4 = 1.06 μm) and 
CO2-laser (λ5 = 10.6 μm). Numerical experiments with 
different types of lasers are at the same power density and 
lasing scan rate, and the heating temperature at the lasing 
wavelengths is determined. Ukar et al. [8] have achieved a 
change of roughness up to 80% after laser treatment on 
instrumental steel. Guisario et al.[9] studied the the 
modification on the surface, induced from high powered 
laser on  three different surfaces. Perry et al. [10] 
researched the laser roughness modification process and 
worked on developing a model to forecast its change. 
Bögli et al.[11] present one of the most common tools for 
evaluating surface roughness. 

The purpose of the present study is to evaluate the 
influence of the average power P, processing speed v, step 
Δx between raster lines on the roughness of a carbon steel 
specimen. The analysis of energy density Eeff shows the 
relationship between the increase in roughness and the 
energy absorbed per square centimeter on the sample. 

II. EQUIPMENT, MATERIALS AND METHODOLOGY 
The experiments were carried out with a fiber laser 

technological system “PowerLine F-20 Varia” 
manufactured by GmbH ROFIN with length on the wave 
on the laser radiation 1.064 μm. 

The main parameters on the laser technological system 
are shown in Table 1. 
 

TABLE 1 PARAMETERS ON THE LASER SYSTEM 
Scanner 

  
Working area 120 mm x 120 mm 

Scan speed 0 ÷ 20,000 mm/s 
Positioning accuracy 0.5 µm 

Focal length 184 mm 
  

Laser 
Laser source Rofin Laser 
Wavelength 1064 nm 

Maximum power 19.7W _ 
Pulse energy  0.0 ÷ 1.00 m J 

Operating mode Pulsed mode 
Frequency 2 ÷ 1000 kHz 

Pulse duration 4,8,14,20,30,50,100,200ns _ 
 

To study the roughness, samples of C75 carbon steel 
were marked using a raster method. The treated areas are in 
the shape of a square measuring 10 x 10 mm, and the 
distance between them is 2 mm. A series of tests were 
made, each line having the following parameters: 
 

- For the speed v (mm/s) 
100 200 300 400 500 600 700 

at constant power P= 30 W and step Δ x= 30µm 
 

- For the step Δ x (µm) 
20 30 35 40 45 50 60 

at constant speed v= 300mm/s and power P= 30 W 
 

- For the power P (W) 
6 8 10 12.5 15 17.5 19.7 

at constant speed v= 300mm/s and  step Δ x= 30µm 
 

Permanent parameters for the process of laser marking 
for all samples are the frequency v=40 kHz, the duration 
of the impulse τ = 100 ns, the diameter of the working stain 
d =50 µm, the defocus Δ f = 0 mm and the number of 
repetitions N = 1. 

 
The starting material (substrate) has a hardness of from 

HV 442 HV to 452 HV and a roughness from Ra = 0.264 
µm to Ra = 0.36 µm, from Rz = 13.597 µm to Rz = 21.268 
µm, from Rq = 0.41 µm to Rq = 0.56 µm. The chemical 
composition of the substrate is shown in the Table 2 below. 
 

TABLE 2 CHEMICAL COMPOSITION C75 
C Si Mn P S Cr Ni Al 

0.70 0.225 0.662 0.009 0.001 0.214 0.071 0.01 
 
The laser system and schematic diagram of the raster 

method used in processing the carbon samples are shown 
in Fig.1. 

 

 
 

Fig.1. Fiber laser Rofin PowerLine F20 and laser marking strategy.  
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According to the purpose of the experiment, the 
present study analyzed the influence of the power P, the 
speed of processing v and the step Δx between raster lines 
on the surface roughness Rq. The following functional 
dependencies are investigated: 
 

Rq = Rq ( P ), Rq = Rq ( v ), Rq = Rq ( Δx ) 
 

The factors that affect the roughness of the mark are 
shown in Fig. 2. 

 
Fig. 2. Factors affecting roughness and marking. 

 

To determine how the effective incident energy density 
E eff   affects  the surface roughness, it is necessary to 
determine linear energy density LED (1) and linear pulse 
density LPD (2) 

𝐿𝐿𝐿𝐿𝐷𝐷 =  𝐴𝐴.𝑃𝑃
𝑉𝑉

  , J/cm              (1) 
 

where A = 0.7 absorption coefficient. 
 

The LED value is numerically equal to the absorbed 
energy per unit length in the laser marking area. 

 
LPD =  𝑣𝑣

𝑉𝑉
  , number of pulses /cm            (2) 

 
The LPD value is numerically equal to the number of 

pulses per unit length. 
 

The quantity Eeff  gives the absorbed energy of the laser 
radiation per unit area (13) from the laser impact zone. 

Eeff  = LED x LPD, J/ cm 2                   (3) 
 

The measurements on the surface of the samples from 
carbon steel C75 ware performed with a confocal laser 
scanning (CLS) microscope Olympus model "OLS5100-
EAF" (Table 3). Received micro structural images were 
made with the help of a 20 × lens, magnification 451 ×, as 
the examined area for each measurement 644 × 644 µm 
with a precision of measurement of ± 0.03 µm. From the 
resulting 3D images from the laser system on the 
microscope are measured roughness Rq for the whole 
researched area 644 × 644 µm. For each of the treated 
areas ( information blocks ) five roughness measurements 
were made Rq with the average value of the measurement 

taken as the result. From received values are built graphic 
dependencies on changes in roughness, depending on the 
power, the speed, the step and the effective incident energy 
density Eeff with laser treatment. 
 

TABLE 3 PARAMETERS OLYMPUS OLS5000 
Parameters Value 

Total magnification 54× ÷ 17,280× 
Field of view 16 µm ÷ 5.120 µm 

Display resolution 1 nm 
Measurement accuracy ± 1.5% 

Maximum number of measuring 
points in a single measurement 4096 × 4096 pixels 

Maximum number of measuring 
points 36 megapixels 

Wavelength of laser light source 405 nm 
Power of laser light source 0.95 mW 

 
Table 3: Basic parameters of a microscope OLS5100 –

EAF 

III. RESULTS 
The results from the experiment representing the 

graphical dependencies of the change of the 
roughness from the power Rq = Rq (P ) are shown in 
Fig.3. 

 
Fig.3 Experimental dependence of roughness variation on mean power. 

 
The following conclusions can be made from the 

analysis of the graph: 
 
With increasing power in the range Р Є [6, 19.7] W, 

the processing roughness increases non-linearly; 
The increase in roughness is described by the equation 

 
y = 9×105×x4 - 0.004×x3 + 0.0478×x2 + 0.0986×x - 0.3393.
           (4) 
 

For powers in the range Р Є [6, 10] W the rate of 
growth of the roughness as a function of the power ΔRq / 
ΔP is 0.28 µm / W  

For powers in the range Р Є [10, 19.7] W the speed of 
increase of roughness as a function of power ΔRq / ΔP is 
0.05 µm / W. 
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For powers in the range Р Є [6, 10] W, the speed of 
change of roughness is 5 times greater than that in the 
range Р Є [10, 19.7] W. 

 
The results from the experiment representing the 

graphical dependencies of the change of the roughness 
from the speed Rq = Rq (v) are shown in Fig. 4. 
 

 
Fig. 4. Experimental dependence of roughness variation on marking rate. 

 
The following conclusions can be made from the 

analysis of the graph: 
 
When the speed increases in the range v Є [100,700] 

mm/s a nonlinear decrease in roughness is observed. 
For speeds in the range v Є[100, 400] mm/s the rate of 

roughness reduction as a function of speed ΔRq/Δv is 0.014 
µm/(mm/s) 

For speeds in the range v Є[500, 700] mm/s the rate of 
roughness reduction as a function of speed ΔRq /Δv is 0.003 
µm / (mm/s) , which is 4.8 times less than that in the range 
v Є[500, 700] mm/s 

 
The results from the experiment representing the 

graphical dependences of the roughness change from the 
step Rq = Rq ( Δx ) are shown in Fig. 5 
 

 
Fig. 5. Experimental dependence of roughness variation on raster 

marking step. 
 

The following conclusions can be made from the 
analysis of the graph: 

When the step increases, a logarithmic increase in 
roughness is observed; 

For step in the range Δx Є[20, 30] µm the speed of 
growth of the roughness as a function of the step ΔRq/Δx is 
0.114. 

For step in the range Δx Є[30, 40] µm roughness has 
minimal changes 

For step in the range Δx Є[40, 60] µm the speed of 
growth of the roughness as a function of the step ΔRq/Δx is 
0.001. 

 
The results of the experiment, representing the 

graphical dependence of the variation of the roughness as 
a function of the energy density Rq = Rq(Eeff) are shown in 
Fig. 6. 

 

 
Fig. 6. Experimental dependence of roughness change on energy 

density. 
 

 
The following conclusions can be made from the 

analysis of the graph: 
For energy density in the range Eeff   Є[116; 1200 ] J/cm 
2 an increase in roughness is observed, the dependence 
being non-linear; 
In the interval Eeff  Є [116; 262] J/cm 2 the rate of 
growth of the roughness as a function of the energy ΔRq 
/ΔE eff  is 0.0054 µm / J/ cm2 ; 
In the interval Eeff  Є [226; 1200] J/cm 2 the rate of 
growth of the roughness as a function of the energy ΔRq 
/ΔEeff  is 0.0021 µm / J/cm 2 which is 2.5 times less than 
that in the range Eeff   Є [116; 262] J/cm 2 ; 
In the interval Eeff  Є [250,350] J/cm 2 a rapid increase 
in roughness is observed, which increases the 
efficiency in rubbing systems. 
From the measurements made, the highest value of the 
roughness Rq = 6.763 µm was observed at the speed v 
= 100 mm/s and Rq = 4.925 µm at 
the step Δx= 20 µm 
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IV. CONCLUSION 
The present study analyzes how roughness is modified 

by laser processing parameters: average power, speed, step 
and energy density. For the selected range of study, an 
increase in roughness is observed. The increase in 
roughness for some treated areas is 10 times greater than 
that of the substrate. The correct choice of parameters 
makes it possible to achieve a certain class of roughness, 
which is necessary in machine building. 

Research is planned on the effect of the number of 
repetitions on the roughness of carbon steel workpieces. 
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Abstract. Marking of metal products is essential in many 
industrial processes. It is mandatory for the finished products 
according to regulations of the European and world legislation. 
Traditional marking usually creates contrasting symbols that 
can easily be erased and forged. 
In recent years, a new method for product identification has 
appeared - color marking. One of the advantages of this method 
is that it is difficult to counterfeit. This article aims to present 
the progress of color marking technology on two types of 
materials. Three groups of factors have been analyzed: the 
laser source; the technological process; material properties. 
Their role in obtaining a specific color marking on Ti and AISI 
304 is shown. The results are presented in tables. Each color 
can be repeated only with strict observance of the three groups 
of factors. 

Keywords: Color, Laser Oxidation method, Marking. 

1. INTRODUCTION 
Marking of machines, assemblies and parts is 

mandatory during the modern manufacturing process. 
Products on the market must be marked as required by 
European legislation [1]. 

Laser marking of parts and components is essential for 
the aviation, automotive, medical and other industries. 

Individual marking is necessary for automatic reading 
of information and tracking the quality of the details 
during the technological process.   Monochrome laser 
marking is widely used in production which does not 

provide the necessary reliable protection against 
counterfeiting.  

Laser color marking has many advantages: non-
contact, flexibility, protection against forgery, minimal 
deformations after processing, good wear resistance, the 
possibility of color marking with high accuracy of the 
obtained image, environmental friendliness - a process 
without the use of chemicals [2]. It is necessary to improve 
the existing technologies, as well as to create new modern 
methods of laser color marking. 

Color generation results from controlled surface 
oxidation of metal surfaces during the laser 
interaction[3] – [5]. This process needs further analysis 
and research. 

This article reviews the development and methods of 
color marking on some metals. It is also presented how 
laser marking parameters affect the resulting colors on 
titanium and chromium nickel steel. 
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2. TRADITIONAL METHODS OF COLORING AND MARKING 
METAL SURFACES 

 

 
Fig. 1. Block diagram  traditional methods of coloring metal. 

 
a) Electrochemical oxidation (anodization) - obtained 

by electrochemical treatment in aqueous electrolytes 
(Fig.2). Anodizing requires high voltage and an 
electrolytic bath to carry out the process [6]. In these 
electrochemical processes, the change of metal ions in the 
electrolyte lead to different colors on the metal surface. 
The colors obtained in this technological process are 
limited [3], [7]. 

 

 
Fig. 2 Colors obtained by the anodizing method. 

 
b) Thermal oxidation is a thermal process that takes 

place in thermal chambers. The essence of the method is 
the formation of an interference film on the surface of the 
metal, which has a different color[8] - [9]. 

c). Thermochemical oxidation occurs when the metal 
is heated in oxygen solutions containing, for example, 
H2SO4 and CrO3 [10], [11]. The thermo- chemical method 
has a negative impact on the environment. 

Electrochemical oxidation, thermal oxidation and 
thermochemical oxidation are one of the oldest industrial 
techniques [12]. However, the resulting films are 
characterized by structural weakness and the appearance 
of porosity, and additional processing is required to fix the 
colors [13]. 

Advantages of thermal and electrochemical 
technology are high performance on large areas and 
durability of the coating. 

The disadvantages are the limited palette of colors, the 
inability to apply more than one color in one processing 
cycle. And the image has a low resolution and requires a 

pre-made template . Some of the listed disadvantages find 
their solution in thermal printing , screen printing and ink 
- jet printing. 

Thermal printing, colored ink -jet printing, screen 
printing and others are techniques for applying colored 
logos and markings on metal parts. Their advantage is the 
wide variety of colors and their accurate reproduction, as 
well as the high resolution of the marking compared to 
thermal and thermochemical processing of metal parts. A 
significant disadvantage is the fading of the colors and the 
low wear resistance of these coatings [3]. 

3. LASER COLOR MARKING OF METALS. 
Laser color marking is possible via the interaction of 

the laser beam with the surface of the metal. This 
interaction can lead to obtaining different colorings, which 
depend on: the type of laser , the parameters of the process 
, the type of treated material. Marking can be applied for 
informative or decorative purposes in the form of colored 
texts, logos, barcodes or data matrix codes [14], [15]. 

The high resolution of the applied marking is due to 
the small diameter of the laser spot around 13 to 60 µm 
[3], [14]. After the laser impact on the material, there is no 
need for additional technological treatments. Laser 
colored surfaces have good wear resistance and corrosion 
resistance, which is researched by [6], [15], [16]. 

The materials on which this scientific research has 
been carried out are chrome-nickel and titanium. They are 
used in the food industry and medicine. 

The study of the colors obtained on chrome-nickel 
surface [6], [15], [17] –[19] show coloring in the pink-red, 
yellow-green and blue-purple color range . In the case of 
titanium [20] – [23], the coloring is in the blue-purple 
range. 

4. LASER COLORING METHODS 
a) Laser oxidation is a method of coloring metal 

surfaces, in which laser heating leads to the formation of a 
transparent or translucent oxide film [24], [25]. Light 
falling on the surface of the sample is reflected by the 
surface oxide layer, and coloration is observed in the 
treated areas. 

b) Laser-induced periodic surface structures (LIPSS) are 
produced on the sample by impact using ultrashort pulses 
from femto or picosecond lasers [26], [27]. Typically, 
LIPSS have a period close to the laser wavelength and are 
oriented perpendicular to the polarization of the incident 
laser beam to metal samples. LIPSS generated colors are 
highly dependent on viewing angle. They were first 
described by Birnbaum on semiconductor materials using 
a ruby laser [28]. LIPSS metod coloring of Silver are 
shown in Fig.3. 

 



Environment. Technology. Resources. Rezekne, Latvia 
Proceedings of the 14th International Scientific and Practical Conference. Volume 3, 363-369 

365 

 
Fig. 3. LIPSS method coloring of Silver with ruby laser. 

 
c) Surface plasmon resonance (SPR) is the third 

surface coloring method. The coloring is due to metal 
nanostructures and nanoparticles on the surface of the 
specimen. Unlike LIPSS, the colors observed with SPR 
are randomly distributed and do not change with viewing 
angle. 

Lehmuskero [14] reported the formation of small areas 
of different coloration, which is due to areas of small color 
pixels that form as different color patches. This effect is 
due to different thicknesses of the oxide layer. Such 
coloring was achieved on chrome-nickel by heating the 
surface with a laser. Ackerl et.al [21] investigated laser 
marking and coloring of Ti-6Al-4V with ultrashort pulses. 
He introduces the chromaticity coefficient, which makes 
it possible to determine the parameters of laser processing 
to obtain the required color of the titanium surface. It 
should be noted that the same color can be achieved with 
different combinations of laser marking process 
parameters [18]. 

5. ADVANTAGES OF LASER MARKING USING THE 
OXIDATION METHOD 

Laser color marking using the thermal oxidation 
method makes it possible to obtain several colors on one 
part. Other important advantages of the method are non-
contact, direct marking of the products, minimal heat 
affected area, short duration of the impact , reduced 
processing costs, high processing speed and 
environmental friendliness. Advantages of the laser 
method compared to the traditional one are lack of tool 
wear, high degree of automation, free programming with 
different signs and symbols [2]. Laser color marking 
technology provides better copy protection, wear-resistant 
colors that do not fade over time. The small diameter of 
the laser spot d0 = 12 ÷ 65 µm makes it possible to obtain 
high-resolution markings and images on small areas. 

6. COLOR LASER MARKING REQUIRED EQUIPMENT AND 
PARAMETERS 

The equipment used for color laser marking are pulsed 
UV, Nd:YAG and Fiber lasers. To ensure the necessary 
relative movement of the laser beam on the sample, two 
galvanometer-controlled scanning mirrors are used to 
deflect the beam. Beam focusing is performed by an F-

Theta lens with a 160 mm - 240 mm focal length. 
Schematic diagram of a laser system [22] is shown in 
Fig. 4. 

There are different surface treatment strategies to 
obtain color markings in terms of line overlap and laser 
beam scanning speed. In this study, we focus on two of 
them. In the first strategy, the scan speed should be high v 
Є [400, 1550] mm/s , in order to have a uniform 
distribution of heat on the surface, the distance between 
the lines must be small enough Δx Є [4, 6] µm to provide 
sufficient energy for oxide formation[23] as seen in 
Fig. 5a. 

 

 
Fig. 4. Schematic diagram of a laser system. 

 
The second strategy is achieved through relatively low 

speed v Є [66, 205] mm/s per scan and large line spacing 
Δ x Є [50, 100] µm, as seen in Fig. 5b. In this strategy, the 
overall appearance is a combination of two colors (photos 
in Fig. 5b ) while one of them comes from the melting 
zone, the other is from the heat-affected zone, due to heat 
dissipation. 

 

 
Fig. 5. Color marking according to the technological parameters of the 

mode. 
 

The studied parameters for laser color marking are the 
average power of the laser beam in the range РЄ [3,30] W, 
the scan rate in the interval v Є [60, 850] mm/s , the scan 
step in the interval Δ x Є [10, 50] µm , the frequency of 
the pulse in the interval Δ v Є [10, 50] kHz , the size of the 
laser spot and the pulse duration. 

The change of these parameters leads to a different 
energy that affects the product and hence to a different 
coloring of the marked surface. The parameters of the laser 
and the technological process affect the chemical or phase 
composition of the marked surface and its morphology. 
These parameters also determine the quality of laser 
marking - contrast, wear resistance and corrosion 
resistance of the marked surface [23]. 
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7. THE FACTORS AFFECTING COLOR MARKING 
The influence of various factors on the creation of 

color during laser thermal oxidation is shown in Fig. 6.  
They are three characteristic groups: related to the 

properties of the material; associated with the laser source; 
related to the technological process ; the properties of the 
material . To them must be added the factors - overlap 
coefficient and volumetric density of the absorbed energy. 

 

 
Fig. 6. Laser system during laser thermal oxidation of colors. 

 
a) Parameters of the laser source 
Laser marking of metal parts and products is mainly 

based on the use of solid-state ( Nd:YAG) and fiber lasers 
with an average power of 10 W - 30 W. These lasers work 
in the UV to IR range with the wavelength of 553 ns - 1064 
nm with the duration of the pulses according to different 
authors varying from τ Є [13, 200] ns. and frequnecy 
repetition rate interval v Є [20, 100] kHz. From the 
conducted studies, no research related to the influence can 
be found of the pulse duration on the resulting color. It is 
necessary to study this process because the duration of the 
pulse affects the pulse power, which is important in the 
formation of color on the metal surface. 

The selection of the laser source is important for the 
implementation of the technological process of color laser 
marking. To achieve color reproducibility in marking, it is 
necessary for the laser source to have parameter stability 
throughout the exposure time and the ability to control the 
parameters [18]. In the process of color laser marking by 
the oxidation method, the following laser sources are used: 
Nd:YAG laser[20], [23], [31], [32]; Fiber laser [15], [16], 
[22], [30]; UV laser [3], which are reported in the papers 
mentioned above. 

Fiber lasers are preferred for metal marking due to the 
low cost of laser systems, the high quality of the radiation, 
the low maintenance costs and their serial production. 

Laser sources differ in wavelength depending on their 
type. Common lasers for marking are displayed in Table 
1. Important for the oxidation color laser marking process 
is the wavelength to have good absorption by the material. 

It can be seen from the table that the selected lasers 
mostly have a wavelength of λ = 1064 nm. 

Power is one of the important parameters to achieve 
color laser marking because it is related to power density. 

 

TABLE 1 LASERS FOR MARKING 

Laser type Wavelength λ , nm 
Fiber laser 1064 

Nd:YAG laser with  
tube pumping 

1064 

A diode-pumped Nd:YAG laser 1064 
UV laser 450 
Yb laser 1064 

 
The authors [3], [6], [18], [19] have reported average 

power values around 7 W – 15 W, which is easily 
achievable for modern types of lasers. In Fig. 7 is shown 
how the color changes depending on the power [6]. 

 

 
Fig. 7. Laser color marking of stainless steel. 

 
In Fig. 7 it can be clearly seen that the color obtained 

on stainless steel is very sensitive to the variation of the 
average power, beam speed and surface temperature 
affecting oxidation state [3]. 

The power, pulse duration and pulse repetition rate are 
related to the energy generated by the laser. The repetition 
rate and overlap factor S of the pulses are interrelated. To 
obtain a certain color on a metal surface S ≤ 0.1 % is 
required [18]. 

Changes in pulse frequency and marking speed can be 
thought of as causing horizontal overlap of the pulses, 
while changes in line spacing and power result in vertical 
overlap. 

b) Parameters of the technological process 
Marking speed is a basic parameter of the 

technological process. The time of impact on the sample 
depends on it, and hence the energy absorbed in the 
material in the impact zone. The authors [6], [14], [15], 
[16], [18], [20], [23] have investigated how the speed 
change affects the resulting color marking. A higher 
scanning speed leads to a lower surface temperature, 
which affects the color of the oxide film obtained on the 
surface of the metal [3]. 
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Focus-defocus. When the laser beam affects the 
material, three cases are possible: focusing on the surface 
of the material; defocus below the surface and defocus 
above the surface of the processed material. The authors 
[3], [14] work in focus mode. In this mode, the diameter 
of the focal spot is around [13] – [47] µm. The material in 
this mode absorbs a large amount of energy. In this 
processing, the laser spot has the smallest diameter of the 
three cases, and the highest temperature can be achieved 
at the processing site. The authors [3], [6] use defocusing 
under the surface of the material. As the defocus increases, 
the diameter d of the working spot also increases, thereby 
reducing the energy with which the material is processed. 
The dependence of the spot diameter is inversely 
proportional to the power density qs of the laser radiation. 
It follows that the absorbed energy very rapidly decreases 
with increasing defocus. This dependence was 
investigated by the authors [6] and is shown in Fig. 8. 

Coloring is obtained by using different defocus values 
and the same laser average power. The horizontal color bar 
in Fig. 8 shows how the color saturation and its gamut 
change at different defocus values. 

The step between the laser lines in the studies of [23] 
show that the colors are very sensitive to the step value 
(hatching) and even a small change in the value of the step 
causes a change in the color of the titanium surfaces. A 
larger step between the lines results in a smaller 
temperature affected zone. 

The number of repetitions is discussed in details by [3]. 
He reported that the oxide layer grew rapidly in the first 
and second laser passes. Growth slows down in the third 
and subsequent passes, which coincide with the formation 
of microcracks at the oxide-base metal border.  

 

 
Fig. 8. Laser marking with change of focal spot. 

 
After two laser scans at a speed of 500 mm/s, a 

gradual smoothing of the surface was observed with the 
polishing increasing as the number of passes increased. 
The oxide growth rate decreases with the number of laser 
passes and their thickness tends to stabilize, due to the 
diffusion of Fe into the oxide layer. 

 
c) Complex factors affecting the process of color laser 

marking by the oxidation method are: 
The overlap coefficient, which gives a relationship 

between marking speed, laser radiation power density and 
pulse repetition rate. Veiko et al. considered the influence 
of this factor [18]. 

The density of absorbed energy, which is related to 
pulse repetition frequency, laser radiation power density, 
marking speed, absorption capacity of the material, etc. 
Volumetric energy density and its characteristics have not 
been extensively researched for the color laser marking 
process. 

 
Table 2 shows how changing the parameters of the 

laser source and the technological process change the 
color of the surface by the method of thermal oxidation. 
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ТABLE 2 CHANGING THE PARAMETERS OF THE LASER SOURCE AND THE TECHNOLOGICAL PROCESS FOR CHANGING THE COLOR OF THE SURFACE BY 
THE METHOD OF THERMAL OXIDATION

RGB code 

Su
bs

tra
te

s Laser 
Parameters 

A
ut

or
 

λ, 
nm 

v, mm/s P, W Δx, µm v, kHz τ,  ns Δf, mm 

54,30,104 Ti Nd-YAG 1064 550 20 10 80 200 2 [23] 

99,57,133 AISI 304 UV 355 400 7.1 30 40 25 -3 [3] 

131,76,131 AISI 304 Fiber 1064 60 18 50 85 112 0 [14] 
175,133,157 AISI 304 Fiber 1064 132 4.4 - 80 230 0 [15] 

214,171,199 AISI 304 Fiber 1062 150 5 10 80 100 0 [6] 

251,165,255 Ti Nd-YAG 1064 260 53 - - - 0 [20] 
112,89,231 Ti Fiber 1064 60 30 - 35 200 2 [16] 

124,173,250 Ti Nd-YAG 1064 240 53 - - - - [20] 

98,186,236 AISI 304 Fiber 1064 100 6 - 20 100 - [19] 
153,201,250 AISI 304 Fiber 1062 125 3.1 10 80 100 - [6] 

111,163,184 AISI 304 Fiber 1064 100 4.4 - 80 230 - [15] 

119,149,173 AISI 304 Fiber 1064 130 18 30 85 112 - [14] 
88,123,177 Ti Nd-YAG 1064 450 20 10 80 200 2 [23] 
5,121,136 AISI 304 UV 355 400 7 30 40 25 3.5 [3] 

6,123,140 AISI 304 Fiber 1064 60 6 50 70 100 0 [18] 

25,170,139 AISI 304 UV 355 400 7 30 40 25 3.2 [3] 
98,231,236 Ti Fiber 1064 80 30 - 35 200 2 [16] 
135,227,212 AISI 304 Fiber 1062 75 3.2 10 80 100 - [6] 
146,238,201 AISI 304 Fiber 1064 500 10 - 40 100 - [19] 
193,215,114 AISI 304 Fiber 1064 80 18 50 85 112 - [14] 

252,251,142 Ti Nd-YAG 1064 350 53 - - - - [20] 

245,244,138 AISI 304 Fiber 1064 10 2 - 40 100 - [19] 
248,241,134 Ti Fiber 1064 130 30 - 35 200 - [16] 

251,235,199 AISI 304 Fiber 1064 400 4.4 - 80 230 - [15] 

250,218,143 AISI 304 Fiber 1062 150 3 10 80 100 - [6] 
241,169,169 AISI 304 Fiber 1062 130 4 10 80 100 - [6] 
250,148,130 AISI 304 Fiber 1070 10 5 50 90 100 - [18] 
168,149,91 AISI 304 Fiber 1062 50 8 10 80 100 - [6] 

182,159,47 AISI 304 Fiber 1064 50 4.4 - 80 230 - [15] 

243,159,82 AISI 304 Fiber 1070 150 9 50 30 100 0 [18] 
211,138,10 AISI 304 Fiber 1064 100 6 - 20 100 - [19] 

206,140,54 Ti Fiber 1064 60 19.5 - 35 200 2 [16] 

181,127,31 Ti Nd-YAG 1064 100 53 - - - - [20] 
183,120,7 AISI 304 Fiber 1064 80 18 50 85 112 0 [14] 

169,119,60 Ti Nd-YAG 1064 850 20 10 80 200 2 [23] 

115,61,14 AISI 304 UV 355 400 8 30 40 25 3 [3] 
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CONCLUSION 
An increasing number of companies are interested in 

color laser marking and its implementation in industrial 
production. This technology proves its advantages and 
prevails over traditional laser marking. It is able to produce 
a palette of colors on metal surfaces The resulting colors 
are sensitive to process parameters, environmental 
conditions and material properties. Further research is 
needed to improve color repeatability. 
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Abstract. In modern production, each finished product entering 
the market is identified by a special marking. Each mark must 
meet requirements such as good coding, easy to see, easy to 
read by certain readers, stable over time, etc. In the present 
casting, laser marking of the C75 steel was carried out with a 
fiber laser with an average power of P = 30 W and a wavelength 
of λ = 1064 nm. For semi-contrast marking, marking speeds 
from 100 mm/s to 700 mm/s, average power from 10 to 30 W, 
raster pitch from 20 µm to 60 µm, scanning frequency from 20 
kHz to 150 kHz were investigated as constant parameters are 
the pulse duration τ =100 ns, number of repetitions N = 1 and 
defocus Δ f = 0 mm. The influence of the changing parameters 
on the contrast was established, and experimental dependences 
were constructed. The achieved research results show that to 
obtain a high contrast mark, the average power should be above 
20 W, the scanning speed up to 300 mm/s, the scanning 
frequency up to 50 kHz and the raster pitch up to 40 µm. 

Keywords: Laser, Marking, Contrast, Laser Power, step, 
Marking Speed, Frequency. 

I. INTRODUCTION 
Laser technologies have developed extremely rapidly 

in recent years. Lasers are used in medicine, industry, 
electronics and other fields [1]. One of the directions in 
which laser technology finds mass application is surface 
treatment - marking. Each finished product must have a 
marking applied to it. It must meet the specific needs of 
the specific production [2]. Contrast, wear resistance and 
the degree of protection against forgery are part of the 

mandatory requirements for the marking. Modern systems 
for easy reading of hatch marks and QR code require the 
contrast to exceed 15 % [3]-[4]. The contrast of the 
marking obtained on the article depends on 3 groups of 
factors related to: the laser source, the technological 
parameters and the properties of the material [5] - [6]. In 
the last 10 years, a lot of research has been carried out on 
marking metal parts using laser systems with wavelengths 
from 405 nm to 1064 nm. For this purpose, they change 
the technological parameters of the laser effect in order to 
obtain a contrast marking or colоrs marking. 

The main part of the so far developed technologies is 
based on the use of Nd:YAG and Fiber lasers [7] – [8]. 
Laser sources with a wavelength of λ = 1064 nm are most 
often used for laser surface treatment of metals. The low 
cost of Fiber laser systems, their mass production and the 
good absorption of this wavelength leads to their wide 
application in marking metal and other products [7] - [12]. 

In the last 4 years, the automatic scanning of QR codes 
has become more and more necessary, which enable more 
detailed information about the manufacturer of a given 
product and its application. Laser marking is used to apply 
information, due to the advantages over traditional 
technologies such as: non-contact, potential to mark hard-
to-reach places, protection of the intellectual property of 
the manufacturer, etc. It is important for laser marking to 
meet the necessary contrast and wear-resistance 
requirements [9].  
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The widespread use of laser marking technology on 
many details needs study into the factors that influence the 
quality of the marking [10]. 

The aim of the present study is to determine the optimal 
parameters of average power (P, W), marking speed (v, 
mm/s), scanning frequency (v, kHz) and raster pitch (Δx, 
µm) in laser marking C75 steel to achieve high contrast 
marking. 

II. EXPERIMENTAL STAGING, MATERIAL USED AT THE 
RESEARCH AND METHODOLOGY 

The investigations employed a fiber laser with a power 
of P = 30 W and a wave length of λ = 1 064 nm. The 
movement of the laser beam along the surface was carried 
out using a raster method with Galvo Scanner. C75 carbon 
steel plates with a thickness of 1 mm are marked. Treated 
zones are with a form of a square with side 10 mm, and the 
distance between squares is 2 mm. A series of studies have 
been done with constant values of the pulse duration τ 
=100 ns , number of repetitions N  = 1 and defocus Δ f  = 
0 mm for each examined area as follows: 
 
First series with change of speed v, mm/s 

100 200 300 400 500 600 700 
at constant power P = 30 W, frequency v = 40 kHz, and 
step Δ x = 30 µm  
Dependency graph is being drawn k* = k* ( v ). 
 
Second series with a change of step Δ x , µm 

20 30 35 40 45 50 60 
at constant power P = 30 W, speed v = 300 mm/s, and 
frequency v = 40 kHz 
Dependency graph is being drawn k* = k* ( Δx ) 
 
Third series with frequency change v , kHz 

20 40 60 80 100 120 150 
at constant power Р = 30 W, speed v = 300 mm/s and 
step Δx= 30 µm 
Dependency graph is being drawn k* = k* ( v ) 
 
Fourth series with change of average power P , 

10 12.5 15 17.5 20 25 30 
at constant speed v = 300 mm/s, frequency v = 40 kHz 
and step Δx= 30 µm 
 

Dependency graph is being drawn k* = k* (P) 
The factors that affect the contrast of the marking are 

shown in Fig. 1. 
 

 
Fig. 1. Major factors affecting marking contrast. 

Carbon steel C75 has the following chemical 
composition for Table 1. 

 
TABLE 1. CHEMICAL COMPOSITION FOR C75 

C Si Mn P S Cr Ni 
0.70 0.225 0.662 0.009 0.001 0.214 0.071 

 
The substrate has hardness of 442 ÷ 452 HV and 

roughness Ra from 0.264 ÷ 0.36 µm, Rz from 13.597 ÷ 
21.268 µm, Rq from 0.41 ÷ 0.56 µm. Investigations are 
made into the contrast's dependence on certain processing 
factors. 

The influence of laser mark contrast on average power 
P; speed v; step Δx; the frequency v is displayed 
graphically. 

The change in the operating mode of the laser system 
is carried out with the help of the EZCAD software 
product, which changes within the set limits the studied 
technological parameters [11]. 

The parameters of the scanning system and the laser 
source are presented in Table 2 

 
TABLE 2. PARAMETERS OF THE LASER SYSTEM  

Scanner 
Scanning head GalvoScan 

Work area 200 mm x 200 mm 
Scan speed 0 ÷ 3000 mm/s 

Positioning accuracy 0.02 mm 
Focal length 290 mm 

  
Laser 

Laser source Raycus Fiber 
Wavelength 1064 nm 

Maximum power 30W 
Operating mode Pulsed mode 

Frequency 20 ÷ 200 kHz 
 
The RFL - P 30 Q laser system used in marking the 

carbon steel samples is shown in Fig. 2. 

 
Fig. 2. The RFL - P 30 Q laser system and schematic of the experimental 

setup. 
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Analysis of the contrast k* is performed with Adobe 
raster image processing software Photoshop CS 6 x64. 
Colorful pictures on marked samples, were loaded into the 
program, after which are converted to grayscale. The 
values of the measurements in the gray scale are taken for 
each of the processed areas. The range on the values varies 
of 0 (black) to 255 (white). Each measurement is 
conducted five times, and the average value is taken as the 
result. 

Grayscale saturation values resulting with Photoshop 
CS6 2012 are used to determine contrast via the formula: 

  ,%100.*
f

xf

N
NN

k
−

=                (1)

 
The contrast k* is determined by linear interpolation, 

as Nf  is the value of the untreated surface, and Nx , of each 
treated area with different parameters. 

III. RESULTS 
The results of the first experiment are given in Fig. 3, 

depict the graphical dependency of contrast on power k * 
= k * ( P ) 
 

 
Fig. 3.  Graph of the dependence of contrast on power. 

 
The following conclusions can be made from the 

analysis of the graph: 
With increasing power in the range Р Є [12, 30] W, the 

contrast increases exponentially; 
The increase in contrast is described by the equation y 

= -0.002x4 + 0.1971x3 - 7.2887x2 + 120.53x - 691.82; 
For powers in the range P Є [12, 17] W the speed of 

contrast growth as a function of power Δ k*/ Δ P is 8.6 % 
/ W  

For powers in the range РЄ [17, 30] W the contrast 
growth rate in Δ k*/ Δ P is 1.36 % /W; 

The rate of change of contrast in the interval  РЄ 
[12,17] W grows 6 times faster than that in the interval РЄ 
[17,30] W 

The results of the second series are summarized in Fig. 
4, graphically representing the dependence  

k* = k* (v) 

 
Fig. 4. Graph of the dependence of contrast on speed. 

The following conclusions can be made from the 
analysis of the graph: 

When the speed everything increases in the range v Є 
[100, 500] mm/s , a non-linear decrease in contrast is 
observed, the rate of decrease Δ k*/ Δ v is 0.147 % / mm/s; 

For speeds in the range v Є [500, 700] mm/s no change 
in contrast is observed 

For velocities in the interval v Є [400, 700] mm/s is not 
recommended to be used because the contrast of the 
marking is close to the minimum value of 15%, for 
legibility of the marking. 

The results of the third series are summarized in Fig. 5, 
graphically representing the dependences k* = k* (v) 

 

 
Fig. 5. Graph of the dependence of contrast on frequency. 

 
The following conclusions can be made from the 

analysis of the graph: 
For the investigated frequencies in the range v Є 

[40,150] kHz a non-linear decrease in contrast is observed, 
which is described by the equation y = -8E-09x5 + 4E-
06x4 - 0.0007x3 + 0.0643x2 - 2.9088x + 90.875 

For frequencies in the range v Є [20, 40] kHz the rate 
of contrast decrease as a function of the rate Δ k*/ Δ v is 
0.6 % / kHz. 
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For the frequency range v Є [40, 150] the rate of 
contrast reduction as a function of the rate Δ k*/ Δ v e 0.087 
% / kHz. 

For frequencies in the range v Є [20, 40] kHz the speed 
of contrast reduction Δ k*/ Δ v is 7 times larger than in the 
range v Є [40, 150] kHz. 

The results of the fourth series are shown in Fig. 6, 
graphically representing the dependence k*=k*(Δx) 

 

 
Fig. 6. Graph of the dependence of contrast on step. 

 
The following conclusions can be made from the 

analysis of the graph: 
As the step increases, a decrease in contrast is 

observed; 
For a step Δx = 20 µm, the contrast k* is 16% higher 

than that for a step Δx = 35 µm; 
For a step in the range Δx Є [20, 40] µm the rate of 

contrast decay as a function of the step Δ k*/ Δx is 0.6 % / 
µm; 

For the range of the step Δx Є [40, 150], the speed of 
contrast reduction as a function of the step Δ k*/ Δx is 
0.087 % / µm; 

Contrast in the range Δx Є [20, 40] µm decreased 9 
times faster than that in the interval Δx Є [40, 60] µm. 

From experimental studies of C75 steel to achieve the 
required contrast, the following optimal working intervals 
for marking have been determined: 

v Є [200, 400] mm/s 
R Є [14,21 ] W 
Δx Є [20, 35] µm 
v Є [20, 40] kHz 
The largest change in contrast is observed in the speed 

changes in the range v Є [100, 500] mm/s , with the 
contrast varying in the range k* Є [20, 80]%. 

IV. CONCLUSION 
In the present study, the following results were 

achieved for laser marking of C75S steel: 
− The influence of the speed on the contrast of the 

marking was evaluated; 

− The influence of the step on the contrast of the 
marking was evaluated; 

− The influence of the power of the laser radiation on 
the contrast of the marking was evaluated; 

− The influence of frequency on marking contrast 
was evaluated 

− Optimization of the researched process was 
achieved with determination of working intervals 
of the technological parameters. 

Future research is planned to investigate the effect of 
repetition number and defocus on marking contrast. 
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