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Study of the Influence of Road Resistance on the
Fuel Consumption of a Passenger Car with an
Automatic Transmission
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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 wusing 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

Stiliyana Taneva
Department of Transport and
Aircraft Equipment and Technologies
Technical University of Sofia,
Plovdiv Branch
Plovdiv, Bulgaria
email s.taneva@tu-plovdiv.bg

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.
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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

F

o =Fp tF +F,

a >

(1

where F, is rolling resistance force; F; is gradient

resistance force; and F,, is aerodynamic drag force.

Fu
-—

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 £, , known as road

resistance and is determined by [1]

F,=F,tF = fGecosatGsina=yG , (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; v is the road resistance coefficient

and is determined by [1]

v=f+i, (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]

2
F,= chpASV_ >

2 13 @

where ¢, is the aerodynamic drag coefficient, [-]; p, 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, [m?]; v is the car velocity, [km/h].
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The fuel consumption in [I/100 km] of traveled
distance with a steady speed of the car is calculated
according to [1]

gL

=== 5

10pv ©®)
where g.is specific fuel consumption of ICE, [g/kW.h]; v
is the car velocity, [km/h]; p is density of the fuel,

[kg/l]; P. isthe engine power, necessary for the motion
of the car and can be represented by

P=—, (6)
‘ 39 6’7[
where #, is transmission efficiency.
Taking into account the above dependencies for fuel
consumption is obtained

_ &, +F)

7
36pv @

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]

8. =g,k,k,, )]
where g, is the specific fuel consumption at maximum
engine power and it is g, =(1,05+1,15) g, ., » [&/kW.h];

ky1s the coefficient which takes into account the effect of
the engine load on g.; k. is the coefficient which takes
into account the effect of the of the angular velocity of
the crankshaft on g..

The coefficients k, and k, 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 [N [-] 0,26
Frontal area S [m?] 2,11
Acceleration due to gravity g [m/s%] 9,81
Rolling resistance coefficient f [-] 0,01
Mass density of air pA [kg/m’] 1,225
Width of the tire hiire [m] 0,225
Aspect ratio of the tire - % 45
Rim diameter d [m] 0,432
Radius of the tire Iy [m] 0,310
Air pressure of tire Prire [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 Mnpeier = Mpyrpine » torque ratio
k=1 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 ’C 19
Pressure kPa 101
Humidity % 46

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

Power performance Power test system

etcie ot

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
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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%.

Road stimulation

I
|
Lambda “ _' E!

AFR

:m::'m E& '
. “"""’lﬂ'l’" ;

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.

Inst. fuel cons. L/100km

80
60 -
40 -

20

0 T T T T

44:50.00 445500 450000 450500 45000  45:15.00
Engine RPM rpm
6000 -
. 2700
2000 -
0 :
44:50.00 44:55.00 45:00.00 45:05.00 45:10.00 45:15.00
Speed km/h
150
100 -
50
0 -y T T
44:5000  44:6500  45:00.00  45:0500 451000  45:15.00
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.

Power test

JAAY, Turtucharger 5., Cor o
result

Max_E 154,0[RV)

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.

Ramp rate: 0%
30

Sdgear
4th gear
5th gear retien 4
% PR ermentan
5 oo

5-th gear

Q, I/100km

100 150 200

v, km/h
Fig. 7. Fuel consumption in third, fourth and fifth gear without a
slope.
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Ramp rate: 2%

3-rd gear " . [
oo
25 || Sthgear 4
% 3-rd gear I
* 4-th gear pe .
20 | 4
s gear
€ 15 L 4
g
S
10 L 4
* *
5 [ 4
0 L L L L
0 50 100 150 200 250
v, km/h
Fig. 8. Fuel consumption in third, fourth and fifth gear at 2% slope.
Ramp rate: 4%
30 |
ETT=a
T
25 | 5-th gear i
% 3-rd gear
* 4-th gear
20 | 4
singear
E 15 | 4
g
E
10 | -
5 | 4
0 L L L L
0 50 100 150 200 250
v, km/h
Fig. 9. Fuel consumption in third, fourth and fifth gear at 4% slope.
Ramp rate: 6%
30 .
3-rd gear o .
4-th gear ”' . ,
% * rdgear experimental -
K NI erimentar
20 | -
E 15 | 4
g
E
10 L 4
5 | 4
0 L L L L
0 50 100 150 200 250
v, km/h
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, CO,, 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

Valyo Nikolov

Department of Transport and Aviation
Equipment and Technologies, Technical
University of Sofia, Plovdiv Branch

25 Tsanko Dyustabanov str., 4000
Plovdiv, Bulgaria

E-mail: vnikolov@tu-plovdiv.bg

Aerodeck, with engine displacement - 1500 cm?, rated
power of 84 kW/6500 min' 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 O,
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
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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 ZrO, dual-cell limiting current sensor with an
integrated heater in it [5].

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

Power performance

Power test system

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 7.35-22.39
\) (0.5-1.5)
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Engine with Gasoline and LPG

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- Measurement Measuring
nent range accuracy
CcO 0to 15% vol. +0.02% vol. £3%
CO;, ot 0 to 20% vol. +0.3% vol. +£3%
HC 0 to 15000 ppm vol. propane - +8ppm vol. +3%
n-hexane
0x(*) 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, CO, and HC content of
the exhaust gases. The content of CO, CO 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.

o s Llelx)

( F1_BASE |
F2 START
F3 ZERO

Ml nona

View | About

RPM™

CO % CO,%
0.000§00.00

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
(constant coolant temperature) of the engine;

- the same atmospheric conditions (measurements
conducted within a few hours).

condition

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

Rn.i.-d SHITiLLE s

e

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 Sth
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.
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CO=f(speed of vehicle)

%0

(s
uJI Il
50 )

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

speed of vehicle, km/h

Fig.

€O =f(Speed of vehicle)

70 %0

Speed of vehicle, km/h

Fig. 8. Experimental study of the content of CO,, [%)] in the exhaust

gases of a car Honda Civic Aerodeck 1.5 iLS.

HC=f(Speed of vehicle)

20
m u
0
50 70 %0

Speed of vehicle, km/h

HC, ppm

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 A are
presented as shown by the Dyno Cosber 4000 software.
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\=f(Speed of vehicle)

Speed of vehicle, km/h

Fig. 10. Experimental study of the content of A 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 A=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 CO» 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 2=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” ie. A>1, the
amount of measured harmful components in the exhaust

23

Engine with Gasoline and LPG

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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Thermal Characteristics of Materials in
Modelling of Welding Processes
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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 (To) 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:

1 1
toss = (6700—5-Tp) - Q - (

500-T, 800—T0)-F3 (1)

where:

TO — 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.
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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,

cl N L
7T=pe2 g @)
was initially solved for the welding processes as in
[11]. Tt was developed in [12] as
ST 82T | &%T | &°T
Cppg—k(ﬁ-l'm-l'g)ﬁ'q (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:

e  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.

e 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.

e Geometry parameters, including size of the work-

piece, distance of the heat application from the edges of
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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.

e Material characteristics, including:

Cp — specific heat capacity at constant pressure,
k - thermal conductivity and ,
p - 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]:

Q=m-C-(T,—T,) “4)

where Q is the amount of heat, m is the mass, T; and T»
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/(kgK)) = (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:

q=—-k-VT 5)
where k is the commonly used symbol for thermal

conductivity, with unit of measurement W/(mK) =
W/(m°C).

The density of the materials is commonly represented
by the symbol p[][]in units of kg/m?.

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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e  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.

e  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.

e 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].

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

e  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 Te;l:;)ge;a:gre Density p (T) , kg/m® Source
All Constant, 7850 [19]
All Constant, 7800 [27]
(-100) to 704 7911;3;— 03.01678428 T — ii.;)lBle -107*- T2 I
S 3551, +1.172796 -107° - T° — 1.015971-107° - T* + 3.677737 - 10** - T
S 690 QL 704 to 788 7116.994 + 0.5195388 - T [22]
788 to 871 8166.523 — 0.4696497 - T
871 to (1400) Constant, 7630
All Constant, 7850 [29]
All Constant, 7850 [19]
XSCrNI1S10 All Constant, 7800 [27]
All Constant, 8000 [29]
All Constant, 7850 [19]
All Constant, 7800 [27]
X2CrNiMoN22- (-100) to 20 Constant, 7790
3-3(2205) 20 10 400 7871.9 — 0.1918817 - T — 2.088029 - 1074 - T2 + 8.9339 - 10~° - T3 [22]
400 to (1400) Constant, 7675
All Constant, 7800 [29]
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TABLE 1 (CONT.) CONSTANTS AND EMPIRICAL FORMULAS OF MATERIAL DENSITY

Material TiI:lE)ge:a:gre Density p (T) , kg/m® Source
9
All Constant, 8600 [27]
(-100) to - 20 8308.627 + 0.0376521 - T — 0.001256698 - T2 + 1.529227 - 107¢ - T3
NiCr22Mo9INb -20to0 927 8339.072 — 0.3000351 - T + 2.796812 - 107¢ - T? — 5.001998 - 108 - T3 [22]
(Inconel 625)
927 to (1400) Constant, 7900
All Constant, 8440 [29]
All Constant, 8600 [27]
NiCu30Fe (Monel (-100) to 1093 8886.029 — 0.2533148 - T — 1.860111 - 10™* - T2 + 4.094544 - 1078 . T3
[22]
400) 1093 to (1400) Constant, 8300
All Constant, 8440 [29]
All Constant, 4500 [27]
Titan 99.8 (-100) to 871 4534.619 — 0.1176636 - T + 2.570905 - 107¢ - T? — 1.218339 - 1078 - T3
. : [22]
(Titan Grade 1) 871 to (1400) Constant, 4385
All Constant, 4500 [29]
All Constant, 4450 [27]
(-100) t0 27 4452.817 + 0.02869485 - T — 6.448869 - 107* - T2
. +9.646377-1077 - T3 — 1.720215 - 10711 - T*
TiAl6V4 2
(Titan Grade 5) 27 to 760 4467.094 — 0.119171- T — 1.275079 - 1075 - T2 (22]
760 to (1400) Constant, 4330
All Constant, 4430 [29]
TABLE 2 CONSTANTS AND EMPIRICAL FORMULAS OF SPECIFIC HEAT CAPACITY
Material Terl:lll)ge:aotgre Specific heat capacity at constant pressure Cp (T) , J/(kg °C) Source
$
(-100) to 20 Constant, 443
20 to 600 4254 0.773-T — 0.00169 - T? 4+ 2.22T - 107¢ - T3
13002
600 to 735 666 + (—)
738 —T [19]
17820
735 to 900 545 ( )
0 =731
S 35512,
S 690 QL. 900 to (1400) Constant, 650
All Constant, 470 [27]
(-100) to 20 Constant, 500
—215.730638 + 6.0184999 - T — 0.0183429321 - T?
2010575 +2.414973 - 1075 - T3 — 1.07882432 - 1078 - T* [22]
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 T?:;’ge:a:gre Specific heat capacity at constant pressure Cp (T) , J/(kg °C) Source
b
All 450+ 0.280-T—291-107*- T2 +1.34-1077 - T3 [19]
All Constant, 470 [27]
(-100) to 37 270.215 — 1.210511 - T + 0.02151566 - T2
X5CrNil8-10 —7.511841-107% - T3 + 8.136796 - 1078 - T*
(304) 3710 1038 109.2073 + 2.571775 - T — 0.006528099 - T2 [22]
+7.787524-107% - T3 — 4167913 - 107° - T* + 8.090613 - 10712 - T5
1038 to (1400) Constant, 630
All Constant, 470 [29]
All Constant, 480 [27]
(-100) to 20 Constant, 482
X2Cr1\?21\§(())§\;22—5—3 20 to 400 429.285931 + 0.130317584 - T + 1.56721552 - 107 - T2 [22]
400 to (1400) Constant, 587
100 Constant, 530 [29]
All Constant, 440 [27]
(-100) to 20 Constant, 410
NiCr22Mo9Nb
(Inconel 625) 20 to 700 337.05099 + 0.247120722 - T [22]
700 to (1400) Constant, 580
All Constant, 410 [29]
All Constant, 439 [27]
) (-100) to 315 —100.987409 + 4.83633162 - T — 0.0170401517 - T2
NiCu30Fe (Monel +2.74397264 - 10~° - T — 1.63381644 - 10~° - T* [22]
400)
315 to (1400) Constant, 477
All Constant, 427 [29]
All Constant, 540 [27]
(-100) to 27 —167.746811 + 7.08658306 - T — 0.0297849253 - T
+6.04477124 - 107% - T3 — 4.76258862 - 1078 - T*
) 27 to 627 464.052042 + 0.152465588 - T + 2.12593015 - 10~ - T2
Titan 99.8 —-1.72017085 - 1077 - T3
. [22]
(Titan Grade 1)
627 to 883 —33066.629 + 136.77383 - T — 0.204810858 - T2
+1.335041-107*- T3 —3.17182178 - 1078 - T*
883 to (1400) 352.825758 + 0.123047884 - T + 6.65722934 - 1075 - T2
200 Constant, 560 [29]
All Constant, 523 [27]
2
TiAl6V4 -100) to 30 —167.173226 + 6.75429814 - T — 0.0235237743 - T
(Titan Grade 5) (100 +2.95625708 - 1075 - T3 2]
383.351385 + 0.670881806 - T — 5.35234016 - 10™* - T2
30to (1400) +1.63517247 - 1077 - T3
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TABLE 3 CONSTANTS AND EMPIRICAL FORMULAS OF THERMAL CONDUCTIVITY

Material Tempera:ure Thermal conductivity k (T) , W/(m °C) Source
range, °C
(-100) to 20 Constant, 53.35
20 to 800 54 —-0.0333-T [19]
800 to (1400) Constant, 27.3
All Constant, 51 [27]
S 355172,
S 690 QL (-100) to 20 Constant, 53
20 to 800 56.38699 — 0.00728786 - T — 1.988814 - 1075 - T2
[22]
800 to 1200 —82.99624 + 0.1669461 - T — 6.125136 - 107> - T2
1200 to (1400) Constant, 30
All Constant, 52 [29]
(-100) to 0 Constant, 14.6
0to 1200 14.6 +0.0127 - T [19]
1200 to (1400) Constant, 30
. All Constant, 16 [27]
X5CrNil8-10
(304) (-100) to 20 —1.031521 + 0.1813807 - T — 1.088656 - 1073 - T2
+3.411681-107°-T3 —3.988389-107° - T* [22]
20 to (1400) 6.742253 + 0.02864915 - T
100 16.2
[29]
500 21.5
(-100) to O Constant, 14.6
0 to 1200 14.6 +0.0127 - T [19]
1200 to (1400) Constant, 30
All Constant, 27 [27]
X2CrNiMoN22-5-3 (-100) to 20 Constant, 14.24
(2205) 20 to 400 7.134798 + 0.02746063 - T — 1.233173 - 1075 - T2 [22]
400 to (1400) Constant, 20
100 16
300 18 [29]
400 20
All Constant, 10 [27]
NiCr22Mo9ONb (-100) to 982 5.482405 + 0.01380594 - T + 1.678069 - 1076 - T2 221
(Inconel 625) 982 to (1400) Constant, 25.5
All Constant, 9.9 [29]
All Constant, 23 [27]
NiCr22Mo9Nb (-100) to 982 14.14109 + 0.02732033 - T + 2.257259 - 1076 - T2 21
(Inconel 625) 982 to (1400) Constant, 52
All Constant, 21.8 [29]
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TABLE 3 (CONT.) CONSTANTS AND EMPIRICAL FORMULAS OF THERMAL CONDUCTIVITY

. Temperature - o
Material range, °C Thermal conductivity k (T) , W/(m °C) Source
All Constant, 20 [27]
58.17412 — 0.4851624 - T + 0.00288092 - T2
(-100) to 53 -8.255595 - 1076 - T3 + 8.903946 - 10~ - T*
(T.?ta‘(‘}%f N 310704 41.95804 — 0.1227486 - T + 2.33331- 10~* - T2 [22]
ttan forade -1.937431-1077 - T3 + 6191111107 - T*
704 to (1400) 15.13513 + 0.004158454 - T + 1.376649 - 1076 - T2
All Constant, 26 [29]
All Constant, 7.11 [27]
0.1560505 + 0.07648919 - T — 2.883179 - 10~* - T2
TiAl6V4 (-100) to 38 +3.68138 1077 - T3
(Titan Grade 5) 38 10 538 8.114005 — 0.01485211 - T + 4.468662 - 1075 - T2 [22]
—2.273481-1078 - T3
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:
——[22]
_________________ [1 9]
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Similar to: 1.4301, ASTM 304
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X2CrNiMoN22-5-3 duplex stainless steel acc. to EN

10088-2

Similar to: 1.4462, ASTM 2205
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Similar to: 2.4856, Inconel 625 Similar to: 2.4360, Monel 400
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. Titan Grade 5, TiAlI6V4
Similar to: 3.7165

. Titan Grade 1, Ti 99.8
Similar to: 3.7025, ASTM B-265
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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

34

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, ¢) 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

L. 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

Plovdiv, Bulgaria
sabi_sabev@tu-plovdiv.bg

Sofia, Bulgaria
konstantin_chukalov@abv.bg

created in the form of a thread, so-called filament, which
is subsequently melted by an extruder with a certain
polymer melting temperature of 230-250°C 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 235°C.
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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 Ne 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:

e Platform temperature: 110 °C.
e Extrusion temperature: 235 °C.
e Print speed: 10-80 [mm/s].

e Travel speed: 120 [mm/s].

e Number of shells: 3.

37

e Layer thickness: 0,1-0,4 [mm)].
e 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.

4A CAUTION =7

Do Not Touch ¥ 21 Rt

© Start Slicing © Close Preview &

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.5. Measurement process.

The samples were measured in three vertical directions
and in two perpendicular horizontal directions. The

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

In(d) = -2.873 + 9.46 Layer + 0.00294 Speed
- 13.68 Layer*Layer
- 0.0635 Layer*Layer*Speed
+ 0.000268 Layer*Speed*Speed

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

TABLE 3 COEFFICIENTS FOR TRANSFORMED RESPONSE

T- P-
0,
Term Coef |SE Coef| 95% CI Value| Value VIF
(-3.345;-| -
Constant -2.873 0.148 2401) |19.37 0.000
(5.54;
Layer 9.46 1.23 13.38) 7.68 10.005(38.55
Speed 0.00294 | 0.00187 | 0.00301; | 1.57 {0.214| 4.83
0.00890)
Layer*Layer -13.68 2.63 (_252;;5);_ -5.2110.014|45.13
(-0.1543;
* K - -
Layer*Layer*Speed| -0.0635 | 0.0286 0.0274) 2.2210.113|21.91
(-
Layer*Speed*Speed|0.000268(0.000143{0.000189;( 1.87 [0.159 [22.96
0.000724)

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

obtained results are averaged and shown in table 2.
Seq |Contrib . F- P-
TABLE 2 EXPERIMENTAL RESULTS Source | DF SS ution Adj SS | Seq MS Value | Value
SAMPLE | DOWN | MIDLE ur S A Regression | 5 06%328 98.33% | 0.93860 0’1%772 35.29 | 0.007
1 218 2185 | 2197 | 21.87 0.13
Layer | 1 0&57174 53.93% |0.31346 0'517477 96.77 | 0.002
2 21.71 2185 | 2195 | 21.84 0.16
0.120 0.12049
3 21.7 21.85 21.95 21.83 0.17 Speed 1 495 12.62% 10.01317 5 22.65 0.018
4 217 2172 | 2184 | 2175 | 025 Layer*Layer | 1 %796 29.01% | 0.14421 | **19%| 52.06 | 0.005
5 21.65 217 21.8 21.72 0.28 — T o0 T
6 21.62 2162 | 2165 | 21.63 037 a{;;eezyer 1| e | 083% [0.02626| 770|148 | 0310
7 21.55 21.8 21.85 21.73 0.27 Layer*Speed 0.018 . 0.01853
8 21.56 21.81 21.89 21.75 0.25 *Speed U | s3p | 194% 0018531y 348 | 0159
9 21.62 21.65 21.8 21.69 031 Error 3 0;?95 1.67% |0.01596 0~0%532
Total 8 0596514 100.00%
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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.
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standardized Residual Fitted Value
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Fig.6. Standardized residual.
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Fig 7. Main effects plot.
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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.
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.
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

Plovdiv, Bulgaria
sabi_sabev@tu-plovdiv.bg

Sofia, Bulgaria
plamen.kasabov(@abv.bg

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
235° 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 220°C or an extremely
high temperature above 250°C. [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 235°C +1°C for each
sample.

100

60

70

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

3D printer FlashForge Creator 3 [5]
Software FlashPrint [6]

Software AutoDesk Inventor Pro [7]

Software Minitab [8]

a.
b.
c.
d.
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 °C.
* Extrusion temperature: 235 °C.
e Print speed: 20-120 [mm/s].

e Travel speed: 120 [mm/s].

* Number of shells: 3.

* Layer thickness: 0,1-0,4 [mm)].

42

* Nozzle diameter: 0,4 [mm)].

Structure Body1.gx
Only Current Layer
Retraction

Layers: 560/ 101.55mm

Steps: 35

Travel

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 Ne  |[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

12 025 120

13 04 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. 5. Measurement process.

Fig. 3. 3D Printing process. Thirteen specimens were tensile tested and the

experimental results are presented in tabular form,

III. RESULTS AND DISCUSSION Table 3.
The specimens were tested on a calibrated TABLE 3 EXPERIMENTAL RESULTS
electromechanical tensile machine (fig. 4)
No 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

Fig. 4. Testing machine.

kN=0.387 + 6.063Layer - 0.01074 Speed
- 3.20 Layer*Layer +0.000115 Speed*Speed
- 0.03345 Layer*Speed
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TABLE 4 COEFFICIENT Pareto Chart of the Standardized Effects

(response is kN; a = 0.05)

Term Coef |[SE Coef| 95% CI T-Value | P-Value | VIF Term 2365
Predictor Name
Constant | 0,39 | 0,20 (00805739) 1,97 | 0,09 " O
Layer 6,06 0,85 |(4.065;8.062)| 7,17 0,00 |42,42 L
Speed 0,01 0,00 (-0.01880; - 3,15 0,02 |49,06 ne
0.00267)
Layer*Layer | -3,20 1,31 |¢6.30;-0.100| 2,44 | 0,05 |2597 B
* .
Speed*Spee [ 00 | .00 | ©O0007L 6 | 000 |37.87 n
d 0.000159)
(-0.04903; - 0 1 2 3 4 5 6 7 8
Layer*Speed | -0,03 0,01 0.01788) 5,08 | 0,00 [28,7 S ndorded Effe
TABLE 5 MODEL SUMMARY Fig. 6. Pareto chart.
. | babili I
S R-sq R-sq(adj) PRESS N""“(fes';;ﬁs:is IL,{,‘)V Bt
0,0387538 97,47% 95,66% 0,07 ”
R-sq(pred) AICc BIC . Tt
“*
81,96% -19,27 -37,71 “ 2
T 60 :
§ 50 ) »
TABLE 6 ANALYSIS OF VARIANCE v .
20 .
Contri . . F- P- " .
Source DF | Seq SS bution AdjSS [ AdjMS Value| Value ; .
Regression| 5 | 040 [9747%| 040 0081 |5386| 0
Layer| 1 029 [6947%| 0,8 0077 |5145] 0 T 2 i o 2 3
Speed| 1 | 000 |061%| 001 | 0015 | 991 |0016 standardized Residual
1| 002 [405%| 001 | 0009 |595]|0045 Fig. 7. Probability plot.
Layer*Layer
Versus Order
Specd*Speed 1 006 [1401%] 0,06 0058 | 387 0 (response is kN)
, *
1 004 |933% | 004 0,039 |25,79| 0,001 .
Layer*Speed ° ~
Error| 7 | 001 |253% | 001 0,002 21, .
Lack-of-Fit 001 |[253% | 001 0004 | * * E:
Pure Error 000 |0,00% | 000 0,000 - . Fama— X -
& |
The regression analysis is statistically significant , J

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.

1 2 3 4 5 3 7 8 9 10 n 12 13
Observation Order

Fig. 8. Versus order.

Versus Fits
(response is kN)

Standardized Residual
°
L3

05 06 07 08 09 10 11 12 13
Fitted Value

Fig. 9. Versus fits.
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Histogram
(response is kKN)

18 12 0.6 00 06 12 18 24
Standardized Residual

Fig. 10. Histogram.

Main Effects Plot for kN
Fitted Means

Layer Speed

06

0.5
o1 0.2 03 04 40 60 80 100 120

Fig. 11. Main Effects.

IV. CONCLUSIONS

In conclusion, we can draw the following conclusions:

e The central compositional planning made is
correct.

e  With the used measuring equipment we get
adequate measurements.

e 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.

e 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
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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 4 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.
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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 Vo, 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 § toward
the x-axis. The model of generator has several flat blades 2.
Due to the action of air flow V%, 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 Vo, but blade is turned by angle f 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.

Fiumn

ey
o* Taa,

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]:

mi = (1 + C)pBLK - (V,cos f — x sin8)? - sin 8
-sign(Vycos  —xsinfB) +Q, (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; p is
a density of fluid; B, L are the width and length of one
blade; K is number of blades; Vs is a fluid flow velocity in
the direction perpendicular to the x axis; f 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:
Q= —bx, @

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

During simulation, power P of linear generator was
calculated by formula
P = b x% 3)
Mathematical simulation is performed assuming the
following values of main system parameters: by = 75 kg/s;
m=10kg; K=5; p=1000 kg/m*; C=0,5;B=1m; L=1
m; Vo =1 m/s; B = 0,039 rad; g = 9,81 m/s’. Results of

dynamics analysis for blade velocity V and for power P
obtained in the generator are presented in Fig. 4 and Fig. 5.

12
10
o
8
g
> 6
4
2
0
0 2 4 (] 8
1(s)

Fig. 4. Velocity V of blade translation motion along x axis versus time 7.

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 b; as well on the flow rate ' and blade
orientation relative to fluid flow (blade position angle /).
For example, in the case studied here, the generated power
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P reaches up 7500 — 8000 W even at the relatively small
fluid flow velocity of Vo =1 m/s.

$x10°
]
£ a0
~ 5
5 3
E 410
&
2x10°
0
0 2 4 6 8

t(s)

Fig. 5. Power P obtained in the generator (for the system parameters b,
=75 kg/s, B =0,039 rad, Vy =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 b;
of the braking generator as well as the blade orientation
(turning angle p) 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 f is shown in Fig. 6.

10000
2000
6000

4000

Power P (W)

2000

0.006 0.012 0.025 0.045 0.196 0.393 0.785 0.98

Blade turning angle B (rad)

Fig. 6. Response curve for the optimization criterion P as a function
of blade turning angle
(for the case of Vo=1m/s and b, = 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 (f = 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 b; was held (under the constant turning angle
£ =0,039 rad).
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Fig. 7. Response curve for the optimization criterion P as a function
of interaction constant b; of the braking generator
(for the case of Vo= 1 m/s and = 0,039 rad).

The renewable power P of linear genarator is
dependent on its viscous damping force —b,x, which can
be varied by changing of interaction constant b; (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 b; 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.
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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.
L INTRODUCTION

Road accidents have become a prevalent problem due to
the increase in both the number of vehicles and their speed,
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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 aresult, 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].
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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

|ANB|

J(A,B) = 522, M)

The Loss Box formula is the following

@
Looe (£, 0) = ) Lm0 — vy,

ie{x,y,w,h}

The Loss cls (classification) formula is the following

Lys(p,u) = —log log p,, , (3)

The Precision has the following formula

TruePositive

- (TruePositive+FalsePositive)’ (4)
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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.

I1I. 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 3.7GB/12.7GB
GPU RAM 8.5GB/15GB

SSD 259 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 5.7GB/12.7GB
GPU RAM 11.4GB/ 15 GB
SSD 249 GB/78.2 GB

The table 3 displays time to train each model.

TABLE 3 TRAINING TIME

Algorithm Time, mins
Detectron2 51
Yolov7 159
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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.

0.071
0.065
0.061
0.057
0.053
0.05

0.045

0 5 10 1520 25 30 35 40 45 50 55

Fig. 3. The Loss box metric.

0.025
0.022
0.02

0.015

0.011

0 5 10 1520 25 30 35 40 45 50 55

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

0.3
0.2 B. DETECTRON2 RESULTS

The Detectron2 model has the following results

0.1 values (Table 5).

0 5 10 15 20 25 30 35 40 45 50
TABLE 5 DETECTRON2 RESULTS

Fig. 6. Fig. 8 AP@.5:95 metric of Yolov7.
Value Metric
The inference results are on Fig. 7, 8. There are no

mistakes or incorrect predictions was observed. 0.651 AP@.5:95

0.909 AP@.5

e\ 0.198093 s/
| \ . s .
| img per GPU Inference time

815 MB Model size

The Loss box chart is on the Fig. 9.

0.65
0.55
0.45
0.35
Fig. 7. Inference result of Yolov7 [25].
o . 0.25
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 0 200 400 600 800 1k 13k 1.6k
is very important in undestanding of dangerous situations.
Because when the two or more lanes exist and only one lane Fig. 9. Loss Box for Detectron2.
is full and when one lane exist and it is full, these are
different cases. The Loss classification chart is on the Fig. 10.
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system. Table 6 presents the compilation results for the
0.55 aforementioned algorithms.
0.45 TABLE 6 COMPILATION RESULTS
0.35 Value Detectron2 Yolov7
0.25 .
AP@.5: 0.651 0.583
95
0.15
AP@.5 0.909 0.926
0.05 @
Inferen . 0.191668 s / img per
. 0.198093 s / GPU
0 200 400 600 800 1k 13k 1.6k ce time S/ 1me pet GPU
. Model
Fig. 10 Loss CLS for Detectron?2. size 815 MB 74.8 MB
The inference results are on the Fig. 11, 12. GPU
’ 8.5 Gb 11.4GB
3 RAM
Time to 51 mins 15.9 Mins
train
Epoch 1500 55

The results indicate that while there is only a slight
improvement in accuracy, Yolov7 outperforms
Detectron?2 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
Fig. 12 Inference result of Detectron2 [25]. usage. The research found that Yolov7 outperformed
Detectron?2 in terms of performance metrics.

v DISCUSSIONS The study also explores the potential for applying

The discussion section entails a comparison of the  these approaches to a single-board computer or robot
model's results and identification of the most appropriate  vision systems and provides a starting point for
algorithm for the problem of usage it in robotic vision  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 @10 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
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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].
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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)

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

57

Iron Rods (Bars)

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.

1T/

) FTRRRRLT 1 01 11411

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.

¢) 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
samples

reinforcement and two 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.
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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. Ehe
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 | 163 | 8.0 30.9
S-2 25.64 | 16.2 | 8.7 33.9
S-average 25.8 16.2 | 84 324
Titanium reoinforced beam
T-1 15.75 1 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:

Load, kN

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).

Fig. 8. Destruction mode of beam with steel reinforcement (a) and titanium
reinforcement (b).
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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 eclevated 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 -
a, 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
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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].
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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
X3I1 00C 0,5X047 — 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.

=10

op0= on

ex13=10

Saz=04m

193] = Pel

Sal=0
Sal=02m

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).

SR ]

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 z;=2,=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 z;=2,=7 to z;1=z=5 [7].

=k

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 x;= x,=-0.15, which has
a frontal overlap coefficient of e« = 1.06 and €*, = 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 a*,= 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 a<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.
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Figure 7 presents an evolvent cylindrical gear with
asymmetrical profile, internal interlocking and equal
number of cogs [9].

=78

Fig. 7. Cog gear with asymmetrical profile and equal number
of wheel cogs z,=z,=44; profile angles of the instrument 0=20°
and a*=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.ay,.

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 x;=x,=0.5 were selected from it,
with wheel width b=5 mm achieving overlap coefficients
e=2,2 (1,61); €¥=2,0 (1.46).

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

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
evolvent 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
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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.

L 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
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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.

1L

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:

MATERIALS AND METHODS

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.
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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.

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.

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

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

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

IIL

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,

RESULTS AND DISCUSSION

f5= p(ozr where p is the specific weight of the material;
o is angular speed,  is the rotation radius. Speed #, rpm,
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is related to angular speed w, rad/s, by the ratio n :22.
T

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 u (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):

RzRg] (1)

op :3+8“po)2[R2+R§r2 3

7

Tangential stresses (are directed perpendicular to
radius):

oy =S o2

R2ag2_,2 e RPRG) ()
8 0" 3

tpo 2

where R is the external radius of the disk; Ry is the
inner radius of the disk; 7 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).

Op

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:

v _

Ce

=1 012+G%—0102 (3)
Radial movement of the outer surface (deformation) of
the disk of equal thickness from stresses is determined by

the formulae:
2
Ry
I—p+(3+p)| =2
[ e ( +u)[ R] 1

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

pu)zR3

4E

“4)
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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:

in __ 2
Pd _md.w .Rcms

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

in __ 2

})h =my, Q@ ‘Rcmh

where mj; is hammer mass; @ - angular speed; Remn 1S
the distance of mass of the hammer to the centre.

For specified values w=314s", m,;=0,034 kg,
mp=0,02 kg, Rems=0,064 m, Rei =0,141 m, we get such
values of inertial forces: P"; =214 N, P, =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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Behavior of Rapidly Solidified Al-Si-Ni Ribbons
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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 AluNii6Siio and
(Al74Ni16Si10)9sCuz. The crystallization behaviour of these
alloys was studied by DSC analysis. It was found that the
crystallization of the amorphous alloys (Al74Ni16Si10)100-xCuy,
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 ATx 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 Al74Nii6Si1o alloy causes a
separation of new phases - Cu3.sNi and (Al, Cu)Ni3 and 54%,
24% and 7% size increase of the phases Al, AlzNi, NiSiz
respectively.

Keywords: amorphous, nanocrystalline, aluminum, copper,
silicon, nickel.
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L 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 AI-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
aminority 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 AI-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 um 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 mm?.

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. A Bruker D8 Advance powder X-ray
diffractometer with Cu Ka 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 Aéolos Quadro mass spectrometer in Ar
environment. The rate of the protective Ar flow in the
apparatus during the analysis was 30 mL s! and the flow
rate of the purge Ar through the studied samples was 20
mL s, The heating rate was 20 K min™.

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 AI-Ni-Si alloy will be denoted further as
Al74Ni;6Si10. EXDS analysis showed that the Cu content in
the Al-Si-Ni-Cu rapidly solidified ribbon was close to 2 at.
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% Cu, therefore, in our work, it will be denoted
respectively (A174Ni16$i10)9gCu2.

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

Designation of Al Ni Si Cu
ribbons [at. %] [at. %] [at. %] [at. %]
Al74Niy6Siio 73.50 16.08 10.42 -
(A174Ni16Si10)9sCus 73.97 14.94 8.76 2.33
The XRD patterns of  AluNieSiip  and

(Al174Ni16S110)0sCu, 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 Al74NieSip and
(Al174Ni16S110)0sCu, 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 Al7aNii6Siio
alloy (Fig. 2 (a) showed the typical for metallic glass
uniform matrix. Small white spots were observed in the
dark matrix of (Al.NisSijo)esCuz. 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
Al7aNij6Siio alloy: Al, AlsNi and NiSi; (Fig. 1 (a) and five
types of crystalline phases in (Al74Ni16Si10)9sCus

alloy: Al, Al3Ni, NiSi,, Cus sNi and traces of (Al, Cu)Nis
(Fig. 1 (b).

The quantity and the size of the crystalline phases were
determined as nanosized in Al74Ni;6Siio and as ultrafine in
(Al174Ni16S110)9sCu, (Table 2). This gives us the reason to
designate the annealed AlwuNiSijp alloy as
nanocrystalline and the annealed (Al74Nii6Sii0)9sCus 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 AL74NI;6SI;0 AND (AL74N1165110)98CU2 ALLOYS

Components of the crystal part
Designati -
esignation Types of Quantity of Phase size
of the alloy hases the phase Jnm]
p [mass. %]
A174Nilbsi10 _ _ _
am
Al -fcc 16 88
A174Ni16$i10 AlgNl
ner Orthorombic 2 7
NiSi, . fec 12 43
(A174Ni;6S110)esCus ) ) )
am
Al -fcc 19 136
AN
(AlNi16Si10)osCui Orthorombic | * 88
ufer NiSi2 13 45
Cus.gNi - fee 4 60
(AL Cu)Nis- traces
fec
2500
<Al
. ONiSiz
PrAlNi
1500 -
Tr
z
£ 1000 - & i
& * X o
=
= & Lo
s *#Q 0 o ner
4
s am
m i T
) T T T T T T T T T T
10 0 3 &0 50 50 7 a0
2Thea indegrze
(a) Al7aNij6Siio.
2000
< Al
0 NiSiz
WA Ni
1000 4 & 0 Cusz_sNi
z +(ALCu)Nis
=
E]
=

T
10 20 0 0 50

2 Theta in degree

(b) (A174Ni168i10)9gcu2
Flg 1. XRD diagrams of A174Ni155i10 and (Al74Ni155i10)93CU2 alloys.

ao

XRD results showed that the addition of only 2 at. %
Cu to Al7aNi;6Siio alloy caused a 54%, 24% and 7% size
increase of the nanocrystalline phases Al, AlsNi, NiSi,
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respectively, and a separation of two new phases — Cus gNi
and (Al, Cu)Nis. 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 Al.NijsSijo
and (Al74Ni6Sii0)9sCu, 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 ATx 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 ATx = Tx2peak - Tx1peak [17].
The parameter ATx 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 ATx are 64K and 92K
for the AlNieSiio and (AlNiieSiig)esCus 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) A174Ni168i10 -am

(b) (Al74Ni;6Si10)9gCur- am
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(C) A174Ni16Si10— ncr

T -

(d) (Al74Ni;6Sii0)9sCus - ufer

Fig. 2. Microstructure of the amorphous (a), (b) and crystalline (c), (d)
Al74Ni168Si10 and (A174Ni165i10)9gCuZ alloys, TEM.

DSC /(mWing)

4 Lexo

100 200 600 00

Fig. 3. DSC diagrams of AluNi6Sijo alloy (a) amorphous; (b)
nanocrystalline.

DSC /(mWimg)

1) exo

400 500 Ll 00 £00 1000

Fig. 4. DSC diagrams of (Al74Ni;6Sii0)esCu, alloy (a) amorphous; (b)
ultrafinecrystalline.
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TABLE 3 RESULTS OF DSC ANALYSIS OF AMORPHOUS AL74NI;6ST;o
AND (AL74NI;6S110)9sCU» ALLOYS

AlNigSio - | (Al4NigeSiz)esCus -
am am
Tx1, [K] 453 452
Tpeak, [K] 465 453
Tx2, [K] 529 535
Tpeak2, [K] 529 544
Ts, [K] 838 819
T, [K] 965 954
AT, [K] 64 92

IV. CONCLUSIONS

Rapidly solidified amorphous ribbons Al74Nij6Siio and
(Al74Ni16S110)0sCuz 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 Al74Nil6Sil0 and
(Al74Ni16S110)0sCu, takes place in two steps. It was proven
that the addition of 2 at. % copper to the Al74Ni;6Siio alloy
does not significantly change the Tg temperature, but
improve the glass forming ability of (Al74NiisSii0)esCuz
alloy.

It was found that the addition of 2 at. % Cu to
nanocrystalline Al74Ni6Siio alloy causes a 54%, 24% and
7% size increase of the separated crystalline phases Al,
Al3Ni, NiSi respectively, and a separation of new Cus gNi
and (Al Cu)Ni3 phases in the ultrafine crystalline
(A174Ni168i10)9gcu2 alloy.
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Abstract. The influence of nickel as minority alloying element
on the corrosion behavior of amorphous alloys
(Al74Cu16Mg10)99Ni, (Al74Cu16Mg10)9sNi2 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 25°C. 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 (Al74Cu1sMg10)100xNix 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
Al74CuisMgio alloy.

Keywords: amorphous alloy, aluminum,
magnesium, corrosion.

nickel, copper,

[. 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 (Al74CuisMgio)100-Nix 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 Al74CuisMgio alloy was chosen as a base alloy of
the Al-Cu-Mg system, corresponding to the eutectic point
ES of the Al-Cu-Mg turnery equilibrium diagram [6]. The
base Al;4CuigMgio 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
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Melt Spinning (CBMS) method was used to obtain rapidly
solidified ribbons about 3 - 4 mm wide and 26 - 40 pum
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)

. . . Al Cu Mg Ni
Designation of ribbons [at.%] [at. %] | [at. %] | [at. %]
Al74Cu1sMgio 76.60 13.82 9.59 -
(Al74Cu16Mgi0)9oNi 74.45 15.14 9.16 1.24
(Al74Cu16Mg10)9gNi2 7454 14.90 8.61 1.96
(Al74Cu16Mg10)97Ni3 7323 14.84 872 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 Al74CuisMgio was 98
% amorphous [8] and the three Ni — containing alloys
(Fig. 1) are completely amorphous [9].

Lin (connts)

0 | w

0
20 30 40 0 60 70 80

2-Theta scale

Fig. 1. XRD patterns of (Al74Cu16Mgi0)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 25°C in a laboratory thermostat. Before

Mg Alloys in Chloride Solution

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

The corrosion rate (CR) was calculated gravimetrically

CR= As—ntl [g m?h"'], where the mass loss index Am=mo—m,

[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 [m?]; 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 (Al74Cui1sMgi0)100-
«Nix , 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 cm?
surface were degreased in alcohol, treated in diluted
HNOs;. 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 (Al74CuisMgio)i00-xNix ,
x=1, 2, 3 at. % alloys were compared to those obtained for
the base Al74CuisMgio alloy.

The specimens were kept for 60 min in 3.5% NacCl to
stabilize the open circuit potential (OCP), 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/cm?, 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 (Al74CuisMgi0)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 (Al74Cu;sMgi0)100xNix , x=0, 1, 2, 3 at. %
alloys under continuous immersion in 3.5 % NaCl for 360 hours at 25°C.

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.

b) (Al74CU16Mg10)97Ni3

Fig. 3. Surface of specimens of Ni-containing amorphous alloys after 360
hours corrosion test in 3,5% NaCl at 25°C.

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) 20, 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].

NaCl NaCl NaCl
NaCl
NaCl|
=
2
I
Cl -
K\iJL “9) 3at%
" - C0l 2at%
. (o]
\ Cuy L 1at%
T

T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
2- Theta scale

Fig. 4. XRD patterns of the corrosion products of (Al74Cu;6Mgi0)100-Nix
alloys obtained after 360 hours corrosion test in 3.5 % NaCl at 25°C.
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B.  Electrochemical and

measurements

potentiodynamic

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 Al74CuisMgio and of the alloys with 1, 2
and 3 at. % Ni were measured in 3.5 %NaCl at 25°C 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.

-0,50

-0,55

-0,60

-0,65 ]

0,70

-0,75

Open circuit potential (V vs Ag/AgCl)

0,80

Ni (at. %)

Fig. 5. Dependence of OCP on Ni content of (Al74Cui6Mg0)100-xNix 5
x=0, 1, 2, 3 alloys in 3.5% NaCl at 25°C.

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 (Al74CuisMgio0)100xNix, 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 (A174Cul6Mg10)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
Al74Cul6Mgl0, the values of OCP and Epit are close.
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Fig. 6. Polarization potentiodynamic curves of (Al74Cu;6Mgi0)100xNix,
x=0, 1, 2, 3 alloys in 3.5% NaCl at 25°C: 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
(Al74CuisMgi0)100-<Nix, x= 1, 2 ,3 or the base amorphous
alloy Al74Cul6Mgl0 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
(A174CL116Mg10)1()0_XNix, x=1, 2, 3 alloys, the corrosion
potential Ecorr shifts in positive direction and the
development of pitting corrosion begins. According to
Figure 6 the most resistant to pitting corrosion is the
(Al74Cu16Mgi0)97Nis  alloy (dash-dot), which has the
noblest pitting potential (Epitt -0.332 V) and repassivation

potential (Erp -0.530 V).
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Fig. 7. Epit and Erp of (A17,Cu16Mgi0)100xNix, x =1, 2, 3 at.% and
of the base A174Cul6Mgl0 alloy (dot lines).
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The base A174Cul6Mgl0 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
Al74CuisMgjo.

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 (Al74CuisMgio)100-
WNiy, 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 (Al74CuisMgi0)e7Nis.

IV. CONCLUSONS

It was found that the addition of nickel in the range of
2-3 at % to the base amorphous alloy Al74Cul6Mgl0
reduces the corrosion rate of the amorphous alloys
(A174CU16Mg10)100_xNix, x=2,3 from 63.10* g m’! hl] to 0
[gm™ h']

The addition of nickel in the range of 1-3 at % to the
base amorphous alloy Al74Cul6Mgl0 increases the
resistance of the amorphous alloys (Al74Cui16Mgi0)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 810° C. After alloying and mechanical stirring of the melt,
it stood for 30 min. at a temperature, raised to 850° 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.

L. 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 M126 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 M 142 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 AISi25Cu5Cr alloy with Co, Cr and
Mo by using metal powder.
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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 ALSI25CUS5CR (%)

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 810°C. After alloying and mechanical
stirring, the melt stood for 30 minutes at a temperature,
increased to 850°C. 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 850°C, while the casting
temperature was 830°C. Metal equipment, preheated to
200°C in advance, was used for casting the experimental
samples.

The castings were thermally treated under the T6 mode,
during which the heating for homogenizing of the structure
was carried out at a temperature 510-515°C, the retention
time at this temperature was 6h30min., and the used
cooling medium was water with a temperature of 20°C. The
artificial ageing of the samples after their hardening was
carried out at a temperature of 180°C, 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
Co0-0.2%, 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

Using Metal Powder

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% P and alloying with
WIRONIT.

TABLE 3 CHEMICAL COMPOSITION OF ALSI25CUSCR+ 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% P and alloyed with Co,
Cr and Mo before being subjected heat treatment, are 24.8
um 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 pm. 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 um (total
average size). The main amount of eutectic Si crystals is up
to 20 pum in size, though crystals, measuring from 30 to 80
um are also observed (Fig.1). The mechanical properties of
the alloy, infused this way, are shown in Table 4.

L s o - AR e —=
Fig. 1. Microstructure of alloy AlSi25CuS5Cr + 0.07% P + Co, Cr and
Mo.

TABLE 4 MECHANICAL PROPERTIES OF ALSI25CUSCR+

WIRONIT
Allo; Microhardness | Macrohardness Rm
¥ [MPa]
AlSi25Cu5Cr 79‘2HHV50/10 129‘5HV10/10 121

After heat treatment under the T6 mode, during which
the artificial ageing was carried out at a temperature of
180°C 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 um. The main amount of primary Si crystals
measured about 22 pm. Single crystals with slightly larger
dimensions of the order of 55 um 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.

2 AN i o S

Fig. 2. Microstructure of alloy AISi25Cu5Cr + 0.07% P + Co, Cr
and Mo - T6 (artificial ageing 180°C/12h).

TABLE 5 MECHANICAL PROPERTIES OF ALSI25CUSCR+
WIRONIT+ T6 (ARTIFICIAL AGEING 180°C/12h)

. Rm
Alloy Microhardness | Macrohardness [MPa]
AISIZSCUSCI‘ 86.2]J,HV50/10 142.1HV10/10 215

In the structure of the studied alloy after its heat
treatment under the T6 mode, in which the artificial ageing
was carried out at 180°C 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 pm. 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 um, though ones in the form
of plates, about 12.5 pm long and 2 um 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 180°C, and the retention
time is 14h.
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Fig. 3. Microstructure of alloy AlSi25Cu5Cr + 0.07% P + Co, Cr
and Mo - T6 (artificial ageing 180°C/14h).

TABLE 6 MECHANICAL PROPERTIES OF ALSI25CUSCR+
WIRONIT+ T6 (ARTIFICIAL AGEING 180°C/14h)

. Rm
Alloy Microhardness | Macrohardness [MPa]
AlSl25Cu5Cr 89.2]J,HV50/10 153.2HV10/10 183

The results from the conducted studies show that the
absorption of the hard-to-melt elements Co, Cr and Mo 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 Mo.

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
180°C and retention time 12h the eutectic silicon crystals
have a spheroidal shape and significantly small dimensions
- 6.7 um. 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 Mo, 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 180°C 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 a-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 In recent years, new alloys and composites have been

AlSi25Cu4Cr and AlSi25CuSCr are heat treated TS5, T6 and
T7. The quenching of the alloys was carried out under the
same conditions. Artificial aging at TS was carried out at a
temperature of 180° C for 2, 4 and 6h, and at T6 at 180° C for
8, 10, 12 and 14h. The artificial aging of the studied
compositions at T7 was carried out at a temperature of 370°
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.

[. 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].

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 AISi25Cu5Cr 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 AISi25CuSCr
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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 TS
and T7. The heating to homogenize the structure before
hardening was carried out at a temperature of 510-515°C,
the holding time at the indicated temperature was
6h30min., and for hardening a cooling medium of water
with a temperature of 20°C was used. Artificial aging at TS
was carried out at a temperature of 180°C and holding
times were 2h, 4h and 6h. During heat treatment the T7
temperature for artificial aging is 370°C and holding times
are 20min, 40min and 60min.

TABLE 1 CHEMICAL COMPOSITION OF ALSI25CU4CR (%) REMELTING

Si Cr Fe Ni Al

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

TABLE 2 CHEMICAL COMPOSITION OF ALSI25CUSCR (%) 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 Al1Si25Cu4Cr
alloy, and the AIlSi25Cu5Cr 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 TS5 and T7. Artificial aging at T6 was carried out at a
temperature of 180°C 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 ALSI25CUSCR (%) 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 830°-850°C 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
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pum, 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 pum

(Fig. 1).

Fig. 1. Microstructure of alloy AlSi25Cu4Cr+0.04%P
(remelting) x100.

In the structure of the AISi25Cu5Cr 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 um and
a width of 12-15 pm, single crystals with an irregular
shape and a significant amount of primary silicon crystals
with sizes in the range of 17 -27 um, and eutectic silicon
measures 5-7 pm (Fig. 2).

Fig. 2. Microstructure of alloy AlSi25Cu5Cr+0.07%P
(remelting) x100.

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 900°-930°C [20], [21]. A large
part of the primary Si crystals in the AISi25Cu4C +
0.04%P alloy structure are of irregular shape and cannot
be measured; those that have been measured are 35 to 50
pum in size. Eutectic Si crystals are in the form of needles
with linear dimensions of 30 - 54 um. (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 um. The silicon in the composition of the eutectic is in
the form of needles with an average linear size of 25.7 pm.

(Fig. 4).
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Fig. 3. Microstructure of alloy AlSi25Cu4Cr+0.04%P
(pure metals) x100.

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