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15.starptautiskas zinatniski praktiskas konferences “Vide. Tehnologija. Resursi” materialos &etros s€jumos ir parstavéti jaunakie
pétijumi vides inZenierzinatng, vides un dabas aizsardziba, ilgtsp&jiga lauksaimnieciba, energétika, materialzinatn€, mehanika,
metalapstradg, lazeru tehnologijas, matematiskaja model&sana, elektrotehnika, vides ekonomika un vadiba, informacijas tehnologijas
un sociotehnisko sistému modelésana, vides izglitiba un ilgtspgjigas attistibas procesos, izglitiba inzenierzinatnés, aizsardzibas un
drosibas tehnologijas. Krajuma parstavéto pétijumu joma ir daudzpusiga un starpdisciplinara, balstita uz starptautisko zinatnieku
kolektivu sasniegumu rezultatiem. Konferences materialos ieklauti 303 zinatniskie raksti. Konferences dalibnieki parstav 23 valstis.
Si konference un konferences materialu krajums ir veltiti konferences “Vide. Tehnologija. Resursi” dibinataja un konferences
ilggadéja priekSseédétaja profesora Dr.habil.geol. Gotfrida Novika pieminai.

15.starptautiskas zinatniski praktiskas konferences “Vide. Tehnologija. Resursi” norises vieta ir "Vasil Levski" Nacionala Militara
universitate, Veliko Tarnovo, Bulgarija.

Proceedings of the 15" International Scientific and Practical Conference “Environment. Technology. Resources” include recent
research in fields of engineering, environmental and nature protection, sustainable agriculture, energy, material science, mechanics,
metalworking, laser technologies, mathematical modelling, electrical engineering, environmental economics and management,
information technologies and sociotechnical systems modelling, environmental education and sustainable development, education in
engineering sciences, defense and security technologies. The research area presented in the proceedings is comprehensive and cross
disciplinary-based, on advances of international researchers. The proceedings comprise 303 scientific papers. Conference participants
represent 23 countries.

This conference and proceedings are dedicated to the conference ""Environment. Technology. Resources" founder and long-time
chairman of the conference, professor Dr.habil.geol. Gotfrids Noviks memory.

15th International Scientific and Practical Conference “Environment. Technology. Resources.” hosted by "Vasil Levski" National
Military University, Veliko Tarnovo, Bulgaria

https.//conferences.rta.lv/index.php/ETR/ETR2024

Link to conference proceedings: http.//journals.rta.lv/index.php/ETR
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Abstract. The study presented aims to investigate the
influence from different gate positioning on the final product
in T-RTM technology. The research is done using the
specialized Moldex3D software. The studies conducted found
that the symmetrical arrangement of injection ports and the
approach to progressive injection with reduced pressure on
the secondary gates result in significantly better deformation
outcomes, with values close to 95% better compared to the
deformation results in the approach with simultaneously
open ports.

Keywords: Injection Molding, Moldex3D, Polymer, T-RTM

I. INTRODUCTION

With the development of the global market, composite
materials have significantly penetrated the manufacturing
strategies of many industries, such as automotive, rail
transport, the space industry, aircraft construction, etc.,
with one of the main goals being the reduction of the
overall weight and improvement of various characteristics
of the products, which directly affect the life cycle of the
final product [1], [2], [3], [4], [5], [6], [7]-

In recent years, there has been significant discussion
about the possibility of using materials that can be easily
recycled after their use to protect the environment [8], [9],
[10], [11], [12]. One of the technologies that facilitates this
development is "Thermoplastic Resin Transfer Molding"
(T-RTM), combining the advantages of the known "Resin
Transfer Molding" (RTM) technology with those of the
thermoplastic =~ matrix  (recyclability, processability,
plasticity, durability, etc.) and the high-pressure injection
from the "High-Pressure Resin Transfer Molding" (HP-
RTM) technology [13], [14], [15], [16].

Manufacturers opting to use T-RTM technology face a
number of questions, but thanks to advanced computer
technologies and various specialized software products that
allow the creation of virtual prototypes and their
examination through different mathematical models, these

questions can be significantly more easily addressed [15],
[17], [18], [19], [20].

Properly determining the number and location of
injection points is crucial [21], [22], [23], [24], [25], [26],
in various polymer product creation technologies, as this
can significantly affect the different characteristics of the
final product [27], [28], [29], [30].

From the perspective of design, manufacturing, and
commissioning of molding tools, it's important that these
two issues are resolved early on due to the potential for
exponential increase in tool correction costs, delays in
manufacturing processes, and loss of potential profits.

Incorrect parameter determination leads to several
consequences, such as:

e Change in processing pressure;

e  Failure to fill the mold completely;

e  Appearance of weld lines, contributing to reduced
mechanical properties of the product;

e Uneven shrinkage of the polymer - deviations in
dimensions and weight;

e Deformations, warping of the product;

e  Prerequisites for the entrapment of air volumes.

Due to the tremendous impact on the process, it is
extremely important to correctly determine the number,
position, and operation of the injection points.

Further studies and improvements of the technologies
have found various combinations to improve the filling
process with control over the inflows, some of which are:

e Injecting polymer simultaneously from all gates;
Injecting polymer with progressive opening and
closing of individual filling points;

e Fixed filling pressure through all injection points;

e  Variable pressure in different filling zones.
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Fig. 1 visually shows the different variations of
injection, as well as the change in melt speed in single-point
and multi-point injection.

| Changes in speed |
N =
N | N NN
- | -
| Single-gate injection || Multi-gate injection |

| Simultaneous and progressive injection I

= Open gates
© Closed gates

Simultaneous Progressive
injection injection
| Fixed and variable pressure |

| Fixed pressure | | Variable pressure

Fig. 1. Variations of injection [27].

This study examines the impact of the position and
number of injection points in the T-RTM technology, with
virtual prototypes of the analyzed object being created with
different configurations of the placement of injection
openings and their operation. The software tools used are:

e SolidWorks — for designing the virtual models;
Rhinoceros — for creating mesh models;

Moldex3D — for analyzing the filling process.

II. MATERIALS AND METHODS

To conduct the study, it is necessary to go through
various stages (Fig. 2), which includes:
e Design of the basic geometry;
Determining the number and location of injection
points;

e C(Creating a finite element mesh model
e  Setting material properties;
e  Setting process parameters;
e Choosing an approach for managing the injection
points.
Virtual Engineering Analyses
T = ]
SolidWorks ::m:; Moldex 30 ]

il Meshing o Filling Time

*  Occurred Deformations
Weld Lines

—
\F

'll ALl AY

Fig. 2. Stages of creating the analysis.
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A. Virtual models

To determine the optimal position of the injection
points, a set of variations is considered (Fig. 3), through
which the goal is to analyze the filling speed of the mold,
the possibility of weld lines appearance, and the
deformation values that occur in the detail.

Variant 4
(3 gates)

Variant 3
(3 gates)

Variant 2
(2 gates)

Variant 1
(2 gates)

Fig. 3. Initial models for study.

B. Mesh model

The construction of the finite element mesh model was
carried out using specialized software "Rhinoceros", and
the available tools for this purpose, where the fiber
orientation of the available preform was also determined.
(Fig. 4).

Fig. 4. Mesh model and fiber orientation.

C. Materials

The material characteristics used for the preform are
shown in Table 1. For the matrix component of the
composite, material characteristics of the thermoplastic
polymer Polyamide 6 (PA6) were used.

TABLE 1 MATERIAL CHARACTERISTICS OF THE PREFORM

Aramid Fiber Kevlar 49
Variable Designation . .
of the variable Value Dimension
K11 1.92¢-08
Permeability K22 1.92¢-08 m?
K33 1.00e-08
Porosity [0) 0.33 -
El 57.89¢+09
Young's modulus E2 57.89¢+09 Pa
E3 6.89¢+08
v12 0.35
Poisson's ratio v23 0.35 -
v13 0.3




Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 15" International Scientific and Practical Conference. Volume III, 15-19

Aramid Fiber Kevlar 49
Variable Designation
of the variable Value Dimension
Gl12 16.49¢+09
Shear modulus G23 16.49¢+09 Pa
G13 1.81e+09
. . CLTEl -2e-06
Coeflicient of linear ¢ 206 1K
ermal expansio CLTE3 1e-06

All variants have been subjected to analyses with
similar initial process parameters shown in Table 2.

TABLE 2 INITIAL PROCESS SETTINGS

Variable Value Dimension
Filling time 360 sec
Filling pressure 150 MPa
Resin temperature 140 °C
Mold temperature 90 °C
Curing time 5 Sec

Several injection variants have been studied:

e  With identical pressure at the inlets;
e  With different pressure at the inlets.

D. The approach for the gates controlling

The approach chosen involves the progressive opening
and closing of the injection ports, with this action being
controlled through the simulation of a pressure sensor that
manages the flow gates.

To determine the exact position of the sensor, three
models were made to study their behavior (Fig. 5).

Position of the sensor

Fig. 5. Studied models for the position of the pressure sensor.

In Fig. 6, the initial moments after the injection ports
are opened in the models are shown, and it can be observed
that the most at-risk model for the appearance of weld lines
is Model B, while the lowest risk is Model C. Table 3
shows the results after the molds are filled, indicating that
Model A has the most balanced indicators in terms of time
and chances for the appearance of weld lines.

Based on the results, Model A is chosen, with the
position of the sensor immediately before the injection
port, as the most balanced and low-risk for the occurrence
of weld lines.

Fig. 6. Initial moments of filling.

TABLE 3 FINAL RESULTS OF THE FILLING

Filling of | Filling Maximum Presence

Model the mold time deformations of weld
(%) (sec) (mm) lines
A 100 268.50 16.46 No
B 100 261.63 16.46 No
C 100 279.16 16.46 No

III. RESULTS AND DISCUSSION

In Table 4 and Table 5, the results of studies with two
different pressures (150 and 100 MPa) are compared,
including the sequence of opening the injection ports for
polymer injection.

Due to the presence of two combinations of opening
points, the results of both variations in models BS and B6
are shown.

TABLE 4 RESULTS AT 150 MPA PRESSURE

Sequence of Filling of | Filling | Maximum | Presence
Model openin the mold | time | deformations | of weld
pentng (%) (sec) (mm) lines
Vi 1]2] - 70,45 - - No
V2 1]2] - 100 268.50 16.46 No
V3l |21 3 100 222.42 16.45 No
V32 | 1] 2&3 100 153.25 16.45 No
val [2]1] 3 98,15 - - No
V42 | 1| 2&3 100 265.46 16.44 No
TABLE 5 RESULTS AT 100 MPA PRESSURE
Filling of | Filling | Maximum Presence
Model Sequen'c e of the mold | time | deformations | of weld
opening (%) (sec) (mm) lines
V1 112 - 63.35 - - No
V2 112 - 92.98 - - No
V3l [2]1] 3 100 358.18 6.90 No
V32 |1 2&3 100 248.28 6.90 No
val [2]1] 3 62.32 - - No
V42 |1 2&3 95.51 - - No

Fig. 7 shows a graph comparing the mean values of the
deformations that occurred throughout the volume of the
detail under different injection combinations in models
V31 and V32.

12
11,8
116
11,4 ;
11,2 o

1 y
108 F LY

T 106

0 05 1 15 2 25 3 35 4 45 H 55 6 65 7
Deformation (mm)

Fig. 7. Occurred deformations.

From the above figure, it is observed that the more
balanced fluid flow, caused by symmetrically distributed
inlets, shows better results in terms of deformations.

To compare the results of the study with variable
pressure in the injection ports, model V32 was examined
in more detail, with different variants of the distances
between the initial injection point at intervals of 50 mm
(Fig. 8) being designed.
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V321 V322

V323

V324

LS

Fig. 8. Additional models for study.

The results of the study, with a pressure of 150 MPa in
the first inlet and 100 MPa in the other two points, are
shown in Table 6, from which it is determined that model
V322 fills the fastest.

TABLE 6 RESULTS FROM THE VARIABLE PRESSURE (150/100 MPA)

Filling of | Filling Maximum Presenc
Model the mold time deformations e of weld
(%) (sec) (mm) lines
V321 100 194.98 6.90 No
V322 100 190.47 6.90 No
V323 100 201.83 6.90 No
V324 100 230.96 691 No

In a further study, with the pressure reduced to 65 MPa
in the secondary injections, it was found that the
deformation fell below 0.500 mm in all models (Fig. 9),
which represents a decrease of nearly 95% from the

previous results (with 100 MPa in the secondary gates).
[ ]

n (mm)

Fig. 9. Deformation.

Deforn

The rate (Figure 12) and shear forces (Figure 19)
obtained during filling, which are related to the flow rate
and the drop in pressure, have been examined. Too high
values can be a precondition for the occurrence of defects
in the product, such as cracking [31]. .

9959 9981

%6\ 99, ——
-

va23

—e- -v324

Volume of the detail (%)

015

P S 1 S 0« U 1 S 2 A R B A DA

100 150

Shear rate (1/sec)

Fig. 10. Shear rate.

100
9973
95,08 .

--v321
Va2
va23

-va2

of the detail (%)

08
Shear force (MPa)

Fig. 11. Shear force.

Upon examining the forces and shear rates, their
relationship with the occurred deformations is established,
with the peak of lower values in the model with 400 mm
(Model V324) being due to the lower values of forces and
speed.

The secondary injection points closer to the primary
one experience difficulties in filling the mold, and the
shear forces increase, leading to an increase in the affected
volumes of the detail between the values of 0.36 to 0.40
mm.

IV. CONCLUSION

By using a multi-step approach to analyze the impact of
filling points in T-RTM technology, it has been established
that the position and number of filling points significantly
influence the complex fluid flow, the possibility of filling
the mold, and the necessary time for this.

Using more injection points allows for the choice of a
strategy for their progressive opening with specifically set
pressure, which supports the balancing of the fluid flow in
T-RTM technology and reduces the values of the occurred
deformations.

A relationship has been noted between the deformations,
forces, and shear rates, the set pressure, and the position of
the inlets.

It has been established that, even in T-RTM technology, the
correct positioning of injection ports reduces the
deformations that occur in the product, with the best results
observed when they are symmetrically arranged.
Progressive opening of the injection points helps to
eliminate weld lines, thereby ensuring the uniform wetting
of the reinforcing fibers.
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Abstract. The purpose of this study is to present a multi-step
approach for building a virtual analysis supporting the
determination of the number and position of the injection
molding gate spots in Resin Transfer Molding (RTM) and
the relatively new Thermoplastic Resin Transfer Molding
(T-RTM) technologies. The methodology provides an
opportunity to determine the behavior of the fluid flow
based on the location of the inlets, as well as potential
problems and defects.

Keywords: Injection Molding, Moldex3D, Polymer, T-RTM

I. INTRODUCTION

Composite products are increasingly occupying a
larger share of the market, being used in the aviation and
automotive industries, the production of various sports
facilities, and building elements, with the goal of reducing
the overall weight and thereby enhancing various
characteristics that directly affect the life cycle of the final

product [1], [2], [3], [4], [5]-

Strategies for using fewer raw materials and creating
less environmental pollution are adopted for the creation
of such composite products, which can be more easily
processed after they are no longer in use. The relatively
new technology "Thermoplastic Resin Transfer Molding"
(T-RTM) is used for their creation, combining the
advantages of "Resin Transfer Molding" (RTM)
technology with those of the thermoplastic matrix
(recyclability, workability, plasticity, durability, etc.) and
the high-pressure injection from the "High-Pressure Resin
Transfer Molding" (HP-RTM) technology [6], [7], [8].

Although RTM technology and its processes are well
known to process engineers, there are still various
difficulties in creating large parts. With the development
of computer technologies and mathematical models,
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manufacturers have the opportunity to analyze and
optimize processes in advance by creating virtual
prototypes to be investigated with specialized software
products [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], thereby reducing the potential risks of
defective products and financial losses.

One of the important steps in creating a quality
product through RTM and T-RTM technologies is the
initial determination of the number, type, geometry, and
position of the filling point or points [21], [22], [23], [24],
[25], known as the "gate," which directly affects various
characteristics of the final product (geometric and
mechanical), as well as the parameters during the polymer
casting process into the mold-forming tool. The gate is
part of the mold system of the mold-forming tool, which
ensures the passage of the polymer from the mixing head
(in "Liquid Composite Molding" (LCM) technologies) or
the chamber with the melted material, in machines for
standard high-temperature melt injection, into the molding
cavities.

From the perspective of mold making, incorrect
positioning or number of gates can lead to an exponential
increase in tool correction costs, production process
delays, and loss of potential profits.

Incorrect determination of parameters leads to several
consequences, such as:

e Change in process pressure;
Incomplete mold filling;
Appearance of weld lines, contributing to reduced
mechanical properties of the product;

e Different polymer shrinkage — deviations in
dimensions and weight;

e Deformations, warping of the product;
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e Preconditions for trapping air volumes.

In continuation, the study and improvement of
technologies have found various combinations to improve
the filling process with control over the gates, part of them
being:

Injection of polymer simultaneously from all gates;
Injection of polymer with progressive opening and
closing of individual filling gates;
o Fixed filling pressure through all injection gates;
e Variable pressure in different filling zones.
Fig. 1 visually shows the different variations of
injection, as well as the change in the melt speed during
single-gate and multi-gate injection
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Fig. 1. Variations of injection [26].

Through the position of the injection ports and
complex control over the process, it is possible to
influence the direction and speed of the fluid, which
affects the different characteristics of the final product
[26], [27], [28], [29].

II. MATERIALS AND METHODS

To conduct the study, three key stages need to be
passed (Fig. 2), through which the basic geometry for
analysis is created, the finite element mesh model is
generated, the number and locations of the filling points
are determined, material characteristics and process
parameters are set.
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Stage | ]

SolidWorks

Stage 2

Rhinoceros

Moldex 30 ]
[RTM Wizard)

Initial Meshing

+  Filling Time
*  Occurmed Deformations

Weld Lines

%

Fig. 2. Stages of creating the analysis.

A.  Stage I — Design of the model

The design of the virtual object for the study was
performed using the CAD software "SolidWorks", which
detail was subsequently exported in a file format with the
extension "STEP", to facilitate the preparation of a mesh
model in the next stage (Fig. 3).
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Fig. 3. CAD Model.

B.  Stage 2 — Creating a mesh model and

determining the number and location of the filling

points

The construction of the finite element mesh model
was carried out using the specialized software
"Rhinoceros", and the available tools for this purpose,
where the fiber orientation of the available preform was
also determined. (Fig. 4).

Fig. 4. Stages of building a finite element model.

The steps used in building the mesh model are:

Importing the STEP file;

Creating a shell mesh of finite elements;

Merging all elements of the mesh into a unified
model;

e Creating an offset of the mesh relative to the
original, with a distance equal to the thickness of
the designed detail;

e Building a volumetric mesh of finite elements
through topological synchronization of the two
surface meshes and determining the number of
volumetric layers;

o Setting the fiber orientation and direction of the
base vector, dividing the angle formed between the
fibers into two equal halves, with the possibility to
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introduce information about different fiber
orientations in separate zones through the inclusion
of an additional stage in the study, namely -
analysis of the preform molding and the
orientations created in the product;
e Positioning of the injection points in the models.
To determine the optimal position of the filling
points, a set of variations is considered (Fig. 5), aiming to
analyze the filling speed of the mold, the possibility of
weld lines appearance, and the deformation values
occurred in the detail

Variant 6
(3 gates)

Variant 5
(3 gates)

Variant 4
(2 pates)

Variant 1 Variant 2
(1 gate) (1 gate)

Variant 3
(2 gates)

Fig. 5. Initial models for study.

C. Stage 3 - Construction of a model to analyze the
influence of the number and position of injection points
on the fluid flow

The exported mesh of finite elements with the
introduced characteristics for fiber orientation is imported
into the next tool for engineering analysis (Moldex3D),
introducing material properties for the individual
structural components (reinforcing structure and polymer
matrix) and process settings necessary for completing the
analysis.

Model
5.2.1

Model Model Model

524

g

&

Fig. 6. Additional models for study.

After the preliminary analyses of the models and their
comparison based on the selected control parameters,
additional studies need to be conducted on the model

with the best results, aiming to examine further similar
variations in the arrangement of the injection points (Fig.
6).

III. CONCLUSION

A multi-step approach for conducting a virtual
analysis is presented to investigate the influence of the
number and position of injection gates on the quality of
the final product. By using three tools in separate stages,
in the creation of products through Thermoplastic Resin
Transfer Molding (T-RTM) and Resin Transfer Molding
(RTM) technologies, it is possible to prevent potential
problems such as underfilling of the mold, the appearance
of weld lines, and other defects in the technological
process directly related to the injection gates.

The method of using virtual engineering analysis at
the stage of designing the mold-making tool provides
extremely valuable information to designers for
identifying potential issues and their preemptive
resolution, thereby saving resources and time in the
manufacturing of tooling equipment.

By including an additional stage, a preliminary
analysis of the preform molding and thus the created fiber
orientations, it is possible to enrich the information flow
with combined data and more accurately track the
behavior of the fluid flow, the consequences arising from
the set input parameters, and to pinpoint problem areas.

ACKNOWLEDGMENTS

This work is performed by the support of project
“Research of the opportunities of developing “active”
safety goggles with UV-light face mask implementing
functions for fast sanitizing breathing air — ACTIVE PRO
UV” - KII-06-H47/9.

REFERENCES

[1] S. Hancock and L. Harper, ‘Cost, rate, and robustness’, in Design
and Manufacture of Structural Composites, Elsevier, 2023, pp.
447-471. doi: 10.1016/B978-0-12-819160-6.00022-6.

[2] M. R. Mansor, S. H. S. M. Fadzullah, and A. H. Nurfaizey, ‘Life
cycle assessment (LCA) analysis of composite products in
automotive applications’, in Biocomposite and Synthetic
Composites for Automotive Applications, Elsevier, 2021, pp. 147—
172. doi: 10.1016/B978-0-12-820559-4.00005-5

[3]1 J. Goodsell, M. Bogdanor, and A. Favaloro, ‘Design for
manufacture’, in  Design and Manufacture of Structural
Composites, Elsevier, 2023, pp. 349-372. doi: 10.1016/B978-0-12-
819160-6.00012-3

[4] X. Lim, ‘The World Is Running Out of Elements, and Researchers
Are Looking in Unlikely Places for Replacements’, Discover, May
16, 2020. [Online]. Available: https://www.discovermagazine.com/
planet-earth/the-world-is-running-out-of-elements-and-researchers-
are-looking-in-unlikely

[5] S.H. Han, E. J. Cho, H. C. Lee, K. Jeong, and S. S. Kim, ‘Study on
high-speed RTM to reduce the impregnation time of carbon/epoxy
composites’, Composite Structures, vol. 119, pp. 50-58, Jan. 2015,
doi: 10.1016/j.compstruct.2014.08.023

[6] C. Gomez, D. Salvatori, B. Caglar, R. Trigueira, G. Orange, V.
Michaud, ‘Resin Transfer molding of High-Fluidity Polyamide-6
with modified Glass-Fabric preforms’, Composites Part A: Applied
Science and Manufacturing, no. 147, 2021

[7] E. Poodts, G. Minak, L. Mazzocchetti, and L. Giorgini,
‘Fabrication, process simulation and testing of a thick CFRP
component using the RTM process’, Composites Part B:
Engineering, vol. 56, pp. 673-680, Jan. 2014, doi:
10.1016/j.compositesb.2013.08.088



https://www.discovermagazine.com/planet-earth/the-world-is-running-out-of-elements-and-researchers-are-looking-in-unlikely
https://www.discovermagazine.com/planet-earth/the-world-is-running-out-of-elements-and-researchers-are-looking-in-unlikely
https://www.discovermagazine.com/planet-earth/the-world-is-running-out-of-elements-and-researchers-are-looking-in-unlikely

Blagovest Bankov et al. A multi-step approach for analyzing the number of polymer injection molding gate spots and

their position in T-RTM technology

[8] D. Heider, ‘High-Pressure Resin Transfer Molding (HP-RTM)’,
University of Delaware, Mar. 2019. [Online]. Available:
https://nwp.engr.udel.edu/ccm/tech-briefs/2019/hp-rtm-0301.pdf

[9] L. Kirger et al., ‘Development and validation of a CAE chain for
unidirectional fibre reinforced composite components’, Composite
Structures, vol. 132, pp. 350-358, Nov. 2015, doi:
10.1016/j.compstruct.2015.05.047

[10]G. Todorov, K. Kamberov, and T. Ivanov, ‘Parametric optimisation
of resistance temperature detector design using validated virtual
prototyping approach’, Case Studies in Thermal Engineering, vol.
28, p. 101302, Dec. 2021, doi: 10.1016/j.csite.2021.101302.

[11]S. M. Afazov, A. A. Becker, and T. H. Hyde, ‘Development of a
Finite Element Data Exchange System for chain simulation of
manufacturing processes’, Advances in Engineering Software, vol.
47, no. 1, pp- 104-113, May 2012, doi:
10.1016/j.advengsoft.2011.12.011

[12]S. Bickerton, P. Simagek, S. E. Guglielmi, and S. G. Advani,
‘Investigation of draping and its effects on the mold filling process
during manufacturing of a compound curved composite part’,
Composites Part A: Applied Science and Manufacturing, vol. 28,
no. 9-10, pp. 801-816, Jan. 1997, doi: 10.1016/S1359-
835X(97)00033-X

[13]V. Ganev., Ya. Dimitrova, and S. Antonov, ‘Fast prototyping in the
manufacturing of complex armament parts’, presented at the
International scientific journal ‘security & future’, 2018

[14]F. Trochu, E. Ruiz, V. Achim, and S. Soukane, ‘Advanced
numerical simulation of liquid composite molding for process
analysis and optimization’, Composites Part A: Applied Science
and Manufacturing, vol. 37, no. 6, pp. 890-902, Jun. 2006, doi:
10.1016/j.compositesa.2005.06.003

[15]S. Soukane and F. Trochu, ‘Application of the level set method to
the simulation of resin transfer molding’, Composites Science and
Technology, vol. 66, no. 7-8, pp. 1067-1080, Jun. 2006, doi:
10.1016/j.compscitech.2005.03.001

[16]M. Y. Lin, M. J. Murphy, and H. T. Hahn, ‘Resin transfer molding
process optimization’, Composites Part A: Applied Science and
Manufacturing, vol. 31, no. 4, pp. 361-371, Apr. 2000, doi:
10.1016/S1359-835X(99)00054-8

[17]L. Kroll, ‘Modeling, integrative simulation, and optimization’, in
Multifunctional Lightweight Structures, L. Kroll, Ed., Berlin,
Heidelberg: Springer Berlin Heidelberg, 2023, pp. 563-629. doi:
10.1007/978-3-662-62217-9_8

[18]G. Todorov, B. Zlatev, and K. Kamberov, ‘Digital twin definition
based on virtual prototype evolution of an UPS with kinetic battery
accumulator’, presented at the THERMOPHYSICAL BASIS OF
ENERGY TECHNOLOGIES (TBET 2020), Tomsk, Russia, 2021,
p. 110008. doi: 10.1063/5.0044792.

[19]G. Todorov, K. Kamberov, H. Vasilev, and T. Ivanov, ‘Design
Variants Assessment Of Street LED Device Based On Virtual
Prototyping’, in 2021 17th Conference on Electrical Machines,
Drives and Power Systems (ELMA), Sofia, Bulgaria: IEEE, Jul.
2021, pp. 1-4. doi: 10.1109/ELMA52514.2021.9503086.

23

[20]G. Todorov, V. Obretenov, K. Kamberov, T. Ivanov, T. Tsalov, and
B. Zlatev, ‘Concept and Physical Prototyping of Micro
Hydropower System Using Vertical Crossflow Turbine’, in 2021
6th International Symposium on Environment-Friendly Energies
and Applications (EFEA), Sofia, Bulgaria: IEEE, Mar. 2021, pp. 1-
4. doi: 10.1109/EFEA49713.2021.9406242.

[21]S. Jiang, C. Zhang, and B. Wang, ‘Optimum arrangement of gate
and vent locations for RTM process design using a mesh distance-
based approach’, Composites Part A: Applied Science and
Manufacturing, vol. 33, no. 4, pp. 471-481, Apr. 2002, doi:
10.1016/S1359-835X(01)00146-4

[22]X. Ye, C. Zhang, Z. Liang, and B. Wang, ‘Heuristic algorithm for
determining optimal gate and vent locations for RTM process
design’, Journal of Manufacturing Systems, vol. 23, no. 4, pp. 267—
277, Jan. 2004, doi: 10.1016/S0278-6125(04)80039-6

[23]M. Seyednourani, M. Yildiz, and H. S. Sas, ‘A two-stage
optimization methodology for gate and vent locations and
distribution media layout for liquid composite molding process’,
Composites Part A: Applied Science and Manufacturing, vol. 149,
p. 106522, Oct. 2021, doi: 10.1016/j.compositesa.2021.106522

[24]B. Liu, S. Bickerton, and S. G. Advani, ‘Modelling and simulation
of resin transfer moulding (RTM)—gate control, venting and dry
spot prediction’, Composites Part A: Applied Science and
Manufacturing, vol. 27, no. 2, pp. 135-141, Jan. 1996, doi:
10.1016/1359-835X(95)00012-Q

[25]J. Wang, P. Simacek, and S. G. Advani, ‘Use of Centroidal Voronoi
Diagram to find optimal gate locations to minimize mold filling
time in resin transfer molding’, Composites Part A: Applied
Science and Manufacturing, vol. 87, pp. 243-255, Aug. 2016, doi:
10.1016/j.compositesa.2016.04.026

[26]M. K. Kang, J. J. Jung, and W. L. Lee, ‘Analysis of resin transfer
moulding process with controlled multiple gates resin injection’,
Composites Part A: Applied Science and Manufacturing, vol. 31,
no. 5, pp. 407422, May 2000, doi: 10.1016/S1359-
835X(99)00086-X

[27]]. M. Lawrence, P. Fried, and S. G. Advani, ‘Automated
manufacturing environment to address bulk permeability variations
and race tracking in resin transfer molding by redirecting flow with
auxiliary gates’, Composites Part A: Applied Science and
Manufacturing, vol. 36, no. 8, pp. 1128-1141, Aug. 2005, doi:
10.1016/j.compositesa.2005.01.024

[28]B. X. Chai et al., ‘Simulation-based optimisation for injection
configuration design of liquid composite moulding processes: A
review’, Composites Part A: Applied Science and Manufacturing,
vol. 149, p. 106540, Oct. 2021, doi:
10.1016/j.compositesa.2021.106540

[29]S. Laurenzi, A. Casini, and D. Pocci, ‘Design and fabrication of a
helicopter unitized structure using resin transfer moulding’,
Composites Part A: Applied Science and Manufacturing, vol. 67,
pp- 221-232, Dec. 2014, doi: 10.1016/j.compositesa.2014.09.007


https://nwp.engr.udel.edu/ccm/tech-briefs/2019/hp-rtm-0301.pdf

Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 15" International Scientific and Practical Conference. Volume III, 24-28

Two Generalizations of Skew-Symmetric
Sequences With Odd Lengths

Borislav Bedzhev
Faculty “Atillery, AD and CIS”
“Vasil Levski” National Military

Dilyan Dimitrov
Faculty “Atillery, AD and CIS”
“Vasil Levski” National Military

University University
Veliko Tarnovo, Bulgaria Veliko Tarnovo, Bulgaria
bedzhev@abv.bg dilyaniv@abv.bg

Abstract. The signals, exploited by the radar sensor networks
and remote control systems, have to provide simultaneously
high range resolution and ability to work stable in a hostile
radio electronic environment. An effective approach for
satisfying of these requirements is the frequent change of
many different signals, which autocorrelation functions have
small sidelobes. Accounting this situation in the paper the
generalizations of the skew-symmetric sequences with odd
lengths, which are phase manipulated signals, possessing
high autocorrelation merit factor, are explored. As a result,
two methods for synthesis of infinite families of phase
manipulated signals with good autocorrelation properties are
substantiated.

Keywords: skew-symmetric sequences, synthesis of signals with
small autocorrelation.

L. INTRODUCTION

Today the so-called Internet of things (IoT) is one of the
basic system of technologies, providing the rapid progress
of the Fourth Industrial Revolution (“4IR”, or “Industry
4.0”), which will improve radically the life-style of all
people around the world [1]. The advancement of the IoT
but essentially depend on the ability to provide the
electromagnetic compatibility of a great amount of
specialized small radar sensor networks and remote control
systems, operating simultaneously, as well as their stable
performance in a hostile radio electronic environment [2].

As known, an effective approach for satisfying of these
requirements is the frequent change of many different
signals, which autocorrelation functions have small
sidelobes [3], [4]. Accounting this situation in the paper the
generalizations of the so-called skew-symmetric sequences
with odd lengths, which are phase manipulated (PM)
signals, possessing high autocorrelation merit factor, are
explored. As a result, two methods for synthesis of infinite
families of PM signals with good autocorrelation properties
are substantiated.

The paper is organized as follows. First, the basics of
the signal processing in the receivers of the communication
systems are recalled. After that the possibility the negative
effects, caused by the multipath spread of the
electromagnetic waves, to be minimized by the application
of PM signals with good autocorrelation properties are
investigated. On this base two methods for synthesis of
infinite families of PM signals, which are skew-symmetric
sequences with odd lengths, possessing high
autocorrelation merit factor, are substantiated. At the end,
the applications of the proposed PM signals are analysed.

II. METHODOLOGY OF THE STUDY

Most often, the digital signal processing in the receivers
of radio-communication systems (RCSs) can be described
by the following polynomial model [5]:

[XR=s n()x 1[ERZg 1 (k)x 1] = n

= Zy:_—lN+1 Pp.u (r)xr .

In (1) the following notations are used. First, the digital
signal:

{nU}zy = w0), u(), .., u(N =1 }, 2

consists of the samples of the digitalized received signal.
As the sent signal passes a large distance between the
transmitter and the receiver the received signal is a
diminished copy of the signal, emitted by the transmitter
[31, [4], [5]. Due to this reason, the samples (2) are complex
numbers, presenting the complex envelopes of the
consecutive elementary phase symbols (or chips) with
duration 7.5, forming the sent signal.

Analogously, the sequences of complex numbers:

{w = =wO),u @, ...’ =13}, (3
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are the transfer function’s (TF) samples of the finite

impulse response (FIR) matched filter (FIRMF), used in the

receiver, and the autocorrelation function (ACF) of the

digital signal (2) respectively.

In (3) the symbol “*’ stands for ‘“complex
conjugation”.
Second,
E,(x) = X3 ulix, )

is the so-called generating function or Hall polynomial,
associated with the digital signal (2).

It should be pointed out that the powers of the variable
x7k, x¥ denote “overtaking or delay at k time-clocks with
duration 7., during the signal processing” respectively.

Analogously, the generating functions (Hall
polynomials) of the digital signals (3) and (4) are

B =B n (ox, (6)

FPuu(x) = 71y=_—1N+1 Pp.u (r)xr . (7)

From (1), (2), (3), (4), (5), (6) and (7) it is not hard to
obtain the next well known formula for direct calculation
of the ACF’s samples:

|

Now the following two facts should be taken in
consideration.

B (r) =
Voo ke + et (), —~(N - 1) <7 <0,
YRoe Tuprk+1r), 0<r<N-1.

®)

First, in order to diminish the negative effects, caused
by the multipath spread of the electromagnetic waves, the
ACF of the sent signal have to resemble a delta pulse (i.e.
to have thumbtack form) [3], [4], [5].

Second, the simplest type of phase manipulation, which
is the most preferable for applications in the small
(miniature) radio-electronic devices, is the binary phase
shift keying (BPSK). When it is exploited the samples of
the digital signal (2) can be considered as 1 and —1.

From the above facts it can be concluded that the ideal
ACF of binary signals with crest factor equal to one has the
form:

N’N - [r] = N:
Pp.u(r) ={+1,N — [T] = odd,
0,N — [r] = even.

)

The binary signals with crest factor equal to one, which
ACFs satisfy (9), are called Barker codes or Barker
sequences after their inventor Ronald Hugh Barker.

Accounting the ideal autocorrelation properties of the
Barker codes (signals), they will be analyzed in more detail
in the sequel in this chapter of the paper.

25

More specifically, ever the generating function (Hall
polynomial), associated with the digital signal (2), can be
presented as a sum of two polynomials, comprising only
the even and odd powers of the variable x respectively:

F,(x) = Fou(x) + Fpp(x),
Fop (%) = Yico n(2k)x?*,
Fou(x) = Yhoy u(2k — Dx?k2,

(10)

Obviously, analogous separation of the generating
function (Hall polynomial) (6), associated with the TF of
the FIRMF, exploited in the receiver, is possible:

Fi(x™)) = F,(x™) + F,(x™),
Fou(x™) = oo " (2k)x 2,
Frp(x™) = Xhoq 1* (2k — Dx ™21,

an

After taking into consideration (10) and (11) in (1), the
result is:

71y=_—1N+1 Pp.u (r)xr

= [Fu () + By [Fou(x™) + F;,(x™D)] =
= F, 0O F, (x™Y) + Fy () Fy (x71) +
+F,, COF;, (x™) + Ey () Fyy (x71).

(12)

Here it should be especially noted that during the
analysis of Barker signals with odd lengths
N=2L+1, (13)
Marcel Golay has observed [6], [7], [8], [9], that they
satisfy the condition:
L +k)=(-D*uL - k), k=1,2,..,L. (14)
In order to reach the aim of this paper, the condition
(14) will be generalized as follows:
ull +k) = (-D*u*(L—k), k=01,2,..,L. (15)
Due to the alternate symmetry of (14), the PM signals,
which satisfy the condition (14), are called skew-
symmetric sequences (signals). Analogously, in this paper
when the condition (15) takes place the respective PM

signal will be called generalized skew-symmetric (GSS)
sequence (signal).

Here it should be especially noted that M. Golay has
pointed out the skew-symmetric sequences as signals with
good autocorrelation properties as for them the ratio of the
mean peak energy to the aggregated energy of all the
sidelobes:

N2

MF = —y—————
23N 1 nlu* (k)

(16)

is great [6], [10]. The ratio (16) is called the Merit Factor
(MF) and together with the so-called Peak-to-Sidelobe ratio
(PSR)

N
max{| (k) =t

PSR = (17)
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are the two basic parameters for estimating the
autocorrelation properties of every concrete PM signal.
More specifically, the bigger are the MF and PSR, the
better is the resolution of signals, passed different ways
among the transmitter and the receiver.

From all the above stated, the following conclusions
ensue.

First, the condition (15) simplifies to the condition (14),
when in the communication devices only BPSK is used.

Second, if a PM signal satisfies the condition (15), then
its ACF has non-zero sidelobes only when time-shifts r are
even integers. Indeed, when N = 1mod4 , then L =
0mod2. As a result F,,(x) contains odd (namely (L + 1))
number of monomials and its reciprocal polynomial £, 0 (X)
(i.e. the polynomial, which coefficients are arranged in the
mirror reversal order {u(L — 2k)}%_,) has the form

Fou () = Xko u(L — 2k)x** = —F;, (x). (18)

Besides, Fy, (x) contains even (namely (L)) number of
monomials and its reciprocal polynomial FOH (x) is

Fou(x) = Zi:o#(L - Zk)ka = Fo*p.(x)- (19)

When N = 3mod4, then L = 1mod2 and, at the one
hand, F,, (x) contains even number (namely (L + 1)) of
monomials and its reciprocal polynomial F;u(x) has the
form

F;zp_(x) = Zi=0 M(L - Zk)XZk = Fe*u(x)- (20)

At the other hand, F,,(x) contains odd number
(namely (L)) of monomials and its reciprocal polynomial
FOH (x) has the form

Fou(x) = Zk:o ,LL(L - Zk)ka = _Fo*u(x)- (21)

From (18) and (19) it ensues, that in the cases, when
N = 1mod4, the second polynomial product in (12) can be
transformed as follows:

Feu(x)Fo*u(x_l) = F;zu(x_l)ﬁo*u(x) =

. 22
= [-Fu,(x™)] Fpy = —F,, (0)F;,(x™h). (22

Analogously, from (20) and (21) it ensues, that in the
cases, when N = 3mod4, the second polynomial product
in (12) can be transformed as follows:

Ezu(x)Fo*u(x_l) = ~eu(x_1)ﬁo*y(x) =

x 23
F;L(x_l)[_Fo*u(x)] =_Fop.(x)Fe*y(x_1)' ( )

After accounting (22) and (23) in (12), the result is:

71y=_—1N+1 Pm/_(r)xr
= B, () + By ()] [Fo(x™) + Fyy(x™D)] =
= Fo (OF;, (x™1) + F,, () F; (x7h),

24
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which has to be proven.

The above analysis demonstrates that the GSS signals
could have ACFs, similar to the ideal ACF of binary signals
(9), if the ACF sidelobes for even time-shifts are as small
as possible. This problem will be studied in more detail in
the next chapter of the paper.

III.

As mentioned above, a very effective approach for
providing electromagnetic compatibility of all working
simultaneously electronic devices as well as their resistance
in a hostile radio electronic environment is the pseudo
random change the emitted signals, using all volume of a
large signal family. Accounting this fact in sequel the
method, substantiated in the previous chapter of the paper,
will be elaborated. This will allow two infinite families of
GSS signals with odd lengths and nearly ideal ACF to be
synthesized.

RESULTS AND DISCUSSION

Obviously, the law of phase modulation (15), exploited
for PM signal generation (or simply the coding rule (15)),
is a generalization of skew-symmetric sequences with odd
lengths, as the classic coding rule (14) is its particular case.

The reasonability of including of such GSS signals in
the signal family, exploited by the communication devices,
will be demonstrated by the means of the GSS signal with
length N = 15:

{M(k)}kio = {_1; _1: _1’ _i’ _i; _1; i:

25
i,—i,1,i,-i,1,1,-1}, i =+v-1. (23)

The ACF of the GSS signal (25) is presented on Fig. 1.
As seen, the ACF of the GSS signal (25) has the form (9).

ACF Sod real

ACF Sev real

1

ACF Sev imag.

ACF S real
o

05 20

0 10
05 - = 0

ACF S imag.
Fig. 1. ACFs of the GSS signal (25) (c) and its odd (a) and even (b)
components.

In fact, this signal (accounting the possible equivalence
transformations of PM signals) is the longest signal in the
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class of so-called complex Barker signals, which chips
belong to the signal alphabet {—1, 1, i, —i}.

Another generalization of skew-symmetric sequences
with odd lengths can be obtained, exploiting the following
coding rule

u(ll) =0o0r ti, 26)
ull +k) =D (L-k), k=1,2,..,L’
Here it should be pointed out that the coding rule (26)
changes the roles of the even and odd parts of the digital
signal (2). Namely, in contrast with the coding rule (15),
when N =1mod4 , L=0mod2 , the reciprocal
polynomials F,, (x) and F,, (x) have the following forms:

Feu(x) = Zi=0 u(Ll — Zk)XZk = Fe*u(x)a (27)

Foy(x) = Zi=0 u(L — Zk)XZk = _Fo*u(x) (28)

Analogously, when N = 3mod4, L = 1mod2, the
reciprocal polynomials F,,(x) and F,,(x) have the
following forms:

Fou () = Zizo u(L — 2k)x** = —F, (x), (29)

Foy(x) = Zi=0 u(L — Zk)XZk = Fo*u(x) (30)

The reasonability of including of GSS signals,
synthesized by the coding rule (26) with u(L) = 0, in the
signal family, exploited by the communication devices,
will be demonstrated by the means of the GSS signal with
length N = 33:

{M(k)}l?;zzo = {:1P1l _15 _1; _1, _1,1,1,1,1,1,1,
-11,1,101,-1,1,1,1,-1,1,-1,1,-1, -1,
1,-1,1,1,—1}.

€2))

ACF Sev

ACF Sod

ACF S

Fig. 2. ACFs of the GSS signal (31) (c) and its odd (a) and even (b)
components.

Analogously, the reasonability of including of GSS
signals, synthesized by the coding rule (24) with u(L) = i,
in the signal family, exploited by the communication
devices, will be demonstrated by the means of the GSS
signal with length N = 33:

27

{#(k)}]?;zzo = {1P _1’15 _1’1515 _1P _1515 _1P
1,-1,-11,11,i1,-1,1,1,-1,-1,-1,
—1,-1,1,1,-1,-1,-1,—1,—1}.

. * W g |

7
0 R ] 20

(32)

40

ACF Sod real
Y
S

2 -40 20

ACF Sod imag. r a)

ACF Sev real
&
S

05 20 40

0
05 3

ACF Sev imag.

ACF S real
8

40

ACF S imag.

Fig. 3. ACFs of the GSS signal (32) (c) and its odd (a) and even (b)
components.

The ACFs of GSS signals, presented on Fig. 1, Fig. 2
and Fig. 3 demonstrate that GSS signals possess high MFs
and PSRs, which make them suitable for application in the
radar sensor networks and remote control systems.

The practical importance the study, presented in the
paper, ensues from the following circumstances.

First, at the one hand, the GSS signals, presented above,
possess complex inner structure and can have great lengths,
which allow their energy to be spread in very large spectral
bands. As a result, the GSS signals can have both very
small spectral density and energy, sufficient for normal
operation of the radar sensor networks and remote control
systems. At the other hand, according to the analyses in
[12], [13] the exploitation of such signals provides both
electromagnetic compatibility of a great amount of users,
operating simultaneously, and high resistance in a hostile
radio electronic environment. Moreover, the fact that the
GSS signals, developed in the paper, form a large signal
family allows the pseudo-random choosing of GSS signals
from it to be managed by artificial intelligence and adaptive
self-learning computer systems.

Second, the family of GSS signals can be extra
extended in several ways. For example, according to the
exploration, presented in our previous paper [11], it is
possible GSS signals together with complementary pairs
(CPs) of binary signals to be used in the recursive
procedures for synthesis of quasi CPs (QCPs) [4], [5],
which aggregated ACFs have very small relative quantity
of non-zero sidelobes. Another way for extension of the
GSS signal family is the application of transformations,
preserving the autocorrelation properties of the PM signals
(i.e. using all negative, reflective and alternate derivatives
of the PM signals in the initial GSS signal family).

Third, it should be noted that according to the analysis
in [14], every GSS signal can be implemented practically
by the means of a single frequency channel, divided into
two subchannels by quadrature phase manipulation
(QPSK) or by two different types of polarization.
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IV. CONCLUSIONS

In the paper two methods for synthesis of infinite
families of PM signals with high MFs and PSRs are
substantiated. The usage of the methods allows the
electromagnetic ~ compatibility of all  working
simultaneously electronic devices as well as their resistance
in a hostile radio electronic environment to be improved.
The study, conducted in the paper, could be useful during
the modernization of the extant or development of new
radar sensor networks and remote control systems.
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Abstract. The phase manipulated signals, which substitute the signals’ ACFs with cross-correlation

autocorrelation functions resemble delta pulses, play a very
important role for the radars, radio navigation networks and
remote control systems as they provide the highest possible
resolution of the received signals. Unfortunately, today
known classes of such signals have small volumes, which
often cannot ensure the necessary electromagnetic
compatibility as well as high resistance in a hostile radio
electronic environment. Accounting this situation in the
paper a method for synthesis of mismatched filters, which

effectively suppress the sidelobes of three-valued
autocorrelations of phase manipulated signals, is
substantiated.

Keywords: signal with three-valued autocorrelation, synthesis
of mismatched filter.

L. INTRODUCTION

Today a tremendous amount of autonomous devices is
used practically in all spheres of industry, science,
medicine, transportation, education and so on. As a result,
the problems of ensuring: precise positioning, secure
remote control and guidance, as well as electromagnetic
compatibility of these devices, became a great importance

(11, [2].

As known, a universal approach for solving of the
above listed problems, is the exploitation of phase
manipulated (PM) signals, which autocorrelation functions
(ACFs) resemble delta pulses, as they provide the highest
possible resolution of the received signals [3], [4].
Unfortunately, today known classes of such signals have
small volumes, which often cannot ensure the necessary
electromagnetic compatibility as well as high resistance in
a hostile radio electronic environment. An effective
approach for solving of this problem is the processing of
received signals with mismatched filters (MMFs), which

functions (CCFs), resembling delta pulses.

Accounting this situation in the paper a method for
synthesis of MMFs, which process the PM signals with
nearly uniform autocorrelation with small losses in the
signal-to-noise ratio, is substantiated.

The paper is organized as follows. First, the basics of
the signal processing in the receivers of the communication
systems are recalled. After that the possibility the negative
effects, caused by the multipath spread of the
electromagnetic waves, to be minimized by simple
transformations of PM signals’ ACFs is substantiated. On
this base infinite classes of PM signals, which can be
processed effectively by the developed MMFs, are
systematized. At the end, the applications of the proposed
MMFs are analysed.

IIL.

Methodology of the study will be explained by the
means of the so-called Barker codes (sequences, signals).
Namely, the Barker signals can be presented
mathematically by the following number sequence with
length N:

{n}ize = {w(0), u(1), ..,u(N —1) }.

METHODOLOGY OF THE STUDY

Q)

The samples in the right side of (1) are integers +1 or
—1, presenting the envelopes of the consecutive elementary
phase pulses (or chips) with duration 7., forming the
Barker signal. Besides, N is the quantity of the chips. Due
to this reason, the generation and the processing of the
Barker signals can be realized by simple, reliable and cost-
effective radio-electronic components. As a result, the
Barker signals are widely used for positioning, sensing and
remote control of small (miniature) autonomous devices.
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Here it should be recalled that the most often, the
receivers in the communication systems are built as
matched filters (MFs). They are digital filters with finite
impulse response (FIR), which transfer functions (TFs) are
a conjugate and mirror-reversed copy of the sent (expected)
signal:

Wiz =wO),uw@, ...’ N-1D3} ()

In (2) the symbol “*’ stands for ‘“complex
conjugation”. In cases of Barker signals, the complex
conjugation does not change the samples in the both sides
of (2).

As known, the result of signal processing by the
respective MF is the ACF of the sent (received) signal:

Buu(r) =
_ { N e+ Dt (), —(N—1) <7 <0, (3)
SN )tk +1), 0<r<N-—1.

In (3) B, (r) is the r-th sample of the ACF of the
digital signal (1).

The wide exploitation of MFs can be explained by the
fact that this type of signal processing maximizes the
signal-to-noise ratio (SNR) in the presence of the so-called
additive white Gaussian noise (AWGN), which meets most
often in the practice.

In order to minimize the negative effects, caused by the
multipath spread of the electromagnetic waves, the ACF of
the sent signal have to resemble a delta pulse (i.e. to have a
thumbtack form) [5], [6], [7]:

E,,v =0,
0,r # 0.

Pu() = | @)

In (4) E; is the main peak (lobe) of the signal ACF:

Es = XiSoln(O? = 2z ulow (), (5)

which is the result of the coherent accumulation of the
energies of all the chips (elementary phase pulses), forming
the signal (1).

Here it should be noted that the Barker signals’ ACFs
are very similar to delta pulses as the lobes (samples) of
their ACFs satisfy the conditions:

N,r =0,
_ 0,7 = 1mod?2,
Fuu(r) = _ {—1,N = 3mod4,r = 0mod?2, 6)
| 1,N = 1mod4,r = Omod2.

The conditions (6) give reason the Barker signals’
ACFs to be classified as three-valued autocorrelations as
ACF lobes can take only three different values - {N, 0, —1}
or{N,0,1}.

Despite of the very small level of the sidelobes of the
Barker signals’ ACFs too often it is possible an ACF
sidelobe of a powerful signal to mask the ACF main lobe
of a weak signal, which could be much more important. It
is accepted such situations to be called self-interferences

(SIs). Due to this reason the methods for synthesis of
MMFs, whish suppress (diminish) the sidelobes of the
Barker signals’ ACFs, have been intensively researched
during the past fifty years. In fact, in Internet can be found
many research articles as well as patents which present
approaches for synthesis of such MMFs, but their inner
structure is very complex [8], [9]. Due to this reason, the
probability of their application for positioning, sensing and
remote control in the sphere of miniature autonomous
devices is small.

Accounting this situation, in the rest part of this section
the possibility the ACF sidelobes of Barker signals to be
suppressed effectively by simple (from implementation
point of view) MMFs will be substantiated. More
specifically, conditions (6) show that the Barker signals’
ACFs have a very regular form, as their sidelobes are
sequences, consisting of N — 1 repeating patterns {1,0} or
{—1,0}. As aresult, the non-zero sidelobes of each concrete
ACEF can be eliminated by subtraction of the ACF and its
copy, shifted (delayed) at r = 2 time-clocks with duration
T.p. This fact is explained on Fig. 1 by the means of the
Barker signal with length N = 11:

B, ={1,1,1,-1,-1,-1,1,-1,-1,1,-13}. (7)

Here it should be pointed out the following facts.

First, the above processing of the Barker signals’ ACFs
can be easily realized by a digital filter with FIR, which TF
is:

{E(0)}i=0 = {-1,0.1}. ®)

Second, the positive effect of usage of above MMF is
the eliminating of all the ACF sidelobes with exception of
the first and the last sidelobes. The negative effect is the
significant increasing of the sidelobe at the position r = 2.

Third, if the processing of the Barker signals’ ACFs is
performed by two consecutively connected MMF with TFs
(8), the peak-to-sidelobe ratio (PSR) increases two times.
This approach is explained on Fig. 2, where Differencel
(D1) corresponds to Fig. 1c.

20

Signal ACF
o o
%

shifted ACF, r=2
o o
%

20

Differencel1=a-b
o

Fig. 1. ACF of the Barker signal (7) (a), its copy, shifted atr = 2
time-clocks (b) and the result of their subtraction (Differencel) (c).
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Difference1 (D1)

D2=shifted D1, r=2
5

Difference=D2-D1
N
o 8

Fig. 2. The result of processing the ACF of the Barker signal (7) by
two consecutively connected MMFs with TF (8).

Obviously, the last approach for processing the Barker
signals’ ACFs can be realized by one digital filter, which
TF is the result of the convolution of TF (8) by itself:

{g(k)}i=0 = {_1'0'2'0' -1 } (9)

From all the above stated, the following conclusions

ensue.

First, the MMFs with TFs (8) and (9) can be applied for
processing of every three-valued ACF, which sidelobes are
sequences, consisting of N — 1 repeating patterns {a, b},
where a and b are arbitrary numbers.

Second, the only shortcoming (the significant
increasing of the sidelobe at the position r = 2)) of the
performance of the MMFs with TFs (8) and (9) could be
easily avoided in communication systems, using many
receivers at different positions (i.e. communication systems
with spatial diversity). Due to this reason, the main obstacle
for the practical implementation of the above MMFs is the
small volume of the Barker signals’ class. This problem
will be studied in more detail in the next chapter of the

paper.

III. RESULTS AND DISCUSSION
As known, a very effective approach for providing
electromagnetic ~ compatibility of all  working

simultaneously electronic devices as well as their resistance
in a hostile radio electronic environment is the pseudo
random change the emitted signals, using all volume of a
large signal family. Accounting this fact as well as the
small volume of the Barker signals’ class, in sequel it will
be substantiated the possibility the ACFs of two other
classes of binary signals to be processed by simple MMFs,
applying the method, developed in the previous chapter of
the paper.

The first candidate in this way is the very large class of
binary signals, which ACFs consist mostly of repeating
patterns {1,0, —3,0} or {—1,0,3,0}. In the sequel these PM
signals will be called quasi Barker (QB) signals.

31

Obviously, the TFs of MMFs for processing the QB
signals’ ACFs, should be:

{f(k)}izo = {_11010'011 }a

€)X, = {-1,0,0,0,2,0,0,0,—1}.

(10)
(an

The reasonability of including the QB signals in the
signal family, exploited by the communication devices,
will be demonstrated by the means of the QB signal with
length N = 43:

Yz, ={-1,-1,1,-1,-1,1,1,-1,1,1,1
-11,-1,-1,-1,-1,-1,1,-1,1,1,-1,-1, (12)
-1,-11,-11,-1,-1,-1-1,1,-1,-1,
-1,1,1,-1,-1,-1,1}.

The result of the processing the ACF of the QB signal
(12) by the MMF with TF (10) is presented on Fig. 3.

Another promising approach for increasing the volume
of the signal family, exploited by the communication
devices, is the usage of the so-called complementary pairs
(CPs). More specifically, according to the originating work
[5] of M. Golay, every CP consists of two binary PM
signals {u() 1t and {n(i)};", chosen so that the sum of
their ACFs to resemble a delta — pulse:

2N, r =0,

0,7 % 0. (13)

Pun() + Py () = {

60

40 L

20 L

Signal ACF

MMF output reaction

-60 -40 -20 0 20
r b)

40 60

Fig. 3. The result of processing the ACF of the QB signal (12) by the

MMF with TF (10).

Here it should be especially noted the following facts.

First, according to the analysis in [10], every CP can be
implemented practically by the means of a single frequency
channel, divided into two subchannels by quadrature phase
manipulation (QPSK) or by two different types of
polarization.

Second, M. Golay and R. Turin have developed
recursive methods, which allow CPs of binary PM signals
with infinite lengths to be synthesized, using any two basic
(kernel, seed) CPs with lengths N = 2,10, 20, 26 [5], [6],

[7].

Third, according to the exploration, presented in our
previous paper [11], it is possible once at an arbitrary step
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of the recursive procedure Barker or QB signal to be used.
In such situations the results are quasi CPs (QCPs) [11],
[12], which aggregated ACFs have very small relative
quantity of non-zero sidelobes and they can be processed
by simple (from the technical point of view) MMFs,
applying the method, developed in the previous chapter of
the paper.

The last fact will be clarified by the means of the Barker
signal (7), which will be used as a QCP

{#1(’()}%20 = {711(]()}%(;0 =

14
={111,-1,-1,-11,-1,-1,1,-1}, (1

and the simplest non-trivial CP
{2 () Ym0 = {113, (0, (W) Yoo = {1,—13 . (15)

On the base of the QCP (14) and CP (15) two different
QCPs with length N =22 can be obtained by the
following methods:

{#(k)}iio =
= {2 (D). 1 () 1L O (1. 11 () 1o
(3L, =
{12(2). 1, (1)} 20O 2 (2). 11 (k) 3k,

{n()}it, =
= {1 (D). 1 ()12 & {12 (D). m () NLo'
n}izo =
{12(2). 11 (k) }i20 @ (12(2). 11 (K)} 2o
In (16) and (17) the symbols “©” and “@” denote

“concatenation of the sequences” and “interleaving of the
sequences” respectively.

(16)

(17

The results of the processing the aggregated ACFs of
the QCPs (16) and (17) by the MMFs with TFs

{g(k)}%:O = {—1,0,0,0,1 }7

{f(k)}izﬂ = {_1'011 }a

(18)
(19)

are presented on Fig. 4 and Fig. 5 respectively.

60

40 L

20 |

Aggregated ACF of the QCP

L
20

50

MMF output reaction

Fig. 4. The result of processing the aggregated ACFs of the QCPs (16)

by the MMF with TF (18).
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rob)

Fig. 5. The result of processing the aggregated ACFs of the QCPs (17)

by the MMF with TF (19).

For completeness of the explanation, the results of the
processing the aggregated ACFs of the QCPs (16) and (17)
by the MMF's with TFs

£k}, ={-1,0,0,0,2,0,0,0,-1}, (20)
{f(k)}z=0 = {_1'0'2!01 -1 }a (21)

are presented on Fig. 6 a, b respectively.

100

50 L

MMF output reaction 2
o

-20 -10 0 10 20

MMF output reaction 2
°

40

Fig. 6. The results of processing the aggregated ACFs of the QCPs
(16) by the MMF with TF (20) (a) and the aggregated ACFs of the
QCPs (17) by the MMF with TF (21) (b).

At the end of this chapter, the losses in the SNR, which
may accompany the processing of the Barker and the QB
signals as well as the QCPs by the MMFs, presented in the
paper, will be analysed. In this connection, first of all it
should be noted, that the above described MMFs act over
the signal ACFs. As the main lobe of every ACF is the
result of the coherent accumulation of the energies of all
the chips (elementary phase pulses), forming the signal (see
(5)), the SNR cannot be further improved by the means of
a filter, matched to the ACF of the concrete signal (due to
the limited space it is impossible here a rigorous proof of
this fact to be presented). Hence, the losses in the SNR,
caused by transformations of a signal ACF, are results of
operand roundnesses, which may occur in the digital filters.
As the TF samples of the MMFs, presented in the paper,
are integers, it can be concluded that the losses in the SNR
are very small or are completely missing.
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IV. CONCLUSIONS

In the paper a method for synthesis of MMFs, which
effectively suppress the sidelobes of signal ACFs,
consisting of repeating patterns, is substantiated. The usage
of the method allows the electromagnetic compatibility of
all working simultaneously electronic devices as well as
their resistance in a hostile radio electronic environment to
be improved. The study, conducted in the paper, could be
useful during the modernization of the extant or
development of new radar sensor networks and remote
control systems.
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Abstract. Competencies that enable organizations to
effectively implement digital technologies and provide them
with the ability to adapt to changes in the digital
environment can be classified as organizational
competencies in the context of digital transformation.
During the transition to Industry 4.0, organizations find
themselves in conditions of a high level of uncertainty and
complexity, which requires them to adapt to the new
context. A Kkey factor in this process is competencies that
ensure high competitiveness and innovative potential.
However, the scientific literature does not sufficiently
disclose their content, classification levels, and development
opportunities under digitalization conditions. This article
attempts to fill this gap by analyzing the impact of new
technologies on organizational competencies. A conceptual
model is presented, which is based on the assumption that
the degree of digitalization strengthens the interaction of

higher-level competencies - strategic flexibility and
ambidexterity.
Keywords: Organizational competencies, Industry 4.0,

digitalization, strategic flexibility.

I. INTRODUCTION

Organizational competencies are skills that “go
beyond”. More specifically, it is a type of skill that allows
you to learn and create new useful skills faster, and helps
improve and develop other abilities that you already have.

Organizational competencies are a higher level of
abilities that include a set of general skills that can be
applied in different situations and in different areas of the
organization. These competencies include, for example,
critical thinking skills, communication, creative problem
solving, leadership, etc. The main purpose of
organizational competencies is to help employees adapt to
changes in the work environment and solve tasks
effectively.

Oleksandr Bohashko
Department of marketing, management
and business management
Pavlo Tychyna Uman State Pedagogical University
Uman, Ukraine
bogashko@ukr.net

Enterprises of various industries face the difficult task
of adapting to Industry 4.0. The widespread use of digital
technologies is transforming workplaces and production
processes. Many organizations have already moved to a
digital environment in part or in full, while others are still
exploring the possible implications of such a move. The
time has come when the most innovative tool will be the
support of higher-level competencies, in particular
strategic  foresight,  flexibility —and organizational
ambidexterity [1] —[3].

One of the key components of the development of
second-level competencies, or “dynamic capabilities”, is
the formation of realistic scenarios of the future and the
adjustment of strategies. This process plays a critical role
in identifying risks and opportunities, responding to new
trends and internal transformations [2], [4].

Strategic flexibility allows organizations to execute
long-term programs and maintain high maneuverability
and adaptability in the face of uncertainty. Ambidexterity
involves the ability to combine two opposite processes:
current activity and the search for new perspectives. It
allows organizations to balance between modernization of
current business processes in dominant market conditions
and exploration of strategic horizons.

The specified competencies allow solving complex
tasks in the context of digital transformation - effectively
managing supply chains using real-time demand data
processing. The use of technologies of artificial
intelligence, virtual and augmented reality, “Internet of
things”, cloud computing, analysis of large volumes of
data, 3D printing, additive manufacturing and others,
provides an opportunity to create a flexible and orderly
space that avoids excessive accumulation of inventory.

The use of hardware and software for processing large
volumes of data, based on the automated analysis of
information received from sensors of devices connected to
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computing systems, contributes to the creation of a
reliable basis for the development of competencies that
allow reconfiguring production to adapt to various
changes. The digital system, while having advantages,
raises certain challenges, such as protecting cyber security
in a hyper-connected environment. Whether it is possible,
in the process of digital transformation, to acquire meta-
competencies that will allow preventive response to new
opportunities and threats, to show strategic flexibility,
foresight and ambidexterity, remains unknown [5]. This
study hypothesizes that the level of digitalization
enhances the effects of the interaction of higher-level
competencies — strategic foresight, strategic flexibility,
and ambidexterity.

II.METHODS

The systematic literature review method is widely
used to systematise and summarise knowledge in various
subject areas. This approach is based on a detailed
analysis of a limited number of scientific studies, is
labour-intensive, and takes into account the opinions of
experts.

Another common method, bibliometric network
analysis, combines both expert and computational
approaches to support interpretations and conclusions
with quantitative data. This method makes it possible to
process much larger volumes of scientific publications
and identify relevant topics and promising areas of
research.

The use of theoretical and empirical methods allows
us to create a more objective reflection of the scientific
topic under consideration and identify the links between
its various aspects. This is achieved with the help of visual
tools: building citation maps, co-authorship and other
aspects of scientific activity. This allows for a deeper
understanding of the current state and development trends
of the topic under study. Consideration of the
characteristics of each of these approaches is in favour of
their use in the process of writing an article, as they fully
meet the purpose of the study.

[II.RESULTS AND DISCUSSION

The introduction of Internet technologies in industrial
production marks the beginning of a new era of
industrialisation - Industry 4.0. The first industrial
revolution (Industry 1.0) is associated with the invention
of the steam engine. Industry 2.0 is marked by the
introduction of the concept of assembly line production,
which was first introduced at Henry Ford's factory. This
approach is algorithmic, where the production of a
product takes place step by step according to a fixed
programme by dividing work functions. Within Industry
3.0, the production process includes industrial robots,
which, however, remain static, mostly performing a
specific operation according to a programme provided in
advance [6].

In Industry 4.0, the production process is effectively
regulated through the interaction between personnel,
technical equipment, and the transport system. This
approach is based on the use of big corporate data, which
includes both structured information about the activities of
companies and unstructured data from social networks,
sensor signals, audio and video data [7].

TABLE 1 CLASSIC 3.0 TECHNOLOGY AND NEW 4.0 TECHNOLOGY

Classic 3.0 technology New 4.0 technology

Automation Artificial intelligence

Accounting and dispatching Cyber security

Data storage 3D Printing

Mobile technologies Drones and other devices

Industrial networks IoT Platforms

Cloud computing Digital twins

Robots for process operations Cobots
Industrial automation Block chain
Manufacturing execution system Wearable
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In Industry 4.0, the production of customised products
tailored to consumer preferences at a given time is made
possible by integrating technology, production and the
market into a socio-technological system that
automatically adapts to changing conditions. Data from
machines and sensors are analysed, integrated with text
documents and help speed up business processes, which
will contribute to a fast and efficient decision-making
process.

The 4.0 concept defines an intelligent production
network where physical production processes are
integrated with digital technologies, machine learning
systems and big data processing to form a single
ecosystem of interconnected companies focused on
manufacturing and supply chain management.

The term Industry 4.0 first appeared in 2011 at an
industrial trade fair in Hannover, Germany. In different
regions of the world, this approach may be known by
other names, such as the Industrial Internet in the US and
Internett+ in China. The concept is based on four key
aspects: cyber-physical systems, the Internet of Things,
the Internet of Services, and smart factories. From a
technological point of view, Industry 4.0 implies the
simultaneous digitalisation and automation of production.
These processes lead to a change in modern business
models, which began with the creation of digital value
chains. The first step in implementing these ideas was the
introduction of key technologies for Industry 4.0 (Table 2)
[8].

In the field of strategic management, the resource-
based view (RBV) has become widely accepted, which
states that companies with unique, rare and inaccessible
resources and knowledge have a significant advantage [9].
However, there is a lack of information on how to
properly use and develop these resources to adapt to new
conditions. In order to gain a more complete
understanding of this process, the concept of
organisational capabilities was proposed. According to
this theory, companies respond to challenges by
developing internal management skills, technological
abilities, etc. instead of trying to influence external factors
[10].
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TABLE 2 STATE-OF-THE-ART TECHNOLOGY

Technology The essence of the technology
Artificial Deve'loping machines that can replace human§ in
. . a wide range of tasks related to thinking,
intelligence and oo . .
robotics mult!task!ng, and fine motor skills. thinking,
multitasking and fine motor skills
Commonly known as the “Internet of Things”,
Networked this is the use of networked sensors to remotely
sensors connect, monitor and control products, systems
and networks
Advances in the relationship between humans and
computers that include environmental
Virtual and simulations, holographic readings, and overlays of
augmented reality | digital  objects  environment  simulation,

holographic readings, and the overlay of digital
objects on the real world using mixed reality

Advances in additive manufacturing using an
increasingly wide range of materials and
innovative methods, including 3D bio printing of
organic and innovative methods, including 3D bio
printing of organic tissues

Additive
manufacturing

A distributed ledger technology based on
cryptographic systems that manage, verify and

Block chain and publicly record transaction data. A distributed

distributed ledger technology based on cryptographic systems
technology that manage, verify and publicly record
transaction data; the basis of “crypto currencies”
such as bit coin
Creation of new materials and nanostructures to
Advanced

develop useful properties such as thermoelectric
efficiency, shape retention, and to invent new
functional applications

materials and
nanomaterial

Breakthroughs in the efficient use of batteries and
fuel products; renewable energy through solar,
wind and tidal technologies; energy distribution

Capture, storage
and transmission

of energy through smart grid systems networks; wireless
energy transmission, etc.
New architectural solutions for computer

hardware, such as quantum computing, biological
computing, biological computing or neural
network processing, as well as innovative
extensions of current computing technologies

New computing
technologies

Innovations in genetic engineering, sequencing
and therapy, as well as biological computing
interfaces and synthetic biology

Biotechnology

Technological intervention in planetary systems,
usually to mitigate the effects of climate change
by removing carbon dioxide or managing solar
radiation

Geo-engineering

Innovations  such as smart medicines,
neuroimaging and bioelectronics interfaces that
allow us to read, communicate and directly to
detect, communicate and directly influence human
brain activity

Neuro-technology

Developments that enable greater access to and
exploration of space, including microsatellites

technol .
Space technology satellites, advanced telescopes, reusable rockets
and integrated rocket and jet engines
There are four categories of organisational

competencies. The first category is the ability to perform
core functions. The second category implies readiness for
continuous improvement. The third category is defined by
the skills of formulating strategies aimed at outperforming
competitors in existing markets. The fourth and highest
category covers meta-competencies that provide the basis
for changing competencies at lower levels.

Meta-competencies, or organisational competencies,
are responsible for a higher level of skills and abilities and
have a certain hierarchy. This higher level includes
strategic foresight, strategic flexibility and agility, and
organisational ambidexterity [1], [2].
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The second level of meta-competencies is called
“dynamic capabilities” [11]. It includes: detecting trends,
opportunities and threats (sensing); responding to them
(seizing); transforming - changing organisational culture,
business models, etc.

The dynamic global business environment is
characterised by constant changes in consumer behaviour
and competition, as well as the introduction of new
technologies and innovations. This creates both
opportunities and risks for companies of all ages.
However, without a higher level of competence, many of
the hidden signals may remain invisible. For example, the
retail industry is reflecting the growing demand for online
shopping, but not all market participants understand the
need for digitalisation to meet this demand. The
development of the ability to identify depends less on
investment in new knowledge than on the internal
cognitive mechanism for assessing external signals of a
different nature that contain an existential threat or an
impulse to update [12]. This meta-competence is
especially relevant for the banking sector, where regular
stress tests and constant changes in international financial
reporting standards force the constant revaluation of assets
and modelling of various scenarios [13].

Capturing new phenomena involves, first and
foremost, keeping abreast of emerging technologies and
markets at different levels [11]. This process requires
investing in research on consumer behaviour and
assessing the extent to which new developments can meet
their needs. The first emerging signals are formalised into
categories such as “target market segments” and
“promising technologies” [14]. Identifying trends,
assessing their nature and potential is much easier if key
customers and suppliers are involved in the process.

Analysing  opportunities and threats involves
developing an appropriate response. Changes in the
economic situation require both changes in various
production links (manufacturing, services, production
processes, etc.) and a revision of the business model as a
whole [14]. At the initial stage, it is often necessary to
consider several conflicting strategies. While previously
the location of an organisation was considered a key
strategic asset (e.g. in the retail sector), with the advent of
Industry 4.0, the ability to integrate virtual and augmented
reality, 3D printing, and data analysis technologies is
becoming more important. The complex and contradictory
trends that are emerging can only be understood by
constantly updating competencies, resources, and
investments in research and development (R&D).

The key aspect is to determine the optimal moment for
implementing transformation processes in a timely
manner. Some businesses, even after recognising new
opportunities and risks, remain in their comfort zone,
continuing to stick to their old strategies and business
models.

A company's evolutionary potential is largely
determined by its ability to transform its internal structure
and assets in line with market and technological changes.
As an organisation grows in size, the number of
employees increases, which can lead to negative
consequences from insufficient performance discipline.
To protect against these consequences, it is necessary to



Iryna Bohashko et al. Development of organisational competencies during transition and adaptation to industry 4.0.

implement strict regulatory procedures and build
hierarchical structures, which, however, over time, may
limit the readiness to respond quickly to environmental
signals and create new knowledge [14].

If there is a lack of openness to change in the
corporate culture, this can lead to resistance among
employees and result in significant costs. However,
transformation processes can be more successful and
efficient if a company works with supply chain partners
who are open to change. Developing transformation
capability requires an understanding of the broader,
holistic context. Strategic decision-making should be
made at different levels of the hierarchy, taking into
account market realities [11].

Thus, high-level organisational competencies are
becoming increasingly important in today's business
environment.

Strategic foresight, as a tool for identifying weak
signals, opportunities and risks, and analysing cause and
effect relationships, enables informed decision-making
taking into account a wide range of factors. It stems from
the assumption of a multivariate future and interacts with
the identification of emerging phenomena and trends,
which is a second-level meta-competency - dynamic
abilities [4].

Strategic flexibility is an important characteristic that
manifests itself in the ability to develop and implement
long-term strategies while maintaining high adaptability
to changes in the face of uncertainty. This concept is
based on key concepts such as “future sense”, resource
agility and leadership unity. Initially introduced in the
development of national strategies, this approach was later
replicated in the business sector and led to the concept of
“flexible production”, which emphasises individualisation
and the opposite of mass production. This approach has
found wide application in the areas of supply chain
management, services and management.

Ambidexterity combines operational and strategic
components. It can also be understood as the ability to
effectively create both incremental and radical
innovations. Organisations with ambidextrous
characteristics have a high level of cognitive flexibility, as
they simultaneously work to optimise existing processes
and develop new areas of activity.

The study of the contribution of organisational
competencies, including managerial, technological and
meta-competencies, to company performance indicators
such as productivity, efficiency, internationalisation,
intellectual property performance and innovation activity
continues to be an interesting and relevant topic.
However, only a few authors have deeply explored their
impact on competitive advantage [10]. Most scholars
focus mainly on certain partial aspects, such as marketing
and IT capabilities. Future research will help to better
understand the link between dynamic capabilities and
higher-level competencies [1].

Although the concepts of strategic agility and
ambidexterity are aimed at different aspects of higher-
level competencies, they interact with each other and are
complemented in the context of practice. There is still an
incomplete understanding of the role of digital
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transformation of organisations in the Industry 4.0
ecosystem in this process.

A study by author [15], based on a survey of 150
medium-sized German engineering companies, shows that
ambidexterity and strategic flexibility contribute to the
growth effects in terms of competitive advantage. This
study concludes that in order to achieve sustainable
success, corporations should either favour a strategy of
exploring innovation processes to create radically new
knowledge, products and services, or combine an
exploitative strategy with strategic flexibility. Other
studies confirm the positive impact of digitalization on
strategic flexibility, sustainability and the ability to
overcome challenges [16]. Scientists emphasize that
digital technologies open opportunities for organizations
to create value. This flexibility includes three interrelated
dimensions: customer flexibility, partner flexibility, and
operational flexibility. Flexibility promotes a positive
relationship between company transformation and
technological capabilities in the context of Industry 4.0.

CONCLUSIONS

Thus, higher-level organisational competencies
include the ability to lead and manage an organisation at
the strategic level, develop development strategies, plan
business processes and coordinate the activities of
departments. They also include decision-making,
problem-solving and collaborative skills with different
stakeholders. Knowledge of strategic management,
effective communication and leadership is also important
for a high level of organisational competence.

The discussion presented here contributes to the
development of a conceptual framework in which
organisational competencies, interacting with each other,
play a key role in ensuring effective performance in the
face of uncertainty. Evidence from empirical studies
indicates how effective digitalisation is in developing the
ability to detect and adapt to changes in a highly
competitive environment. The decisions made must be
backed up by organisational resources that allow for the
transformation of systems, processes and business models.

In addition to the level of digital transformation,
uncertainty in the environment, flexibility and rationality
in decision-making can have a significant impact. It is
important to consider cyber security aspects, as the need
to protect information is growing.

The framework outlined in this study is not definitive.
A more complete coverage of potential long-term effects
may require an analysis of other exogenous and
endogenous factors that have not been considered in this
paper. The development of a multi-factor conceptual
model is complicated in part by the fact that there is no
single definition of Industry 4.0 due to the diversity of
systems and technologies that make up the industry,
although their general composition is known.
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Abstract. The development of new hypereutectic Al-Si alloys
with increased mechanical and improved operational
properties is an up-to-date engineering task. The non-
standardized  hypereutectic = aluminum-silicon  alloy
AlSi18Cu3CrMn is modified with different modifiers
(standard modifier P and a complex of modifiers P, Ti, B
and Be). The compositions thus modified are subjected to
heat treatment (T6). Artificial aging after quenching was
carried out under different parameters (temperature and
time). The aim of the present study is to determine the
influence of the used modifiers on the corrosion rate of the
compositions under the same conditions. The gravimetric
method was used.

Keywords: corrosion rate, hypereutectic aluminum-silicon
alloy, modification, heat treatment

I. INTRODUCTION

The influence of microstructure on the mechanical
and performance properties of aluminum-silicon alloys
has been addressed in various studies. In addition to the
size, shape and distribution of the primary silicon crystals
in the structure of the alloys, the size and shape of the
eutectic silicon is also important. To obtain fine and
rounded silicon crystals in the composition of the
eutectic, modification of the a-solid solution is resorted
to in order to reduce the distance between the dendrites of
the a-crystals [4-10]. Through such metallurgical
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processing, conditions are created for obtaining modified
eutectic silicon crystals, which, in turn, helps to increase
the mechanical and operational properties of alloys from
the Al-Si system. Based on the fact that intercrystalline
corrosion is observed in aluminum-silicon alloys, a
number of studies have been directed to the study of the
relationship between the phase composition and the
corrosion behavior of this type of alloys [11]-[15].

The microstructure of hypereutectic aluminum-silicon
alloys is affected by the modifying treatment. According
to the generally accepted classification of P. A. Rebinder,
modifiers are divided into two groups. Type I modifiers
are surfactants that adsorb onto the growing crystal seeds
and reduce the growth rate of the solid phase. Type II
modifiers are usually hard-melting substances with a
crystal lattice, isomorphic and with close parameters to
that of the crystallizing alloy. Distributed in the melt in a
finely-dispersed to colloidally-dispersed state, they
become independent centers of crystallization or form
such as a result of interaction with elements of the
composition of the melt. The complex modification with
modifiers of the I and II species of the hypereutectic Al-
Si alloys shows very positive results, simultaneously
separating the initially separated Si crystals and the
crystalline silicon in the composition of the eutectic.
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The set of the present study is to determine the effect
of the modifiers used on the corrosion rate of
AlSi118Cu3CrMn flux under certain conditions.

II. MATERIALS AND METHODS

The chemical composition of the studied
hypereutectic Al-Si alloy AlSil18Cu3CrMn is listed in
Table 1.

TABLE 1. CHEMICAL COMPOSITION OF ALLOY
ALSI18CU3CRMN, WT.%

Si Cu Cr Fe Mn Al
18.50 3.12 1.00 0.25 0,76 rest
The modifiers used to modify supereutectic

aluminum-silicon alloy AIlSi18Cu3CrMn are: standard
modifier phosphorus, introduced into the melt via CuP10
ligature in an amount of 0.04 wt% and a combination of
the modifiers phosphorus, beryllium, titanium and boron.
The introduction of the modifiers Ti and B is carried out
through the ligature AITiSB1 in an amount of 0.015% Ti;

0.003% In wt%. Beryllium is introduced through
beryllium bronze CuColNilBe.
After casting, the experimental castings were

subjected to T6 heat treatment. Tempering was carried
out at the following parameters: heating for tempering
510-515C°, holding time 6h and 30min. Hardening in
water with a temperature of 20°C. Subsequent artificial
aging was carried out at 210°C — 16h; 250°C — 12h;
330°C — 8h.

The method used to study the corrosion behavior of
alloys in a 1M solution of H2SO4 consists in determining
the mass loss of the test bodies. Before the test, the
samples were immersed in ethyl alcohol for 5 min.,
washed with distilled water, dried and weighed on an
analytical Acculab ATILON balance with an accuracy of
+ 0.0001g. The samples were then placed in 1M H2SO4
at room temperature. The first measurement is performed
after 72 hours, the next after 240 hours, and the
maximum period of study is 360 hours. After each test
period, the AIlSi18Cu3CrMn specimens were brushed
under running water, dried and weighed to the nearest +
0.0001g. For each of the test periods of the samples, in a
corrosive environment, the mass loss and the corrosion
rate (CR) are calculated using formula (1):

CR = (m,-m,)/S"t [g/m*h] (1)

where, m1 is the mass of the starting sample in g; m2 is
the mass of the specimen after the corrosion test in g; S is
the area of the specimen in m2; t is the test time in h.

From the CR values obtained, conclusions are made
about the corrosion behavior of the aluminum alloy
samples under investigation.

III. RESULTS AND DISCUSSION

The corrosion rate results for the three reporting
periods are shown in Table 2 for 72h, Table 3 for 240h
and Table 4 for 360h, respectively.
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TABLE 2. CR RESULTS AFTER 72 HOURS

Alloy Modifier Artificial aging CR
Ne parameters
g/m2.h
1 P 210°C/16 h 0,0132
2 P, Ti, BuBe 210°C/16 h 0,0128
3 P 250°C/12 h 0,0147
4 P, Ti, BuBe 250°C/12 h 0,0110
5 P 330°C/8 h 0.0175
6 P, Ti, BuBe 330°C/8 h 0,0130
TABLE 3. CR RESULTS AFTER 240 HOURS
Alloy Modifier Artificial aging CR
Ne parameters
g/m2.h
1 P 210°C/16 h 0,0126
2 P, Ti, BuBe 210°C/16 h 0,0123
3 P 250°C/12 h 0,0142
4 P, Ti, BuBe 250°C/12 h 0,0110
5 P 330°C/8 h 0,0165
6 P, Ti, BuBe 330°C/8 h 0,0132
TABLE 4. CR RESULTS AFTER 360 HOURS
Alloy Modifier Artificial aging CR
Ne parameters
gim2.h
1 P 210°C/16 h 0,0126
2 P, Ti, BuBe 210°C/16 h 0,0124
3 P 250°C/12 h 0,0126
4 P, Ti, BuBe 250°C/12 h 0,0070
5 P 330°C/8 h 0,0135
6 P, Ti, BuBe 330°C/8 h 0,0121

The corrosion rate (CR) of the alloy modified with
phosphorus and subjected to T6 heat treatment with
different parameters of the artificial aging regime is
shown graphically in Fig. 1. From the graph it can be
seen that in the first reporting period (72h) the corrosion
rate increases by -fast compared to the next two reporting
periods. The alloys have the smallest mass loss at the
longest reporting period (360h).

AISi18Cu3CrMn with P

0.02
0.01 I I I
0
72h 240h 360h
m210/16 mW250/12 m330/8

Fig. 1. Corrosion rate of AlSil8Cu3CrMn alloy modified with P

The alloy modified with a complex of modifiers
demonstrated a significantly lower corrosion rate in all
three reporting periods. The simultaneous introduction of
modifiers of the first and second kind positively affects
the size of both the primary segregated silicon crystals
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and the silicon crystals in the composition of the eutectic.
In the microstructural analysis of the alloys thus
modified, the conditional average size of the crystals of
primary separated silicon, as well as that in the
composition of the eutectic, was measured and
calculated. Measurements show that both the primary
separate silicon crystals and those in the -eutectic
composition are significantly smaller in size than the
alloy modified with only standard phosphorus modifier.

AlSi18Cu3CrMn with P, Ti, B

and Be
0.02
IR HnR H=
72h 240h 360h
m210/16 m250/12 330/8

Fig. 2. Corrosion rate of AlSil8Cu3CrMn alloy modified with P, Ti,
B, Be

From the graph shown in Figure 3, it can be seen that
the mass loss in the first reporting period (72h), after
retention in 1M H2SO4, the lowest corrosion rate has
alloy #4 (AlSi18Cu3CrMn modified with P,Ti, B, Be —
subjected to T6 with aging mode parameters 250°C/12h).
The probable reason for the high corrosion resistance of
the alloy is the distribution of strengthening phases of the
alloy after quenching and aging. In fig. 6 shows the
microstructure of alloy Ne4.

CR after 72h

0.02

0.015
= oo
£ 0.005 I
S~
S 0
S 1 2 3 4 5 6

Alloys

Fig. 3. Corrosion rate of AlSil8Cu3CrMn alloy after 72h stay in
H,SO4

After 240h (Fig. 4) of the samples staying in 1M
H2S04 again alloy Ne4 has the lowest corrosion rate of
all the investigated alloys. Alloy Ne5 (AlISil18Cu3CrMn
modified with P subjected to T6 with parameters of the
aging mode 330°C/8h) at all reporting periods shows the
highest CR. Figure 7 shows the microstructure of the thus
modified alloy, which clearly shows larger copper-
containing phases located around the primary separated
silicon crystals. The likely cause of the high corrosion
rate is precisely these coarsely separated phases.
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CR after 240h

0.02
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~’ 0.015
g

~ 0.01

> 0.005

o O.

O

0

1 2 3 4 5 6
Alloys
Fig. 4. Corrosion rate of AlSil18Cu3CrMn alloy after 240h stay in
H,SO4

After 360h, all investigated compositions registered a
lower corrosion rate compared to the first two periods of
immersion in the solution. The presence of toughening
phases, which separate differently after the different heat
treatment regimes, explains the different amounts of mass
loss in the different quenching and artificial aging
regimes. In the alloy modified with P, Ti, B and Be, the
silicon crystals in the composition of the eutectic are
significantly smaller in size and rounded in shape. The
refinement of the silicon crystals in the composition of
the eutectic and the change in their shape have a positive
effect on the corrosion rate.

CR after 360h

1 2 3 4 5 6

Alloys

0.015

0.005

CR g/m?.h

Fig. 5. Corrosion rate of AlSi18Cu3CrMn alloy after 360h stay in
HzSO4.

The observed trend is that after modifying the alloy
with 0.04% phosphorus, 0.2% titanium, 0.04% boron and
0.007% beryllium and subjecting it to the T6 heat
treatment regime, artificial aging at 210, 250 and 330°C
leads to a decrease in the rate of corrosion and increase
their corrosion resistance.
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intercrystalline corrosion characteristic of this type of
alloy.
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Abstract.  Different degrees of plastic deformation of Cu99.9
have been achieved by using different technological forming
processes. Recrystallization annealing was carried out at
different time-temperature regimes. The influence of the
degree of plastic deformation and the recrystallization
annealing conditions on the structure of the studied material
(Cu99.9) is discussed. The technological process of heat
treatment is optimized.

Keywords: recrystallization annealing, plastic deformation,
microstructure, Cu99.9

[. INTRODUCTION

Recrystallization and grain growth are of crucial
importance in regulating the mechanical properties and
performance characteristics of thermomechanically
treated metals and alloys [1, 2]. This is especially true for
strong plastic deformation (SPD)-deposited ultrafine-
grained (UFG) and nano-grained (NG) structures, which
typically have degraded thermal stability and low
ductility due to the high stored excess energy and dense
dislocation  arrangement resulting from  plastic
deformation (PD) [3,4]. More well-known methods for
the intensive plastic deformation of copper are: Equal
Angle Channel Drawdown (ECAP) [5,6], Hot Pressure
Torsion (HPT) [7,8] and Dynamic Plastic Deformation
(DPD) [9,10].

Recrystallization consumes the excess energy
introduced by plastic deformation and restores the
properties of the metal by reducing the dislocation
density and by generating new, essentially defect-free,
recrystallized grains [11, 12]. The deposited energy in the
plastically deformed metal depends on the magnitude of

the cold plastic deformation undergone (the degree of
plastic deformation), and the larger it is, the larger areas
of the polycrystallite are covered by the recrystallization
process and the more numerous are the newly formed
recrystallization nuclei. From these very numerous
recrystallization centres, a large number of grains are
nucleated, which remain small in size due to limited
growth opportunities [13]. Initially, the new, though
equiaxed grains still have a certain "hereditary
orientation" which gradually disappears. The second
stage of the process, which takes place with prolonged
heating or heating to higher temperatures, consists in the
nucleation of the primary recrystallized equiaxed grains,
at the cost of the fusion of adjacent grains [14, 15]

At a high degree of plastic deformation, the
recrystallization annealing processes have been studied,
and optimal parameters of the recrystallization annealing
regime have been indicated in the literature studied. Of
interest are products with a lower degree of PD and the
possibility of structure refinement by heat treatment. The
parameters of the recrystallization annealing process
depend on: the nature of the metal (alloy), the degree of
plastic deformation, the heating temperature and the
holding time at this temperature. The recrystallization
temperature threshold depends on the purity of the metal,
the homogeneity of the structure and the degree of
deformation. There are no unambiguous relationships
between these parameters [16, 17, 18, 19].

In order to establish the optimum mode of the
recrystallization process after cold PD, it is necessary to
conduct experimental studies. This will establish the
optimum heat treatment regime that secures the desired
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set of physical and mechanical performance at the most
energy efficient parameters.

The purpose of the present research is to ensure a
structure of the material after plastic deformation and
recrystallization annealing minimum 10 points, with a
hardness not less than 55 HB.

II. MATERIALS AND METHODS

For the planned experiments, segments of workpieces
manufactured from Cu 99.9 obtained by two different
plastic deformation (PD) processes were isolated. The
first workpiece was produced by spin-forming with a
relatively low PD rate of 60%, and the second by
stamping with an even lower PD rate of 40%. The
workpieces produced by both processes were cut into
segments and subjected to different recrystallization
annealing regimes shown in Table 1.

TABLE 1. HEAT TREATMENT MODES

Ne Heating Retention time, Cooling
temperature, C° min
1 °200 120
™4280 11180
2 1200 I°180 under
1™ 280 11180 running
3 I* 200 I"120 water for
11 350 ™10 2.3 min
4 1200 %120
11 280 11440
5 350 20

The recrystallization temperature threshold of pure
copper is 133°C but the process of new grain formation at
this temperature is very slow. For the present experiments,
five regimes of recrystallization annealing were selected.

Modes 1+4 represent two-stage recrystallization
annealing with mode parameters: heating temperature
200°C and holding time 120min. The purpose of the first
heating is to pre-exist the recovery (the processes of
relaxation and polygonization) in the cured metal. Then,
in the second stage, recrystallization of the annealed
sample bodies takes place.

The fifth heat treatment mode is the recommended
mode for recrystallization annealing of Cu 99.9 in which
the pre-annealing process is absent. The mode parameters
are: heating temperature 350°C; holding time at the
specified temperature - 20 min.

To investigate the microstructure of Cu99.9 samples,
metallographic sections were prepared for microstructural
analysis. The samples were wet-ground on grinding
wheels numbered 240, 320, 400 and 600, 800 and 1000.
After grinding the same were mechanically polished with
diamond paste and lubricant. The microstructure of
copper was developed with hydrochloric acid reagent
(HCI- 200 ml) and triferric chloride (FeCl3- 20 g). The
structure was qualitatively characterized using a Leika
FlexaCamC1 metallographic microscope with 20X
magnification. And the determination of the grain size of
the structure with a module to the microscope software
LAS X Grain Expert..
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The macrohardness of the investigated Cu99,9
segments was determined by the Brinell method using a
FOUNDRAX BRIN400D hardness tester.

II. RESULTS AND DISCUSSION

The results of all heat treatment modes are presented
in Tables 2 (for the workpiece produced by spinning) and
3 (for the workpiece produced by stamping).

TABLE 2. RESULTS OF THE STUDY OF THE SPINNING

Annealing Grain size Hardness
d microstructure HEB
mode number 2.5/62.5/30.
1 11-12 62,9
2 9 49,3
3 9 51,2
4 9 51,2
5 9 50,8
TABLE 3. RESULTS OF THE STUDY OF THE
STAMPING
Grain size
i Hardness
Anlillez:]lmg microstructure HB
ode number 2.5/62.5/30.
1 6 62,6
2 5 61,7
3 6 59,9
4 7 62,6
5 6 57,4

Fig. 1. Software grain measuremen after mode Nel after spinning

A fine structure with dispersively distributed crystals
that are rounded was observed on the examined
metallographic slit field of Cu99.9 after spinning and
recrystallization annealing by mode 1 (Fig. 1). The
measured and calculated conditional grain diameter was
7.75 pm, which bal. Software measurements of the
microstructure show that the percentage content of
different grain sizes varies. The predominant grain sizes
were 11 bal - 25.97%, 12 bal - 31.58% and 13 bal -
21.82%. As not a few crystals were crystallized with size
14 Ball - 8.78%. The measured hardness of the copper so
annealed was 54.6 Hb 2.5/62.5/30.
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Fig. 2. Software grain measuremen after mode Nel after stamping

After mode 1 of the sample body made by stamping
with a PD of 40%, we observe much larger grains (Fig.
2). Software measurements of the microstructure show
that the percentage of different grain sizes varies, but the
predominant amount is 6 Ball The measured hardness of
the copper annealed in this way is 62.6 Hb 2562.530. At
practically the same macrohardness we observe a
considerable difference in grain sizes. The probable
reason for this is that, at this low degree of PD,
deformation took place unevenly and some of the crystals
remained undeformed. The energy required to nucleate
new grains in the recrystallization annealing process was
probably insufficient.

Fig. 3.

Software grain measuremen after mode Nel after spinning

In Fig. 3, we observe the microstructure of a sample
body fabricated by spinning and subjected to heat
treatment mode No. 5 without pre-treatment. In the
literature studied [17,18], the recommended temperature
for recrystallization to take place is 350°C and the
retention time is 10 to 20 min, according to the degree of
plastic deformation, for this reason the same parameters
of the recrystallization annealing regime were used. The
results after annealing in mode No. 5 of the spun
workpiece were satisfactory but much lower than those in
mode No. 1. The measured and calculated conditional
average grain diameter was 13.9 um, which corresponds
to the 9th ball. Software measurements of the
microstructure show that the percentage content of the
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different grain sizes is different. The predominant grain
sizes were 9 ball - 27.18%, 10 ball - 31.28% and 11 ball -
21.47%. The measured hardness of the copper so
annealed was 50.8 Hb 2.5/62.5/30.

The microstructure of the segment of the workpiece
produced by stamping is shown in Fig. 4. On the
investigated metallographic slit field of Cu99.9, after
plastic deformation conducted in the cold state of the
sample body with subsequent recrystallization at 350°C,
holding for 20 min and subsequent cooling in running
water for 1-2 min, multiple ucropped grains surrounded
by grains of very small size are observed, from which we
judge that secondary recrystallization has taken place due
to the small PD degrees. The measured and calculated
conditional mean diameter of the grains is 44.26 um,
which corresponds to the 6-7th ball. Software

measurements of the microstructure show that the
percentage content of the different grain sizes is different.
The predominant grain sizes were 5 score - 17.86%, 6
score - 12.50%, 7 score - 21.43% and 8 score - 19.64%.
The results of all the measured crystals are summarized
in Figure 5. The measured hardness of the as-annealed
copper was 57.4 H

b 2.5/62.5/30..

Fig. 4. Software grain measuremen after mode Nel after stamping

Tables 2 and 3 report the results of the grain size
studies conducted after recrystallization as well as the
measured macrohardness. The results show that for the
workpiece produced by spinning, the results are very
good, the microstructure is fine and relatively uniform. In
the mode of recrystallization annealing with pre-recovery
(Mode No. 1), the microstructure corresponds to 11-12
points, which is difficult to achieve even in articles with a
high degree of plastic deformation (at Cu99.9, such a
degree of PD is assumed to be more than 70%). The
macrohardness of the sample body so heat-treated is 62.9
Hb 2562530, which, combined with the high
microstructure score, provide a very positive set of
physical and mechanical indicators. In recrystallization
annealing modes 2, 3, 4 and 5, the size of the grain
corresponds to score 9, and the macrohardness is
commensurate and lower than that in mode 1.
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Fig. 5. Results of grain size determination after annealing

In the recovery process, different physical properties
are recovered in different temperature range. The
recovery mechanism is explained by the lattice resistance
of the pre-deformed polycrystallite decreasing with
increasing temperature in parallel with increasing atom
mobility. In grains where the internal stresses were close
to the yield stress Re, submicroscopic slips occurred
which damped the internal stresses, thus removing the
genus II stresses and part of those of genus III. By
removing these stresses artificially after the first heating,
the aim is to secure a microstructure free of stresses with
ordered defects, which is a prerequisite for a finer
dispersed structure after recrystallization annealing (the
second stage of the heat treatment process). To a large
extent, this explains the high score of the microstructure
after the first heat treatment mode of the spin-formed
workpiece. The low degree of plastic deformation of the
workpiece produced by shimming is the reason for the
deteriorated microstructure after heat treatment.

In mode 5 of the workpiece produced by stamping,
we observe the mechanism of grain fusion, which
consists in the gradual "dissolution" of the grain
boundaries and the merging of many small grains into
one large grain. The migration of grain boundaries is a
diffusion process whose rate is determined by the rate of
self-diffusion and therefore this process is characteristic
of heating at higher temperatures, and at the low PD
(40%) a temperature of 350°C appears to be high enough
for the 20 min retention period for the process to proceed
to secondary recrystallisation.

IV.  CONCLUSIONS

The most refined and homogeneous microstructure is
possessed by the sample body produced by spinning,
which was subjected to a quenching (at 200°C for 120
min) before the primary recrystallization process (280°C
for 180 min). With the investigations carried out, it is
shown that the time provided for the ordering of the
defects in the crystal lattice during the polygonization
process prepares the microstructure for primary
recrystallization and this favours the nucleation of a
larger number of centers on which to grow a greater
number of crystals.

From the investigations carried out, it can be seen that

the specimens subjected to the five different
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recrystallization annealing regimes of the spin-coated
workpiece are in the primary recrystallization zone. This
is evidenced by both the microstructure and the measured
macrohardness.

The experiments performed show that at very low PD
levels (40%), the different annealing regimes do not
improve the microstructure. At all heat treatment
regimes, the microstructure is coarse and heterogeneous.
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Abstract. Non-standard aluminium-silicon alloys of the
eutectic type are complexly modified. The alloys were
subjected to T6 heat treatment at different artificial aging
parameters. The influence of the working parameters of the
dispersion hardening process on the microhardness of the a-
solid solution and the macrohardness of the alloys was
investigated. The influence of alloying elements on the phase
composition of the alloys is discussed.

Keywords: eutectic aluminium-silicon alloys, heat treatment,
microhardness, macrohardness

[. INTRODUCTION

Eutectic aluminium-silicon alloys are characterized by
good casting properties - high ductility, low tendency to
crack formation, low percentage of linear shrinkage, high
hermeticity. Their mechanical properties are significantly
improved after modification. The most effective eutectic
modifier in the structure of aluminium-silicon alloys is
sodium, which is a classic example of a Type I modifier.
Sodium salts (NaF, NaCl, NasAlFe) are also successfully
used, and strontium (Sr) and antimony (Sb) also have a
satisfactory modifying effect. The modifying action of the
remaining elements of the 1A group of the periodic system
of elements is weakly expressed. In [1], the comparative
data on the modifying ability of the elements of the I-IV
group are presented.

plovdiv.bg

As the main combination of alloying elements of
aluminium-silicon alloys, copper and magnesium are used
because they form strengthening phases. When alloying
with copper and magnesium, the following phases are
separated: o, Si, CuAl, S(ALCuMgs), MgAl,
T(ALCuMg) W(AlxMgsCu4Sis or AlsCuMgsSis) and
Mg:Si. The percentage ratio of Si and Mg has a significant
influence on the formation of the phases in the Al - Si— Cu
— Mg alloy. When the value of this ratio is less than 1.73,
the strengthening phase Mg;Si is not formed, but in this
case the presence of the CuAl, phase, the W-phase and Si
is observed in the alloy [1].

Heat treatment is one of the main technological
operations ensuring the necessary properties of the treated
alloy. To obtain aluminium alloys with increased
mechanical and improved operational properties,
quenching with subsequent artificial aging (T6) is used [2]-
[19].

During aging of the hardened alloys, the saturated solid
solution breaks down, accompanied by a change in the
physical and mechanical properties. In most cast
aluminium alloys, this breakdown is characterized by the
formation of Guinier—Preston cluster zones [20] — [21].
These zones are formed as a result of the development of
diffusion processes, which are accelerated as a result of the
majority of vacancies formed as a result of the previous
hardening.
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II. MATERIALS AND METHODS

The object of the present study are non-standardized
aluminium-silicon alloys with a eutectic composition
(Table 1 and Table 2).

TABLE 1 CHEMICAL COMPOSITION OF ALSI12CUSMGCR (%)

Si Cu Mg Cr Fe Al

11,66 4,65 1,25 0,59 0,31 rest
TABLE 1 CHEMICAL COMPOSITION OF ALSI12CUSMN (%)

Si Cu Mg Mn Fe Al

11,41 4,42 0,1 0,386 0,28 rest

The modifying treatment of the two investigated alloys
was carried out by a method different from that generally
accepted for eutectic aluminium-silicon alloys, i.e. without
the use of the Na modifier.

The AlISi12Cu5MgCr alloy is complex modified using
0.02% Ti, 0.004% B, 0.04% P and 0.007% Be. The use of
titanium and boron is to modify the a-phase in the
composition of the eutectic. The finer it is, the finer its
branches are and the distance between them is minimal.
This inhibits the growth of eutectic silicon crystals and they
are significantly reduced in size. The combination of Ti and
Be is used to refine the structure and the uniform
distribution of the separating phases in the Mg-doped
silumins. The addition of these two elements in very small
concentrations improves the mechanical properties of the
alloys, which is most likely due to the fact that these two
chemical elements increase the concentration of vacancies
during quenching, i.e. they accelerate the diffusion
processes of Mg and Si during aging, which in turn
facilitates nucleation of the ' metastable phase. In addition,
beryllium does not form refractory compounds with
silicon. The product of modification of silumins with
beryllium is the refractory BeO, which is highly soluble in
the melt and therefore its thermodynamic activity in it is
maximum. Beryllium dissolves well in liquid aluminum,
and it is the only element that has the ability to protect the
liquid alloy from interaction with oxygen. The use of
beryllium as a modifier is appropriate because it has the
second largest coefficient of modification of silicon in the
structure of this type of alloys at a relatively low
concentration (K=73% with a content of Be-0.005%) [1].
Also used is the modifier phosphorus, which is commonly
used to modify the primary silicon crystals in the structure
of hypereutectic silumins. Considering that modifiers
usually have a double action [22], it is most likely that
phosphorus is also adsorbed on the boundaries of a-
crystals, thus preventing them from growing, i.e. has an
impact on structure and as a first-order modifier.

To modify the AlSi12Cu5Mn alloy, titanium and boron
were again used, but in significantly larger quantities
compared to the AlSi12Cu5MgCr alloy. The introduced
amount of titanium in the melt of the studied alloy is 0.2%,
and the amount of boron used is 0.04%. At the specified
concentration of the element Ti, its maximum modifying
effect on silicon was registered, and the condition that the
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maximum amount of boron in the composition of the alloy
was 0.04% was observed. With a higher content of boron
in the alloys, the formed borides have a tendency to
agglomerate and precipitate when the melt is standing, as a
result of which the properties of the alloys deteriorate. The
combination of modifiers is supplemented with Sr in an
amount of 0.05%, because it successfully replaces the most
commonly used modifier for this type of alloys - sodium.

The introduction of the modifiers into the melts of the
investigated alloys is through the use of the ligatures
AlTi5B1, CuPl10, AlSr10 and beryllium bronze
CuColNilBe.

After conducting the metallurgical processing of the
melts of the studied alloys, experimental castings were cast
from them under the same conditions.

The two studied compositions were subjected to T6
heat treatment. The heating to homogenize the structure is
up to a temperature of 510-515°C, holding at this
temperature for 6h30min. and subsequent hardening in
water with a temperature of 20°C. Artificial aging was
carried out at temperatures of 170°C and 190°C, and the
retention times at these temperatures were 10h, 12h and
14h.

The microhardness of the o-solid solution and the
macrohardness of the alloys were measured both before
heat treatment and after conducting T6 under the indicated
experimental conditions.

III. RESULTS AND DISCUSSION

To strengthen and increase the mechanical properties of
aluminium alloys, the T6 heat treatment is most often used,
which includes quenching with subsequent artificial aging.
The mechanism of alloy strengthening is due to the
formation and separation of dispersion-like phases on the
basis of the alloying elements. To study the influence of the
parameters of the artificial aging (temperature and holding
time) after quenching of the studied alloys, the
microhardness of the o-hard solution and the
macrohardness of the alloys were measured. The results are
shown in Table 3 and Table 4.

TABLE 3 MICROHARDNESS AND MACROHARDNESS OF
ALSI112CUSMGCR ALLOY

T6 | Artificial aging Mi;;‘;gg;ﬁge“ Macmardncss
- - 87 107

T6 170°C/10h 129 144

T6 170°C/12h 119 159

T6 170°C/14h 123 165

T6 190°C/10h 104 132

T6 190°C/12h 105 120

T6 190°C/14h 113 134
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TABLE 4 MICROHARDNESS AND MACROHARDNESS OF ALSI12CUSMN

ALLOY

T6 | Avtifialaging | oourdness | MRS

- 75 101
T6 170°C/10h 120 127
T6 170°C/12h 129 138
T6 170°C/14h 117 135
T6 190°C/10h 120 144
T6 190°C/12h 113 128
T6 190°C/14h 110 118

As a result of the heat treatment, the two studied alloys
have significantly higher values of micro and macro
hardness compared to the values measured before the
alloys were subjected to heat treatment.

In the case of the AISi12Cu5MgCr alloy, the highest
value of macro hardness (165HV¢/10) was measured on the
test bodies subjected to artificial aging at a temperature of
170°C and a holding time of 14h at this temperature. The
microhardness of the a-solid solution at the specified
artificial aging parameters is 123uHVson0, a value
comparable to the highest measured of the a-phase for this
alloy at artificial aging at 170°C for 10h. The measured
values of the micro- and macro-hardness of
AlSi12Cu5MgCr alloy after artificial aging at a working
temperature of 190°C and different retention periods at it
are lower compared to the values measured at an aging
temperature of 170°C. The selected working temperatures
of artificial aging (170°C and 190°C) of the
AlSi12Cu5MgCr alloy are in the aging temperature
interval (150°C and 200°C) in which dispersed particles of
the intermediate phase 0', which does not differ in chemical
composition, are formed in the places of GP 2 zones of the
stable B-phase (CuAl,), possesses a tetragonal lattice and is
coherently associated with the solid soln. The operating
temperature of 190°C is at the limit of the temperature
interval at which the metastable phase 8' coagulates and the
stable 0-phase is formed, as well as the coherence between
the lattice of the a-phase and the 6-phase is broken. This
leads to a reduction in the distortion of the crystal lattice of
the a-solid solution and causes the alloy to weaken.
Carrying out the process of artificial aging of
AlSi12Cu5MgCr alloy at temperatures close to the limit
(6°— 6) isundesirable due to the fact that there is a decrease
in the microhardness of the a-phase, as well as a decrease
in the macrohardness of the alloy.

During artificial aging carried out at a temperature of
170°C, the highest micro- and macro-hardness values of
AlSi12Cu5Mn alloy were measured at a process duration
of 12h. With increasing holding time at an operating
temperature of 170°C, a weakening of the alloy is observed.
The highest value of macrohardness (144HV0/10) of the
studied AISi12Cu5Mn alloy was measured during the
artificial aging process at an operating temperature of
190°C and a retention time of 10h. With increasing holding
time at a temperature of 190°C, a decrease in the values of
micro and macro hardness of the AlISi12Cu5Mn alloy was
recorded. As with the AlISi12Cu5MgCr alloy, conducting
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the artificial aging process at temperatures close to the limit
(6’— 0) is undesirable.

When the artificial aging process is carried out at an
operating temperature of 170°C, the AlSi12Cu5MgCr alloy
has higher macrohardness values compared to the
AlSi12Cu5Mn alloy. The most likely reason for this is the
combination of alloying elements used and rather the fact
that the AlSi12Cu5MgCr alloy is alloyed with Mg (1.25%),
an element characterized by high diffusion mobility and
involved in the composition of various strengthening
phases. The difference in the measured values of the
microhardness of the a-phase in the structure of the two
investigated alloys is insignificant. In the composition of
the alloy AlSi12Cu5Mn, Mn was introduced in the amount
of 0.386%, and its characteristic is the reduced diffusion
mobility. This is a prerequisite for the lower values of
macrohardness of the alloy during artificial aging carried
out at a temperature of 170°C, but also an increase in both
macro and microhardness when the process is carried out
at higher temperatures (190°C).

The combinations of modifiers used have a positive
effect on the structure of the investigated alloys. The Si
crystals in the composition of the eutectic of the
AlSi12Cu5Mn alloy before exposure and heat treatment
have a rounded shape and the majority of them have a
conditional average diameter of 3 pm, some with rims up
to 7-10 pm are also observed (Fig. 1). The eutectic silicon
crystals in the AlSi12Cu5MgCr alloy structure before heat
treatment are needle-shaped and the average linear
dimensions are 25 um (Fig. 2).

— g =

Microstructure of AlSi12Cu5Mn alloy without heat
treatment

treatment
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As a result of the used combinations of alloying
elements and modifiers, as well as the used artificial aging
regimes, structures were obtained (Fig. 3, Fig. 4), which
ensure a macrohardness of the investigated alloys
comparable to that recommended for this type of silumin
[23]. The measured values of the microhardness of the a-
solid solution are high, which is a prerequisite for increased
strength and operational properties of the developed alloys.

T

Fig. 4. Microstructure of AlSi12Cu5MgCr alloy T6 artificial aging
170°C/14h

IV. CONCLUSIONS

Eutectic aluminium-silicon alloys have been developed
which are alloyed with a non-standardized combination of
chemical elements. A complex modifying treatment was
carried out, in which the most commonly used modifier
(Na) for this type of alloys was not used. As a consequence
of the obtained structures after T6 heat treatment, the
studied AlSi12Cu5MgCr and AlSi12Cu5Mn alloys have a
macrohardness comparable to the macrohardness of the
standardized eutectic silumins. A high microhardness of
the a-phase in the structure of both compositions was also
recorded.

The influence of the temperature and time parameters
of the artificial aging process on the micro- and macro-
hardness of the AISi12Cu5MgCr and AlSi12Cu5Mn alloys
was investigated. It was established that their maximum
strengthening depends on the diffusion mobility of the
alloying elements used.
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Abstract. Two technological approaches were used to produce
the hypereutectic aluminium-silicon alloys AlSi21Cu5MgCr,
AlSi21Cu5Cr, AlSi25CudCr and AlSi25Cu5Cr. In one case,
alloys were melted from pure metals, metallurgical
processing of the melts was carried out, and experimental
castings were cast. In the other case, remelting of previously
prepared alloys was carried out for casting test castings from
the studied alloys, and the metallurgical processing of the
melts was carried out at a lower temperature. The influence
of the method of obtaining the alloys on their structure has
been established.

Keywords: hypereutectic aluminium-silicon alloys,
technological processes, structure
L INTRODUCTION
The mechanical and operational properties of

hypereutectic aluminium-silicon alloys are closely related
to the size, shape and distribution of primary and eutectic
silicon crystals in their microstructure. Phosphorus is most
often used to modify primary silicon crystals, because it
forms AIP, which has a crystal lattice identical in
appearance to that of silicon and has comparable
parameters (AIP-0.5431 nm, Si-0.5421 nm) [I].
Phosphorus modification is a well-known and most
commonly used method for influencing the morphology of
silicon crystals in the structure of hypereutectic aluminium-
silicon alloys, but the process is characterized by its
instability. There are data on the influence of the cooling

plovdiv.bg

rate of the alloys in the crystallization process, the size of
the AIP particles, the melting temperature of the alloys, the
content of P in the used ligatures on the process of
modifying silicon in this type of slag [2]-[6]. New ligatures
have been developed in order to achieve the maximum
modifying effect of silicon crystals in the structure of these
alloys [7]-[9].

To obtain alloys with increased mechanical and
improved operational properties, it is necessary to modify
the eutectic silicon crystals. Combinations of phosphorus
and other chemical elements are used to modify primary
and eutectic silicon [10]-[16].

The aim of the present study is to determine the
influence of the method of obtaining the alloys on their
structure.

1L

The object of the present study is non-standardized
hypereutectic aluminium-silicon alloys. Two technological
methods were used to prepare the alloys. In one method,
technically pure metals were used, and only chromium was
introduced into their composition by using the exothermic
flux-ligature A120Cr80. The alloys are melted in an electric
resistance furnace with a graphite crucible under a layer of
roof refining flux (10 KCl1 : 50 NaCl : 10 Na3AlFg) in an
amount of 0.5% of the mass of the alloy. After melting the
aluminium at a temperature of 950° C, the calculated
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amount of Si is introduced in portions. After complete
absorption of silicon, copper, magnesium
(AlSi21Cu5MgCr) and chromium are introduced. The
alloys are degassed with argon for 3 min. Metallurgical
processing ends with the modification of the alloys. The
compositions  AlSi21Cu5MgCr, AlSi21Cu5Cr and
AlSi25Cu4Cr are modified with 0.04% P, and the
AlSi25Cu5Cr alloy with 0.07% P. The phosphorus
modifier was introduced into the melts of the investigated
alloys through the CuPl0 ligature. The alloying and
metallurgical processing of the alloys (refining, degassing
and modification) is at a melt temperature of 950° C.
Casting of experimental castings is at the indicated
temperature. Metal casting equipment pre-coated and
heated to a temperature of 200° C was used. Table 1, Table
2, Table 3 and Table 4 show the chemical composition of
the alloys thus prepared.

TABLE 1 CHEMICAL COMPOSITION OF ALSI21CU5SMGCR (%) PURE
METALS

Si Cu Mg Cr Fe Al

20,82 4,83 1,28 rest

0,374 0,179

TABLE 2 CHEMICAL COMPOSITION OF ALSI21CUSCR (%) PURE METALS

Si Cu Cr Fe Ni Al

20,86 4,88 0,899 0,139 0,005 rest

TABLE 3 CHEMICAL COMPOSITION OF ALSI25CU4CR (%) PURE METALS

Si Cu Cr Fe Ni Al

24,98 3,69 0,538 rest

0,160 0,005

TABLE 4CHEMICAL COMPOSITION OF ALSI25CUSCR (%) PURE METALS

Si Cu Cr Fe Ni Al

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

An electrical resistance furnace with a graphite crucible
was again used to melt the investigated alloys according to
the second technological method. The alloys are melted
according to the technology described above, and the
metallurgical processing involves only refining the melts
using flux. Alloys are block cast. The alloys thus prepared
were subjected to remelting under a layer of roof refining
flux in an amount of 0.5% of the mass of the alloy, and their
degassing and modification was carried out at a lower
temperature compared to the first method. The working
temperature is 830° C. To modify the AlSi21Cu5MgCr,
AlSi21Cu5Cr and AlSi25Cu4Cr alloys, phosphorus is
again used in the amount of 0.04% P, and the amount of
modifier for modifying the AlSi25Cu5Cr alloy is 0.07%,
i.e. as in the first method. Casting of experimental castings
was at a temperature of 830° C, and the casting equipment
used was again pre-coated and heated to a temperature of
200° C. Table 5, Table 6, Table 7 and Table 8 show the
chemical composition of the alloys prepared by remelting.
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TABLE 5 CHEMICAL COMPOSITION OF ALS121CUSMGCR (%)
REMELTING

Si Cu Cr Fe Al

21,01 5,285 0,373 0,185 rest

TABLE 6 CHEMICAL COMPOSITION OF ALSI21CUS5CR (%) REMELTING

Si Cu Cr Fe Ni Al

20,89 4,695 0,910 0,139 0,005 rest

TABLE 7 CHEMICAL COMPOSITION OF ALSI25CU4CR (%) REMELTING

Si Cu Cr Fe Ni Al

24,63 4,575 0,570 0,240 0,005 rest

TABLE 8 CHEMICAL COMPOSITION OF ALSI25CUSCR (%) REMELTING

Si Cu Cr Fe Ni Al

25,48 5,216 0,522 0,149 0,005 rest

Metallographic sections were prepared from the alloys
prepared by the two technological methods used. The
preparation of the samples for metallographic analysis is
carried out according to standard methodology: wet
grinding on abrasive paper with an increasing number from
Ne 240 to Ne 1000 and polishing with diamond paste and
lubricant until a mirror surface of the grinds is obtained.
The microstructure of the sections thus prepared is revealed
with Keller's reagent (1p. HF, 1.5p. HCI, 2.5p. HNOs, 95p.
H,0) and clarified with HNOs. The study was performed
on a Leica DM ILM microscope using software and the
grain measurement and phase analysis module. Grain
measurement accuracy is up to hundredths of pm.

The influence of the technological process on the shape
and dimensions of the primary and eutectic silicon in the
structure of the studied alloys was investigated.

III.

The results of the microstructural analysis show that in
the structure of the alloys prepared from technically pure
metals, the main amount of primary silicon crystals are
unmodified, and the eutectic silicon is needle-shaped.

RESULTS AND DISCUSSION

In the AlSi21Cu5MgCr alloy structure, the primary Si
crystals are irregular in shape and cannot be measured, and
the Si crystals in the eutectic composition are needle-
shaped, and most of them have an average linear size of
4.54 pm, but they occur and those with an average linear
size of 29.4 um (Fig. 1).
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Fig. 1. Microstructure of AlSi21Cu5MgCr alloy (pure metals)

In the AlSi21Cu5Cr alloy structure, the eutectic silicon
is in the form of needles with a length of up to 26.7 um, and
the primary silicon is again unmodified (Fig. 2).

- Rt . e
Fig. 2. ‘Microstructure of AlSi21CuSCr alloy (pure metals)

In the AISi25Cu4Cr alloy, the main amount of Si
crystals are unmodified, but there are also those that have a
regular shape and sizes in the range of 35 to 50 um. Eutectic
silicon has a needle-like shape and a length in the range of
30 to 54 um (Fig. 3).

The bulk of the primary silicon crystals in the
AlSi25Cu5Cr alloy structure are unmodified, irregularly
shaped, and unmeasurable. That part of the crystals that
have been modified is in the form of polywalls with a
conditional average diameter of 32 pm. The observed Si in
the composition of the eutectic is in the form of needles
with an average linear size of 25.7 um (Fig. 4).
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Fig. 3. Microstructure of AISi25Cu4Cr alloy (pure metals)

—

s L L ——————
hFig. 4. Microstructure of AlSi25CuSCr alloy (pure metals)
n [17], the influence of T6 heat treatment on the
structure of hypereutectic aluminium-silicon alloys was
studied. A change in the shape and size of the primary
silicon crystals after T6 was not observed, but a change was
recorded only in the eutectic silicon crystals. In view of
this, obtaining such type of alloys with a completely
modified structure after casting requires the use of different
technological approaches. The structures of the
investigated alloys prepared from technically pure metals
under the specified conditions are unsatisfactory.

The results of the microstructural analysis of the alloys
prepared according to the second of the technological
methods used (by remelting previously prepared alloys)
show a significant change in the structures of the studied
compositions.
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In the structure of the AlSi21Cu5MgCr alloy obtained
by remelting, the primary silicon crystals are modified and
uniformly distributed in the structure. They have a
conditional average diameter of 32.4 um. The silicon
crystals in the composition of the eutectic have an average
linear size of 8.6 um (Fig. 5).

(remelting)

Fig. 5. Microstructure of AlSi21CuSMgCr alloy

The shape of the silicon crystals in the AlSi21Cu5Cr
alloy structure (remelt) are polygonal in shape and
dimensions not exceeding 28.2 um. Eutectic silicon is in
the form of "needles" with lengths up to 19.8 um (Fig. 6).

Fig. 6. Microstructure of AlSi21Cu5Cr alloy (remelting)

In the compositions with increased silicon content
(AISi25Cu4Cr and AlSi25CuCr) obtained by remelting
previously prepared alloys, the primary silicon crystals are
modified and of comparable size. In the A1Si25Cu4Cr alloy
structure, silicon crystals have a conditional average
diameter of 37.7 pm, and the same ones in the AlSi25CuCr
alloy structure have sizes not exceeding 38.8 pm. In both
alloys, the eutectic silicon is needle-shaped, and in the
AlSi25Cu4Cr alloy it has a linear length of 24.5 um (Fig.
7), and in the AIlSi25Cu5Cr alloy, the eutectic silicon
needles reach a length of 28.4 um (Fig. 8).
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The results of the conducted research show that the
conditions under which the processes of melting,
modification and crystallization rate were carried out have

a direct influence on the structure of the studied
compositions. When using technically pure metals for the
preparation of the alloys, the temperature of modification
and casting of the experimental castings is 950° C. The low
rate of crystallization of the alloys is a prerequisite for the
coagulation of the AIP particles, i.e. they acquire large
dimensions and as a result they do not represent
crystallization centers on which primary silicon crystals
can form and grow. From this it follows that not all AIP
particles have the role of crystallization centers, the degree
of modification is reduced and therefore, in this
technological method of preparing the investigated alloys,
insufficiently well modified structures were registered - the
Si crystals are of irregular shape, large sizes and are
unevenly distributed in the structure of the alloys.

In the second technological method of preparing the
studied compositions by remelting previously produced
alloys, well-modified structures (refine, regularly shaped
and evenly distributed Si crystals) were observed. The
processes of melting, metallurgical processing of the melts
and casting of the experimental castings were carried out at
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a temperature of 830° C. In this case, the higher rate of
crystallization hinders the growth of the formed AIP
particles, i.e. they have the necessary dimensions on which
to form and grow the silicon crystals separated in the
temperature interval of crystallization of the alloys, as a
result of which modified structures are observed.

IV. CONCLUSIONS

In order to obtain hypereutectic aluminium-silicon
alloys with well-modified structures, not only the amount
of the phosphorus modifier used, but also the rate of
crystallization has an influence. For the modification of the
AlSi21Cu5MgCr, AlSi21CuS5Cr, AlSi25Cu4Cr and
AlSi25Cu5Cr alloys prepared by both technological
methods, the same amount of modifier was used. In one
case, the crystallization rate is lower and the resulting
structures are unsatisfactory, and in the case where a higher
crystallization rate is provided, well-modified structures
are observed.

Carrying out the modification treatment at higher
temperatures is a prerequisite for reducing the degree of
modification, due to the coagulation of the formed AIP
crystallization centers to sizes on which primary silicon
crystals cannot form and grow.

In production conditions, it is recommended to use the
technological method with remelting of previously
prepared material, due to the fact that the processes of
melting, metallurgical processing and casting are
conducted at lower temperatures, i.e. it is economically
more effective, the degree of modification is greater —
alloys with well-modified structures are obtained.
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Abstract. The present research presents a comparative
analysis between experiments conducted with basic
equipment for a portable INSIZE ISR - C002 roughness
tester and a specially made for the purpose attachment to
the device. An analysis is made of the proposed basic device
for working with a portable roughness tester INSIZE ISR -
C002, and its shortcomings have been determined. In order
to facilitate the operator's work with the device and obtain
more accurate results, a special device is developed. It is
designed using CAD/CAM products and manufactured
using additive printing (3D printing). The additive printing
technology used reduces its cost. The manufactured device
is analyzed and its advantages and disadvantages are
determined. Experiments are conducted with both devices
and a comparative analysis of the obtained results is made.
An analysis of the measurement system (MSA) is made,
through which the results of the conducted experiments
were analyzed. The comparative analysis shows a number of
advantages of the new device compared to the basic one,
which provide a basis for the formulated conclusions and
recommendations.

Keywords: additive printing, basic equipment, comparative
analysis, experiments, fixture, measurement System Analysis
(MSA), roughness tester, surface roughness.

L. INTRODUCTION

In recent years surface texture were recognized as
being significant in many fields. In particular the surface
roughness is an important factor in determining the
satisfactory performance of the workpiece in engineering

Pavlina Katsarova
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Faculty of Mechanical Engineering;
Department: Mechanical and
Instrument Engineering
Plovdiv, Bulgaria
p_katsarova@abv.bg

applications and the surface roughness were found useful
in machinetool monitoring[1].

The performance of an engineering product depends
on a number of parameters. Roughness of the surface is
one of those parameters that have a significant impact on
machined products. Roughness evaluation methods are
divided in two basic groups: Qualitative assessment
methods and Quantitative assessment methods. Quality
assessment methods measure the surface roughness by
comparing achieved roughness with roughness gauges.
Quantitative assessment methods, in turn, are also divided
into two groups: contact methods and non-contact
methods. Contact methods assess the resulting roughness
using devices called roughness tester, profilographs and
profilometers. Non-contact measurements are carried out
mainly using microscopes and laser interferometers.

There are numerous parameters for surface roughness
that can be used. They correspond to the geometrical
characteristics of the workpiece. These parameters are
defined and can be found in many standards like SIST EN
ISO 4287:2000/AC:2008[2]. The correct choice of
filtering length also knows as cut-off length, Ir, determines
the surface roughness profile. The parameters of the
roughness profile are also called surface heights. The
roughness parameters can be calculated from the
roughness profile after it is filtered. Figure 1 shows a well
known surface roughness profile. The assessed length In is
calculated using integral multiplication method of the
break length. The highest points of the evaluated profile at
the most positions x could be retrieved by a general
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function that describes the surface mathematically. In
general, surface profiles that were measured with a
roughness tester are digitized. The discrete points (x;, |
1, ..n) with an increment Dx and corresponding surface
roughness heights (zi, i = 1, ...n) can be used to describe
the surface roughness profiles [3]. The most commonly
used surface parameters are also defined below. The
parameter Ra is an arithmetical average of all surface
heights in the measured field, also known as center line
average of the surface roughness heights (CLA), and is
calculated as [3]:

Ra= 1ur[|z(x)dxiro €]

Rq(RMS) is calculated as the root mean square of surface
roughness heights, i.e [3].

Rq= V11 [|z(x)2dxiro )

LZ(x)

f Ra
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Fig 1. Method of measuring surface roughness Ra [4].

Another commonly used roughness parameter is Rz,
which is also called ten-point height. This parameter is
more sensitive to occasional high peaks or deep valleys
than R.. It is defined by two methods according to the
definition system. The International ISO system defines
this parameter as the difference in height between the
average of the five highest peaks and the five lowest
valleys along the assessment length of the profile [5].

It is calculated as shown on formula (3):

(P14Py+P3+Py+P5)— (Vi +Vo+V3+V,+V5)
10

Rz =

3,
where:

P; to Ps are the highest five peaks measured on the
base line,

Vi to Vs are the deepest five valleys measured on the
base line.

Fig. 2 shows the definition of the parameter Rz.

& I ff\/\ m Vi,
B PR Ky

Fig 2 . Ten-point height surface roughness [5].

=Rp =
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Measurement of the roughness and determination of
the statistical properties of surfaces are significant in
many fields of science and engineering. One of the most
widely used techniques of surface roughness is probably
the mechanical profilometer. With this instrument, the
surface is lightly and directly traced by a narrow diamond
stylus, which produces a time-varying voltage input
proportional to the height of the surface profile. The
stylus-type profilometer can surely give true information
of the surface profile in the width of the stylus tip is small
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compared with the lateral size of the surface irregularities

[6].

These are the most used surface roughness
parameters. Regardless of the measurement method,
roughness control devices are divided in two types:
stationary and portable. In this current study a portable
roughness tester INSIZE ISR - CO002 is used. This
roughness tester evaluates the measured roughness
through the Ra parameter, but it can also show the value
of the other roughness parameters. Its basic equipment
was analyzed, and an additional device is developed to
work as a static instrument. Portable tools for measuring
surface roughness are with high accuracy, and are able
work in different kind of production environments, and
their basic equipment do not allow them to perform their
full capacity compared to their use with static equipment.
This issue complicates the and requires more preparation
time to carry out the measurement and could worsens the
accuracy of the results.

The paper presents a developed device which
facilitates the work of the roughness tester in dynamic
environment, with the use of composite materials and
technology for additive (3d) printing. The researches
made in a previous paper shows that there is no simular
existing device for basing and adjusting to this portable
profilometer, but the additive printing technologies are
accessible and reliable enough for this task.

The results were evaluated using measurement
system analysis (MSA). MSA is an analysis that uses
measurement data to evaluate the performance of a
manufacturing process. For instance, the decision for
adjustment a manufacturing process is commonly based
on the measurement data. The data or some of the
statistic which are calculated from, are compared with the
statistical control limits corresponding to the process. If
the comparison indicates that the process is out of the
statistical control, an adjustment is made. Otherwise, the
process will be allowed to run without any adjustments

[7].

The accuracy of the measurement device is defined
as its ability to provide output signal close to true value.
Accuracy is a more complex and significant problem.
The influence of repeatability and particular operators’
contribution must not be neglected. The influence of
these effects on the measurement method described as
R&R (Repeatability and Reproducibility). Performing
R&R analysis it is necessary to consider the total nature
variability that includes repeatability, reproducibility,
variability of parts, and mostly the variability of one part,
or the variability from allowed tolerance range [8].

The paper represents an adaptation of MSA to
evaluate and compare the results between the basic
equipment and the specially designed device. The above
makes the study undoubtedly relevant, as there is no
evidence of such a device and analysis in the sources
examined.



Environment. Technology. Resources. Rezekne, Latvia

Proceedings of the 15" International Scientific and Practical Conference. Volume III, 58-64

II.

A. Materials

The experimental studies were conducted in a
laboratory environment at controlled room humidity and
temperature. The measured parts were shafts used in the
manufacture of electric motors. The drawing of the same
is shown in Fig. 3 with the indicated roughness by
parameter Ra.

MATERIALS AND METHODS

1945

- 255 165 o (B
5' 1 25 120
g8 m 10
&
7 125
!
# [ #W
=TT S = = T
R - Y
& (})
A @ )
EIEE i

Fig 3. Measured detail
e  Analysis of the roughness tester

In this chapter, an analysis of the INSIZE ISR - C002
portable roughness tester and its basic equipment is made,
identifying their pros and cons. Fig. 4 illustrates the
portable surface roughness tester.

The portable roughness tester “INSIZE ISR - C002”
is able to measure the roughness a wide variety of
parameters like: Ra, Rq, Rz, Rp, Rt, Rv, R3z, R3y, Rs, Rz
(JIS), Rsk, Rp, Rsm, Rsk, Rvk, Mrl, Mr2, Rmax, Ry
(JIS), the range is 160um, the speed is 0.5mm/s, 1mm/s,
Memory can save up to 100 measurement results, with
weight of 400g, and dimensions of: 141x55x40mm [9].

Fig 4 . Portable roughness tester INSIZE ISR — C002 [9].

Fig. 5 shows the roughness tester with his basic
equipment while measuring. The basic equipment
includes front mount (1) and back mount (2), which are
used to adjust the height and the level of the sensor on the
measured detail. The bolts on the from mount are quite
loose, as a result adjusting the level and the height of the
sensor takes a lot of time and it is not as accurate as it
should be.
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Fig 5 . Basic setup

The advantages:

e Ergonomic form;
Easy to use;
Fast and accurate measurements;
Easy connections to computer;
Build in memory up to one hundred
measurements;

The disadvantages:

e Basic equipment is making the device hard
to use as static roughness tester;

e The additional device for static use is
expensive;

The development of a device for mounting the
profilemeter would lead to easy positioning, and will
increase the ability to measure. Such a device would
improve the results and will facilitate the work of the
operator.

e Design of the device

The newly developed device must meet all the following

requirements:
e Not to obstruct the
measurement;

e To be easily mounted on different surfaces;

e To be suitable for additive printing;

e To allow the adjustment of the device and its
better stability;

e To ensure better accuracy;

operations  during

The 3D model of the device designed using
SolidWorks is shown at fig. 6. The tool is designed
according to the geometry of the roughness tester and its
features, and it facilitates the basing and brings the
profilometer to ready for measurement. The device an
assembly of: a base (1) that holds the roughness tester is,
a block that is used for fastening the device to a magnetic
stand (2), locking bolts (4) and a bolt with an adjusting
nut (3). The base of the produced device is to ensure the
stillness without restricting the movements of the sensor.
The block (2) is used to mount the device to the magnetic
stand.
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Fig 6 . 3D model of the designed equipment

The development of the technology in the recent
decades allows us to use additive (3d) printing
technologies. This technology allows us to develop
prototypes and devices with different types, shapes, and
sizes, easy, and cheap. There is a great variety of
materials that can be used in these technologies, and they
allow the selection of a suitable material that meets the
characteristics and requirements of the 3d model. The
developed device is shown on fig.5, and is made by
using FDM (fusion deposition modeling), a technology
that builds the model layer by layer. Fusion Deposition
Modeling (FDM) is one of the most investigated 3d
printing methods, because of its ease of use, the low-cost,
and because it is applicable for the processing of
thermoplastic polymers like: PLA, PETG, PS, Nylon,
ABS, and others [10].

The material chosen to produce the device is PLA.
PLA is a biodegradable polymer, which is attracting more
and more interest in several fields thanks to its good
mechanical properties and optical transparency [9].

B. Methods

To evaluate the quality of the measurement process,
the Measurement System Analysis (MSA) methodology
is used.

The specifics of the comparative analysis between
basic equipment and a specially designed device for
surface tester INSIZE ISR — C002 requires adaptation of
the MSA to obtain the most comprehensive measurement
process information. Fig. 7 shows the Measurement
System Variability Cause and Effect Diagram.

Compared to the standard application of MSA in
which Workpiece (Part), Instrument (Gage) and Person
(Appraiser) are considered through their variations: Part
variation (PV), Equipment variation (EV), which is
basically Repeatability, Appraiser variation (AP), which
is basically Reproducibility. GRR is the variance of the
internal and external disturbances for the system
represented by the combined variance of repeatability and
reproducibility [11].
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Fig.7 Measurement System Variability Cause and Effect Diagram [11]

Based on these data, we perform MSA using the GRR
method according to the Reference Manual, 4th Edition
[8], and obtain the following values:

Repeatability is equal to Equipment Variation:

EV=R+K1 @)
(where all the coefficients are chosen from table

according to Measurement systems analysis, Reference
Manual [8])

Equipment Variation could be presented as
%EV=100(EV/ Tolerance), where Tolerance is equal to
difference between Upper Tolerance Limit (UTL) and
Lower Tolerance Limit (LTL))

Reproducibility is equal to Appraiser Variation
(AV)[8]:

)

(where all the coefficients are chosen from table
according to Measurement systems analysis, Reference
Manual [8])

Appraiser Variation could be presented as
%AV=100(AV/Tol). The influence of the operator can be
disregarded because it has an insignificant impact on the
outcome if he performs his duties conscientiously.

Gage Repeatability & Reproducibility [8]:

GRR = VEVZ + AV? (6)
and
%GRR=100(GRR/Tol) (7
Part Variation:
PV=Rp*K3 ®)
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(where all the coefficients are chosen from table
according to Measurement systems analysis, Reference
Manual [8])

Result could be presented as [8]:

%PV=100(PV/Tol) 9)

All abbreviations used in the current paper are
consistent with the Reference Manual, 4th Edition [8].

An adaptation of the MSA is used to analyze the
results obtained in this report. The modification consists
in using the same measurement system, but with different
fixtures for basing the INSIZE ISR - C002 roughness
instrument. In this situation all measurements were
carried out by the same operator and the same measuring
instrument. The purpose of this adaptation is to
investigate the influence of the fixtures used on the
results obtained.

III.

The experiments were conducted with ten parts, each
of which is measured three times. One set of
measurements is made by one operator with the basic
standard equipment. With the custom-made one, two
series of measurements were carried out with two
operators. Classical MSA was used to check the
condition of the measurement system with both
operators. An adapted MSA is then applied with only one
operator and the influence of the fixtures on the
measurement system is investigated. The experimental
setup of the experiments performed with the baseline
fixture is shown in Fig. 4. Due to the specificity of the
controlled workpiece in the measurement, it is based in a
prism, evident from Fig. 4. In order to realize this
measurement,  flat-parallel end measures were
additionally used. Any additional interference in the
measurement setup can contribute to more errors in the
measurement results.

RESULTS AND DISSCUSSION

The experimental setup of the measurement with the
developed new device is shown in Fig. 8, where (1) is a
prism for basing the shafts, (2) is the newly designed
device, (3) is the magnetic stand, (4) — roughness tester
and (5) is the testing probe. The fixture allows quick and
easy positioning and adjustment of the instrument relative
to the workpiece being measured.

All laboratory measurements were conducted on
sufficiently stable base equipment that made vibrations in
the measurement system negligible. In addition, both
fixtures have locking devices that are used in the
presetting. The positioning accuracy of the device
relative to the workpiece is controlled by the sensitive
sensor positioning scale built into the device. To reduce
the influence of the operator the measurements were
carried out by having the instrument controlled remotely
via software installed on an accompanying PC.
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Fig.8 Experimental setup with the designed device

In Fig. 9, the experimental results of the
measurements are presented, where operator A and B are
understood to be the two measurement operators. Based
on these, a standard MSA analysis is performed with two
operators using the specially developed attachment to the
INSIZE ISR - C002 roughness tester. Fig. 10 shows the
results of the analysis performed.

APPRAISER/ PART AVERAGE
TRIAL # 1 2 3 4 5 6 7 8 9 10

1A 1 |2023(2076| 2114 | 2.077 | 1.996 | 2.059 [ 2.072 | 2.061 | 2.061 | 2.063 r 2.060
5 5 | 2.081]2063] 2049 2.084 | 2.018 | 2,055 | 2.012 | 2.043 | 2.054 | 2.088 " s
3 3 |2068[2083] 21092106 [ 2018|2046 20212037 2048 2007 o
4 AVE ’EWWW 201 ] 205 VZT 205 W 205 | X;= 2054
5 R 004002006004 002 001|006 002]001[006[r= o037
6B 1 |20%|2086| 2123|2082 2005|2063 [2083] 2075 | 2085|2073 o
7 5 | 2063]2073] 2.061] 2.075 | 2.025 | 2.068 | 2.023 | 2.052 | 2.065 | 2.085 " 05
8 3 |2078[2095] 2121|2128 2028 | 2056 | 2.035 | 2052 | 2.066 | 2025 2068
9. AVE| 206 [ 208 | 210 | 210 | 202 | 206 | 205 | 206 | 207 | 206 | X;.= 2066
10. R | 0.04 002|006 005]002]001]006 | 002)002]|006]| =003
Hc 1 r

12. 2 r

4

13 3

14. AVE X=

15 R =

16. PART X= 2060

AVERAGE | 2.05 [ 2.08 | 210 | 2.09 | 202 | 206 | 204 | 205 | 2.06 | 205 [ R;=  0.081
7. (l.+Ty+T.)/ (% OF APPRAISERS) = R= o037
18. Xpier = (Max X - Min X) = Xorem 0,012
19 *UCLe =R xDy = UCLg: 0086

Fig.9 Measurement data, two appraisers, new device

Measurement Unit Analysis % Tolerance (Tol)

R bility - Equi Variation (EV)
EV = RxK Trials | Ki | %EV = 100 (EV/Tol)
= 0.037x05908 2 | o0s8862 = 100(0.022/0 133)
= 002 3 | 05908 = 1651
P ibility - App (AV)

AV = {(Xore x Keff - EVINIP
= (0012 x 070742 - (0.022 22110 x 312 -

= 0.008 =

% AV = 100 (AV/Tol)
100(0.008/0.133)

51N

apprassrs 2 3
n=pats  r=tisls | K, | 07071 ] 05231
Repeatability & Reproducibility (GRR) % GRR = 100 {GRR/Tal)
GRR = {EVEsaV™ Parts | Ky = 100(0.023/0 133)
= {(0.022*2 + 0.008*2)}*/2 2 0.7071 = 1746
= 0.023 3 0.5231 Gage system may be acceptable
Part Variation (PV) 4 0.4467
PV = RpxKg 5 04030 | %PV = 100 (PV/Tol)
= 0.081x0.3146 6 0.3742 = 100(0.025/0.133)
= 0025 7 0.3534 = 1911
Tolerance (Tol) 8 0.3375
Tol = Upper - Lower / 6 9 0.3249 ndc = 1.41(PVIGRR)
= (24-18)/6 10 0.3146 = 1.41(0.025/0.023)

= 0433 = 1

Gage df low

For infarmation on the theory and constants used in the form see MSA Reference Manual, Fourth edition.

Fig.10 MSA results.
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The analysis shows the variation of the results in
terms of instrument EV (Equipment variation) and
operator AV (Appraiser variation). = 5.71%. The value
of EV = 16.51% indicates the influence of equipment
versus meter variance of the results. The value of AV =
5.71%, indicates a slight influence of the operator
relative to the results obtained. Based on these results,
an adapted MSA is performed in which the
measurements were carried out by a single operator and
the influence of the fixtures against the obtained results
is investigated. The value of GRR (Gage Repeatability
& Reproducibility) = 17.46% indicates that the results
of the measurement system can be accepted as the GRR
value < 30%.

Fig. 11 shows the measurement data with the two
fixtures, due to the specificity of the adapted MSA,
operator A is understood to be the baseline fixture and
operator B is assumed to be the newly designed fixture.

APPRAISER! PART AVERAGE
TRIAL # 1 2 3 [ 415 [ 6 7 8 | 9 10
1A 1 [ 21082077 [ 2148 2088 [ 2032 2066 [ 2076 | 204 [2114] 208 " 2083
5 5 | 20832078 | 2105 | 2068 | 2023 [ 2058 ] 2.029 | 2081 [ 2073 | 2131 -
3 3 | 215 [2.002] 2.12 {2214 2.025 | 2.048 | 2.085 | 2.116 | 2.104 | 2.075 " o103
4 AVE[ 211 [ 208 [ 212 [ 212 [ 203 [ 208 [ 206 [ 208 [ 210 [ 210 | x= 2085
5. R [ 0.09 002 004015 001 [ 002 0.06[008[004/[006]r= 005
5 B 1 [ 20232076 [ 2114 | 2077 [ 1996 2059 2072 206 | 206 [ 2063 " 5060
7 5 | 2081 2.083 | 2.049 | 2.084 [ 2018 | 2.085 | 2.012 | 2.043 | 2.054 | 2,088 2048
5 3 | 2068 2083|2109 | 2106 [ 2.019 | 2.046 | 2.021 | 2.037 | 2.049 | 2.007 2085
9. AVE| 205 | 207 [ 200 | 208 | 201 | 205 | 204 | 2.05 | 205 | 205 | %= 2054
10 R | 004 | 002 | 006|004 002 001 006002001 [006]r=_003%
nec 1 f
12 2 r

r
13 3
14 AVE P
15 R 1=
16. PART = 2070
AVERAGE | 2.08 | 2.08 | 211 | 210 | 202 | 206 | 2.05 | 2.06 | 2.08 | 207 | R=__ 0.089
17, (I * Ty I)/ (# OF APPRAISERS) = = oM
18 xgiee = (Max X - Min X) = Xoiee= 0.031
19 "UCLa=RxDy= APPRAISER = A OUT OF CONTROL _[UCLez 0117

Fig.11 Measurement data from adapted MSA

Measurement Unit Analysis
Repeatability - Equipment Variation (EV)

% Tolerance (Tol)

EV = RxK Trials Ky % EV = 100 (EV/Tol)
= 0.046 x 0.5908 2 0.8862 = 100{0.027/0.133)
= 0027 3 0.5308 = 2016

Reproducibility - Device Variation (DV)
{(Xoie x Ka)* - (EVni}?
{(0.031 x 070742 - (0.027 22/(10 x 3)}1/2

= 0022
Appraisary 2 3

n = parts K, | 07071 ] 05231
Repeatability & Reproducibility (GRR)
GRR = {EVI+A"= Pats | K
= {00272 + 0 022:2)p12 2 |o7n =

AV = % DV

100 (AVITol)
100(0.022/0.133)
16.22

r = trials

% GRR 100 (GRR/Tol}
100(0.035/0.133)

2588

= 0035 3 0.5231 Gage system may be acceptable
Part Variation (PV) 4 0.4467
PV = RexKz 5 04030 | %PV = 100 (PV/Tal)
= 0.089x03146 6 0.3742 = 100(0.028/0.133)
= 0028 7 03534 = 2092
Tolerance (Tol) 8 0.3375
Tol = Upper - Lower / 6 9 0.3249 ndc = 141(PVIGRR)
= (24-16)/6 10 0.3146 = 1.41(0.028/0.035)
= 04133 = 1

Gage low

For information on the theory and constants used in the form see MSA Reference Manval, Fourth edition.

Fig.12 Adapted MSA results

The results of the adapted MSA (Fig. 12) analysis
show a value of EV = 20.16%, the value obtained is close
to the value from the classical MSA. The value of DV
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(Device Variation) = 16.22% is significantly higher than
that of the standard MSA. GRR = 25.88%, the obtained
value is less than 30%, accordingly the measurement
system can be accepted.

Looking at the data obtained from the two MSAs, the
high EV values are striking. Both analyses show similar
EV values around 20%, which means that the equipment
influences the measurement results, but this influence is
not particularly high. The values obtained for the AV and
DV coefficient (in the adapted MSA), differ significantly
for the two analyses. In the first analysis, the coefficient
AV = 5.71%, indicates the insignificant influence of the
operator on the results of the studies. The second MSA
shows a significantly higher value of DV = 16.22%,
indicating a significant influence of the operator relative
to the measurement results. In this situation, since the
operators are replaced by fixtures therefore, the influence
of the fixtures on the obtained results are significant. It
can be seen from the presented results (Fig. 11) that
operator A (the base fixture) degrades the results.

IV. CONCLUSIONS

The MSA results indicate that the results obtained
from both analyses are acceptable because the GRRs
(Gage Repeatability & Reproducibility) < 30%.

The data from the MSA analysis shows that the
results obtained with the new device are significantly
better.

MSA can not only be used to compare operators and
instrumentation, but can also be adapted to study the
influence of other experimental equipment.

The newly designed instrument fixture INSIZE ISR -
C002 facilitates instrument operation, reduces
measurement preparation time and reduces basing
error.
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Investigating the Repeatability of 3D Printers
Using a Multi-Sensor Measurement System
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Abstract. The repeatability of three-dimensional printers is
very important because it determines how accurately a
model can be reproduced. Repeatability depends on many
factors such as printer quality, software settings, material
quality, etc This paper evaluates the repeatability of an
Openware desktop three dimensional printers in terms of
the resulting standard deviation from a set of samples using
a multi-sensor measuring machine. Details with optimal
parameters were printed. Statistical analysis was performed
on this set of samples. From the statistical analysis of the
dimensional deviation data, the repeatability of the printer
was analyzed.

Keywords: Repeatability, Openware 3D printer, Statistical
analysis.

I. INTRODUCTION

3D printing technology, also known as additive
manufacturing (AM) has undergone significant
development in recent decades, becoming a key element
in many areas of manufacturing, design and engineering.
The material layering method that underlies 3D printing
allows the creation of complex and customized objects
that are difficult or impossible with traditional
manufacturing methods [1]. However, issues regarding
the reproducibility, accuracy, quality, mechanical
strength, resistance to external factors, production speed,
and economic efficiency of printed parts remain the
subject of intensive research and development [1].

Among the various 3D printing techniques, Fused
Deposition Modeling (FDM) is one of the most
widespread methods due to its cost-effectiveness and easy
application [2]. FDM works by extruding molten plastic
material through a nozzle to create an object layer by
layer. However, the process faces challenges related to the
control of accuracy and quality of the final products,
which are critical for the widespread adoption of the
technology in industry [3]. In this regard, one of the
important aspects for the quality of the final product is the
geometric accuracy of the details, including the accuracy
of the linear dimensions, deviations from the form and

Tsanko Karadzhov
Technical University of Gabrovo
Gabrovo, Bulgaria
karadjov_st@abv.bg

mutual location of the surfaces and axes of the details,
since these parameters are essential for their functionality
and reliability.

The accuracy and reproducibility of FDM processes
can be affected by numerous factors, including the type of
materials used, printer settings, as well as environmental
conditions [4]. A detailed study of these factors and their
optimization is essential to improve the quality of 3D
printed products and expand the application areas of the
technology.

Against the background of these challenges, the
current report focuses on investigating the reproducibility
and accuracy of FDM 3D printers through a multi-sensor
measurement system. The aim is to identify the key
factors affecting the quality of the manufactured parts and
to propose methods for their optimization. The results of
the research can contribute through new knowledge and
reliable criteria in the field of additive manufacturing,
providing valuable guidance for professionals or
specialists who are involved in the design and creation of
new products, software, technologies or systems in the
field of 3D printing.

IL.

3D printers typically use a material in the form of a
filament, most made from plastic, which is fed into the
printer, melted, and overlaid onto the platform to form the
object. This process is known for its extreme precision
and ability to create objects with complex geometries,
which is a significant advantage over traditional
manufacturing methods. Figure 1 shows the most basic
materials that are used for 3D printing.

MATERIALS AND METHODS

3D printing technology finds application in a
multitude of fields due to its versatility and efficiency. It
features the ability to produce complex shapes with less
material waste, making it a preferred method in a variety
of industries, including medicine.

The quality of 3D printing depends on several factors,
including the resolution of the printer, the quality of the
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slicing software used, the speed of printing, and the
materials themselves. The importance of high-quality
consumables, effective temperature control and regular
equipment calibration are critical to achieving optimal
results.

Bio-materials

Metals
3D Printer Materials
—

g A =

Ceramics T RS Composites
Polymers Resins
ABS
Nylon

PLA

Fig. 1. 3D Printer Materials

A. Resolution

Nozzle resolution refers to the printer's ability to
control the thickness of each deposited layer. Higher
resolution usually results in better accuracy. Most FDM
3D printers have a nozzle resolution between 50 and 300
micrometers.

B. Positioning accuracy

This refers to the printer's ability to maintain a
constant nozzle position during printing. Better
positioning precision ensures layers are laid evenly and
accurately, resulting in improved overall accuracy.

C. Material quality

The type of material used can also affect the accuracy
of an FDM 3D printer. Some materials may be more
susceptible to warping or warping during the cooling
process, resulting in reduced accuracy. Using high-quality
materials with low coefficients of thermal expansion can
help improve accuracy.

D. Temperature and speed

The optimal printing temperature and speed can
significantly affect the accuracy of the FDM 3D printer.
Printing at too high a temperature can cause material to
bleed or warp, while printing at too low a temperature can
result in poor adhesion between layers. Likewise, printing
at too high a speed can result in insufficient bonding
between layers, resulting in reduced accuracy.

E. Print Settings

Printer settings such as layer height, fill density, and
fill pattern can also affect accuracy. Optimizing these
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settings for the specific model and material can help
achieve better accuracy.

F. Temperature Control

Effective temperature control is critical to maintaining
consistent material properties during printing. Insuffic