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Abstract. The article investigates the effect of iron content on the phase composition, microstructure, mechanical
properties and electrical conductivity of the Si-0.6% Mn-0.5% aluminum alloy. Experimental alloys with iron content
ranging from 0.1% to 2.0% were studied using X-ray diffraction analysis (XRD), optical and scanning electron
microscopy, hardness and tensile strength testing, as well as eddy-current conductivity measurements. It was
established that an iron content of 0.8% provides the most optimal balance of properties: hardness - 60 HB, tensile
strength - 170 MPa, ductility - 16%, and electrical resistivity - 33 pQ-m. With further increase of iron concentration,
hardness and strength increase but electrical conductivity decreases significantly due to the formation of AlFeSi and
AlsFe phases. The obtained results demonstrate that controlling the iron content allows optimization of aluminum
alloys for application in electrical engineering, construction and automotive industries, where both high mechanical
strength and stable conductivity are required.

Keywords: aluminum alloy, iron, phase composition, hardness, electrical conductivity, phase diagram,
microstructure, heat treatment.

Introduction

Aluminum alloys are among the most demanded structural materials due to their low density, high corrosion
resistance, and technological flexibility. They are widely applied in the aerospace, automotive, construction, and
electrical industries [1]. However, achieving a balance between mechanical properties and electrical conductivity
remains a challenging task for alloy developers.

One of the key factors influencing the performance of aluminum alloys is the presence of iron impurities.
Iron is an unavoidable element in most aluminum alloys, and depending on its content it can either improve strength
or significantly deteriorate ductility and conductivity [2]. Previous studies have shown that excessive iron leads to the
formation of intermetallic compounds such as AlsFe and AlFeSi, which cause embrittlement and reduce the electrical
conductivity of alloys. At the same time, controlled addition of iron in limited amounts may improve hardness and
tensile strength.

Despite the large body of research, most works have focused on Al-Si, AI-Mn or Al-Zr alloys separately,
whereas systematic studies of the Si-0.6% Mn-0.5% system with varying Fe content are limited. The scientific gap
lies in the absence of quantitative data on how gradual changes in iron concentration affect the phase composition,
microstructure, mechanical strength and electrical conductivity in this particular system.

The purpose of this research is to determine the optimal iron content in the Si-0.6% Mn-0.5% aluminum alloy
that ensures the best combination of strength, ductility, and electrical conductivity [3]. It is expected that the
experimental results will identify a specific Fe concentration that balances these properties, thus contributing to the
development of new high-performance aluminum alloys for engineering and electrical applications.

Materials and methods

Samples of Si-0.6% Mn-0.5% alloy with different Fe contents were prepared for testing. The samples were
obtained by casting into a metal mold followed by heat treatment at 550 °C within 4 hours.

Aluminum alloys with different iron contents in the range from 0.1% to 2% were used for testing. The alloys
were prepared by melting and chill casting, and then subjected to the thermal analysis.

The chemical composition was determined using a Vanta Element-S metal analyzer (Table 1).

Table 1. Chemical composition of experimental aluminum alloys of the Al-Si-Mn-Fe system (wt. %)

No. Name Si Mn Fe Al (the rest)
1 Alloy 1 0.6 0.5 0.1 The rest
2 Alloy 2 0.6 0.5 0.3 The rest
3 Alloy 3 0.6 0.5 0.5 The rest
4 Alloy 4 0.6 0.5 0.8 The rest
5 Alloy 5 0.6 0.5 1 The rest
6 Alloy 6 0.6 0.5 1.5 The rest
7 Alloy 7 0.6 0.5 2 The rest

The X-ray diffraction analysis (XRD) was used to identify the phases and their volume fractions. The X-ray
phase analysis was performed on an EMPYREAN diffractometer with CuKa radiation, which ensured high accuracy
of phase identification. X-ray diffraction showed that with increasing the iron content, in the alloy new phases were

3



Material and Mechanical Engineering Technology, Ne3, 2025

formed. With the iron content of up to 0.8%, a-Al and Si remain the main phases; and the AlFeSi phase also appears.
With increasing the iron content to 2%, the phase components AlFeSi and AlsFe begin to predominate, which leads to
significant changes in the microstructure [4]. The TTALS database of the ThermoCalc software package was used for
the study. It includes the information of the phases formed in aluminum alloys. Figure 1 shows the polythermal

sections of the Al-Fe-Si alloy at 450 °C and 600 °C.
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Fig.1. - Polythermal sections of the phase diagram of the Al-Fe-Si system at 450 °C (a) and 600 °C (b)

The microstructure was studied using optical (Magus Metal VD700 BD LCD) and scanning electron
microscopy (TESCAN VEGA 3) [5-6].

According to the literature data, metallographic studies using a scanning electron microscope showed that
with increasing the iron content in the alloy, aggregation of the AlFeSi and AlsFe phases occurs, which leads to a
coarser structure with increasing the grain size. Alloys with the iron content of 0.8% have the most optimal
microstructure with the uniform distribution of phases and smaller grain sizes (Figure 2).

a b c

a) after annealing; b) after quenching from 530°C; c) after quenching and artificial aging at 250°C

Fig.2. - Microstructure of the aluminum alloy of the Al-Fe-Si system under different heat treatment conditions (x250) [7]

Figure 3 shows the microstructure of Al-Si-Mn-Fe alloys with variable iron contents obtained using a
scanning microscope. Micrograph 3a shows the formation of primary aluminum grains (designated as (Al)) and
precipitation of the intermetallic phase AlsFe. These phases are formed along the grain boundaries of aluminum.
Micrograph 3b shows a further change in the microstructure. In addition to aluminum grains (Al), there are
precipitates of the intermetallic phase AlsFe [8-10]. Their size and distribution indicate increasing the iron content of
the alloy, which contributes to changing the phase composition. Micrograph 3¢ shows that with increasing the iron
content in the alloy, intermetallic compounds of a more complex composition are formed, such as AlsFeSi. The phase
is distributed along the grain boundaries, which indicates a significant effect of iron on the microstructure of the alloy.
Micrograph 3g shows the microstructure characterized by the formation of large intermetallic phases of AlsFe..
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These changes in the microstructure demonstrate how the iron content of aluminum alloys affects the phase
composition. Increasing the iron concentration promotes the formation of more complex intermetallic compounds,
which in turn affects the mechanical properties and electrical conductivity of the alloy.

Fig.3. - Detailed microstructure of Al-Si-Mn-Fe alloys with variable iron contents

Vickers hardness was determined using a Willson 1150 hardness tester with the following parameters: the
load 50 N, the holding time 15 s.

To determine tensile strength, an Instron universal testing machine with the 100 kN load frame was used. The
tests were carried out using standard cylindrical samples in accordance with the ASTM E8/E8M standard [11-13]. The
setup was equipped with highly sensitive sensors that ensured the measurement accuracy and reproducibility of
results.

The measured values of hardness and strength show that increasing the iron content leads to increasing the
alloy hardness but reduces its ductility. The most optimal mechanical properties are observed in the alloys with the
iron content of 0.8%, which is caused by the balance between strength and ductility.

Table 2. The iron content effect on the mechanical properties of aluminum alloys of the Al-Si-Mn system
Tensile strength,

No. Fe content, % Hardness, HB MPa Plasticity, %
1 0,1 45 120 20
2 0,3 55 140 19
3 0,5 58 160 18
4 0,8 60 170 16
5 1,0 70 180 15
6 1,5 80 210 12
7 2,0 90 220 10

For each alloy, specific electrical conductivity was measured using the eddy current method on a VE-26NP
device, and then converted into specific electrical resistance [14-16].

Electrical conductivity measurements (Table 3) showed that with increasing the iron content, electrical
conductivity of the alloy decreased significantly. This was due to the formation of the AlFeSi and Al:Fe phases that
affected the movement of electrons and reduced the overall conductivity of the material. For alloys with the iron
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content of 0.8%, the minimal decrease in electrical conductivity was observed, which made them optimal for use
where good conductivity was important.

Table 3. Changing electrical conductivity of aluminum alloys of the Al-Si-Mn system depending on the iron content

No. Fe content, % Electrical conductivity (n€2-m) Basic phases

1 0.1 38 o-Al, Si

2 0.3 37 o-Al, Si

3 0.5 35 0-Al, Si, AlFeSi

4 0.8 33 0-Al, Si, AlFeSi

5 1.0 30 a-Al, Si, AlFeSi, AlsFe
6 1.5 25 o-Al, Si, AlFeSi, Al:Fe
7 2.0 20 0-Al, Si, AlsFe

Discussion

Optimization of the phase composition of aluminum alloy Si—0.6% Mn—0.5% by changing the iron content
reveales patterns that can be used to improve the mechanical properties and electrical conductivity of materials. The
greatest improvement in strength characteristics and the minimum decrease in electrical conductivity are observed at
the iron content of 0.8%, which makes this composition optimal for various technical applications requiring good
mechanical properties and electrical conductivity comparison.

The diagram provided shows the key indicators for various alloys. For alloy 3 (0.8% Fe), the following
important aspects can be noted (Figure 4).

The electrical conductivity value is slightly lower than that of alloys with a lower iron content but high
enough to remain acceptable for engineering applications. Alloy 3 has the optimal hardness (about 60 HB), which
provides sufficient strength for most engineering tasks. Strength reaches the maximum level (about 170 MPa), while
maintaining a balance between strength and ductility. Although ductility is slightly lower than that of alloys with a
lower Fe content, it remains acceptable (about 16%), which makes the alloy suitable for structural materials.

180
160
140
120
100
80
60
40

0

Alloy 1 (0,3) Alloy 2 (0,5) Alloy 3 (0,8) Alloy 4 (1) Alloy 5 (1,5)

M Electrical conductivity (uQ-m) m Hardness, HB m Tensile strength , Mpa ® Plasticity, %

Fig.4. - Results of studying the iron content effect on the properties of aluminum alloys

Alloy 3 (0.8% Fe) exhibits the most optimal combination of properties, including high strength, good
hardness and sufficient electrical conductivity. This makes it an ideal choice for industrial applications where it is
important to ensure a balance between mechanical properties and electrical conductivity.

Conclusion

Changing the iron content in Si—0.6% Mn—-0.5% aluminum alloys has a significant effect on their phase
composition, microstructure, mechanical properties and electrical conductivity. The optimal iron content is recognized
to be 0.8%, which provides a combination of high strength, ductility and electrical conductivity. This makes this alloy
promising for a wide range of engineering tasks.

This alloy is especially suitable for use in structures that require high strength and stable conductivity, such
as in the aviation, automotive and construction industries, as well as for electrical components. In addition, the study
shows that the iron content of 0.8% contributes to increased corrosion resistance, which expands the scope of its
application in aggressive environments.



Material and Mechanical Engineering Technology, Ne3, 2025

Optimization of the phase composition and microstructure of this alloy opens up opportunities for further
studies aimed at improving performance characteristics. Adjusting the iron content is the key tool for developing
materials with specified properties that meet present day industrial requirements.

Thus, the developed aluminum alloy with the optimal iron content of 0.8% can become the basis for
developing new materials with improved characteristics. This opens up prospects for its application in the production
of electronics, energy equipment and high-tech structures.
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The Influence of Nonlinearity System of the Hydro-volume Vibration Mechanism on its
Dynamic Characteristics

Moyzes B.", Kuvshinov K., Plotnikova L., Vavilova G., Vtorushina A.
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Abstract. This work is the result of continuation of the research in the context of vibration parameters studying while
the generation of an amplitude-frequency modulated signal of a shock-vibration seismic installation. The testing
bench simulates the operation of the installation. There are two circuits — low-frequency and high-frequency
oscillations in the testing bench. The article presents the results of research on separate operation of high-frequency
and low-frequency generators. The main resonant frequencies during generators operation were determined in the
study. These frequencies can be adjusted by changing the average pressure in the elastic shells. It is possible to reduce
the nonlinearity of the vibration system of the experimental stand by increasing the average pressure in the hydraulic
system. The system behaves in the same way with an insignificant difference in the resonant frequencies and
amplitude values of the main resonant peak, with separate excitation of oscillations from high-frequency and low-
frequency generators. The frequency of additional resonance is determined. This frequency is explained by several
degrees of freedom of the vibration mechanism mechanical system. Possible modes of loading the system by
oscillation generators are determined.

Keywords: vibration parameters, hydro-volume vibration mechanism, nonlinearity of the system, dynamic
characteristics

Introduction

The issues of studying the parameters of vibration that accompanies the operation of various equipment [1-6]
or is generated by technical systems [7-10] are always of great importance.

One of the areas of scientific research is vibration seismic exploration [11-15].

This research is a continuation of scientific articles [14, 15]. The purpose of the articles is to generalize the
achieved results concerning the development of a shock-vibration source of seismic signals that generates an
amplitude-frequency modulated signal.

It is proposed in the research [14] a design scheme of a seismic source with a vibration system and an impact
mechanism. A hypothesis is put forward about the validity of replacing the fall of the load on its swinging-oscillatory
motion in the research [15].

This motion is formed by the second oscillatory circuit, thus the hydro-volume mechanism consists of

« an oscillatory system with two circuits — low-frequency and high-frequency;
+ asystem for forming the initial pressure po;
* aload that presses the mechanism to the ground.

Experimental studies were first conducted with one generator — high-frequency, then — low-frequency.

The frequency change range is ®;=0+40 Hz and ®,=0+40 Hz.

The scheme for conducting experimental studies of dynamic characteristics is shown in Figure 1.

[X11...Xq] (:_’ [X21..X21] \’_»

| osciLraTory | | osciLLaTory [P

[©...0] SYSTEM x1 [0...00] SYSTEM %_2,

— Pap1 K220
a) b)

a) high-frequency; b) low-frequency x is the output signal; dpi() are the pressure drop; @.12) and @ap1(2) are the phase

shift angles

Fig. 1. — The scheme of conducting of the experimental studies with excitation by generators:\

To analyze the obtained results, dependency diagrams were constructed (Fig. 2, 3):
* natural frequency wo from the values of inputs Xjand X», and average pressure po;
« coefficient of the ratio of the resonant amplitude of oscillation xrs from the values of inputs X; and X,

Kres -

xres

Xi2)

Modeling according to the system (2) [14], supplemented by formulas

€y
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V(t) = % f dF (t)dt; )

x(t) = f V(t)dt; (3)

0

was carried out with the initial pressure value po=1 MPa.
Let us recall [14] that the following notations are used in formulas (2, 3):
 m is the weight of the load;
* Vis the movement speed of the movable body of the actuator;
* x is the current movement of the moving body.
The rationale for choosing the mean value will be studied in the next paper.

48 48
| |

4.6 4.6

‘g‘\‘\ -
‘_‘H—“""‘.‘“

=42 1..___\'"“-—\ 2 42 H\
g 4 “\R_\ 4 “‘x\
:X [
3.8 3.8
3.6 36
0.5 1 1.5 2 0.5 1 L5 2
X, mm X, mm
= -] MPa 4 -2 MPa <-3 MPa = _ ]| MPa 4.2 MPa % -3 MPa
# -4 MPa - 5 MPa * - MM ¢ -4 MPa -5 MPa e - MM
a b

Fig. 2. - Dependences of the natural frequency wo on the values of the average pressure po and inputs and X1 and X2:
a - Xi1; b— X2; MM - mathematical model
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Fig. 3. — Dependence of the coefficient of the ratio of the resonant amplitude of oscillation Kres on the value of the inputs X1 and X at po=2 MPa
The results of the studies (Fig. 4, 5) [15] showed that the dynamic system of the vibration mechanism has
(according to average values):

» the main resonance along the x coordinate and the pressure drop dp at the frequency

W = Wy = 0y, ~ 4 Hz;
» additional resonance along the x coordinate

wx'=15.5 Az;

» additional resonance along the pressure drop dp
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wgp ~ 3.5 Bz.

When comparing the obtained data (Fig. 4, 5) [15], we can conclude that:

« the obtained model, in the first approximation, describes the dynamic characteristics of the system relatively
well;

» with different excitation options (from one or the other generator), there is a slight difference in the resonant
frequencies of the first mo; and second generators o2

A(UO = (Uo(Xl) - a)o(xz) ~ 0.1 Z,

i.e. the oscillatory system of the vibration mechanism behaves almost identically when exposed to the generators.
At the same time, the linear model does not explain the presence of:
+ additional resonance along the x coordinate at a frequency of ~15.5 Hz;
* adecrease in resonant frequencies with an increase in the X input (Fig. 2);
» achange in the value of the coefficients (Fig. 3).

1 Theoretical and Experimental Research

To assess the applicability of the developed linear mathematical model of the vibration mechanism, we will use
the results of experimental studies [16-22]. It was found that a loop characteristic is observed between the change in
volume dW and the pressure drop dp (Fig. 4, 5). This indicates the existing phase mismatch between dW and dp.
Moreover, the direction of the loop indicates the accumulative properties of the shells.

X2 dW
S>
dp
X1 S 1 dp S Fq4
: BV,
S I

X1, x are the coordinates of the plungers moving; Si, S, are the area of the generators plungers;
S is the operating area of the actuator; ks1=S1/S and ks>=S>/S are the area ratio coefficients; Wi, W, are liquid volumes
supplied by high and low frequency generators to the HPH; W,, dW is the initial fluid volume in the shells and its
change; s is the coefficient of elasticity of the liquid B HPH;
dp is the pressure drop in operating cavities; Fy is the driving force

Fig. 4. — Segment of structural diagrams of a hydrovolume vibration mechanism
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Fig 5. - Experimental characteristics of volumetric elasticity of HPH at W1=0.44-106 m3, po=4 MPa, an=40 Hz

Other factors influencing the nonlinearity of the system are:
* variable initial pressure po;
* variable compression area of elastic shells S.

In the research [14], was shown a nonlinear relationship between the strain force of the HPH F and the amount
of their deformation x. In this case, a typical dependency is subject to analysis:

Fq = Cy(x) - dx,

where Fyq are the force transmitted through the HPH to the «ground», the driving force;

Driving force F;, kN

C, is the hydraulic stiffness due to volumetric deformation;
dx — deformation of HPH.

F,=0.889x% + 4.687x

10
(after simplification)
g / Fy=0.444x3 + 1.329x% + 2.344x + 0.014
6 /r
4
2 Fy=0.444x% - 1.329x2 +2.344x - 0.014
0
5 __________.1r-——-"“' ® the first
2 "
/ M the second
4
A both
-6
) I/
-10 £

-1.5 -1 -0.5 0 0.5 1

1.5

Fig 5. - Hydraulic stiffness of shells (polynomial approximation)

Thus, the system of equations (2) [15] can be rewritten as follows

dx = x; +x; — x;

Fy = C,(x) - dx;
sza'V;
Fx=C0'x;

dF = F; — F, — Fy;

@
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V(t) = %f dFdt;
x(t) = | dV(t)dt.
/

where a is the coefficient of viscous losses in the oscillatory circuit;
(o is the stiffness of the main elastic bonds;
dF, F., Fy are the force from the current deformation of the HPH, the force of the viscous internal resistance.

The final structural diagram of the hydrovolume vibration mechanism is shown in Figure 6 [23].

The non-constancy of the average pressure leads to a change in the stiffness of the shells C, and the total
stiffness of the system Cs. With an increase in the average pressure, the stiffness (slope of the characteristic) increases
(Fig. 6) and the nonlinearity of the system decreases.

In this case, with separate excitation from each generator, symmetrical high-frequency and low-frequency,
the link Cy(x) is described by different equations:

Fy = 0.889 - x3 + 4.687 - x (after simplification)
and
Fy=0444-x3+ 1329 -x%+ 2344 - x.

X2
ks2 Co(x)
. Fx
X1 x/ @ F. dF X
kst f— (2} Gy |2 1 1
m-+s A
Fr
(24

Fig 6. — Detailed structural diagram of a hydrovolume vibration mechanism with nonlinear connections
The presence of additional resonance can be explained by the fact that the system has at least three degrees of

freedom, and not one along the vertical axis, designated and considered as the x coordinate (Fig. 7) [24,25].
]/7

Sy

a) b)
a) considered (with one degree of freedom); b) real (with three)
Fig 7. — Mechanical system of the vibration mechanism
Since during the oscillation process the energy of oscillations along the main coordinate x is pumped into the

energy of oscillations along the coordinate y and ¢ [24]. In a real machine, which uses the energy of a load
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periodically falling in a certain guide housing, which has one degree of freedom in the vertical plane, there are no such
phenomena. Therefore, side resonances are not considered in detail in this work.

Based on the experimental data obtained on the vibration stand, it is possible to:

*» draw a conclusion about the degree of influence of a particular generator on the amplitude of the movement
of the «output link» (Fig. 8);

* propose loading modes of the oscillatory system for further research into the possibility of exciting a
combined signal with the simultaneous operation of two generators.

In this case, loading modes are understood as the ratio of the value of the input of one generator to the input of
the other.

Based on the obtained equations, a system of equations was compiled:

{Xl =0.745-x + 0.179
X, = 0,597 - x + 0.185’

The calculation carried out in the Mathcad program demonstrated the following result (Fig. 9): the generators
load the oscillatory system (x=0.7 mm) almost equally with the input values X;=0.603~0.6 mm and X>=0.701~0.7
mm.

We accept the ratio of the inputs

X, 06 @
X, 0.7
3.3 _
I x=1.674.%,-031
3 _ R*=0.964
2.5 r_a ¥=1.342-Y,-0.24
4 R*=10.998

nun
\"\

0 0.5 1 1.5 2 2

n

X, mm
Fig. 8. — Dependence of the amplitude of the oscillation of the «output link» on the input X1 and Xz
x=001.1
XI(x) = 0.745x + 0.179
X2(x) = 0.597-x + 0.185

x= Xi(x) = A2(x) =
0 0.179 0.185
0.1 0.254 0.245
0.2 0.328 0.304
0.3 0.403 0.364
0.4 0.477 0.424
0.5 0.551 0.484
0.6 0.626 0.543
0.7 0.701 0.603
0.8 0.775 0.663
0.9 0.849 0.722
1 0.924 0.782

Fig. 9. — Calculation results
Let us derive the relation (1) theoretically. The condition that determines the same disturbing effect on the

movement of the “output link” x

or

S
X, =X S_' @)
2

where ) is the working area of the high-frequency generator, which has four plungers with a diameter of ¢;=7 mm.
13



Material and Mechanical Engineering Technology, Ne3, 2025

Liquid is pumped into the HPH by two pistons:
- d?

S, =2 = 76.996 mm?, 3)

where S5 is the working area of the low-frequency generator with a plunger diameter =9 mm

- d3 5
S, = vl 63.617 mm~, 4

Based on the values of areas (3, 4), given the value X;=0.6 mm, using formula (2) we obtain

Xp = 061200 — 0,725 5
2= 00 532~ e I ©

The error will be

ax, = Y= Xe 0725207 000 3 4ny 6
2”"x,. 0725 0T SR (6)

From (6) we conclude that the experimentally found ratio Xi/X> (1) can be accepted for operation.
In further studies we will accept the loading modes (1:1, 1:2, 1:3):

X, 12 12 12
X, 14 28 32

Conclusion

The working resonance frequency of the low-frequency generator has been found, which can be adjusted by
changing the average pressure po.

With an increase in the average pressure, the stiffness of the system increases, thereby reducing its
nonlinearity.

The system “responds” equally to the disturbing effect of one or another generator. There is insignificant
difference in resonance frequencies and amplitude values of resonance peaks.

The presence of additional resonance at frequency (. is explained by several degrees of freedom of the

mechanical system of the vibration mechanism.
It has been established that both generators can be adjusted to the same disturbing effect of the mechanical
system.
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Abstract. The aim of this study is to conduct a comprehensive comparative analysis of the stress-strain state of a
restored busbar punching tool in order to improve its durability and performance. An overview of existing industrial
methods for restoring punches and dies was carried out, including surfacing, welding, hard-facing, and thermal
treatment approaches. The analysis showed that although these methods are widely used, each of them has inherent
advantages and limitations related to cost, technological complexity, and the resulting service life of the tool. To
overcome these challenges, a novel restoration technique is proposed, which involves replacing the worn working part
of the busbar punching tool with a carbon steel insert. Numerical modeling of the stress-strain state of the restored tool
was performed using the ANSY'S software suite. The finite element simulations allowed for a detailed investigation of
stress distribution, deformation patterns, and contact force distribution in the critical working zones of the tool under
operational loads. The obtained results made it possible to identify the most heavily loaded regions of the structure, to
compare them with the original tool design, and to assess the effectiveness of the proposed restoration method. The
study demonstrated that the use of a carbon steel insert not only reduces localized stress concentrations but also
contributes to extending the operational reliability and service life of the busbar punching tool. The findings of this
research provide a practical contribution to the modernization and repair of punching tools, offering an economically
viable and technically effective alternative to full tool replacement.

Keywords: busbar punching tool, mold, restoration, wear resistance, stress-strain state.

Introduction

In modern mechanical engineering, up to 70-80% of parts are manufactured using cutting operations, which
ensures high productivity at relatively low production costs. In the design of technological processes and die tooling,
the durability of the working tool becomes particularly important, especially in the case of busbar punching tools that
are subjected to high contact loads and impact forces [1].

The main factors limiting the service life of cutting dies include abrasive and adhesive wear, chipping of
cutting edges, tempering of the surface layer, and local thermal damage. These types of wear directly affect the
accuracy, quality, and dimensional stability of the manufactured parts. Wear of the working elements can increase the
labor intensity of the cutting process by up to 40% and the cutting resistance by up to 20%, compared to tools with
sharp edges. In addition to improving the wear resistance of new tools, an important direction is the restoration of
worn working elements, including busbar punching tools. These measures help extend the service life of expensive
tooling, reduce the cost of purchasing new equipment, and minimize production downtime.

Research aimed at determining the applicability of punching operations, the extent and nature of wear, and tool
consumption was carried out at several industrial enterprises in Kazakhstan. In particular, practical analysis and data
collection were conducted at the following production facilities: Karaganda Zharyk LLP, Astana Electromechanical
Plant LLP, Almaty Electromechanical Plant LLP, Asia Trafo LLP, and Kentau Transformer Plant JSC [1, 2].

The results of the research conducted under industrial conditions confirm the high degree of wear experienced
by busbar punching tools during operation. It was found that the punches and dies comprising these tools are subject
to intensive abrasive wear, edge chipping, and fragmentation of the working surfaces. Due to the nature of their
operation, punching tools are classified as heavily loaded, since they come into direct contact with the pressed metal
under conditions of high temperature, significant specific pressure, and intense friction. One of the most critical
factors contributing to reduced tool life is overheating, which leads to a decrease in the strength properties of the tool
material. This results in reduced hardness, plastic deformation, and in some cases, failure of the working elements.
Exceeding the tempering temperature of the die material during pressing is especially critical, as it can cause
deformation, loss of shape, and tool failure.

Operating conditions are also characterized by sudden dynamic loads caused by uneven distribution of pressing
forces. These impact loads require a combination of high hardness and sufficient impact toughness in the tool, which
is difficult to achieve with conventional tool steels and alloys. In most cases, the contradiction between hardness and
toughness becomes the decisive factor in tool failure under sudden load changes. Moreover, uncontrolled release of
pressure at the end of the operation can lead to microcracks and subsequent tool breakage.

Figure 1 shows photographs of broken or worn-out busbar punching tools.
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Fig. 1. - Broken or worn-out busbar punching tools

Given the high wear rate, busbar punching tools are most often designed as replaceable components. This
design choice necessitates their regular replacement or restoration. In this regard, the task of improving the design and
manufacturing technologies of such tools becomes highly relevant, aiming to enhance their operational durability,
reduce maintenance and replacement costs, and increase the overall efficiency of pressing operations. Key directions
in ensuring the reliability and longevity of busbar punching tools include the development of new design solutions, the
application of modern wear-resistant materials and coatings, and the optimization of equipment operating modes.

Thus, the comprehensive development of methods for enhancing the wear resistance and restoration of
stamping tools is a crucial step toward improving the reliability of technological tooling, increasing product quality,
and reducing production costs. The conducted studies have shown that various methods and approaches are used to
restore tools and technological equipment. One of the most effective restoration approaches is surfacing the working
surface with wear-resistant material.

Work [3] describes the plasma surfacing method as an effective means of restoring and improving the wear
resistance of stamping tool surfaces that frequently fail. The process uses a high-temperature plasma jet (up to
15,000°C, formed using argon and helium) to melt the filler material and apply it to the surface of the part. Special
attention is given to the selection of material, application technology, and optimization of surfacing parameters
(current strength, torch distance, powder feed rate) to ensure high-quality coating. Recommended parameters include a
current of 55-60 A, a distance of 10-12 mm, 3—4 passes with intermediate cooling, and the necessity of powder
drying and sieving. The main drawback of the method is its high sensitivity to process parameters and the need for
careful preparation of powder materials, as failure to comply with the technology may result in coating defects and
damage to the part.

The study in work [4] focuses on restoration methods for bending dies that wear out during the production of
parts such as brackets. Based on analysis of material properties and wear characteristics, the authors proposed and
tested three methods: brazing of hard alloy plates, surfacing with welding electrodes, and laser surfacing with powder
materials. Testing on samples made of UI0A and Kh12M steels-including microstructural analysis and hardness
measurements-demonstrated that the most effective methods for restoring strong and wear-resistant surfaces are
welding with OZh-3 electrodes and laser powder surfacing. The application of these methods, as well as the potential
replacement of die material with Kh12M steel, can significantly increase the service life of the dies and improve
production performance.

In conclusion, the analysis of existing restoration methods shows that each method has its own advantages and
limitations, and effectiveness largely depends on the type of damage, accuracy requirements, and available resources.
Modern technologies offer high precision and minimal thermal deformation but are associated with high costs for
equipment and personnel training. Traditional methods remain relevant for restoring large surface areas, although they
require careful control and subsequent processing. The most rational approach appears to be the integration of
different methods based on the specific task, which allows for optimizing the repair process, extending tool life, and
reducing production costs.

As part of these efforts, the Department of Technological Equipment, Mechanical Engineering, and
Standardization is carrying out a scientific project. The project focuses on the restoration and enhancement of the wear
resistance of busbar punching tools. Particular attention is given to identifying design and technological solutions
capable of addressing the shortcomings identified in the literature. As a result of the conducted research, a new tool
design has been proposed, offering improved strength characteristics, maintainability, and operational durability. The
aim of this study is therefore to conduct a comprehensive comparative analysis of the stress-strain state of a restored
busbar punching tool in order to improve its durability and performance.

1. Methods and materials
As a result of the scientific research, a new tool design has been proposed, featuring improved strength,
maintainability, and operational durability. This design is based on a composite concept that allows for the
replacement of the most wear-prone working element without the need to discard the entire tool body. Such an
approach not only enhances service life but also provides significant economic benefits by reducing repair costs and
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downtime in production. Figure 2a presents a sketch of the working part of the composite tool, illustrating its key
design features.

The present research, carried out in the laboratories of the Department of Technological Equipment,
Mechanical Engineering and Standardization and the Welding Institute of Abylkas Saginov Karaganda Technical
University, continues earlier work aimed at increasing the durability and wear resistance of tooling equipment. Within
the framework of this study, both worn-out tools retrieved from production lines and newly manufactured components
intended for the assembly of composite tools were investigated. This made it possible to combine practical
observations with controlled experimental analysis.

At the initial stage, a thorough examination of the actual condition of the worn working part of the tool was
performed (Fig. 1). According to earlier studies and experimental data, this component is subjected to severe
operational loads, including high contact pressures, cyclic thermal stresses, and abrasive wear. As a result, it often
exhibits surface damage such as intensive wear, chipping, and the formation of micro- and macro-cracks. These
defects critically affect the accuracy of busbar punching operations and can ultimately lead to premature tool failure.
The detailed assessment carried out at this stage provided a basis for evaluating the extent of material degradation and
determining the necessity and scope of restorative measures.

In the preparation stage, the worn working part of the tool was carefully removed by mechanical processing
(Fig. 2b). This ensured that the remaining body of the tool could be preserved and reused without compromising its
structural integrity. At the same time, new working inserts of different diameters were manufactured in order to carry
out comparative testing and validation of the proposed composite design (Fig. 2c). The inserts were produced from
carbon tool steel UIOA, a material widely recognized for its favorable balance of hardness, wear resistance, and
machinability. Its selection was substantiated in earlier phases of the research [5], where U10A demonstrated stable
performance under cyclic mechanical loads and suitability for subsequent heat treatment aimed at enhancing strength
and toughness.

By integrating these preparatory steps, the foundation was laid for a systematic evaluation of the composite
tool’s stress—strain state, enabling the subsequent modeling and experimental verification phases of the study.

Composite warking part \
made of carbon steel :

a) b) ©)

Fig. 2. - Sketch of the composite tool design (a), the prepared guiding part of the tool (b), and new working parts of various diameters (c)

The working parts made of U10A steel underwent heat treatment in an SNOL 3/1100 laboratory muffle furnace
at the International Materials Science Center of Abylkas Saginov Karaganda Technical University (Fig.3a). This
operation is critically important for forming the required microstructure and achieving the necessary physical and
mechanical properties, which are essential for the tool’s durability.

For carbon steels, typical heat treatment regimes include: normalization — heating to temperatures above the
critical points (approximately 800-850°C), followed by holding and air cooling; quenching — heating above the critical
temperatures with holding and rapid cooling in water, oil, or salt solutions; tempering — heating the quenched steel to
a temperature below the critical point, holding it, and then cooling to achieve the desired toughness.

After heat treatment, the assembly of the composite tool was carried out. The working part was inserted into
the guiding part for subsequent permanent joining (Fig.3b).

18



Material and Mechanical Engineering Technology, Ne3, 2025

Fig. 3. - Heat treatment in the SNOL 3/1100 muffle furnace (a) and the tool assembly process (b)

The wear of the working surface of the busbar punching tool is largely determined by its stress—strain state in
the deformation zone. Given the multi-stage nature of the punching processes, it is advisable to use mathematical
modeling, which enables an unlimited number of virtual experiments with minimal labor costs [6].

To study the stress—strain state of the busbar punching tool, a numerical simulation method was employed
using the ANSYS software package. In particular, the Explicit Dynamics module was utilized for effectively tracking
the propagation of shock waves, analyzing large deformations, and predicting material failure.

y
a 0015 0,02 (m) T
[ .

00075 0022

a)

Fig. 4. - Finite element model of the tool (a) and punching scheme (b): 1 — punch; 2 - punch holder; 3 - buffer; 4 — spring; 5 — washer; 6
— workpiece; 7 - die

2. Results and discussion

A finite element model of the studied object was developed within the simulation environment. To improve
computational efficiency and reduce calculation time, a symmetric quarter-section of the full model was used for
simulation (Fig.4a).

At each stage of the modeling process, the stresses, deformations, and distribution of contact forces in the
working zones of the tool were determined. The obtained results made it possible to identify the critically loaded areas
of the structure and assess the effectiveness of the proposed restoration and modernization methods.
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Fig. 5. — Stress-strain state of the composite tool

The highest stresses, indicated in red on the color scale, are concentrated exclusively at the cutting edge of the
tool. As the distance from the cutting edge increases into the body of the tool, the stress values drop sharply,
transitioning from maximum to significantly lower levels.

For the working part of the tool made from carbon tool steel, the value of 847.27 MPa is considered significant.
Carbon tool steels (e.g., grades U8, U10, Ul12), after proper heat treatment (quenching and tempering), typically
exhibit a yield strength in the range of 600-1000 MPa and an ultimate tensile strength of 1000-1200 MPa or higher.
Therefore, the obtained maximum stress may fall within the acceptable strength limits of high-strength carbon tool
steel.

This indicates that, under the given loading conditions, the cutting edge of the tool is unlikely to experience
immediate failure and is capable of withstanding such stresses without significant plastic deformation or brittle
fracture.

Funding. This work was carried out within the framework of a scientific project funded by the Committee of Science
of the Ministry of Science and Higher Education of the Republic of Kazakhstan (grant No. AP19578884).

Conclusions

The conducted research revealed the issue of premature wear of busbar punching tools, as well as difficulties in
their restoration due to the lack of an established technological process for repair and recovery. To address this
problem, a restoration method was proposed involving the replacement of the tool's working part with a carbon steel
insert.

An experimental prototype of the restored tool was manufactured in the department’s laboratory facilities.

Using numerical simulation with the ANSYS software package, the stress-strain state of the busbar punching
tools was analyzed. The simulation focused on determining the stresses occurring in the tool’s working zones,
deformations, and the distribution of contact forces.

In the simulation of the busbar punching tool restored by replacing the working part with a carbon steel insert,
it was found that the maximum stress in the working area reaches 847.27 MPa, which falls within the acceptable
strength limits for high-strength carbon tool steel.

The results of the computer simulation confirmed the applicability of the proposed restoration method for
busbar punching tools. Further research should include experimental testing of tools restored by surfacing and by
replacement of the working part with a carbon steel insert, both under laboratory and industrial conditions.
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Abstract. The study presents the results of operational properties of magnesia binders. The research objective is to
determine the nature of aggressive liquid media impact on magnesia binders of various compositions. Comparative
tests of strength properties of caustic magnesite and a combined magnesia-slag binder were carried out.
Diffractometric analysis was used to study binders’ composition. Binders’ microstructure was studied by electron
microscopy. The nature of impact of water, chloride and sulfate solutions on binders’ strength was estimated by a
resistance coefficient. Effectiveness of combination of caustic magnesite and metallurgical slag was proven.
Activating effect of the magnesia binder allows latent compounds of metallurgical slag to be involved in the hydrate
formation processes. Expediency of using a complex grout containing solutions of magnesium chloride and sulfate for
magnesia binders is shown. Aggressive effect of water and salt solutions on the strength properties of magnesite
binders was studied. Information on the change in strength of binders after various periods of exposure to aggressive
liquids was provided. The causes of destructive processes occurring in the magnesite binders were identified.
Magnesium pentahydroxychloride’s decisive role in the formation of durability of magnesite stone was confirmed.
The nature of impact of aggressive salt environments on durability of binders of various compositions was
established. Technological methods for increasing durability of magnesite binders in the liquid environments were
proposed, consisting in the rational minimization of magnesium pentahydroxychloride due to the use of a combined
binder and (or) complex salt grouting fluids.

Key words: caustic magnesite, metallurgical slag, combined binders, salt aggression, water resistance.

Introduction

Concrete is a common composite material, its quality largely determines the efficiency of construction.
Technological and operational properties of concrete are determined by a binder, which acts as a matrix in the composite
material. Cement concretes dominance is due to their high construction and technical indicators and durability. High
resource intensity of cement production, accompanied by large CO, emissions [1] — [2] predetermines the need for active
distribution of low-energy binders with a small carbon footprint.

Caustic magnesite is a type of magnesite binder obtained by firing magnesite rock at a temperature not exceeding
800°C. Comparative characteristics of Portland cement and caustic magnesite allow you to evaluate advantages and identify
problems of each binder.

Portland cement is based on calcium silicates, a binder also contains calcium aluminates and aluminoferrites. To
obtain a plastic mass (dough), cement is mixed with water. When cement phases interact with water, the hydrated
compounds of various compositions are formed, mainly of a weakly crystallized structure. Heat and moisture treatment is
used at a temperature of 80 — 95°C to accelerate hardening of cement concrete.

Caustic magnesite consists mainly of magnesium oxide. Caustic magnesite is mixed with solutions of
magnesium chloride or sulfate to ensure active magnesium oxide hydration. Preference for magnesium chloride
solution is due to binder’s intensive hardening and high strength. Main hydrated formations of caustic magnesite
mixed with magnesium chloride solution are crystalline compounds of neutral composition — magnesium
hydroxychlorides. Compared to Portland cement, the caustic magnesite does not require a humid environment for
hardening, it is characterized by intensive increase in early strength, which makes it possible to exclude heat treatment
for accelerated hardening of a binder. Design strength values of caustic magnesite are not inferior to similar indicators
of high-grade Portland cement. Magnesia binders are favourably distinguished by increased adhesion to various types
of filler; this contributes to creation of a wide range of composite materials [3] — [7]. Crystalline base of the hardened
magnesite stone ensures durability of a highly porous structure of cellular concrete [8] — [10]. Due to significant
amount of chemically bound water, magnesite materials are fire-resistant and suitable for biological protection.
Activating ability of the mixture of magnesium oxide and chloride in relation to various substances allows even latent
materials to be involved in the processes of structure formation and hardening. This principle underlies the resource-
saving technology of combined (mixed) magnesite binders, in which up to 30 — 50% of caustic magnesite is replaced
by natural and man-made origin materials [11] — [14].

Low water resistance of magnesite binders prevents the widespread use of caustic magnesite despite its unique
properties. When exposed to a humid environment, the main hydrates are destroyed, and binder’s strength is
significantly reduced. A number of technological solutions were proposed to solve the urgent problem of increasing
water resistance of magnesite binders. The first group of measures involves introduction of additives that help
increase the resistance of magnesite hydrates by changing their structure [15] — [17]. The second group of solutions is
based on the use of sulfate salt solutions instead of magnesium chloride solution, which ensures formation of
magnesium hydroxy sulfates that are more resistant to water [18] — [21]. The third group of measures is associated
with replacement of caustic magnesite with the combined binders containing mineral components of various
compositions [22] — [25]. Increased water resistance of combined magnesite binders is achieved by forming new,
water-resistant compounds based on the mineral components.
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Along with the aquatic environment, during their operation concretes are exposed to aggressive effects of salt
solutions, for example, sodium and magnesium sulfates in the groundwater, sodium and magnesium chloride present
in the seawater.

A mechanism and consequences of destructive salt effects on the cement stone are known [26].

Information on the effect of salt solutions on magnesite materials’ performance properties is very limited
[27]—[28].

The research objective is to study the effect of aggressive liquid environments on durability of magnesite
binders of various compositions.

1. Methods and materials

The object of the study was a combined magnesite-slag binder consisting of caustic magnesite grade PMK-75
and metallurgical granulated slag. The main phase of caustic magnesite is magnesium oxide. The phase composition
of metallurgical slag includes calcium and magnesium silicates (rankinite 3CaO-2SiO,, okermanite
2Ca0-Mg0-2Si0y), calcium aluminosilicates (gehlenite 2Ca0O-Al,O3-Si0;), amorphous phases (Figure 1a). Chemical
composition of the binder components is given in Table 1. Properties of caustic magnesite, studied during experiments
were adopted for comparison of binders with different compositions.
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C - okermanite, G — gehlenite, R - rankinite, M — magnesium oxide, H — brucite, P — magnesium pentahydroxychloride, K — hydrates
based on slag compounds

Fig.1. - Diffraction patterns of metallurgical slag (a), hardened magnesia-slag binder (b) and hardened caustic magnesite (c)

Table 1. Chemical components of magnesite binder

Material name SiO2 AlLOs; | Fe0s CaO MgO SO3 Others Loss on ignition
Caustic magnesite 1.1 0.5 2.3 2.7 87.5 0.1 0.2 5.6
Metallurgical slag 44.0 14.1 0.7 32.7 5.1 2.1 1.3 —
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Magnesia-slag binder was obtained by joint grinding of components in the «E-max» vibration mill. Magnesia
binders were mixed with magnesium chloride and magnesium sulfate solutions and their combinations. Density of salt
solutions was determined with a hydrometer.

Strength properties of a binder were determined on 20x20x20 mm samples by testing on PGM-1000MG4
hydraulic press after a specified curing period. Resistance of the hardened binder to aggressive liquids was estimated
by the resistance coefficient taking into account the samples strength after exposure to an aggressive environment for
a specified period and samples strength before immersion into a liquid medium. Phase composition of the binders was
determined using DRON-3M diffractometer with BSV-24 X — ray tube with CuK o-radiation. Microstructure of the
hardened stone was examined using a JSM-6490LV scanning electron microscope.

2. Results and discussion

Addition of 10 — 50% metallurgical slag to the caustic magnesite results in a 5 — 25% decrease in consumption
of salt solution to obtain plastic dough (Figure 2). Magnesia-slag binders are characterized by slow hardening during
the first three days; with increase in the slag content, the early strength of binders decreases by 4 -22%
(Figure 2). With subsequent hardening, strength properties of the combined binders increase. At the age of 28 days,
strength of the binders increases as the technogenic component’s content increases. Strength of the combined binder
containing 50% slag is 46% higher than the strength of caustic magnesite. The increased strength properties of the
magnesia-slag binder are due to changes in the hydrates composition. Features of hydrate formation of the combined
magnesia binder are: increased activity of MgO, minimization of brucite Mg(OH), content due to its binding into the
magnesium pentahydroxychloride SMg(OH),-MgCl,'8H,O (5 — form) and the hydrates based on slag compounds
(Figure 1b). According to diffractometric analysis, a phase composition basis of magnesia-slag binder’s stone is
represented by magnesium pentahydroxychloride, characteristic of caustic magnesite. Moreover, the amount of 5 —
form is proportional to the share of caustic magnesite in the binder (Figure 1b). The presence of free unhydrated
magnesium oxide indicates incomplete implementation of the binding properties of caustic magnesite (Figure 1c).
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Fig. 2. — Effect of metallurgical slag content on the strength of air-cured magnesia binders

Preference for magnesium chloride solution for mixing magnesite binders is due to significant hardening rate
and high strength of the hardened stone. To increase binder's resistance to water, it is recommended to use the
solutions of sulfate salts [18] — [21]. However, replacing a magnesium chloride solution with magnesium sulfate or
iron sulfate solutions is accompanied by a decrease in strength of caustic magnesite [18] — [21]. Possibility of using
combined salt solutions consisting of magnesium chloride solution (density is 1250 kg/m®) and magnesium sulfate
(density is 1210 kg/m?) for mixing caustic magnesite was studied (Figure 3). Samples of hardened binder aged 7 days
were immersed into aggressive environments (water, magnesium chloride and sodium sulfate solutions with a density
of 1050 kg/m?). Binders were tested at the age of 28 days from the moment of mixing.
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Fig. 3. - Effect of combined grouting fluid on strength of caustic magnesite under various conditions

Presence of 10 — 20% magnesium sulfate in the setting solution increases the strength of the air-hardening
binder by 17 — 33%, while with a content of 30 — 50% magnesium sulfate, the strength of the binder decreases by 7 —
42%. With a content of 50% or more magnesium sulfate in the setting solution, the effect of this salt on hardening of
caustic magnesite dominates. Presence of samples in liquid media is accompanied by a decrease in strength compared
to samples hardened in air. The greatest decrease in strength is observed for binders for which combined solutions
containing 0 — 20% magnesium sulfate were used for mixing. Analysis of the test results shows that when using a
combined sulfate-chloride sealer containing 20 to 40% magnesium sulfate, it is possible to achieve increased
resistance to aggressive environments while ensuring the strength of the air-hardening binder comparable to the
strength of caustic magnesite based on magnesium chloride.

Comparative studies of the performance properties of caustic magnesite and magnesia-slag binder containing
50% of the technogenic component were conducted. A magnesium chloride solution (density 1250 kg/m’) and a
sulfate-chloride solution containing 50% magnesium chloride (density 1250 kg/m®) and 50% magnesium sulfate
(density 1210 kg/m*) were used to mix the binders. For easy description of binders, the following abbreviations were
introduced: MX — caustic magnesite mixed with magnesium chloride solution; MC — caustic magnesite mixed with
sulfate-chloride solution; SX — magnesia-slag binder mixed with magnesium chloride solution; SC — magnesia-slag
binder mixed with sulfate-chloride solution. After 7 days of air hardening, binder samples were placed into the liquids
of various compositions (water, magnesium chloride and magnesium sulfate solutions with a density of 1100
kg/m?). The choice of composition of aggressive salt solutions is determined not only by t distribution of the salts in
the operational environment of concrete, but also by participation of salts in the structure formation of the binders
under study.

Figure 4 shows the data on the change in strength of binder samples under different conditions. The age of
samples is indicated from the moment of mixing, therefore duration of the samples' stay in liquid media is 7 days less
than the indicated age. To compare binders’ strength, the indicators of caustic magnesite mixed with magnesium
chloride solution and hardened in air are taken as a standard. Along with the assessment of the strength indicators of
binders in liquid media, it is very important to compare the values of a resistance coefficient of these substances at the
final stage of testing (Figure 5).

Analysis of air-curing binders strength indices. Replacement of 50% caustic magnesite with metallurgical slag
promotes an increase in the strength of magnesia-slag binder, mixed with magnesium chloride solution, by 16% in the
early stages and by 54% at the age of 28 days. When using a sulfate-chloride solution, the strength indices of caustic
magnesite MC and magnesia-slag binder SC are comparable, and compared to the standard, they decrease by 1.3 — 1.6
times. It is noteworthy that the strength at the early stages of hardening is more sensitive to a decrease in magnesium
chloride in the salt solution. A stable increase in the strength of all binders indicates ongoing structure formation
processes over time. A comparative analysis of the strength properties of air-hardening binders revealed the highest
strength values for magnesia-slag binder SX, mixed with magnesium chloride solution. This is due to the favorable
combination of crystalline magnesium pentahydroxychloride and weakly crystallized hydrates based on slag phases
(Figure 1Db).

Analysis of the influence of the aqueous environment on the strength of binders. The effect of water on all
magnesia binders is accompanied by a decrease in strength. This fact is explained [29] — [30] by decomposition of
magnesium pentahydroxychloride with the formation of magnesium hydroxide. The nature of change in the strength
of the binders under study corresponds to known scientific concepts.
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Fig. 4. — Influence of the hardening environment on strength of magnesia binders of various compositions

The most intense rates of strength decline were noted for caustic magnesite of oxychloride hardening MX,
which has the highest content of unstable magnesium pentahydroxychloride. MX samples differ from samples of other
binders by the presence of a crack network (Figures 6a, 6¢, 6¢). Cracks, along with decomposition of the structure-
forming phase 5SMg(OH),-MgCl,-8H,0, contributed to a decrease in the strength of the MX binder.

The crack network in the structure of magnesia stone is a consequence of the formation of Mg(OH), both due
to decomposition of magnesium pentahydroxychloride and due to hydration of free magnesium oxide. Magnesia slag
binder of oxychloride hardening SX is characterized by a water resistance coefficient of 0.85 after 3 days of
continuous exposure to water (Figure 4c). As time passes, the water resistance coefficient decreases on SX.
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Fig. 6. — Appearance of samples after exposure to aggressive environments:

Binders MC and SC, mixed with a sulfate-chloride solution, demonstrated increased water resistance compared
to caustic magnesite of oxychloride hardening. After the first 3 days of exposure to water, the water resistance
coefficient of binder MC was 0.42 (Figure 4b), and that of binder SC was 0.80 (Figure 4d). During subsequent testing,
binders mixed with a sulfate-chloride solution demonstrated decreased sensitivity to the effect of water, as evidenced
by a tendency to stabilize strength indicators.

The highest water resistance coefficient was achieved for binder SC (Figure 5). Increased water resistance of
magnesia-slag binder is provided by the features of the microstructure (Figures 7c, 7d), the basis of which is made up
of lamellar crystals of magnesium pentahydroxychloride formed in the environment of slag compounds that form
weakly crystalline hydrates. Needle-shaped crystals of magnesium pentahydroxychloride, forming the structure of the
MX binder, are less resistant to the effects of a liquid medium (Figures 7a, 7b).

Analysis of the strength indices of binders exposed to magnesium chloride solution. For oxychloride-hardened
caustic magnesite MX, exposure to MgCl,-solution turned out to be the most destructive both in comparison with
other test conditions and in comparison with other binders (Figures 4 and 5). Cracks appeared on the MX samples,
indicating an intense effect of expansive phases (Figure 6c¢).
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The dominant expansive effect is exerted by secondary magnesium pentahydroxychloride, which is formed
during the interaction of an aggressive MgCl, solution with magnesium oxide and hydroxide, including that formed
during the decomposition of the 5 — form. The resistance coefficient of caustic magnesite MC, mixed with a sulfate-
chloride solution, equal to 0.55 — 0.67, exceeds the similar indicator of this binder in other liquid media. The integrity
of the structure of the MC samples is due to the limited content of unstable magnesium pentahydroxychloride and the
presence of magnesium hydroxysulphates.

The aggressive effect of the MgCl, solution on the oxychloride magnesia-slag binder SX is insignificant: the
resistance coefficient at different test periods was 0.74 — 0.81. The strength values of the SX binder exposed to the
MgCl, solution are comparable to or exceed the strength indicators of other binders that hardened in air (Figure 4).
Under the influence of magnesium chloride solution, the hydraulic activity of latent slag compounds is activated,
which contributes to the formation of an additional amount of hydrates that compact the structure of the SX stone.

Analysis of strength indices of samples exposed to magnesium sulfate solution. Compared with other liquid
media, magnesium sulfate solution has a less aggressive effect on oxychloride-hardened caustic magnesite MX: the
resistance coefficient at different test times is 0.07 — 0.20. Cracks in the MX stone structure are caused by magnesium
hydroxide formed both during MgO hydration and during the decomposition of the 5 — form (Figure 6e). When
mixing caustic magnesite with a sulfate-chloride solution, the resistance coefficient of the MC binder increases and is
0.36 — 0.61. Oxychloride magnesite-slag binder SX in a magnesium sulfate solution is characterized by a resistance
coefficient of 0.26 — 0.60. For magnesia-slag binder SC, mixed with sulfate-chloride solution, the resistance at
different test times is estimated by a coefficient of 0.18 — 0.68. Binder SC is characterized by the highest coefficient of
resistance to the aggressive impact of magnesium sulfate solution (Figure 5).

Summarizing the results of studies, it should be noted that a significant content of magnesium
pentahydroxychloride under absence or limited amount of weakly crystallized and amorphous hydrate formations
increases the vulnerability of crystalline structure of magnesite stone to the effect of aggressive liquids.

Conclusions

There was studied the influence of aggressive liquid environments on durability of magnesite binders of
various compositions. The study results expand understanding of causes in destructive processes and contribute to
technological methods development for increasing magnesite materials’ operational durability.

It is shown that a destructive effect of water is resisted by measures that ensure minimization of unstable
magnesium pentahydroxychloride while maintaining the specified strength indices of magnesite binders. This is
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achieved by reducing the proportion of magnesium oxide in the binder by replacing caustic magnesite with
metallurgical slag, as well as by using a sulfate-chloride solution as grouting fluid.

The effect of salt solutions on the durability of magnesia binders of various material compositions was studied
for the first time. It was established that an aggressive salt environment creates conditions for hydrate formation and
participates in hydrate phase’s formation.

Formation of a significant amount of secondary magnesium pentahydroxychloride in a stone surrounded by
aggressive MgCl, solution is facilitated by the presence of Mg(OH), in the binder. Expansion of a newly formed
crystalline 5 — form destroys the binder stone.

To prevent the expansive action of secondary hydrates, combined binders, such as magnesia-slag binders are
preferable. The salt environment initiates hydrate formation with the participation of latent slag compounds, which
helps to maintain integrity and strength of a stone structure. Reducing the proportion of magnesium chloride in the
composition of the grout also prevents the formation of dangerous quantities of secondary hydrates.

The revealed behavioral features of magnesite binders of various compositions in aggressive salt environments
can serve as a basis for substantiating the area of application of magnesite materials in construction.

The research results indicate the possibility of using magnesia-slag binder in composite materials operated in
conditions of high humidity and exposure to solutions of chloride and magnesium sulfate.

Caustic magnesite of hydroxychloride hardening should not be exposed to water and salt solutions.
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Abstract.This paper describes in detail the research methodology, including the use of a local SQLite database to
store information about drawings, materials, processing methods, and formulas. The need for dynamic generation of
input fields, real-time calculations, and display of drawing thumbnails is emphasized. Particular attention is paid to the
fault tolerance of the system, including exception handling (division by zero, missing variables, incorrect data entry)
and ensuring stable operation without abnormal termination. The application architecture is organized according to the
modular principle (interface, database, computational engine), which simplifies support and extension. The use of the
eval() function in a strictly limited context for safe execution of formulas is noted. The application is developed in
Python using PyQt5 and can operate autonomously, without access to the Internet or external servers. The presented
work demonstrates a solution to the current problem of automation in mechanical engineering, offering a flexible,
reliable and convenient tool for engineers and technologists.

Keywords: machining, software, SQL, Python, data

Introduction

Mechanical processing of workpieces is a key link in the production cycle in mechanical engineering [1]. It is
at this stage that the geometric parameters and physical properties of parts are formed, ensuring their compliance with
design specifications, tolerances and technical regulations [2]. Given the active introduction of digital technologies in
recent years, the task of moving from manual and semi-automatic selection of processing modes to their full
automation has become increasingly relevant [3]. This is especially important in the manufacture of products of
complex configuration, where even a minimal error can cause defects, a decrease in the operational reliability of units
or non-compliance with the requirements [4].

In the conditions of classical production, the process engineer is forced to spend a significant amount of time
selecting parameters, based on regulatory reference books, design documentation and his own experience [5]. Such an
approach is not only labor-intensive, but also prone to human error, especially when it is necessary to promptly
recalculate parameters for several process scenarios. For example, changing just one initial parameter, such as the
workpiece material, may require recalculating dozens of dependent quantities [6], which entails multiple revisions of
all related calculations and reference data [7].

The use of software solutions in which formulas and input data are stored centrally and automatically updated
allows for significantly faster calculations and increased accuracy [8]. This approach is of particular importance when
working with new or non-standard design developments, when there are no ready-made process charts and the
calculation of modes must be carried out “from scratch”.

An analysis of the current situation at machine-building enterprises allows us to identify a number of typical
problems [9—11]:

e use of outdated tables of design parameters that do not take into account new materials and technological
processes;

e lack of a centralized repository of formulas and reference data;

e high dependence on the level of qualification of a particular specialist;

e insufficient variability in the choice of parameters, especially when it is necessary to model several designs;

e low visibility of calculation results and their visual presentation.

The problem of integrating heterogeneous types of data deserves special attention: digital models, graphic
representations of drawings, reference information, user variables and calculation formulas [12]. When processed
manually, this information is usually distributed among disparate sources - Excel files, paper albums, oral instructions
or the accumulated experience of individual employees.

Modern production conditions require software systems to be not only accurate in calculations and correct in
operation, but also easy to use. Since the end users of such systems are often operators and technologists without deep
knowledge in the field of programming, an intuitive interface, visual transparency, and minimization of actions
required to obtain a result come to the fore [13].

Currently, the market offers various CAD (computer-aided design) and CAM (Computer-Aided
Manufacturing) solutions that include modules for calculating processing parameters [14]. The most popular are
Siemens NX, Autodesk Fusion 360, SolidCAM, Mastercam, SprutCAM, etc. These software products are primarily
aimed at high-tech enterprises with a developed IT infrastructure, extensive equipment libraries, and a high degree of
integration with production management systems (ERP, MES, PLM) [15, 16]. However, their functionality does not
always fully meet the specific tasks solved within the framework of this study.

Firstly, most of the listed systems require significant financial investments in licensing, setup and personnel
training. This limits their use in small enterprises or individual production units. For example, an annual license for
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Fusion 360 costs hundreds of dollars per user, and the implementation of Siemens NX requires the involvement of
qualified specialists and lengthy setup [17].

Secondly, complex engineering calculations, such as selection of cutting modes taking into account the features
of the part installation and the number of technological passes, are either absent in these systems or are performed
separately by the technologist. In most cases, CAM solutions are focused on constructing tool paths, simulating the
processing process and generating control programs for CNC, but not on deep local analysis of calculated data
adapted to specific production conditions [18].

Thirdly, the flexibility of editing built-in reference books, adding custom formulas, introducing new variables
and adjusting algorithms is often limited. Changing even one calculation dependency, such as feed rate, often requires
working with closed source code, specialized macros or complex XML templates, which hinders rapid adaptation to
changing production tasks [19].

As an alternative to large complex systems, enterprises often use internal developments in the form of Excel
files with formulas, macros and connected databases [20].

The analysis shows that there is a significant gap between industrial CAM systems and such home-made
solutions [21, 22]: at one extreme are expensive, powerful, but overloaded and inflexible systems, at the other —
simple, but unsafe and unstructured tables. It is in this niche that autonomous, customizable and easy-to-use
applications are in demand, which can be installed on local workstations without the need for expensive licensing,
server capacity and complex IT support.

Among the few suitable solutions, we can mention open engineering platforms such as FreeCAD with support
for Python scripts, as well as Node-RED or Qt-based projects focused on visual programming [23]. However, they
usually do not contain ready-made calculation algorithms or structured reference data, playing the role of designers
for creating applications rather than ready-made technological tools.

There are also attempts by individual organizations to develop their own utilities based on Access, Delphi or
Java [24-26]. Such programs are most often developed within the enterprise, have weak documentation, are not
distributed beyond its borders and often do not meet modern interface and scalability standards.

Thus, the aim of this work is to create software for automated selection of mechanical processing parameters,
providing the presence of a centralized data storage, the possibility of multi-user work, flexible updating of algorithms
and protection from incorrect input.

The system was developed taking into account a set of technological processes for processing parts, including
the selection and calculation of parameters that affect accuracy. These parameters include cutting depth, feed rate,
spindle speed and other characteristics that determine the tool operating modes and surface quality.

All the indicated values are calculated taking into account a number of factors:

e configuration of the part (the presence of complex internal contours or sharp transitions);

o workpiece material (steel, aluminum, copper, etc.);

e processing method (turning, milling, grinding, etc.);

o the supports and basing elements used (for example, methods for fixing a part during multi-axis processing);

e number of technological passes (rough, finishing);

o reference standards and calculation formulas in force in the organization.

As a result, the designed system must ensure operation with a wide range of input parameters and be able to
adapt to various technological scenarios. The totality of these requirements determines the complexity of the subject
area and the impossibility of its effective coverage without automated means.

1. Research Methodology

The system being developed provides for loading data from a local SQLite database, which stores information
about drawings, materials used, processing methods, support types, calculation formulas, and reference variables. The
relationships between these elements are shown in Figure 1.

The user should be able to select from drop-down lists:

- the required drawing (including a sketch of the part);

- support type (basing);

- material;

- processing method (e.g. rough milling, grinding, etc.);

- iteration number (for multi-pass processing).

Depending on the selected configuration, the system must extract the values of the variables from the
Variables dependent on material processing type table that correspond to the combination "material type -
processing method - iteration - tooling" (Figure 1).

Based on the loaded formulas, the system automatically generates input fields for all parameters involved in
the calculations. The user has the ability to change the values of variables manually, and the recalculation results are
displayed instantly.

All calculations are performed in real time when input data changes. Formulas are stored in the Formulas table
as strings and are processed in a secure mode using a limited context (math module, eval function).

The output values of formulas are displayed directly below the corresponding variables as numeric labels,
which are updated with each recalculation.
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Fig. 1. — Relationships between tables

When a specific drawing is selected, its sketch is loaded, the path to which is specified in the Drawing table.

Formulas may include division operations, logarithm calculations, and other mathematical operations. The
program must correctly handle exceptional situations - for example, division by zero, the absence of a variable value,
etc. - by returning a neutral value (for example, 0.0) to ensure the robustness of the interface.

The system must be able to dynamically rebuild the set of active formulas with each change in the initial
parameters: the selected drawing (Eb-function), the type of support (Support-function) or the processing method
(dependent variables). This approach allows the calculation algorithm to be adapted to a specific technological
scenario.

Before starting calculations, the application substitutes values from the Reference data table if the user has not
specified them manually.

It is possible to export the database in SQL format or create a backup copy of the file for recovery in case of
failure (the function can be implemented by an external script).

The program operates in a completely autonomous mode, without the need for an Internet connection or
external servers. All data, including images and formulas, are stored locally.

The system's performance ensures that calculations are completed in less than 0.2 s, even with a large number
of formulas and variables.

To protect against input errors, such as entering text instead of a numeric value or incorrect formulas, a system
for handling all exceptions has been implemented, preventing abnormal termination of work.

The user interface is designed with an emphasis on simplicity, compactness and scalability. All elements -
input fields, lists, labels - automatically adjust to changing window sizes.

The system allows for the addition of new formulas, variables, materials and processing methods solely by
updating the database, without interfering with the source code.

The architectural structure of the application is modular and includes three key components: interface (ui),
database module (db) and computing module (engine). This simplifies further maintenance and expansion of
functionality.

The eval() function works in a closed context that does not have access to the file system, system modules, and
environment variables. The software is compatible with major operating systems (Windows/Linux/Mac) with Python
and PyQt5 installed. The final build can be performed as executable files .exe or .app.

The application code is provided with comments and logging mechanisms, which simplifies debugging. In case
of errors in formulas or at the initialization stage, the program outputs a message to the console or log file.

Only standard and proven libraries are used (for example, math, sqlite3, PyQt5), which minimizes dependence
on external components.

Thus, the requirements formed cover all stages of the system life cycle - from data loading to visualization of
results and fault tolerance. The following sections provide the rationale for the choice of technologies, the database
structure, architectural solutions and a description of the interface.

The development of an application for automated selection of machining parameters was carried out in the
Python environment.
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2. Results and discussion

2.1 Project structure and code organization

At the logical level, the project structure is divided into three functional blocks:

- Initialization and startup block (main) - is responsible for creating the application object (QApplication),
initializing the main window (MachineCalculationApp), setting the size and position on the screen, displaying the user
interface and handling the shutdown (app.exec()).;

- User interface block (GUI) — implemented as the main class MachineCalculationApp, inheriting
QMainWindow. Within this class, interface elements are created and managed: drop-down lists, text labels, input
fields, scroll bars and graphic images.;

- Logic and data processing block — includes functions responsible for receiving information from the
database (load drawings(), load materials()), forming a set of variables and input fields (create input fields()),
collecting and calculating data (calculate all()), safely executing formulas (safe formula()), and handling events
(on_drawing_change(), on_material change(), etc.).

The class architecture is built with a clear division of function responsibilities, which facilitates the search,
modification, and reuse of individual modules. The data exchange diagram between modules is shown in Figure 2.

“rr database
user GuU1 controller user
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| select drawing " " i )
—_— i :
' drawing - 3
| selection signal | - |
: PEmEEE—— : :
! ' ! Request data : '
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! calculation ————— \
| display 1 - |
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Fig. 2. — Sequence diagram: performing calculation of processing parameters

The project organization follows the principles of modularity: all code is grouped by purpose, structured and
provided with comments. The use of a single centralized controller is justified for the current scale of development,
and the presence of functions with a clearly defined purpose ensures predictability of the program's operation.

2.2 Implementation of the user interface

The main window of the application is formed on the basis of the QMainWindow class with a central QWidget
widget, divided into two zones using a horizontal QHBoxLayout container:

Left panel- a control area that includes drop-down lists for selecting processing parameters (drawing, support,
material, method, iteration) and a drawing preview area.;

Right panel- a scrollable area for displaying variables corresponding to the current configuration, their input
values and calculated results.

This layout clearly divides the interface into a block for selecting conditions and a block for displaying
calculations, which reduces the cognitive load on the user and increases the logicality of interaction.

Interface elements are created dynamically: after the user selects the material and processing method, the system
generates a list of necessary variables and displays lines with their name, input field, and result label. When the
configuration is changed, irrelevant elements are deleted.
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The program implements a reactive operating principle (Figure 3): any change in input data immediately causes
a recalculation of values and an update of the interface, which eliminates the need for additional confirmation buttons
and speeds up the interaction process.
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Fig. 3. — Interface of the developed program

Thus, after each change of value or selection, the user instantly sees the recalculated results. This eliminates the
need for intermediate buttons and makes interaction with the program faster.

23 Processing drawings and loading parameters

Each drawing is stored in the database as a record with a unique identifier, name, and path to the image. The
Drawing table has the following structure (Figure 4).
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— Structure of the Drawing table

When the program starts, a query is made to all Drawing records, after which the drawing names are added to

the interface drop-down list.

Drawings are linked to the base elements (Eb), for which calculation formulas are defined. The Eb table
contains foreign keys linking records to the Drawing and Formulas tables, which ensures logical data integrity (Figure

5).
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W [lononHuTENsHO
Mona  Index Constraints  ForeignKeys  Chedk Constraints
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9 1
Fig. 5. — Structure of the Eb table

After selecting a drawing, the application generates a selection from the Eb table, defining a set of formulas
related to this image. These formulas are included in the active list of calculations. Thus, the interface is adjusted to a
specific drawing and uses the corresponding dependencies.

Formulas can be linked not only to the drawing, but also to the selected equipment (Support) and processing
conditions. The program generates a final list of calculations, combining mandatory formulas (mandatory formula =
1), formulas for the drawing and formulas for the support.

After selecting a drawing, the user specifies the material, processing method, support and iteration, which
determines the choice of variables. Their values are stored in Variables dependent on material processing_ type and
are specified by four keys: method, iteration, material, tooling.
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2.4 Implementation of business logic: formulas and calculations

In the project under development, formulas are stored in the Formulas table as string expressions. Each entry in
this table contains:

— uniqueid;

— output variable name (target value);

— the expression text in Python syntax (formula);

— flag of obligationmandatory formula, which determines whether the formula should always be applied;

binding to the support (Support formula id) if necessary.
Example of a formula line (Figure 6).

target_wvalue = "Rz', formula = "d["f"] * 15 + math.sgrt(d["Vc

Fig.6. — Example of a formula line

This means that the parameter Rz is calculated based on the current values of the variables f and Vc stored in the
dictionary d. When substituting data, the formula performs a mathematical operation and returns the result, which is
displayed in the interface.

Since formulas are loaded from the database in text form, their direct execution may be unsafe. For protection,
the wrapper function safe formula() is used, which ensures execution in a limited context, access to which is only
available to the math module and the d dictionary. This allows flexible interpretation of dependencies, while
preventing the execution of malicious code or critical commands (Figure 7).

Applies hereeval()in a strictly limited context where only the library is availablemathand a dictionary of
variablesd. This approach allows for flexible interpretation of formulas and at the same time protects the system from
failures: any error returns the value0.0, and the program continues to work.

The mechanism for selecting formulas for calculation takes into account:

— mandatory dependencies (mandatory formula = 1);

— formulas associated with the selected drawing (via tableEDb);

— formulas associated with the selected support (tableSupport_formula).

The combined formula list is used to build a list of variables (Formula Variables) and interface generation, its
code is presented in Figure 7.

update_active formula
y_formulas + self.eb_formulas + self.support_formulas
formula_ids = [f[@] for in formulas]
f.cursor.e

".join(" 2" *len(formula_ids)

formula_ids)

.all variables = [row[@] for row in self.cursor.fetchall()]
F.create_input_fields()

Fig. 7. - Update code for formulas involved in calculations

Thus, the user sees on the screen only those fields that are necessary for calculations in a specific configuration,
and the system processes only relevant formulas.

Before performing calculations, the application generates a data dictionary, which contains:

— values entered manually by the user;

— values substituted from the reference bookReference data;

— values extracted from the tableVariables_dependent on material processing_type.

Next, each formula from the active list is passed to the formula wrapper wrapper, and the result is placed in data
under the name of the target variable.
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2.5 Ensuring fault tolerance and graceful shutdown

In real production conditions, it is impossible to completely eliminate operator errors, incomplete data, or
disruptions in the sequence of operations. Therefore, the system was designed to handle any such situations without
stopping the application.

One of the most common cases is when the user enters data that does not match the expected type - for
example, text instead of a number or an empty value. Such situations are handled in the calculate all() function (an
example of implementation is shown in Figure 8).

self.all variables:

data[var]
pt (Valuel
data[var]

Fig. 8. — Example of code implementation of fault tolerance

In case of incorrect input, the variable is automatically assigned the value 0.0, which prevents a crash. This
mechanism is especially important considering that the end users are engineers and technologists who may not be
aware of all the internal restrictions on the data format.

Since all calculation dependencies are stored in the database as strings and executed via the eval() mechanism,
there is a risk of errors - division by zero, access to missing variables or syntax violations. To minimize these risks, a
protective wrapper has been implemented, which in the event of a failure returns a safe value (0.0) and records the
error in the console. Thanks to this, the program continues to work, maintaining the stability of the interface.

The project also provides for situations where certain parameters — variables, iterations, or formulas — may
be missing from the database. Instead of stopping execution, the application checks for the required information and,
if it is missing, simply does not display the corresponding elements. An example of implementation is shown in
Figure 9.

self.cursor.execute(”

pr ing id,))

iterations self.cursor.fetchall()
iterations:

self.iteration selection.clear()

Fig. 9. — Example of code when the required data is not found

This approach guarantees the correct operation of the system even with a partially filled database, which is
especially important at the implementation stage, when not all information can be entered in advance.

Conclusion

Within the framework of this article, a software system was designed and implemented, intended for automated
selection of mechanical processing parameters, corresponding to all established requirements. The main task of the
development was to create an adaptive, reliable and convenient tool for engineers and technologists, providing
autonomous operation and high accuracy of calculations.

The following key results were obtained during the work:

- a system was created that uses a local SQLite database to store all the necessary information - drawings,
materials, processing methods, support types, calculation dependencies and reference variables. This made it possible
to eliminate the fragmentation of information typical of traditional approaches using Excel tables or paper media, and
to provide a single reliable source of data;

- a reactive interface based on PyQt5 has been implemented, forming a set of input fields depending on the
current configuration (drawing, material, processing method, iteration). Calculations are performed almost instantly
(less than 0.2 s), allowing the user to see the result of changing the input parameters in real time. This significantly
speeds up the process of selecting optimal processing modes and increases the productivity of specialists;

- mechanisms for handling exceptional situations (division by zero, missing variables, incorrect input) have
been implemented, which prevent abnormal termination of the program. When an error occurs, the system returns a
safe value (0.0) and registers the event in the log, ensuring continuous operation. This approach is especially
important for production environments, where software stability is a critical factor;

- the program architecture is built on a modular principle and includes three main areas - the interface (GUI),
the database (DB) and the computing engine (Engine). This simplifies maintenance, modernization and adding new
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functionality. For example, the integration of additional formulas, variables or materials is carried out by changing the
contents of the database without editing the source code;

- to interpret formulas stored as strings, the eval() function is used in a strictly limited and secure environment,
which allows for flexible specification of mathematical dependencies with complete protection from the execution of
unwanted code;

- the software suite functions completely autonomously, does not require a connection to the network or
external servers, and all necessary data and graphic files are stored locally. This makes the system especially
convenient for production sites with limited access to the Internet.

Thus, the developed software demonstrates an effective solution to the current problem of automating the
selection of mechanical processing parameters in mechanical engineering, combining the accuracy of calculations,
ease of use and resistance to errors.

Funding. This research has been/was/is funded by the Science Committee of the Ministry of Science and Higher
Education of the Republic of Kazakhstan (Grant No. AP26101943).
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Abstract. Today's Industry 4.0 requirements, including production automation, necessitate the securing of production
lines to ensure maximum safety for employees. This article presents a solution for fastening systems in safety fences
used on production lines. The main objective of the research was to compare the rigidity of the entire fence, i.e., a set
of different elements, depending on the fastening system used for the mesh panel and fence post, based on simulation
tests. Both commercially available solutions and own solutions were compared. The parameter for evaluating the
solutions is the maximum displacement value, which is derived from computer simulation and allows for an
estimation, within a certain range, of the behavior of the system under real conditions. The maximum displacement
values recorded during the simulation range from 14 to 20 mm. Achieving the appropriate level of fence rigidity is
required to ensure safety on the production line, and the use of an appropriate solution allows for an increase in safety
and working conditions. The analysis carried out allowed the behavior of the object as a result of the force to be
estimated, but it completely ignores material aspects and factors such as heat distribution, vibrations or parameters
that vary in reality, such as the condition of the material, temperature, or the environment in which the tested object is
located.

Key words: safety fence, fastening systems, safety, MES, production, industry 4.0

Introduction

Nowadays, production activities are becoming more automated [1] and the presence of machines on
production lines is commonplace [2]. Since not every production line can be fully automated, the human factor is still
present in most plants [3]. The presence of machines and people in the same plant, on the same production line, poses
a certain danger [4]. The work area for each group should be properly planned and designated within the plant in order
to avoid undesirable incidents.

One method of securing the working area of industrial machinery is the use of safety fences [5], which allow
the machine's working area to be separated from the human working area. This eliminates the accidental possibility of
an unwanted element entering the machine's working area on the production line. This increases safety in the
production plant and protects expensive machines from breakdown or damage. The main role of safety fences is to
prevent the operator from contact with the machine during its operation, although they can also perform other tasks.
Guards are designed to separate the safety zone and prevent access to the danger zone. Fences should be designed in a
way that is reliable and does not allow unauthorized access to restricted areas when it is dangerous or unauthorized.
There are also sensor-based solutions that are designed to detect human presence in the exclusion zone and can control
the operation of devices in a designated area [6], although this solustion do not effectively protect against many
physical hazards. There are also combinations of classic solutions with modern algorithms to increase safety [7].

When used in work areas where there is a risk of material, objects, or fragments being ejected, due to the
nature of the work and the technological process, fence must ensure safety for the operator and other potentially
endangered persons. The guard usually performs two main functions, which are to prevent personnel, objects, or other
persons from accessing the danger zone and to stop parts of the machine, including workpieces, in the area protected
by the guard [8]. Safety fences are characterized by several parameters [8] according to which their safety can be
assessed. First of all, these are its dimensions, i.e., thickness and width, as well as the very important height. Another
parameter that is important in terms of safety is the design of mesh panels, which, due to the environment of a
production line, often cannot be full covers and must ensure good visibility. Therefore, fence panels are most often
made of thin, welded bars. The density of the fence translates into the required distance of the fence from the danger
zone and its strength. The rigidity of the fence is essential for the safety of the protected area and its surroundings,
protecting the environment from sources of danger and the consequences of an undesirable event, such as flying
debris.

The main objective of the research was to compare the rigidity of the entire fence, i.e., a set of various
elements, depending on the fastening system used for the mesh panel and fence post, based on simulation tests. There
is also a proposition of own concepts for fastening safety fences, which have the potential to streamline the fence
installation process while maintaining all safety standards. The analysis was performed on the basis of computer
simulation in Autodesk Inventor, where the displacement of materials after applying a force of 2000 N to the side
surface of the mesh panels was evaluated. Performing this type of analysis is necessary in order to examine the ability
of an object to perform its intended function [9—10]. The program itself is a proven and widely used tool that utilizes
pre- and post-processors for graphical engineering interpretation, where the computational model can be described by
solid and surface elements [11-12]. The main novelty presented in the article is our own concept of a fastening
system, which is characterized by better parameters in terms of assembly and low production costs, giving it a
significant advantage over competing solutions.

However, it should be remembered that achieving high strength parameters for a fence may involve high production
costs related to the technological process of manufacturing the components, the necessary materials, and the method
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of processing. The solution should ensure high strength parameters at the lowest possible and reasonable production
costs [13—16].

1. Materials and methods

Conducting an economic analysis allows for a preliminary estimate of the manufacturing costs of the tested
safety fence model, which in itself should be optimized in terms of production price, have appropriately selected
tolerances and surface treatment in order to achieve a favorable manufacturing cost [17]. The selected fastening
concepts should also be tested for strength in order to determine the solution that will ensure the greatest rigidity of
the fence. The rigidity of the fence is essential for the safety of the protected area and its surroundings, protecting
them from sources of danger and the consequences of an undesirable event, such as flying debris from broken
machine parts. The analysis was performed on the basis of a computer simulation in Autodesk Inventor, where the
displacement of materials after applying a static force of 2000 N to the side surface of the mesh panels was evaluated.
The model was recreated in a computer program, where a simulation was performed during which the assumed force
was applied, taking into account the effect of gravity. All fastening system solutions are installed at the same height,
i.e., 1904 mm from the base of the post and 1800 mm from the base of the mesh panel, which is % of its height. The
fence model (Fig. 1) is the same for all three considered solutions for fastening the mesh panel and fence post.

]

i
1

(a) (b)

(a) fence post; A — mounting system installation point, C — mesh panel mounting point on the post, (b) mesh panel

Fig. 1. Model of the tested safety fence

Safety fence should have a simple and economically justified design [15]. It is advantageous for the fence to
be simple and quick to install and to require the smallest possible number of operators [16]. The paper presents three
concepts for a mounting system: concept 1 is a solution commonly used in industry, while concepts 2 and 3 are
original solutions.

1) Concept 1 — metal clamps

There are many ready-made solutions on the market, one of which is metal clamps (Fig. 2). This is one of the
most commonly used solutions and involves the use of metal clamps that grip the mesh panel and are attached to the
pole, using a screw connection between the clamp and the pole and between the clamp and the mesh panel. This
solution is simple in design and manufacture, but requires specially designed screws and a lot of work during
installation. A very advantageous feature of this solution is its low manufacturing cost, although separate structures
for intermediate and angular connections must be taken into account (Fig. 2). The solution with a metal bracket is
simple in design, but requires more steps during installation and increased labor during the preparation of elements for
installation. There is also an increased number of parts, and the screws must be designed in such a way that the
fasteners cannot be completely disconnected. The design of the system must not create a risk of losing any of the
components of the fastening system.
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(b)
Fig. 2. Metal clamps available on the market; (a) clamp for indirect (parallel) connections, (b) clamp for angular (perpendicular) connections

2) Concept 2 — snap-on caps

The second concept, which is our own solution, is the use of a cap with a snap-on mechanism, mounted at the
end of the mesh panel in contact with the post (Fig. 3). The cap utilizes the deformation of the material during
pressing, which is caused by the overlapping geometry of the objects. When the cap is fixed at the correct height, the
snap closes, fixing the position of the post and the mesh (Fig. 4.). Disassembly involves inserting a tool that allows the
latch to be pulled away from the geometry on which it was locked.

Fig. 3. Model of a snap-on cap used to connect a mesh panel to a post

1 —mesh panel, 2 — mesh panel profile, 3 — snap-on cap, 4 - fence post
Fig. 4. The concept of using a snap-on cap as a fastening system in safety fences
3) Concept 3 — mounting pin
The third concept, also our own, is a connection using a fixing pin installed in the pole structure or mesh

profile. It allows for a simple design and quick installation. The mesh panel support profile has a hole that allows the
pin with a tool hole to be inserted and locked in place in order to release the lock during disassembly (Fig. 5).
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1 - pin, inserted into the installation hole, 2 — double-sided latch
Fig. 5. Mounting pin with latch

The solution using a mounting pin allows for quick installation, but requires a specially designed tool for
removal. The pin itself must be permanently connected to the post by pressing it in. The pin must be installed in such
a way that it can be removed from the inside of the protected area to allow for removal once the security fence is fully
assembled. The pin, when installed in the socket, passes through the cutouts in the mesh profile and the fence post,
resulting in a snap-in effect after passing through the last hole in the post. The advantage over metal clamps (Fig. 2) is
that the element is less visible from the outside, which translates into better transparency of the mesh panels due to
less visibility restriction (Fig. 6).

1 —mesh panel, 2 — mounting pin, 3 — mesh panel profile, 4 - fence post, 5 — cutout for mounting pin in the post
Fig. 6. Installation of mounting pins in a safety fence

Another advantage of this solution is the possibility of installing the mesh panel on either side of the pole, as
the holes required for installation can be made on either side of the pole as needed. This translates into lower
production costs, as only one type of pole, one type of mesh panel, and one type of pin are manufactured.

During the simulation, a fence model was prepared (Fig. 7), whose structural changes resulted solely from the
fastening system used. Each model consisted of four fence posts, three mesh panels, and the number of fasteners
required to connect the mesh panels and posts. In addition, each fence was subjected to the force of gravity to bring
the simulation results closer to reality, and a static force of 2000 N was applied to the entire side surface of the panel
profiles.
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Lw.

1 - force of 2000 N acting on the side profile of the panel, 2 — force of gravity loading the fence

Fig. 7. Model of a safety fence with forces acting on it

The main parameter assessed in the simulation was displacement, where the displacement of the point

furthest from the initial position was evaluated and, on this basis, the stiffness of the fence was assessed. This value

was read by the program used to model the fence and perform the simulation.

Simulation results

2.

The first simulation (Fig. 8) was performed for concept 1 — intermediate and angular clamps. The fully

reconstructed fence, which uses clamps as a system for attaching mesh panels to posts, results in a panel displacement

of 17.427 mm when a force of 2000 N is applied to the surface of the mesh panel frame. However, the main advantage

of this solution in terms of strength is the possibility of using an increased number of fasteners. This is more

advantageous due to the increased rigidity of the structure

but it requires more time for installation and more work by

E)

the operator, and increases the cost of purchasing clamps. The simulation result using three pairs of clamps on each

fence post (Fig. 9) shows a reduction in the maximum displacement of the fence by almost 3 mm compared to the first

simulation tests for the solution with one pair of clamps.
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Fig. 8. The results of simulation strength tests for a fence fixed with one pair of clamps

45



Material and Mechanical Engineering Technology, Ne3, 2025

. 3
L VARV
AT T T T T T T T T T IR LLTRR LR TR R

Fig. 9. Results of simulation strength tests for a fence fixed with three pairs of clamps

Based on simulation tests for fencing using caps (Fig. 10), i.e., the second concept, similar results were

obtained as for clamps, but due to the method of installing the caps, it is not possible to use multiple caps to increase

the rigidity of the fence.
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Fig. 10. Results of simulation strength tests for fencing secured with caps

After applying a force of 2000 N and gravitational force, the maximum displacement equal 19.27 mm was
obtained. This is a displacement that is almost 2 mm greater than the previous solution, which was based on a single

pair of clamps, and almost 5 mm greater than the solution with three pairs of clamps.

which constitute the third concept of the fastening system solution, can be used multiple

>

The fastening pins
times to achieve higher fence rigidity. The results of the simulation (Fig. 11) carried out on a fence using this element

show that the maximum displacement value is almost the same as for a single pair of fastening clamps and amounts to

17.432 mm. No simulation was performed for the solution with multiple fastening pins because the data collected so

far allows us to predict its results. However.

it is worth noting that although the maximum displacement value itself is

>

comparable, the pin is a more advantageous solution in terms of strength, not because of the rigidity of the fence, but
because of its inherent durability. Metal clamps are made of bent thin sheets of metal. The pin, on the other hand, is

turned from a thick metal rod. Resistance to deformation and stress will therefore be significantly greater for the pin

than for the clamps.

Therefore, it is worth considering mounting pins as a more durable solution, while ensuring the

same level of fence rigidity.
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Fig. 11. Results of simulation strength tests for fencing fixed with pins

From the data collected (Fig. 12) from the strength simulation, the lowest maximum displacement value can
be observed for three pairs of clamping collars. There is only a slight difference in maximum displacement between
one pair of clamps and the fastening pins, with the clamps being significantly cheaper, but less advantageous in terms
of the assembly process and strength considerations. The cap provided the least rigidity for the fence.

@ Metal clamp (one pair) @ Metal clamp (three pairs) @ Snap-on cover @ Mounting pin
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Fig. 12. Maximum displacement chart for simulation tests performed

3. Economic and ergonomic analysis

The fastening system solution in safety fencing should be economically justified while ensuring adequate
strength and ergonomic installation, where one of the key features is the number of operators required for installation,
installation time, and availability of installation components. Poor ergonomics, on the other hand, can cause
musculoskeletal strain [17-19].

The metal clamps used in the first concept of the fastening system require the use of two or three types of
clamps: intermediate, angular, and end clamps. Clamps are one of the most common solutions, which is why their
purchase price is very low at wholesale prices. It is unlikely that starting your own production of these elements would
result in lower or even the same costs of erecting a fence. Especially since three types of clamps may be required to
build a fence, in-house production of these elements will almost certainly not be cost-effective for single or small-
batch production. Therefore, it remains to purchase clamps from the market, which are affordable. It was assumed in
the work that multiple clamps could be used. However, even when using single pairs for assembly, this is a solution
that will probably require the most time during installation. This is due to the design of the clamp, which consists of
two elements that must be permanently connected to each other. After placing the mesh panel between these elements,
the clamp must be tightened properly to prevent the panel from shifting or becoming loose. Each clamp must be fixed
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at the correct height of the fence. If appropriate markings have been made on the posts or fixing holes, this will speed
up the operation. However, one pair of threaded connections must be screwed onto each pair of intermediate or angle
clamps. The operation would be much faster with the use of a suitable electric device, but this requires having it in
your equipment. The fence can be installed by a single operator with proper planning of the operation and assembly
activities, but this can be significantly more difficult. Mounting the mesh panel on a support element does not ensure
that all degrees of freedom are eliminated. The panel may rotate and fall out of its axis, posing a risk of injury to the
operator. In addition, intermediate and angle clamps should be installed with two adjacent mesh panels placed on the
supporting elements. For this reason, a second operator may be required during installation for this fence model.
Installing a fence using clamps may require specialized tools to speed up the process. This solution also does not offer
the possibility of quick disassembly and will be as complex as installation. This is certainly the solution with the worst
ergonomics; despite its low production cost and simplicity of construction, it does not offer the possibility of quick
and easy installation.

The snap-on cap presented as the second fastening system concept has a complex design, and the material
used must have elastic properties to ensure proper functioning of the fastening element. Depending on the technology
used, its production can be very costly. Manufacturing the cap by injection molding involves significant costs in the
form of purchasing the appropriate equipment and making the injection mold. For small-batch production, it is more
advantageous to use the injection molding services of an external company, but this requires an injection mold, which
is very expensive to manufacture. The price of the material itself is low compared to the costs associated with this
technological process. Therefore, this solution could be used in mass production, where the cost of starting production
is not so significant due to the planned sales horizon and production volume. Caps offer much faster installation, but
their installation involves difficult access to the installation area. It is necessary to reach the upper end of the mesh
panel profile in order to install the cap, which snaps into place. This can be done by a single operator, as they are able
to install the mesh panel on the support element, climb onto a step or ladder, and install the cap. This is not the safest
solution, but it is definitely possible. The installation of the cap itself consists only of inserting it into the mesh panel
profile, after adjusting its angle relative to the post profile, lowering it, and snapping it onto the profile. A step or
ladder will definitely be needed. This may not be necessary for safety fences of lower height. For the disassembly
process, a ladder or step stool should again be used to provide access to the area for the disassembly tool, which must
be inserted to knock the latch out of the post geometry before disassembling the mesh panel. This is a favorable
solution in terms of installation, but the main disadvantage is the need to use a step stool or ladder for tall fences.

The third concept based on a mounting pin is a solution whose cost is comparable to that of metal clamps,
and is slightly higher or almost identical to the cheapest solution on the market presented in the first concept. The cost
of purchasing materials, processing, and all technological processes that must be carried out in order to obtain a
finished component for assembly can be significantly reduced. As a result, the cost of production of the component is
very similar to that of metal clamps, with the possibility of starting your own production, which will be justified even
for small-batch production. This is due to the availability of the tools necessary to manufacture this element, mainly a
hydraulic press and a CNC lathe, which, unlike the injection mold mentioned in the second concept, can be used for
other projects or sold after production is completed. The installation of pins, i.e., the third concept, differs slightly
from the installation of a cap, i.e., the second concept, and also requires at least one operator. It is still a relatively
simple process that can be carried out fairly quickly. The only thing you need to do is insert the pin into the mounting
holes after determining the position of the mesh panel. The disassembly process is similar to that described in the
concept with a mounting cap and consists only of releasing the lock from the pin and sliding it out of the hole in the
fence post. This solution is therefore the most advantageous in terms of the ergonomics of installation and removal.
Like the other concepts, it requires the use of tools, but does not require a step ladder or ladder and allows for quick
installation and removal.

Table 1 contains a multi-criteria comparison of the concepts under consideration, compiled on the basis of
analyses and simulations. Each aspect is assessed on a scale of bad, good, and very good. A poor rating means that the
solution has the worst rating for the selected parameter among the concepts under consideration; the opposite applies
to a very good rating. A good rating places the solution in the middle or in the same position as other solutions with
the same rating for the aspect under consideration. Based on this table, it is possible to quickly identify the solution
that best reflects the consumer's needs depending on their situation.

Table 1. Multi-criteria comparison of solutions

Solution Strength Cost Ergonomics
Concept 1 Good Very good Bad
Concept 2 Bad Bad Good
Concept 3 Very good Good Very good

Conclusion

The article presents the results of simulation strength tests for selected concepts of fastening systems in safety
fences. Based on the tests conducted and the results obtained, the following conclusions can be drawn:

1. The use of one metal clamp allowed for a maximum displacement of 17.427 mm,;

2. The use of multiple clamps allowed for the greatest reduction in displacement, bringing it down to
14.66 mm;

3. The mounting cap achieved the worst result of all, with a displacement of 19.27 mm;

4, The mounting pins allowed for a displacement value similar to that of a single pair of clamps, with a

slight, barely noticeable difference in favor of strength considerations;
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5. Mounting pins and clamps can be used in multiple quantities to significantly increase the rigidity of
the entire fence, although this entails higher construction costs and requires more manpower during installation;
6. Pins are a more robust solution compared to clamps, as their construction is more durable and

resistant, and the system consists of fewer components.

Based on the simulations and analysis carried out, mounting pins can be considered the most advantageous
solution, both in terms of strength, economy, and ergonomics (Table 1). They ensure high fence rigidity, higher than
all others considered in this study, and additionally have high inherent resistance to loads and stresses. What is more,
their production method does not involve complex technological processes that require increased financial outlays.
Although metal clamps are certainly a cheaper solution in economic terms, they require the design and production of
three versions of the same element: intermediate clamps (parallel connection), angle clamps (perpendicular
connection), and end clamps (located on the last post in the fence). The pin is manufactured as a single design solution
for all types of connections. Caps are also not economically advantageous due to their complex shape and
construction. They require injection molding, which is associated with high start-up costs and is completely
unprofitable for small-batch production. For ergonomic reasons, no solution can match snap-on caps, which are the
fastest to install, but properly prepared posts and panels can be connected just as quickly using pins.

The test results and analysis of solutions are sufficient to consider the mounting system solution using
mounting pins to be inexpensive, robust, and easy to install. Based on this knowledge, a suitable design can be
prepared for further testing. This design can also be left for further development without yet moving on to the
production stage. The right direction for development would be to refine the pin design so that the latch release system
is already inside it and only requires the use of a special tool to release it, which will allow unnecessary interference
with the pole structure to be avoided. This is because the current solution provides for special holes to allow the pin to
be removed. Therefore, it is worth optimizing the design in terms of assembly efficiency (DFA), reducing the number
of assembly and disassembly operations and simplifying them. It is also possible to adapt the design of the fences
themselves to different assembly methods, which do not necessarily require human involvement. Fence installation
can be robotized to eliminate or reduce the need for human labor. The implementation of Lean Manufacturing should
also be considered in order to continuously improve processes, eliminate material waste, and improve production
efficiency.
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Abstract. Aggressive operating conditions, such as high temperatures, chemical environments, abrasive wear, and
corrosion, lead to premature wear and failure of parts in the metallurgical and machine-building industries. To solve
this problem, protective coatings are used, but traditional methods (galvanic, chemical treatment) often do not provide
sufficient reliability in extreme conditions. One of the most effective solutions is gas thermal spraying, which allows
coatings with unique properties such as high hardness, wear resistance, corrosion resistance, and strong adhesion to
the substrate to be applied. This article is devoted to the analysis of the operating conditions of parts in aggressive
environments and the justification for choosing gas thermal spraying as the optimal protection method. Particular
attention is paid to the selection of powder materials, such as WC/Co, Cr3C,-NiCr, Cr,03, and Al,Os, depending on
the type of wear (corrosive, abrasive, adhesive). Various types of gas thermal spraying and their advantages are
considered. The correct choice of material and spraying method can significantly increase the service life of
equipment, reduce repair costs, and increase overall production efficiency.

Keywords: corrosion, wear, adhesion, hardness, protective coating.

Introduction

Modern industry, particularly the metallurgical and machine-building sectors, faces the problem of premature
wear and tear and destruction of machine parts and equipment [1]. The reasons for this are aggressive operating
conditions, including exposure to high temperatures, aggressive chemical environments, abrasive wear, corrosion, and
erosion [2]. These factors lead to a reduction in the service life of parts, increased repair and replacement costs, and
production downtime [3].

This problem is global in nature, causing significant economic damage estimated at billions of dollars
annually. According to research, losses associated with corrosion and wear amount to 4-5% of the GDP of developed
countries, with a significant share of these losses attributable to industrial equipment [4]. In the context of the
metallurgical and machine-building industries, where parts operate under extreme temperatures, high mechanical
loads, and aggressive chemical environments, the problem of wear becomes particularly acute [5].

The key types of wear leading to premature failure of parts are corrosion, mechanical (adhesive, abrasive), and
fatigue wear [6]. Each of these mechanisms has its own specific characteristics and requires an individual approach to
protection.

In the metallurgical and machine-building industries, parts are regularly exposed to aggressive environments.
In metallurgical furnaces, casting and heat treatment equipment, parts are exposed to hot gases, melts, and slags [7].
For example, in continuous steel casting plants, parts that come into contact with molten metal are subject to intense
corrosion, which reduces their service life to a few weeks [8]. In mechanical engineering, especially in the
manufacture of chemical equipment, parts work in contact with solutions of acids, alkalis, salts, and other aggressive
reagents [9]. For example, in pumps for pumping sulfuric or nitric acid, in valves and pipelines, corrosion can lead to
complete destruction of parts within a few months, creating a threat of accidents [10].

Parts operating in the open air are exposed to atmospheric precipitation, industrial emissions, and salts, and are
subject to corrosion and mechanical wear, significantly reducing their service life [11]. According to research [12],
even in a temperate climate, the corrosion rate of unprotected steel can reach 0.1-0.2 mm per year, and in aggressive
industrial atmospheres, this figure increases several times.

The solution to this problem lies in the use of protective coatings, which significantly extend the service life of
parts and increase their reliability [13]. They often have thickness limitations, are brittle, have low adhesion, or are
insufficiently resistant to combined effects [14].

Among the many existing coating methods, gas-thermal technologies occupy a special place. Gas-thermal
coatings have a unique combination of properties, such as high hardness, wear resistance, corrosion resistance, and
adhesion to the substrate [15].

To ensure the physical and mechanical properties of the coating, it is necessary to select the right material for
gas thermal spraying. Powders used for gas thermal spraying can be classified according to their chemical
composition and purpose [16]:

1) Powders based on metals and alloys;

2) Powders based on carbides, borides, and nitrides;

3) Powders based on oxides;

4) Composite powders (cermets);

Powders based on metals and alloys are the most extensive group, including materials based on iron, nickel,
cobalt, copper, and their alloys. They are used to restore the dimensions of parts, increase wear resistance, and
improve corrosion resistance [17]. Powders based on carbides, borides, and nitrides, often referred to as hard alloys,
have exceptional hardness and wear resistance. The most common are tungsten and chromium carbides [18]. Oxide-
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based powders, such as aluminum oxide (Al,O3), zirconium dioxide (ZrO,), and chromium oxide (Cr,03), are used to
create coatings with high hardness, wear resistance, and heat resistance [19]. Composite powders are a mixture of a
metal matrix and a solid phase (e.g., carbides or oxides). They combine the plasticity of metal and the hardness of
ceramics, making them ideal for conditions of abrasive wear and impact loads [20].

The assessment of the operating conditions of parts in the machine-building and metallurgical industries that
operate in aggressive environments and the selection of materials for gas thermal spraying are key to improving the
reliability, durability, and cost-effectiveness of equipment as a whole.

In this regard, the purpose of this article is to analyze the operating conditions of parts in the metallurgical and
machine-building industries that operate in aggressive environments and to justify the use of gas-thermal coating as
the most effective and universal solution for their protection. Particular attention will be paid to the selection of
optimal chemical compositions for coatings capable of withstanding specific types of aggressive exposure.

1. Working conditions for parts in the metallurgical and machine-building industries
Machine and equipment parts in the metallurgical and machine-building industries are exposed to various

aggressive environments, which can be divided into several groups, as shown in Table 1.

Table 1. Aggressive environments and components in the metallurgical and machine-building industries

Environment Part Consequence of interaction between a
part and its environment

Diluted solutions of nitric | Fastening parts, rollers, bushings for | Nitric acid causes intense corrosion of
acid, solutions of salts with | machines and vessels (Figure 1a) most metals, especially carbon and
oxidizing properties low-alloy steels.

Salt solutions cause active corrosion,
especially in areas of  stress
concentration.

Atmospheric precipitation, | Parts with increased plasticity that are | Corrosion is exacerbated by
aqueous solutions of organic | subject to impact loads — hydraulic | mechanical stresses, leading to

acid salts at room temperature, | press valves (Figure 1b) corrosion-mechanical ~ wear. These
shock loads Parts that come into contact with | stresses can cause damage to coatings
atmospheric precipitation — pipes | and substrates.

(Figure 1c¢)

Temperatures up to 1200 °C | Sheet metal parts for furnace rollers | Accelerate corrosion processes and can
in air and hydrocarbon | (Figure 1d), hangers and supports in | cause thermal destruction of the part

atmospheres boilers, furnace screens (Figure le) surface.

Temperature up to 780°C Rotors, discs, blades (Figure 1f) Leads to thermal stresses, which can
cause the coating to peel off.

Conditions of abrasive wear Plungers, rods (Figure 1g), guide | Destruction of the part’s surface

rollers, grippers

Conditions for adhesive wear | Piston rings (Figure 1 h), hydraulic | Scuffing, scratches, micro-welding on
cylinder rods, plain bearings (Figure | the surface of the part
11), bushings

Mating parts of machines and equipment in the metallurgical industry operate under extreme conditions, which
leads to the appearance of various surface defects that accelerate wear and tear and can lead to breakdowns. These
defects can be classified according to their origin and nature. Abrasive wear caused by the impact of solid particles
(dust, dirt, wear products) entering the friction zone. This leads to the formation of scratches, grooves, and scuffs on
the surface of parts, which increases friction and temperature. Fatigue wear occurs under the influence of high
alternating loads, which leads to the formation of microcracks on the surface [21]. Over time, these cracks grow, and
metal particles separate from the surface, forming spalling. The causes of fatigue wear are often defects in the
structure of coatings, such as pores, cracks, and oxide films. To prevent this, dense coatings are necessary. Adhesive
wear occurs when working without lubrication or when there is a lack of it. In this case, areas of rubbing surfaces
adhere at the molecular level and then break down, leading to the formation of deep scratches and grooves.

In order to avoid the consequences of surface damage to parts operating in aggressive environments, protective
coatings must be used. One promising direction for applying protective coatings is gas thermal spraying. Gas thermal
spraying is a process of heating, dispersing, and transferring condensed particles of the sprayed material by a gas or
plasma flow to form a layer of the desired material on the substrate [22].
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Fig. 1. - Effects of aggressive environments on parts in the metallurgical and machine-building industries

The following types of gas-thermal spraying are most commonly used to increase the wear resistance of parts:
high-velocity oxygen fuel (HVOF) spraying / high-velocity (supersonic) spraying (HVAF); plasma spraying,
detonation spraying [23].

There are several methods of gas-flame spraying, depending on the energy that acts on the sprayed material
(Figure 2).

Kinetic energy Cold gas dynamic spraying ’

Radiation Laser spraying

Molten metal Tig welding

Gas flame surfacing

\ J\ J —\ J

a4 NSINNI

Heat of . .
. Detonation surfacing
combustion
High-speed gas flame surfacing
Metallization ]
Arc
Plasma surfacing ]

Fig. 2. — Classification of gas-thermal spraying methods based on the energy source

The use of gas-thermal coating application has a number of significant advantages [24]:

1) Gas-thermal methods allow coatings to be applied from a wide range of materials: metals, alloys, cermets.
This makes it possible to select the optimal coating composition for any aggressive environment and operating
conditions;

2) During gas thermal spraying, coating particles in a plastic state collide with the substrate at high speed,
forming a strong mechanical bond and, in some cases, a diffusion bond,

3) Gas-thermal coatings can have a thickness ranging from tens of microns to several millimeters,
which allows for the creation of reliable protection against corrosion wear;

4) During the spraying process, the substrate temperature usually does not exceed 150-250 °C, which
eliminates thermal deformation, structural changes, and softening of the part;

5) Gas thermal spraying can be used not only to protect new parts, but also to restore worn ones, which
significantly reduces repair costs.

6) Many gas thermal processes are more environmentally friendly than galvanic processes, as they do not use
toxic chemicals.
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2. Materials for improving the wear resistance of parts in the metallurgical and machine-building
industries

The choice of powder for gas thermal coating depends on the service properties of the part (relative wear
resistance, friction coefficient, heat resistance, corrosion resistance, heat resistance, contact endurance).

Taking into account the types of wear during the operation of parts in the metallurgical and machine-building
industries, materials for gas thermal spraying can be classified (Table 2).

Table 2. Materials for gas thermal spraying for a specific type of wear

Type of wear Material for gas thermal spraying
Corrosion wear Co-, Ni-alloys or Cr,03 and Al,O3; impregnated oxide/ceramic coatings
Abrasive wear WC/Co and mixture NiCrBSi + WC/Co
Adhesive wear Mo + NiCrBSi

Corrosion wear is successfully countered by:

1) Cermets:

— tungsten carbide (WC-Co 88-12, WC-Co-Cr 86-10-4);

— chromium carbide (Cr3C,-NiCr 75-25);

2) Metal oxides (Cr203, Al,O3).

The hardness of typical wear-resistant coatings is shown in Figure 3.

HV

1500
1000

500

Microhardness

Al203 WC-Co Cr3C2-NiCr Cr203

Fig. 3. — Hardness of wear-resistant coatings

Aluminum oxide (Al03) is a very hard but brittle material. Aluminum oxide spraying creates coatings with
high hardness and excellent dielectric properties [25]. The coating has good wear resistance to abrasion. Aluminum
oxide coatings are used on parts operating under abrasive wear conditions where high impact strength is not required.
It is used for insulating coatings on pump shafts where electrical insulation and wear resistance are required. In
metallurgy, it is used on guide rollers operating at high temperatures.

Tungsten carbide in a cobalt matrix (WC-Co) is the most well-known and widely used cermet for gas thermal
spraying [26]. Tungsten carbide (WC) particles provide exceptional hardness and wear resistance, while the cobalt
matrix (Co) binds them together, providing the necessary ductility and strength. The ratio of WC to Co can vary (e.g.,
WC-12Co, WC-17Co) depending on the required propertiecs. WC-Co coatings are used to protect against abrasive
wear and erosion. They are applied to rods, pump sleeves, plungers, seals, and wear surfaces in the metallurgical
industry (e.g., guide rollers, grippers). The coating has high compressive strength and excellent erosion resistance.

The main advantage of Cr3C,-NiCr lies in the synergy (complementary action) of its components [27]. Cr3Cs
provides exceptional hardness and wear resistance. NiCr (the binding matrix) provides ductility, adhesion strength, as
well as corrosion and heat resistance. The coating is applied to ball valves, valve seats, and pump impellers to increase
their wear resistance in aggressive environments. Cr3C,-NiCr coating is also applied to shafts operating under
conditions of friction and wear, such as pressure rollers in the metallurgical industry. As a replacement for hard
chrome, Cr3C,-NiCr coating is applied to hydraulic cylinder rods. This provides high wear resistance, corrosion
protection, and better environmental performance compared to chrome plating.

The Cr;03 coating is a hard, dense, and chemically inert ceramic. It is this coating that determines the key
properties of the coating [28]. The Cr,Os3-based coating has high microhardness, which makes it extremely resistant to
abrasive wear and erosion. This property is its main advantage. The coating has natural lubricating (tribological)
properties, which reduces friction between mating surfaces. This is especially important in conditions of dry friction
or insufficient lubrication. Chromium oxide is a stable compound and does not react with most chemically aggressive
environments, providing excellent corrosion resistance. Cr,Oj is also stable at high temperatures and does not lose its
properties, allowing the coating to be used in conditions where metals can soften or oxidize. This coating is applied to
protect parts from abrasive wear and corrosion, especially when pumping aggressive liquids (for example, for pump
rods and plungers in the chemical industry or at treatment plants).

To protect against high-temperature corrosion, the schemes shown in Figures 4 and 5 are used.
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Fig. 4. - Corrosion coatings operating at temperatures up to 1000 °C
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Fig. 5. - Thermal barrier coatings for turbine blades (up to 1,200 °C)

To increase wear resistance, WC/Co or NiCrBSi+WC/Co mixtures are used in cases where the part is subject
to abrasive wear [29]. At the same time, to achieve high and uniform hardness, as well as a homogeneous and dense
coating structure, it is best to use high-velocity oxy-fuel spraying (HVOF/HVAF) for mating surfaces.

To avoid adhesive wear, it is necessary to prevent metallurgical interaction between surfaces, which leads to
micro-welding. For example, in engine cylinders, this is achieved using a special porous coating. It is applied using
plasma spraying (a mixture of molybdenum and NiCrBSi), and the pores retain the lubricant. Ni-Cr-B-Si is a self-
fluxing powder widely used for spraying and melting [30]. The nickel base provides good corrosion resistance and
strength. Chromium (Cr) increases corrosion and erosion resistance, while boron (B) and silicon (Si) lower the
melting point and promote the formation of a glassy phase during melting, which ensures a dense and non-porous
coating.

The use of specialized powder materials in gas thermal spraying technology opens up wide opportunities for
improving the wear resistance, corrosion resistance, and strength of parts in the machine-building and metallurgical
industries. The right choice of material, taking into account the operating conditions of the part and the required
properties of the coating, can significantly extend the service life of equipment, reduce repair costs, and increase
overall production efficiency. Each material has its own area of application, from metal-ceramic powders that provide
exceptional hardness to ceramic materials that create heat-shielding barriers.

In summary, in order to select the optimal material for gas thermal coating, it is necessary to know:

- the operating conditions of the part - abrasive wear, erosion, corrosion, impact loads, high temperatures;

- the required properties of the coating - hardness, strength, corrosion resistance, thermal insulation properties;

- the spraying method - high-velocity oxygen fuel (HVOF) spraying, plasma spraying, detonation spraying, etc.

This makes gas-thermal coating a versatile and indispensable tool in modern industry.

Conclusion

Parts used in the machine-building and metallurgical industries are subjected to intense aggressive influences,
such as high temperatures, abrasive wear, and corrosion, which leads to their rapid wear and destruction. Traditional
protection methods, such as electroplating, do not always cope with extreme conditions, as they have limitations in
terms of thickness, brittleness, and low adhesion. In this regard, gas thermal spraying has proven itself to be a highly
effective and versatile method for protecting and restoring parts.

A key aspect of the success of gas thermal spraying is the correct choice of powder material. Materials
intended for spraying are divided into several groups: metals and alloys, carbides, borides, nitrides, oxides, and
composite powders (cermets). For example, Co- and Ni-alloys, as well as ceramic coatings based on chromium oxides
and aluminum oxide, are used for parts subject to corrosion wear.

Under conditions of abrasive wear, carbide-based materials such as WC/Co and their mixtures with NiCrBSi
show the best results. To protect against adhesive wear, which causes micro-welding and scoring, coatings based on
molybdenum and NiCrBSi are used.

Gas thermal spraying technology has a number of advantages, including the ability to create a strong
mechanical and diffusion bond between the coating and the substrate, no thermal deformation of the part due to low
heating temperatures, and the ability to apply coatings of varying thicknesses. This makes gas thermal spraying a
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versatile tool that can not only protect new parts but also effectively restore worn ones. In general, a thorough analysis
of operating conditions, the correct choice of powder material and spraying method (e.g., HVOF for high-velocity
spraying or plasma spraying for porous coatings) can significantly increase the durability and reliability of equipment,
reduce maintenance costs, and increase overall production efficiency.

The next area of research will be the selection of the composition ratio of powders for gas-thermal spraying
with damping properties using the high-speed gas-flame spraying method.
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Abstract. Elastomeric materials, particularly natural rubber (NR), exhibit exceptional mechanical resilience, energy
absorption, and damping characteristics, making them vital in various engineering applications involving dynamic
loading and vibration control. However, inherent limitations such as poor ozone resistance, thermal instability, and
insufficient mechanical stiffness necessitate material modification to meet the demands of advanced structural
systems. This review presents a comprehensive examination of recent advancements in the reinforcement of
elastomeric matrices with nanostructured fillers, focusing primarily on zinc oxide (ZnO), multi-walled carbon nano-
tubes (MWCNTs), and sodium bicarbonate (NaHCOs). The effects of these additives on the tensile strength,
elongation at break, tear resistance, fatigue life, dynamic stiffness, and damping capacity of rubber-based composites
are critically analyzed. Additionally, the study explores the integration of optimized rubber formulations into
viscoelastic foundations for structural elements such as plates subjected to free and transient vibration loading.
Emphasis is placed on the interplay between molecular chain structure, cross-linking mechanisms, filler dispersion,
and their collective impact on the macroscopic behavior of the composite system. Numerical simulation approaches,
including finite element modeling using SOLIDWORKS, are also reviewed to highlight their role in predicting the
structural response of plate-foundation systems. The article consolidates experimental findings and theoretical models
to guide future research and development of high-performance elastomeric systems in vibration mitigation and
structural damping applications.

Keywords: natural rubber (NR), nano-composites, structural vibration isolation.

Introduction

The capacity to describe the mechanical response of elastomeric materials is a significant technological issue
that needs to be fully comprehended, so it should be highlighted in detail [1]. Even though elastomers can be
manufactured from diverse organic materials, all elastomers are polymers composed of extremely long-drawn
molecular chains [2].

Elastomers are both synthetic and natural rubber. These elastomers are amorphous polymers with numerous
combined components to form a rubber compound. The heating process and the chemical reaction of the elastomers
called is vulcanization, which transforms the raw elastomeric materials into solid and elastic rubber materials [3]. As a
result, elastomers are commonly referred to as rubber, and when subjected to stress, they have a high capacity for
great deformation, distinguishing them from plastics. Put another way, they can be extended to one hundred percent of
their original length without permanently deforming. Deformation is allowed through the polymer chain's arrangement
and molecular structure of the elastomer. At rest, the polymer chain is incredibly warped and entangled, while the
chain becomes linear when stress is applied [4—7]. These chains return to the normal, unstressed state after being
released from stress. To ensure the chain is unstructured at rest, the elastomer's molecular structure should not be
permitted to align itself and form a crystalline structure. Adding groups to polymer chains or utilizing more than one
kind of monomer is the most common method of avoiding crystallization and regulating the aligned chains. Thus, the
final product chain of an elastomer is cross-linking [8—11].

Cross-linking is the process of combining polymer chains and joining them with chemical bonds. These
connections of chains limit motion while the strength is also increased [12]. Due to the inexpensive and availability of
elastomeric components, they have a wide range of applications in real life and especially in engineering, such as
tires, engine mounts, vibration isolators, gaskets, biomechanics, medical/dental, and solid propellants. They are also
widely used due to their energy absorption and exceptional damping properties, as well as their flexibility, rebound,
long-term use, and capability to resist humidity, high temperatures, and stress. Also, non-toxic. Elastomers are one-of-
a-kind materials. It often behaves like a very viscous fluid through processing and molding. Elastomers can be
subjected to substantial reversible elastic deformation when their polymer chains are bonded by the curing (or
vulcanization) process. It will return to its former shape after removing the effective force, except if a failure occurs.
The elastomer's one-a-kind properties, such as [13,14]:

i. Large deformations under the influence of load, and the elongation may reach five hundred percent in
engineering applications.
ii. The stress-strain relation is noticeably non-linear.
iii. Exhibits substantial damping properties because of viscoelastic behaviors.
iv. Temperature and time-dependent behaviors.
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v. Incompressible or incompressible, which indicates that its volume changes significantly under the action of
stress, with the Poison's ratio being near or equal to 0.5.
The effects of high levels of vibration and noise are among the most common reasons that lead to the failure of the
structures. As a result, rubber is used as a foundation for these structures in most applications to reduce these effects.
In addition, Structure systems of a viscoelastic foundation are widely used in actual life for engineering applications
such as decks of ships used as helipads for helicopters, runways of airports [14], railways vehicles, or any structure
provided by the viscoelastic foundation. The viscoelastic foundation adds exterior damping to these structures, which
is vital to the dynamic response. The viscoelastic foundation showed a time- time-frequency-dependent mechanical
property. Therefore, the viscoelastic foundation is a mechanical component that is very important in the design
process of the structure [15].
Relying on the above application's structure-foundation system can be represented as a thin plate sitting on the
viscoelastic foundation. As a result, categorized the present works into two parts. Part one: studying the effects of
adding the different percentages of ZnO and filler reinforcement (different percentages of MWCNT) to the natural
rubber experimentally to obtain a suitable recipe characterized by good damping, good dynamic stiffness, and good
fatigue life. Part two: Using the properties of the suitable recipe extracted from part one which recipe has good
damping properties and good dynamic stiffness as a foundation for a thin plate to study the effects of various
boundary conditions of plate edges, plate aspect ratio, and type of load on the dynamic response of a plate-foundation
system analytically and numerically (by SOLIDWORKS software) [16].

Natural Rubber (NR)

Natural rubber is a fundamental elastomer and continues to play a vital role in the industry. It is one type of
rubber from the heave tree as latex that grows in tropical regions and numerous countries. Indonesia, Malaysia, and
Thailand are the largest producers, accounting for 80% of global consumption. Collect the latex in cups, then pour
into containers before being transferred to the rubber factor. To generate technically specified, consistent viscosity
grades of natural rubber, the latex is treated with stabilizers such as sodium sulfite, formaldehyde, and ammonia, as
well as hydroxylamine, which may also add to enhance coagulation. Milled the rubber into sheets, cleaned, dried,
smoked, and finally categorized to make smoked sheets [13].

Natural rubber is composed of carbon and hydrogen and has the empirical formula (CHs). The structure of
natural rubber is a cis-1,4-polyisoprene (2-methyl-1,3-butadiene), as shown in Figure (1), and it has a glass transition
temperature of about -70 °C [15,16]. It has a flexible nature, particularly if it has a high grade of (cis.) due to the
existence of methyl groups following one of the chains that prevent the natural rubber from sufficiently arranging
itself. As a result, gaps will arise between particles that dissipate the energy of the vibration wave. On the other hand,
the uniformity of the molecular structure enables natural rubber to crystalline at low temperatures and increases
hysteresis [17].

Furthermore, natural rubber has excellent low-temperature resistance, even down to -57 °C, where its stiffness
can increase significantly [18]. Springs, bearings, vibration isolators, and heavy-duty tires are among the products
made from natural rubber. It is utilized in seals, hoses, belts, conveyors, and other items for a specific function [19].
Table (1) lists the characteristics of Natural rubber.

H,C H

’ Ne=¢”
SN

CH, CH,

Fig. 1. - Natural Rubber Structure.

Table 1. Advantages and disadvantages of NR [20].

Advantages Disadvantages
Tear Strength Uniformly of Quality
Wear Resistance Aging Resistance
Impact Resilience Fatigue Resistance
Low Heat Generation Ozone Resistance

Sodium Bicarbonate (NaHCO3)

The structure of sodium bicarbonate NaHCOj3 or sodium hydrogen carbonate is represented by the monoclinic
crystalline form. This salt is composed of sodium ions and bicarbonate ions, where (NaHCOs3) is its molecular
formula. It is commonly called baking soda. It has a weak base and is used in cooking. The pH value is about 8.31.
Figure (2) shows that structure.
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Fig. 2. - Carbon Nano-tubes (CNTSs).

[jimain Japan discovered CNTs in 1991 [21]. CNTs are among the most investigated nanomaterials owing to
their unique features, for instance, high ratio of length to diameter, extraordinary strength, remarkable visuals, and
conductivity experiences, making them attractive options for a diverse range of different applications [22]. ACNT is a
graphene sheet (with carbon atoms arranged in a hexagonal pattern similar to the honeycomb) wrapped up to produce
a hollow cylinder with diameters typically measured in a nanometere.

A nanometer is one-billionth of a meter, or around ten thousand times smaller than a human hair [23]. In other
words, a graphene sheet shows a rolled-up chicken wire with a continued intact hexagonal lattice and carbon
molecules at the vertexes of the hexagons [24,25].

Carbon nanotubes (CNTs) come in three types: MWCNTSs, double-walled CNTs (DWCNTs), and Single-
walled carbon nanotubes (SWCNTSs). Because of the high aspect ratio (length-to-diameter ratio) and small diameter,
the (SWCNTs) are 1D (meaning one-dimensional) substantial allotropes of carbon atoms. SWCNT has a hollow
cylindrical shape produced by rolling a single layer of graphene sheets. Two or multiple rolling sheets of concentric
graphene nano-tubes inside other nano-tubes give DWCNTs and MWCNTs respectively. Figure (3) shows the three
types of CNTs mentioned earlier [26].

A: Graphene B: SWCNT C: DWCNT D: MWCNT E: Functionalized CNT
1 COOH COOH
Rolling
—l COOH
CHz-CH2"NH:
CHa-CHz NH:

Fig. 3. - Types of CNTSs.

Russian doll and Parchment structures are the two types of MWCNTs. In the Russian doll structure, numerous
concentric CNTs that, the structure has a small and large diameter). Meanwhile, in the parchment structure, a single
graphene sheet is wrapped around itself many times, similar to a rolled-up paper scroll, as seen in Figure (4) [27].

@ Russian Doll Model |

(0) Parchment Model

/ .--’rlr /
— /
|\\ £ J

Fig.4. - Structures of MWCNTSs.

Chemical vapor deposition are discharge, and laser ablation are three ways of producing CNTs. Most of these
operations are carried out in emptiness or using gases for treatment. In chemical vapor deposition, the CNTs may be
developed in airless or air pressure. All of these techniques can produce high-quality nanotubes in large amounts
[28,29].

The arc discharge method generates CNTs by containing a chamber with two opposite electrodes (anode and
cathode) constructed of graphite poles. These electrodes are placed in inactive gas (argon or Helium at 500 TORR),
and a potential difference is used between them to produce an arc-resulted plasma. As a result, the carbon atoms are
evaporated and deposited on the cathode pole, illustrated in Figure (5) [30,31].
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Fig. 5. - Arc discharge device.

In the laser ablation method, CNTs are produced by applying a laser beam to a solid graphite target instilled in
a quartz tube within an inactive environment and subjected to a temperature of about 1200 °C, as seen in Figure (6).
As a result, the graphite target evaporates, and then the carbon tubes are deposited on a copper collector that is cooled
by water [32,33].

___ Plasma Plume
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Fig.6. - Laser ablation method.

Injected the reaction compartment with a combination of hydrocarbons such as (ethylene ethanol, propylene,
acetylene, CO, and methane), a metal catalyst such as (CO, Fe, and Ni), and inert gas, as shown in Figure (7). After
injection, the reaction compartment is heated to temperatures between (500-1000 °C at the air pressure), and nano-
tubes are formed on the device's base due to fractured hydrocarbon [34,35].

L

uartz tube
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Fig. 7. - Chemical vapor deposition method.

Natural rubber is extensively used in many engineering applications because of its advantages, such as
flexibility. However, some properties, like ozone resistance, oil resistance, damping, fatigue, and dynamic stiffness,
are unsuitable for some applications. So, rubber blends, that is, natural rubber mixed with one or more types of
synthetic rubber, are considered an appropriate way to change the efficiency of rubber materials to obtain the desired
properties.

Carbon black remains the most common and extensively used reinforcing filler. Furthermore, its properties,
such as particle size, surface activity, structure, and surface area, influence the basic properties of polymers.
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CNTs are used as reinforcing fillers added to rubber compounds to enhance their electrical, mechanical, and
dynamic properties. The enhancement of these properties by adding CNTs in different proportions to the rubber
compounds can be achieved when there is sufficiently better interaction between the rubber compounds and the CNT
particles and when the CNT particles are well distributed within the polymer matrix. The viscoelastic foundations
represent a part of the structure widely used in many engineering applications. This structure can be modeled as a
plate, beam, or pipe sitting on viscoelastic foundations according to the application to be studied.

The mechanical, physical, and dynamical properties of elastomers have gained extensive attention from
researchers. Those researchers are focused on the improvement of different properties of elastomers such as tensile
strength, elongation, compression, curing characteristics, resilience, fatigue, dynamic stiffness, damping, and swelling
under the effects of many factors like vulcanization agents, thermal agents, blends type, and type of reinforcement
fillers.

The feasibility of making epoxidized natural rubber (ENR)-alumina nanoparticles composites (ENRAN) was
studied using melt compounding followed by Sulphur curing. To examine the impact of filler loading on the cure
characteristics and mechanical qualities, alumina nanoparticles were incorporated into the compounding recipes at
concentrations of 10, 20, 30, 40, 50, and 60 parts per hundred rubbers (phr). SEM analysis was used to examine the
distribution of alumina nanoparticles (SEM). Compared to empty ENRs, curing times were cut by as much as 40
percent when alumina nanoparticles were added to the matrix. As the cross-link density rose in the presence of
alumina nanoparticles, so did the minimum torque (ML), the maximum torque (MH), and the torque difference (MH-
ML). The ENR compound's tensile strength, elongation at break (EB), and impact strength dropped as the proportion
of alumina nanoparticles to the total increased. However, the results showed better hardness and tensile modulus than
unfilled ENRs. Increasing the ENRANs' MH, ML, tensile modulus, and hardness resulted from the matrix's evenly
dispersed alumina particles [36].

The research was published concerning the creation of reinforced elastomer composite by adding reinforcing
fillers Al,O3 and SiO; individually to the styrene butadiene rubber (SBR) with a range of loading stages (0-5-10-15-20
and 25 pp-hr). It has been demonstrated that mechanical properties, except for robustness, can be improved by adding
reinforcing fillers and raising their loading level. In particular, silica fillers were superior to alumina fillers in terms of
increasing these properties. In terms of ultimate strength tensile (67 MPa), with the elasticity of modulus at 100%
elongation (13MPa) and percentage of elongation at break, the alloy SBR reinforced with silica fillers 25 pp-hr
displayed the most significant values (172%). The silica reinforcement in the styrene-butadiene rubber decreased its
minimum resilience to 65.59 percent. The figures for its hardness and abrasion resistance were also the highest and the
lowest, respectively. The loading amount of reinforcing fillers had a notable impact on the physical characteristics,
which meant that the liquid's action (swelling) was unique to that factor. By incorporating the strengthening of fillers
and an increase in in terms of thermal conductivity, the filler loading was also improved. Fillers made of alumina
rather than silica tend to significantly impact heat conductivity. Due to the increasing volume of reinforcing fillers,
rubber composites' specific gravity must be increased [37].

The NR nano-composites were prepared using pure attapulgite (PAT) or modified attapulgite (MAT) in a
double-roller plasticator mixer (PAT-450 and PAT-850, respectively), both of which were heated to 450 and 850
degrees Celsius for two hours. Modified attapulgite was distinguished by its immaculate crystal structures, which
were clear by FTIR, TEM, XRD, and BET analysis. The findings suggested that the attapulgite's structure shifted
when the temperature was raised. The mechanical characteristics of the NR nano composites were also studied to see
how they were affected by the PAT treatment and composition. The data demonstrated that AT facilitated the natural
rubber curing process. Nano composites containing various kinds of attapulgite outperformed pure NR samples in
terms of tensile strength, wear ability, and solvent resistance. Scanning electron micrographs revealed that the filler
was localized at the interface, which caused compatibilization with otherwise immiscible mixes. A thermo gravimetric
study showed that the NR/PAT nanocomposites significantly increased thermal stability [38].

The nano fillers reinforced natural/synthetic rubber were studied, and the production of synthetic composites
with micro and nano-CaCOs as filler material was also studied for comparison purposes. It has been discussed how
fillers may change rubber's mechanical strength, thermal conductivity, and permittivity, among other qualities.
However, the nanoparticles' high surface energy makes them prone to climbing together, which has proven to be a
challenge. Nano-sized calcium carbonate (CaCOs3) is used as a reinforcing agent in various sports equipment
compositions (laminated sheets for inflated balls, for example). CaCO; particles are impermeable; therefore, the
permeability to gases and vapors becomes lower when added to flexible polymeric membranes. Permeation values
were reduced because the nano-CaCOs filler in NBR formed a more convoluted route against gas penetration than
traditional fillers [39].

Work on the fabrication of Matrix composites was achieved Using curaua fiber and a nanoparticulate mineral
(montmorillonite clay - MMT) as reinforcing agents were, made from Styrene-Butadiene-Styrene (SBS) (SBS).
Composites with 5, 10, and 20 percent cure Fiber and a maleic anhydride grafted styrene (ethylenic butylene)-styrene
triblock copolymer underwent testing for tensile strength, grip strength, rebound resilience, flex fatigue life, abrasion
loss, hardness, and water absorption (MA-g-SEBS) coupling agent. The best mechanical properties were found in the
hybrid SBS composite containing 2% MMT and 5% curaua fiber. Increases in All mechanical parameters were
negatively affected by fiber content up to 20 wt.%, and tensile strength was negatively affected by the addition of 5
wt.% MMT. The poor mechanical performance of composites with increasing concentrations of curaua fiber and
MMT nanoparticles may be due to poorly distributed clay agglomerates (tactoids) in the hybrid composites. Using
plasticizer further decreased the tensile strength of all SBS composites, whereas incorporating MMT nanoparticles
decreased their water absorption [40].
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Researchers worked on the calendaring procedure for reinforcing synthetic compounds of styrene-butadiene
rubber (SBR) and natural rubber (NR) with Al,O3 and SiO; fillers. Adding alumina and silica particles at different
ratios has changed the tensile characteristics of both styrene butadiene rubber (SBR) and natural rubber (NR) (5, 10,
15, 20, and 25 pphr). Increasing the loading amount of both reinforcing particles improved the tensile properties.
Natural rubber's tensile qualities were superior to styrene-butadiene rubber's, and silica particles were more efficient in
reinforcing the material than alumina ones. Maximum tensile strength at break (70MPa), modulus of elasticity (18
MPa), and elongation percentage at break (350%) were measured for natural rubber reinforced with (25 pphr) of
Silicon dioxide [41].

Natural rubber vulcanizates with varying concentrations of titanium dioxide particles were produced and
characterized. Rubber samples were vulcanized in a hydraulic press after being processed in a two-roll mill used in the
lab. Our prior research served as the basis for creating the rubber combination and the rubber-processing technology.
Titanium dioxide loadings of 15, 25, 45, and Vulcanizates with a range of TiO; particle sizes were found to perform
well across the board. A study using Fourier transform infrared spectroscopy revealed that the chemical structure of
the resulting natural-based composites was unaffected by the addition of titanium dioxide particles85 wt % per 100 wt
% of natural rubber were used to obtain the samples. This research aimed to identify the effects of varying titanium
oxide particle loadings on the chemical composition and morphological, mechanical, and thermo-mechanical
characteristics of natural rubber-based composites. It was clear from the SEM micrographs that the TiO, particles
were evenly distributed throughout the natural rubber matrix. At more significant concentrations of TiO; in the matrix,
the filler began to aggregate. The resulting natural rubber composites exhibited somewhat varied thermal stability, as
determined by thermo gravimetric analysis. A dynamic mechanical and thermal examination found that the glass
transition temperatures of the produced materials are close to one another. However, more significant energy loss
occurred during mechanical work on the materials, and higher cross-link density was achieved by increasing titanium
dioxide concentration in the produced materials [42].

It was found that nitrile rubber (NBR) enhanced with hybridized Graphene oxide (GO) and silicon dioxide
(Si0;) nanoparticles increased mechanical and dynamic mechanical capabilities. The newly produced hybrid
nanoparticles (GO/Si0,) were more thermally stable than GO due to the uniform dispersion of SiO, nanoparticles on
the surface and between GO layers. Soluble blending and mechanical solution procedures were used to generate
GO/Si02/NBR nano-composites, which were then tested for their mechanical characteristics. It was found that the
tensile strength of GO/SiO»/NBR nano-composites grew more gradually than that of GO/NBR and SiO, nano-
composites. In contrast, the elongation at break varied only gradually. In addition, dynamical tests revealed that
incorporating GO/SiO; hybrid nanoparticles into NBR improved the material's elasticity. Morphological studies of
GO/SiO2/NBR and GO/NBR nanocomposites led researchers to infer that the hybridization of the GO/SiO, was the
crucial factor in reinforcing the mechanical characteristics and elasticity of the NBR [43].

The traditional ZnO was replaced with nano-ZnO as an activator, and its impact on the tensile characteristics of
natural rubber composites was studied. Traditional ZnO was used as the activator in one compound at a concentration
of 8 p hr (part per hundred rubber), whereas Nano-ZnO was used in eight other compounds at values of (0.2), (0.6),
(1.0), (1.4), (1.8), (2.2), (2.6), and 4% phr. We used a Monsanto T10 Tensometer to conduct the tensile test. The
results indicated that at 1.8 phr, Nano zinc strength under tension and modulus of elasticity were higher for oxide, at
300%. The cost of the compounds was reduced by 77.5% when traditional ZnO was replaced with Nano ZnO.
Moreover, its tensile strength was increased by 38.14%, and its impact on the environment was diminished by 62%
[44].

Preparation methods, characterization methods, and developed nano-composites mechanical and thermal
characteristics and their most recent applications were all presented. Rubber nano-composites (RNCs) have found
commercial homes in the tire and sports sectors thanks to their benefits in terms of product weight, energy loss, and
air retention [45].

Investigation was carried out on how using a novel reinforcing material differs from using carbon black or
other traditional reinforcement materials in various applications. This research demonstrates the use of white cement
as a carbon black substitute in construction applications, adding a new material, sediment dust, to recipes that
traditionally call for carbon black as a reinforcement, all to examine the materials' mechanical properties. Samples
were tested for properties, including tensile strength, tear resistance, hardness, and compressibility, and the
reinforcement formulas that included carbon black came out on top in every case. The practical test also showed that
using white cement and Nanoparticles of sediment dust (new reinforcing material) produced acceptable results in
comparison to the traditional recipes reinforced by carbon black, particularly when using percentages between (2-8%)
[46].

Detailed processes involved in making nano-scale carbonaceous reinforcements in rubber nano-composites
include graphene, expanded graphite, SWCNTs and MWCNTs, graphite oxide, graphene oxide, and hybrid fillers
made up of combinations of individual fillers. After that, we looked at the thermomechanical characteristics (glass
transition temperature, crystallization temperature, and melting point) and static mechanical parameters (parameters
for fracture toughness, tensile strength, elongation at break, and Young modulus) of these nanocomposites of rubber.
Finally, the results found by Payne and Mullin in rubber-containing carbon nanofillers were discussed [47].

Some investigators looked at how rubber's mechanical characteristics and creep behavior may be altered by
reinforcement using carbon multi-wall Nanoparticle composites. The mechanical characteristics (rubber's strength)
and mechanical creep behavior weight fraction impacts of Nanoparticle materials are being evaluated as part of the
study. Experimental methods created many rubber samples with varying concentrations of Nanoparticles. The
mechanical characteristics and behavior of the materials were then evaluated using tensile and creep testing
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equipment. Nanoparticles were utilized at 0%, 2%, 4%, 6%, 8%, and 1% by weight, respectively. The creep behavior
is also studied numerically, employing the finite element method within the ANSYS software, and the findings are
compared to those obtained by experimental calculations. The comparison indicates that the inaccuracy is less than or
equal to (8.36%). The research concluded that rubber's mechanical characteristics and creep behavior were influenced
by roughly (65%) with reinforcement by (1%wt) for multi-wall carbon Nanomaterial [48].

Comprehensive research was presented on nanofillers in natural rubber, including carbon nanostructures, clays,
and spherical silica particles made using the sol-gel technique. It was shown that various parameters, including
processing conditions, filler dispersion state, polymer-filler interactions, and filler morphological characteristics,
influence the mechanical response of NR. Mechanical reinforcement using rod-shaped particles, such as those found
in clay, carbon fibers, or CNTs, is much more effective owing to the particles' anisotropic nature and ability to align
themselves in the direction of stretch, even if the sol-gel technique is used. vulcanized rubber yields almost ideal
distributions. Distribution (exfoliation) in the rubber is crucial for performing multilayer fillers like clays and graphitic
structures. Still, peeling off an entire layer of clay or graphite is difficult, limiting the huge nano-reinforcement that
could otherwise be achieved. Due to strain amplification effects, crystallization always began at a lower strain value
than in the empty matrix [49].

The investigation of how nano ZnO differed from traditional ZnO was carried out in its effects on natural
rubber composites' curing characteristics and mechanical qualities. Nano ZnO (particle size = 10-30 nm, surface area
= 30-60 m2/g), added at concentrations of 0, 0.4, 0.8, 1.2, 1.6, and 2 pphr, was used to create six different rubber
composites. ZnO was mixed with rubber at the standard concentrations of 0, 2, 4, 5, 6, and 8 parts per million to create
six different compounds. The torque differential increased by 4.77 percent, while the cure rate index increased by
48.29 percent. There was a 7.37 percent increase in tensile strength, a 3.27 percent increase in modulus at 300%, and a
5.73 percent drop in hardness. There was a 75% decrease in ZnO content in rubber composites when nano ZnO was
used instead of regular ZnO [50].

It was shown that nanomaterials and particles have been found to positively affect how composite materials act
in context, which has been investigated. This influence was found to extend to factors such as the material's size,
shape, dispersal method, adherence, and compatibility with other phases taken into account throughout the production
process. So, they looked at how various nanomaterials performed depending on loading circumstances and adhesion
sizes in the designated fillers class. Moreover, it demonstrated the optimum filler quantity for increasing mechanical
characteristics and fracture toughness from interlaminar and intralaminar viewpoints. In addition, a system was
developed to categorize the impacts of soft, complex, and hybrid fillers, demonstrating how some fillers had
spectacular benefits for improving specific properties. In addition, the optimal nanomaterial application in terms of
loading circumstances was elucidated. The review concluded with hints about how nanofillers and particles impact the
beginning of damage and the behavior of fiber-reinforced plastic composites [44].

The reinforced polymer mix (silicone rubber: 5% PMMA) with two distinct types of natural nano-powders is
used to create nanocomposite composites. Loading levels (0%, 0.1%, 0.2%, 0.3%, and 0.4%) of Pomegranate peel
powder (PPP) and seed powder of dates ajwa (SPDA) were tested. Mechanical parameters, including tensile strength,
hardness, compressive strength, and surface roughness, were evaluated, and FTIR, DSC, and SEM analyses were
performed on the produced sample. Based on the data, a combination of 2% PPP and 3% Ajwa Seed Powder yields
the best possible qualities [51].

To restore the functionality and enhance the aesthetics of maxillofacial prostheses, looked at the enhanced
characteristics of hybrid nanocomposite materials. 95% styrene-butadiene-methacrylate (SR)/5% poly(methyl
methacrylate (PMMA) and (PPP) polymer mix composite was modified by adding ultra-high-molecular-weight
polyethylene (UHMWPE) fiber of varying lengths (0%, 2%, and 1%) to improve the characteristics of silicone rubber
for maxillofacial prosthesis applications. Based on the findings, the ideal component ratio of the hybrid composite
sample is 95% SR, 5% PMMA, PPP at 0.2%, and UHMWPE at 0.5% in a continuous state fiber added. Consequently,
the mixture may be a contender for reaching the qualities needed for the applications of maxillofacial prostheses [52].

Some researchers have investigated how combining SiO» nanoparticles into a styrene-butadiene rubber and
natural rubber (NR) affects the latter's mechanical and physical properties (SBR). Nanoparticles were added at
concentrations of 0, 0.2, 0.4, 0.8, 1, 1.5, 2, 2.5, and 3 pp hr to the rubber blend (30% NR/ 70% SBR) in an
experimental two-roll mill with molds and a thermal piston; the pressure, temperature, and time difference test
conditions were standard; and the rubber blend was prepared with vulcanization factors, accelerators, and activators.
Mechanical properties (hardness, fatigue, and compression set) improved in the lab with increasing percentage load
(pphr) up to 0.8 pphr, when a little decrease occurred. Increases in SiO; concentration in the rubber formula increase
viscosity and decrease torque, scorch, and cure times [53].

Some investigators did a look at how nano-silica particles affected the properties of SiO,-doped ethylene
propylene diene monomer (EPDM) and styrene butadiene rubber (SBR). The composite EPDM/SBR was processed
with and without a silane coupling agent in an open mill mixer. The composites' curing behavior, mechanical
properties, hardness, rebound resilience, swelling resistance, abrasion resistance, and compression set were all studied.
Components were tested for various characteristics, including curing speed, hardness, rebound resilience, swelling
resistance, abrasion resistance, and compression collection. Mechanical characteristics, including swelling resistance,
hardness, abrasion, and compression set, were enhanced in EPDM/SBR rubber composites when introducing nano
silica particles [54].

A thorough analysis was provided for plant-based filler rubber biocomposites. The matrix (natural or synthetic
rubber) and lignocellulosic fillers (cellulose from plants) determined the structure's divisions (natural fiber,
microcrystalline cellulose, lignin, and nitrocellulose) [55]. Curing behavior and static and dynamic mechanical
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properties of the resultant rubber bio-composites were investigated. In addition, a comparison was made of the
attributes of these rubber bio-composites after taking into account the impact of hybrid filler systems, surface
modification of lignocellulosic filler, and the rubber matrix [56].

The qualities of the Nanotube rubber material were investigated using inverse FE modeling and indentation
tensile testing. NR rubber's mechanical properties were improved by adding nano-tubes of carbon varying ratios of
multiple-walled CNTs subjected to high tensile stress. All- Recently, CNTs have begun to appear in natural rubber. To
generate nano-composites, a solvent casting method, toluene, was employed. 0.2%, 0.4%, 0.6%, 0.8%, and 1%. The
mechanical characteristics of NR CNTs have been investigated. Parametric FE models were used to simulate and
validate indentation tensile tests on rubber samples. The rubber samples' hyperelastic properties under uniaxial tension
were identified using an inverse materials parameter identification strategy. The data on material properties and force-
displacement relationships may be automatically updated and extracted. with ABAQUS FE software. We will use
these curve-fitting parameters and display equations to draw a mathematical connection between and. curve
coefficients. Material attributes were shown to streamline the inverse FE modeling process [20].

A study of recycled rubber composites was produced with different reinforcements in the literature through
toughening methods, mechanical and physical qualities, and microstructural and fracture surface research. Microscale
reinforcements (glass bubbles and alumina fiber) and nano-scale reinforcements (nano-silica and graphene nano-
platelets) exploited as reinforcements in rubber composites were comprehensively examined. Most research into
recycled rubber composites has found that using micro-scale particles to strengthen the material improves the
structural, physical, and mechanical qualities while making the composites cheap and lightweight. High toughness and
impact resistance are two qualities that may make composites made from recycled rubber a good fit for specific uses
[57].

The epoxy and epoxy-based carbon fiber-reinforced polymer tensile characteristics were investigated to
determine the fracture toughness and glass transition temperature. (CFRP). The experiment included three CSR
nanoparticle-containing additives, with the filler fraction in the epoxy resin ranging from 2% to 6% by weight. The
maximum filler percentage of CSR nanoparticles resulted in a decrease in tensile strength and elastic modulus of 10—
20% and an increase in fracture toughness of 60—108%, as shown by experimental data. A maximum of 53% increase
in CFRP interlaminar fracture toughness was recorded for ACE MX 960 at 4 wt.% CSR content. The glass transition
temperature of the epoxy increased by 10-20 degrees Celsius for every doubling of the number of CSR nanoparticles
in each addition. In some cases, a combination of stiff and soft particles may be preferable to employing only one kind
of particle to provide the desired tensile properties and fracture toughness [58].

Conclusion

This review has critically examined the enhancement of mechanical and dynamic properties of elastomeric
materials - particularly natural rubber - through the incorporation of nanostructured reinforcements such as ZnO,
MWCNTs, and NaHCOs. The integration of these fillers has demonstrated significant improvements in tensile
strength, elongation at break, tear resistance, dynamic stiffness, and damping behavior, thereby extending the
functional performance of elastomers under complex loading conditions.

The literature reveals that the performance enhancement is primarily governed by filler morphology, dispersion
quality, interfacial bonding with the polymer matrix, and the cross-linking density achieved during vulcanization.
MWCNTs exhibit exceptional reinforcing efficiency among the reviewed nanofillers due to their high aspect ratio and
mechanical robustness, while ZnO and NaHCOs contribute to curing kinetics and microstructural stability.

Furthermore, applying these optimized elastomeric formulations as viscoelastic foundations in structural
systems, such as thin plates subjected to free and transient vibrations, has shown promise in controlling structural
dynamics and mitigating vibration-induced stresses. Finite element modeling has proven to be an essential tool for
predicting the behavior of such systems and validating experimental findings.

The convergence of material innovation and structural dynamics modeling underscores the strategic role of
nano-composite rubber in next-generation vibration isolation and damping systems. Future research should focus on
optimizing filler content, improving dispersion techniques, and exploring multifunctional filler systems to further
advance the capabilities of elastomeric composites in mechanical and civil engineering applications.
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Abstract. This article is dedicated to the study of the ultrasonic cleaning method for vehicle cooling system radiators
using transverse exposure to ultrasonic waves. The conducted experiment confirmed the high efficiency of the method
based on water cavitation inside the radiator tubes. During the study, key liquid parameters were measured, including
density, mass, outflow velocity, and scale content. The results demonstrated that ultrasonic cleaning with transverse
exposure effectively removes scale without damaging the radiator structure, thereby improving heat exchange
efficiency. An analysis of the dynamic changes in the mass of the removed scale showed that transverse ultrasonic
exposure ensures a more uniform energy distribution across the entire radiator surface, increasing the degree of
cleaning compared to the longitudinal method. This approach enhances the operational characteristics of the cooling
system, extends its service life, and reduces maintenance costs, while also providing an additional environmental
benefit by eliminating the need for aggressive chemical reagents.

Keywords: Transport machinery, radiator, cavitation, ultrasound, dispersing, ultrasonic generator, emitter.

Introduction

Contamination of the radiator and cooling system of an internal combustion engine (ICE) significantly affects
the performance, durability, environmental impact, and cost-efficiency of vehicle operation. The radiator and cooling
system play a crucial role in maintaining the engine's optimal temperature. When these components become
contaminated, heat exchange efficiency decreases substantially, leading to engine overheating, accelerated wear of its
components, and a reduced service life [1-2].

Engine overheating is one of the most common and dangerous issues caused by cooling system contamination.
The primary problem of contamination is the formation of corrosion and scale inside the radiator tubes, thermostat,
water pump, and engine channels. These deposits not only obstruct the free flow of coolant but can also damage
system components, causing leaks or complete cooling system failure. As a result, the temperature in the combustion
chambers rises, negatively affecting all engine processes [3]. The oil used for lubricating moving parts begins to
degrade faster, losing its protective properties. This, in turn, increases friction between components, accelerates their
wear, and may lead to severe damage, such as cylinder deformation or piston failure [4]. In cases of significant
contamination, the engine may overheat to the point where thermal destruction of critical components, including the
cylinder head, occurs, necessitating costly repairs or complete engine replacement.

Additionally, overheating leads to increased fuel consumption. When an engine operates under unfavorable
temperature conditions, the combustion efficiency of the fuel mixture decreases. Consequently, more unburned
hydrocarbons are released into the atmosphere. These substances, along with carbon dioxide (CO2), carbon monoxide
(CO), and nitrogen oxides (NOy), significantly contribute to environmental pollution. A vehicle with a contaminated
cooling system becomes a major source of harmful emissions, negatively impacting the environment and reducing air
quality in urban areas [5-8].

The economic losses associated with radiator and cooling system contamination cannot be ignored. Increased
fuel consumption, frequent overheating, and the need for more frequent repairs or component replacements lead to
significant operational costs. Furthermore, coolant leaks, which often contain toxic chemicals, can contaminate soil
and water bodies, creating additional environmental risks [9-10].

From a reliability and safety perspective, cooling system contamination increases the likelihood of sudden
failures while driving. This can lead to hazardous situations, especially if engine overheating occurs in heavy traffic or
far from service centers.

To prevent these issues, regular diagnostics, maintenance, and repairs of the cooling system are recommended,
as they play a key role in extending engine life and reducing environmental impact. Flushing the radiator, using high-
quality coolants, and following maintenance schedules help keep the system in optimal condition [11].

Regular maintenance not only protects the engine from overheating and extends its lifespan but also helps save
fuel, reduce harmful emissions, and lower operational costs. Thus, maintaining the cleanliness of the radiator and
cooling system not only prolongs the vehicle’s lifespan but also improves environmental conditions, making
transportation safer and more cost-effective.

In modern conditions, two main methods are used to clean radiator tubes—mechanical and chemical. The
mechanical method involves inserting a probe into the radiator tubes to remove contaminants. However, this method
can damage the radiator, leaving scratches and chips on its surface, which weaken the structure and promote future
corrosion. Chemical cleaning, on the other hand, involves using alkalis for copper radiators and acids for aluminum
ones. Despite the high efficiency of this method, it also carries certain risks. Chemical agents can cause corrosion of
other materials in the radiator structure and lead to the formation of microcracks and leaks, negatively impacting the
device’s durability [12].
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Modern engineering technologies are focused on developing safer and more effective cleaning methods,
including those for diagnostics, geographic studies, and gas and liquid purification. One promising technology is
ultrasonic cleaning, which is already widely used in various industries, including exhaust gas purification [13-15].
Ultrasonic waves can break down contaminant particles, significantly reducing harmful emissions into the atmosphere
and improving overall environmental conditions [16-21]. The advantages of the ultrasonic method include its high
efficiency and safety, as it does not cause material damage and does not require aggressive chemicals [22-23].

Given the increasing environmental and safety requirements in the automotive industry, we propose a new
method for cleaning radiator scale using ultrasonic exposure to the water inside the radiator tubes. This method offers
significant advantages over traditional mechanical and chemical cleaning methods. It eliminates the risk of radiator
structure damage and minimizes the need for chemical reagents, making it safer and more environmentally friendly.

The goal of our experiment was to confirm the effectiveness of the transverse ultrasonic wave exposure method
for radiator cleaning and to demonstrate its practical value.

The scientific novelty of this study lies in the development of dependencies that determine the effectiveness of
radiator cleaning using transverse ultrasonic exposure.

1. Materials and methods

The ultrasonic radiator cleaning method is based on the phenomenon of water cavitation inside the radiator
tubes under the influence of ultrasonic waves. Cavitation is the process of forming and subsequently collapsing
microscopic gas bubbles in a liquid, releasing a significant amount of energy. This leads to a localized increase in
temperature and pressure, which has a destructive effect on deposits such as scale and other contaminants. This
process effectively cleans the internal surface of radiator tubes without the need for mechanical or chemical agents,
eliminating the risk of material damage and preserving the structural integrity of the radiator. Thus, ultrasonic
cleaning is an innovative and promising technology that ensures high cleaning efficiency while maintaining
environmental safety [24-25].

Preliminary research included experimental studies that confirmed the feasibility of using ultrasound for
cleaning vehicle radiators. The results demonstrated the high efficiency of the ultrasonic radiator cleaning method
[26]. Special attention in the experiment was given to the direction of ultrasonic waves relative to the radiator tubes.
Longitudinal ultrasonic wave exposure was examined, where the wave propagates along the axis of the tubes,
minimizing energy losses at medium boundaries. In the preliminary experiment, a low-viscosity liquid was used. The
choice of this liquid was based on theoretical and practical considerations: low viscosity promotes more intense
cavitation bubble formation under ultrasound exposure, enhancing the destruction of deposits [27-28]. The research
results showed that ultrasonic cavitation significantly increases cleaning efficiency without negatively affecting the
radiator structure, ensuring high process safety.

The authors also considered transverse ultrasonic wave exposure, where waves must pass through the tube
walls twice, causing significant energy attenuation and reducing overall cleaning efficiency. However, in this case, the
ultrasonic emitter was installed in a fixed position without movement across the radiator surface [29-30].

Transverse ultrasonic wave exposure for radiator cleaning was conducted with the emitter moving across the
radiator surface. The experimental study on cleaning the cooling system radiator was performed on an Opel Vectra B
1.6-liter engine cooling radiator, as shown in Figures 1 and 2.

Fig. 1 - Opel Vectra B car
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Fig. 2 - Opel Vectra B radiator

The setup for heating, supplying, and filtering the liquid was manufactured based on preliminary studies and is
shown in Figure 3.

Fig. 3 — Assembled setup for radiator cleaning

Ultrasonic exposure was applied transversely with the movement of the ultrasonic emitter across the entire
surface of the radiator, as shown in Figures 4 and 5.

Fig. 4 - Installation of the ultrasonic emitter on the radiator
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Fig. 5 — Ultrasonic impact on the radiator B

During the experiment, key liquid characteristics were measured, including its density, volume, and mass, to
assess the influence of these parameters on the efficiency of ultrasonic radiator cleaning. High-precision equipment
was used for the measurements, ensuring maximum accuracy and reliability of the obtained data.

To determine the liquid mass, MH-500 electronic precision scales with a measurement accuracy of up to 0.01
grams were used. The liquid volume was measured using two types of measuring containers: a 100 ml graduated
cylinder for precise measurements of small volumes and a 1000 ml measuring jug for handling larger quantities of
liquid [31]. This approach allowed for flexibility in adapting to different experimental requirements and ensured the
necessary data accuracy.

2. Experiment

In the experiment, distilled water was used as the flushing liquid due to its lowest dynamic viscosity. The water
was heated to a temperature of 60°C. The selected liquid parameters provided optimal conditions for the rapid and
effective manifestation of cavitation processes and scale dispersion in the radiator.

The experimental study was conducted as follows: distilled water was poured into the assembled setup and
heated to a specified temperature, followed by the determination of mass, volume, density, and outflow velocity of the
water through the radiator, as shown in Figures 6-8.

Fig. 6 — Determination of liquid temperature
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AH

Fig. 7 — Determination of liquid volume

Fig. 8 — Determination of liquid mass

In the first stage, the ultrasonic generator was activated for 60 seconds at each point, and the ultrasonic emitter
was moved across the radiator surface, as shown in Figure 9.

e
™~ ~
0——> >

/ JEmitter movement
Utrasonic emitter

Fig. 9 — Ultrasonic impact scheme on the radiator

The total duration of the first stage was 1200 seconds, and the experiment consisted of three stages. After each
stage, the liquid parameters were determined, and the liquid was weighed to obtain precise quantitative data on its
mass and density. The mass of scale was determined by subtracting the mass of clean water from the total mass of the
resulting pulp, allowing for an accurate measurement of the removed scale.
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The pulp is a mixture of liquid and solid scale particles that detached from the radiator tubes due to ultrasonic
exposure during the cleaning process. Scale, in turn, consists of solid mineral deposits that form on the surfaces of
heat exchange elements due to the heating or cooling of the liquid. Over time, these deposits significantly reduce the
efficiency of the cooling system by obstructing normal heat exchange.

During the experiment, the pulp was used as an indicator of cleaning efficiency. Key parameters were
measured, such as the mass of removed scale, its concentration in the liquid, and the volume of removed
contaminants. The collected data allowed for an assessment of the effectiveness of ultrasonic exposure. The difference
between the mass of the pulp before and after cleaning was used for the quantitative determination of the method’s
efficiency.

3. Results and discussion

An analysis of the collected data was conducted, revealing key patterns and establishing dependencies between
the different measured parameters. Based on these dependencies, graphs were constructed to visually represent and
better understand the research results.

Measured parameters, including the mass of removed scale, concentration of solid particles in the liquid, pulp
density, outflow velocity of the liquid from the tubes, and temperature changes, were presented in Table 1.

Table 1. Measured parameters under ultrasonic exposure

Ne |Ultrasonic exposure | | Liquid mass | Liquid density |Liquid outflow |Liquid temperature [Liquid outflow
time (seconds) (grams) (g/cm®) time (seconds) (°0C) velocity (ml/s)
1 0 99,13 0,9913 5,64 60 177,30
2 1200 99,47 0,9947 5,31 60 188,32
3 2400 99,98 0,9998 5,02 60 199,20
4 3600 100,21 1,0021 4,78 60 209,21

The analysis of the obtained experimental data revealed a correlation between the liquid density and its outflow
velocity through the radiator tubes, depending on the duration of ultrasonic exposure. These dependencies were
visualized in the form of graphs, presented in Figure 6, which allowed for a clear representation of the dynamic
changes and a deeper understanding of the cleaning process characteristics.

Thanks to the identified relationships, it became possible to determine the most effective operating modes of
the ultrasonic equipment, enabling the maximum intensity of radiator tube cleaning. These results not only provide a
theoretical understanding of the ultrasonic mechanism but also offer valuable recommendations for the practical
application of the method.
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Fig. 10 — Changes in liquid density and outflow velocity through the radiator depending on ultrasonic exposure time

The obtained graphical dependencies demonstrate how the intensity of ultrasonic wave exposure affects the
efficiency of contamination removal. Increasing the processing time gradually led to an increase in liquid density due
to the washing out of solid scale particles, which, in turn, influenced the outflow velocity. This indicates that
ultrasonic exposure has a more pronounced effect on pulp outflow compared to clean water as processing time
increases.

Table 2 presents the dynamic changes in pulp mass depending on the ultrasonic treatment duration, with
corresponding graphs shown in Figure 11. These data reflect the weight of the pulp and scale content over time during
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determined.

This approach provides a quantitative assessment of the efficiency of the ultrasonic cleaning process and
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highlights the impact of ultrasonic exposure on the removal of scale from the internal cavities of the radiator.

Table 2. Mass of liquid and scale after exposure

Ultrasonic wave exposure time on Liquid mass (grams) Scale mass after ultrasonic
the radiator (seconds) exposure (grams)
0 99,13 0
1200 99,47 0,34
2400 99,98 0,85
3600 100,21 1,08
100,5 1,08
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B Mass of removed scale after ultrasonic wave exposure (grams)

B Liquid mass with scale (pulp) after ultrasonic exposure (grams)
Fig. 11 — Obtained pulp and scale mass depending on ultrasonic exposure time

The analysis of these changes allows us to track the dynamics of the scale removal process from the radiator.
As the ultrasonic exposure time on the vehicle radiator increases, the concentration of scale in the liquid rises. The
obtained data confirm the impact of ultrasonic cleaning on the efficiency of deposit removal, supporting the initial
assumption about the effectiveness of this method in the maintenance of vehicle cooling systems.

Conclusions

The conducted study confirmed that transverse ultrasonic wave exposure is an effective and safe method for
removing contaminants compared to longitudinal exposure. The obtained results demonstrated that the use of
transverse ultrasonic waves outperforms longitudinal exposure. Unlike longitudinal exposure, the transverse method
ensures an even distribution of cavitation processes across the entire radiator surface, contributing to a more intensive
scale removal process.

Experimental data confirmed that an increase in transverse ultrasonic exposure time leads to a significant
increase in the mass of removed scale. The analysis of dynamic liquid parameters showed an improvement in outflow
velocity, indicating an effective restoration of the radiator tube’s flow capacity.

The transverse ultrasonic exposure technology is based on the principle of cavitation, which occurs inside the
liquid contained within the radiator. During the experiment, the ultrasonic emitter was moved across the entire
radiator surface, ensuring a uniform distribution of waves and active breakdown of deposits. This approach minimized
energy losses at medium boundaries, which are characteristic of the longitudinal method, where ultrasonic waves
propagate along the tube axis and partially dissipate.
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Thus, the proposed method not only enables the elimination of contaminants without the risk of damaging the
structure but also significantly increases the lifespan of the cooling system. This makes ultrasonic cleaning a
promising technology for integration into vehicle maintenance practices, providing both economic and environmental
benefits.

References

[1] Savich E.L. Automobile Structure. Engines: Textbook. — Minsk: Higher School, 2019. — 334 p.

[2] Kravchenko V.A., Butkov R.I. Maintenance and Repair of Motor Vehicles. — Zernograd, 2015. — 339 p.

[3] Rutenburg G.B. Operation and Repair of Automobile Radiators. — Moscow, 1955. — 81 p.

[4] Tokarev A.O., Mironenko 1.G. Failures of Machine Parts. Analysis of Causes, Technical Diagnostics, and Prevention. —
Moscow; Vologda: Infra-Engineering, 2020. — 220 p.

[5] Larichkin V.V., Gusev K.P. Industrial Ecology. Laboratory Workshop. — Novosibirsk: Publishing House of NSTU, 2011. — 56

p.

[5] Ospanov O., Yeleuov G., Kadyrova I., Bekmurzinova F. The Life Expectancy of Patients with Metabolic Syndrome After
Weight Loss: Study Protocol for a Randomized Clinical Trial (LIFEXPE-RT). // Trials, Vol. 20,2019 —p. 1-7.

[6] Mindubayeva F., Niyazova Y., Nigmatullina R., Sadykova D., Akhmaltdinova L., Salikhova Y., Kadyrova I., Akhmetova M.,
Sabirova D. Membrane Serotonin Transporter as a Biomarker of Pulmonary Arterial Hypertension in Children with Congenital
Heart Defect. // Research Journal of Pharmacy and Technology. Vol. 13, Issue 5, 2020. — p. 2435-2438. doi:
http://dx.doi.org/10.5958/0974-360X.2020.00436.9.

[7] Akhmaltdinova L., Kolesnichenko S., Lavrinenko A., Kadyrova 1., Avdienko O., Panibratec L. Influence of Pathogen Type on
Neonatal Sepsis Biomarkers. / Wiley, International Journal of Inflammation. Vol. 2021, Issue 2. — p. 1-7. doi:
http://dx.doi.org/10.1155/2021/1009231.

[8] Ibatov M.K., Kadyrov A.S., Pak .A., Kadyrova I.A., Askarov B.Sh. Results of Experimental Studies on the Performance of
Ultrasonic Cleaning Equipment for Automotive Exhaust Gases //Ugol, 2020, (2 (1127)), 73-78.

[9] Ivanov V.P., Yaroshevich V.K., Savich A.S. Automobile Repair. — Minsk: Higher School, 2009. — 383 p.

[10] TM 10-450 Sheet Metal Work, Body, Fender, and Radiator Repairs / War Department. — Washington, 1941. — 119 p.

[11] Ilyin M.S. Bodywork. Straightening, Welding, Painting, Anti-corrosion Treatment. — Moscow, 2009. — 480 p.

[12] Kadyrov A., Sarsembekov B., Ganyukov A., Suyunbaev S., Sinelnikov K. Ultrasonic Unit for Reducing the Toxicity of Diesel
Vehicle Exhaust Gases. / Communications - Scientific Letters of the University of Zilina. — 2022. — Vol. 24, No. 3. — p. B189-
B198. — https://doi.org/10.26552/com.C.2022.3.B189-B198

[13] Kadyrov A.S., Amangeldiev E.A. New Specifications of the Theory of Ground Cutting. // Periodico Tche Quimica. Vol. 166,
Issue 31, 2019 —p. 922-936.

[14] Kadyrov A., Kryuchkov Y., Kukesheva A., Pak I., Kurmasheva B., Kabikenov S. Development of Calculation Methodology
for Optimizing the Operating Mode of an Electric Pulse Unit for Cleaning Exhaust Gases. / Communications - Scientific Letters of
the University of Zilina. — 2024. — Vol. 26, No. 1. — p. B41-B53. - https://doi.org/10.26552/com.C.2024.011

[15] Sarsembekov B.K., Kadyrov A.S., Kunayev V.A., Issabayev M.S., Kukesheva A.B. Experimental Comparison of Methods for
Cleaning Car Exhaust Gas by Exposure Using Ultrasound and Laser Radiation. / Material and Mechanical Engineering
Technology, 2024, Vol. 3, 2024 — p. 44-53.

[16] Kadyrov A.S., Kunaev V.A., Georgiadi I.V. Prospects for Processing of Ferrous Metallurgical Waste Based on ArcelorMittal
Temirtau Experience. / Metallurgist, Vol. 62, Issue 1-2, p. 22-28.

[17] Kadyrov A., Kryuchkov Y., Sinelnikov K., Ganyukov A., Sakhapov R., Kukesheva A. Studying the Process of the Internal
Combustion Engine Exhaust Gas Purification by an Electric Pulse. / Communications - Scientific Letters of the University of
Zilina. — 2022. — Vol. 24, No. 4. — p. B275-B287. - https://doi.org/10.26552/com.C.2022.4.B275-B287

[18] Kukesheva A., Kadyrov A., Kryuchkov Y. Establishing the Parameters of the Operation Mode of the Electric Pulse
Automobile Muffler. // Journal of Applied Engineering Science. Vol. 22, Issue 1, 2024. — p. 89-99. doi: 10.5937/jaes0-45196

[19] Pak I. Experimental Study of the Ultrasonic Muffler Efficiency for Improving the Exhaust Gas Cleaning System of Internal
Combustion Engines of Automobiles. // Material and Mechanical Engineering Technology, No. 2, 2024 — p. B53-B63. - DOI
10.52209/2706-977X_2024 2 53

[20] Makhambetov E. N., Baisanov A. S., Isagulov A. Z., Grigorovich K. V., Timirbayeva N. R. Production of Complex Calcium-
Containing Ferrous Alloys of Waste Smelter Slags and High-Ash Coals // Steel in Translation, Volume 49 (10), 2019 p. 698-702,
DOI:10.3103/S0967091219100085

[21] Moldabaev B., Sinelnikov K., Kukesheva A. Justification of the Method of Vehicle Engine Radiator Ultrasonic Cleaning
//Communications - Scientific Letters of the University of Zilina, Vol. 27, Issue 1, 2025. — p. 75-84, doi:
https://doi.org/10.26552/com.C.2025.015.

[22] Sakhapov R.L. Method of Cleaning Internal Combustion Engine Radiator Tubes with Ultrasound. // Material and Mechanical
Engineering Technology, No. 2, 2024 — p. B18-B24. - DOI 10.52209/2706-977X_2024 2 18

[23] Kardashev G.A. Physical Methods of Intensification of Chemical Technology Processes. — Moscow: Chemistry, 1990. — 205

p.
[24] Golyamina I.P. Ultrasound: A Small Encyclopedia. — Moscow: Soviet Encyclopedia, 1979. — 400 p.

[25] Kozyrev S.P. Hydroabrasive Wear of Metals under Cavitation. — Moscow: Mashinostroenie, 1971. — 240 p.

[26] Magomedov U.B., Magomedov M.M.-Sh., Alkhasov A.B. Handbook on Thermal Conductivity and Dynamic Viscosity of
Water and Aqueous Salt Solutions. — Moscow: Fizmatlit, 2013. — 219 p.

[27] Fetisova G.P. Materials Science and Material Technology: In 2 Parts. — 8th Edition, Revised and Expanded. — Moscow:
Yurayt, 2018. — Part 2. — 389 p.

[28] Kadyrov A., Sinelnikov K., Sakhapov R., Ganyukov A., Kurmasheva B., Suyunbaev S. Studying the Process of Transport
Equipment Cooling System Ultrasonic Cleaning. / Communications - Scientific Letters of the University of Zilina. — 2022. — Vol.
24, No. 4. — p. B288-B300. - https://doi.org/10.26552/com.C.2022.4.B288-B300

[29] Sinelnikov K.A. Development and Research of Technical Maintenance and Operation Methods for Automobiles Using
Ultrasound: PhD Dissertation (8D071). — Karaganda, 2023. — 142 p.

[30] Afonsky A.A., Dyakonov V.P. Measuring Instruments and Mass Electronic Measurements. Engineer's Library Series. —
Moscow: SOLON-PRESS, 2010. — 544 p.

75



Material and Mechanical Engineering Technology, Ne3, 2025

Information of the authors

Sinelnikov Kirill Anatolyevich, PhD, Abylkas Saginov Karaganda Technical University
e-mail: coolzero7777@gmail.com

Moldabaev Baurzhan Galymovich, doctoral student, Abylkas Saginov Karaganda Technical University
e-mail: baurmoldabaev62@mail.ru

Zhunusbekova Zhanara Zhumashevna, PhD, Abylkas Saginov Karaganda Technical University
e-mail: zhzhzh 84@mail.ru

76



Material and Mechanical Engineering Technology, Ne3, 2025

DOI 10.52209/2706-977X_2025_3_77 IRSTI 55.63.29 UDC 621.574

Heat Recovery Based Thermodynamic Analysis of Adsorption Refrigeration

Ashok V.", Sachdeva G.
National Institute of Technology Kurukshetra, Haryana, India
*corresponding author

Abstract: The increasing entropy of the universe is a fundamental driver accelerating the rise in Earth's temperature,
thereby significantly intensifying the global demand for cooling technologies. Heat-driven adsorption refrigeration
systems have emerged as a promising solution, effectively utilizing low-grade thermal energy to meet this growing
demand. This study presents a numerical analysis of a two-bed adsorption refrigeration system employing 208C
activated carbon and monolithic carbon composite as adsorbents, with R32 serving as the adsorbate. The performance
of the system was evaluated in terms of the Coefficient of Performance (COP), considering variations in condenser
pressure, evaporator pressure, and maximum desorption temperature across different adsorbent—adsorbate pairs. The
results indicate that the monolithic carbon composite—R32 pair exhibits a superior COP compared to the 208C-R32
combination. To further enhance system efficiency, a novel heat recovery-based adsorption refrigeration cycle was
developed, wherein the heat rejected during the cooling and adsorption processes is effectively reutilized for the
heating phase. The monolithic carbon composite—R32 pair achieved the highest COP within the heat recovery-based
cycle, demonstrating its strong potential for application in efficient, sustainable cooling systems.

Keywords: COP, adsorption, desorption, activated carbon.

Introduction

As industrialization increases, entropy generation also rises, leading to a temperature increase on Earth [1].
Consequently, there is a significant surge in the demand for cooling. The conventional vapor compression
refrigeration system utilizes high-grade energy, such as mechanical power or electricity, to operate. Additionally, the
use of refrigerants like CFC, HFC, and HCFC contributes to ozone layer depletion [2].

To address these issues, researchers are actively working on solid sorption refrigeration using composite
adsorbent. The significance of adsorption refrigeration has grown tremendously because it utilizes low-grade energy,
specifically waste heat, for its operation and low-cost composite adsorbent. Moreover, it employs environmentally
friendly refrigerants like ammonia, methanol, and water. Adsorption refrigeration and air-conditioning technology
involve negligible moving parts, resulting in the absence of noise and vibrations. Numerous combinations of
adsorbates and adsorbent composites exhibit broad working temperature ranges, spanning from 50 to 420°C. For
instance, activated carbon paired with NH3; or CH3OH, as well as zeolite-water and silica gel-water combinations are
among the available options. These pairings offer versatility across a wide temperature spectrum.

Several investigations [3] have explored the utilization of low-grade energy sources, such as industrial waste
heat or solar heat, within the field of adsorption technology for various applications, including desalination or the
generation of cooling and refrigeration effects. A notable illustration is the study conducted by Wang et al. [4], where
they developed an adsorption air conditioner for a locomotive driver cabin. This system, powered by exhaust gases
with temperatures ranging from 350°C to 450°C, exhibited a cooling power of 5 kW and a COP of 0.25. Operating
with an exhaust temperature of 450°C, cooling air temperature of 40°C, and chilled water temperature of 10°C, the
setup achieved a cycle time of 1060 seconds. Additionally, Zejli et al. [5] proposed a theoretical model for a multi-
effect desalination system employing adsorption heat pump technology with zeolite composite as the solid vapor
adsorbent. Despite these advancements, it is crucial to recognize that several researchers have observed that the simple
adsorption refrigeration cycle often yields low COP values, typically ranging from 0.1 to 0.6.

Researchers have actively tackled the challenge of improving the COP in adsorption refrigeration systems [6],
acknowledging its historically low values by using various adsorbent composites. A noteworthy contribution by
Akabhira et al. [7] involved the exploration of a two-bed adsorption refrigeration cycle utilizing silica gel and activated
carbon composites. They incorporated mass recovery to leverage pressure differentials and enhance refrigerant mass
circulation, specifically with the silica gel-water pair. The study concluded that the mass recovery-based cycle,
particularly when supplied with hot and cooling water, outperformed the basic cycle in terms of both Cooling
Capacity (CC) and COP. Expanding on this work, Wang et al. [8] demonstrated various adsorption refrigeration
cycles with adsorbent composites, including continuous heat recovery, mass recovery, thermal wave, convective
thermal wave, cascade multi-effect, and hybrid heating and cooling cycles. In another innovative approach, Sapienza
et al. [9] introduced an adsorptive chiller based on three hybrid adsorbers, conducting their initial testing campaign
under real HVAC operating conditions.

In a different avenue, Krzywanski et al. [10] analyzed a tri-bed twin-evaporators-based adsorption chiller
model using genetic algorithms (GA) and artificial neural networks (ANN) to optimize cooling capacity. However, it's
worth noting that the operational complexity of the different adsorbent composites with tri-bed twin-evaporator
adsorption chiller increased. Additionally, Saha et al. [11] designed a dual-mode silica gel-water-based adsorption
chiller that effectively utilizes waste heat (40°C to 95°C). This dual-mode system showcases versatility in adapting to
different heat sources for improved efficiency.

After the 1973 oil crisis, researchers [12], [13], initiated a quest for alternative energy sources, with a particular
emphasis on renewable energy to meet global energy demands by using various adsorbent composites[14], [15], [16] .

71



Material and Mechanical Engineering Technology, Ne3, 2025

Solar energy emerged as a favored option, especially for refrigeration and cooling applications, where Vapor
Compression Refrigeration Systems (VCRS) could potentially be replaced by solar-operated adsorption refrigeration
systems, thereby reducing reliance on electricity. Berdja et al. [14] explored solar adsorption refrigeration in the
Algerian climate using ANSYS for temperature distribution analysis over the adsorption plate. Their analysis
extended to different components of solar adsorption systems, including the adsorption plate and the evaporative
chamber, with considerations for various arrangements and adsorbent composites. Anyanwu et al. [17] contributed to
the field by establishing a thermodynamic design procedure for solar adsorption refrigeration, and conducting
performance analyses with different adsorbent composite and adsorbate pairs.

An adsorption-based air-conditioner has been designed and fabricated [18] utilizing a silica gel-water working
pair. In their experimental investigation, they observed significant cost benefits and proposed the residential
application of the adsorption-based air-conditioner for cooling and heating. The application of compound parabolic
concentrators in conducting comparative experiments within adsorption refrigeration systems has been explored [19].
To enhance system performance across various operating modes, they implemented an improved mass transfer
method. With enhanced mass transfer a solar adsorption refrigeration prototype has been developed [20] which
concluded an average enhancement of 35.9% in refrigeration capacity with adsorbent composites.

The effectiveness significantly hinges on the careful selection of adsorbent composite [21] and adsorbate pairs
during the design phase, necessitating thorough research [22], [23], [24]. In an investigation conducted by Ahmed et
al. [25], various adsorbate pairs used in solar adsorption systems were explored, revealing that Silica gel and chlorides
with water exhibited the highest Coefficient of Performance (COP), while zeolite with water demonstrated inferior
performance under similar conditions. Additionally, Zhang et al. [26] reviewed novel adsorbent-absorbate working
pairs for adsorption refrigeration, assessing their impact on performance parameters such as COP and specific cooling
power. Essential properties of adsorbent-adsorbate pairs influencing performance include the adsorbent's particle size,
composites, micropore size, total porosity, and stability. Li et al. In summarizing the above research on adsorbent-
adsorbate properties, it is evident that further research is imperative to meet the growing demands for enhanced
adsorption refrigeration performance.

1. Working principle

1.1 Basic Intermittent Cycle

The basic cycle consists of essential components, including an adsorber bed, an evaporator, a condenser, an
expansion device, various valves, and heating and cooling systems, as depicted in Figure 1. The adsorption
refrigeration process comprises four stages: sensible heating, desorption and condensation, sensible cooling, and
adsorption and evaporation.

During the sensible heating process, the concentration of refrigerant within the adsorber bed remains constant
(isosteric), while the temperature increases from T; toT,, and the pressure reaches P.. After sensible heating, the
desorption process initiates, and the adsorbate enters the condenser at P.. Throughout desorption, the temperature of
the bed rises from T, to T5. Upon completing the desorption process, the cooling and depressurization of the adsorber
bed commence, resulting in a temperature reduction fromT; to T,. As the adsorber bed reaches T, and the pressure
aligns with P,, the adsorption process begins, during which the temperature decreases from T, to T;.

This paper analyzed the thermodynamic performance of the basic and heat recovery type adsorption
refrigeration cycle. Four performance parameters; T;, T3, P, and P. were used to obtain the COP relation for
comparing different adsorbent-adsorbate pairs at different operating conditions.

1.2 Continuous Cycle

The intermittent nature of the basic single-bed adsorption refrigeration cycle stems from the alternating
occurrence of adsorption and desorption processes. To ensure continuous production of the refrigeration effect, a
minimum of two adsorber beds is required [Ojha et al. [13]].
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Fig. 1. - Heat recovery-based adsorption refrigeration system. The
thick line represents the flow of adsorbate, while the thin represents Fig. 2. - Clapeyron diagram of adsorption refrigeration cycle.
the flow of thermal fluid.
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1.3 Regenerative Cycle

After the completion of the desorption of refrigerant from the bed there will be a lot of heat in the bed, a
substantial amount of heat remains within the bed. This residual heat presents an opportunity for utilization in heating
applications during the subsequent bed heating phase. To boost the efficiency of the adsorption refrigeration cycle,
optimizing the harnessing of this released heat is essential. By incorporating this rejected heat into the sensible heating
process, we can effectively reduce the overall demand for external heat input, thereby enhancing the overall
performance of the cycle.

2 Mathematical modeling
2.1 Adsorption Equilibrium

The adsorption of the adsorbate in the adsorption bed has been estimated through the D-A (Dubinin-Astakhov)
equation:

T n
=x exp| —-K -1
¥ P {Tsat } (1

The latent heat of sorption has been calculated for any temperature and pressure using Eq. (2), where R
represents the gas constant:

h
RT?

i(ln P)= @)
dT
2.2 Heat Equation for Sensible Heating
The heat required for heating the bed and the adsorbed refrigerant from evaporator pressure to condenser
pressure has been calculated using Eq. (3). Eq. (4) delineates the relationship between the mass of the adsorbed
refrigerant and the maximum concentration, along with the mass of the activated carbon:

n L

(Qh ) = I Cv,ac(T)mach + I Cva(T)ma dT (3)
i T

ma = xCO"lC mﬂc (4)

2.3 Desorption Heat

The heat required for desorption, necessary to release the refrigerant from the bed at a constant condenser
pressure, has been calculated using Eq. (5). Subsequently, the desorbed refrigerant enters the condenser, where the
refrigerant undergoes the condensation process:

ox(T,T,)

T
P (5)

T, T, T,
0,= j Coue(ryMacdT + j Cu(ryadT + j mh,
T,

n L

2.4 Cooling of Adsorber bed

The cooling heat for the adsorber bed after the desorption phase is computed by Eq. (6), which is taken from
the cooling effect generated by the system. During this stage, the pressure within the adsorber bed decreases from the
condenser P, to P,, while the temperature concurrently drops from T; to the Ty:

T T
O, = [ CprerymacdT + 341 [ €.yl ©6)
T, ,

2.5 Adsorption Heat
The adsorption of the refrigerant from its gaseous phase onto the surface of the adsorbent composite occurs in
the liquid form, necessitating the rejection of latent heat from the adsorber bed and has been calculated using Eq. (7):

7 T
0, = Cp’ac(T)machJr jmaha
T, n N N

x(I.T) - |
— T+ [CaryadT = [C, pygymactind (T =T, )

p.ag
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The second term in Eq. (7) accounts for adsorption heat, while the last term has been included to accommodate
any cooling effect generated by the refrigerant. After the refrigerant undergoes condensation in the condenser, a
combination of liquid and vapor refrigerant is present as it expands from P, to P, . As a result, the cooling needed for
the vapor refrigerant is calculated using Eq. (8):

Tc
Qco = J’C\;,./(T) (anc — Xy )mach )
Te

The refrigeration effect produced by the system has been calculated using Eq. (9). The latent heat of
evaporation has been determined at the evaporator pressure corresponding to the respective refrigerant:

2.6 System Performance Equations

Qre;' = Le (xconc - xdil )mac (9)
The system's performance, expressed as the COP), is established through Eq. (10):

A A (10)
0,+0,

COP =

2.7 Equations for Heat Recovery
The fraction of heat rejected during the adsorption process and cooling of the bed has been utilized for the
heating process, thereby reducing the amount of heat required for a sensible heating process:

0.=¢(0,+0.) (11)

The recovered heat has been calculated using Eq. (11), where 'e' represents the effectiveness of the regenerator
and has been assumed to be 0.8 in this investigation:

Oy =9 Qi = Q0o (12)
Qg + Qh + Qr

CcoP. =

The performance of the heat recovery-based cycle has been evaluated using Eq. (12).

Table 1. D-A equation’s parameter for adsorbent-adsorbate pairs

Activated Carbon Refrigerant Xo K n
208C R32 0.476 2.4634 1.3880
Monolithic R32 0.461 2.6729 1.3326
3 Results and discussion

3.1 Variation of P, and P,

From Fig. 3 it is clear that as the condenser pressure increases the heat requirement for the desorption of the
refrigerant increases hence the COP decreases while with the increase in evaporator pressure (F,), as shown in Fig. 4,
the COP increases for both the basic and heat recovery-based cycles increases because the heat requirement for the
desorption process decreases.
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As the desorption temperature increasing the desorption of the refrigerant from the adsorber bed increases but after a
certain time the desorption rate from the bed decreases because the concentration of adsorbate on the bed decreases
and at the same time the heat input decreases so it results in the decrease the COP of the system (Fig. 5).

0.3 T T T T T

Monglithic-R32 with heat recovery
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—&— 208C-R32 with heat racovery

D2t
N —+— 208C-R32 without heat recovery
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Pc=27.85 bar
015 T1=303K
01t
0.05"

420 440 480 480 500 520 540 580 580 800
Maximum desorption temperature (K)

Fig. 5. - COP for R32 with maximum desorption temperature

The specific heat capacities, enthalpy and characteristic gas constant are given in Table 2 for the calculation of
the different heat equations.

Table 2. Thermo-physical properties

Property name R32 Activated Carbon
C, (kT /kgK) 2.27 0.175+2.245x10° xT
C,(kJ/kgK) 0.93 0.175+2.245x10° xT
Cp(gas)(k]/kgK) 1.2 -
Caums (K7 / kgK) 0.99 -
B e (KT 1 hgK) 323.16 -
R(kJ/kgK) 0.16 -
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Conclusions

A thermodynamic model has been methodically created and examined for both basic and heat recovery-based
adsorption refrigeration cycles, considering diverse combinations of adsorbates and adsorbent composites. The study
involves the systematic tuning of essential operating parameters such as evaporator pressure, condenser pressure, and
maximum desorption temperature. From the analysis, it has been analyzed that COP decreases with an increase in the
condenser pressure and increases with an increase in the evaporator pressure. By increasing maximum desorption
temperature the COP first increases and then decreases. From the above analysis, it has been also analyzed that
reducing the size of the system adsorbent composite plays an important role in adsorbing the adsorbate.
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Nomenclature

Specific heat of adsorbate at constant pressure [J/kg K] Qres Condensation energy [J]

Specific heat of activated carbon at constant pressure [J/kg K] R Gas constant for adsorbate [J/molK]

Specific heat of adsorbate gas at constant pressure [J/kg K] T,  Minimum adsorption temperature [K]
Specific heat of activated carbon at constant volume [J/kg K] T,  Minimum desorption temperature [K]
Specific heat of saturated liquid adsorbate at constant volume [J/kg K] T;  Maximum desorption temperature [K]

Heat of adsorption T,  Maximum adsorption temperature [K]

Latent heat of vaporization [J/kg] e Effectiveness of regenerator

Dubinin coefficient T,  Condensation temperature [K]

m, Mass of adsorbed adsorbate [kg] Tsqe  Saturation temperature [K]

m, Mass of activated carbon [kg] X,  Saturation concentration of adsorbate [kg/kg]
n Coefficient in D-A equation Xcone Maximum conc. of adsorbed adsorbate [kg/kg]
P, Condensing pressure [Pa] Xqy  Adsorbate conc. after desorption [kg/kg]

Qg Desorption energy [J] Ax  Amount of desorbed adsorbate

= msﬁﬁmﬁmﬁmﬁm

N3
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Abstract. This article describes a new approach to optimizing the parameters of mechanical hole machining, which
solves the problem of compromise between various criteria, such as machining time, tool durability, and surface
quality. Traditional optimization methods, as shown in the study, usually focus on a single parameter, which
inevitably leads to deterioration in others. For example, increasing the cutting speed to reduce machining time causes
rapid tool wear, while reducing parameters to improve surface quality significantly increases time and production
costs. To overcome these shortcomings, a methodology based on weighted multi-criteria analysis was developed. The
methodology includes several stages: data collection, formation of objective functions, definition of constraints,
normalization of criteria, and selection of an optimization method. A key element is the use of weighting coefficients,
which allow the methodology to be adapted to specific production priorities. The study was conducted using a specific
example of optimizing hole drilling in 45 steel. Weighting coefficients were set, with the greatest weight given to
processing time (0.5), followed by roughness (0.3) and tool resistance (0.2). As a result, the following parameters
were recognized as optimal: cutting speed v, = 22 m/min and feed f, = 0.2 mm/rev. With these values, the processing
time was reduced from 37.9 to 28.7 seconds, while tool durability decreased from 275.2 to 176.4 pm. This clearly
demonstrates that the method has found a compromise solution that allows reducing the time without critically
compromising tool durability.

Keywords: optimization, cutting speed, feed rate, tool resistance, processing time

Introduction

Modern mechanical engineering faces the need to reduce costs, increase productivity, and improve product
quality [1]. In the context of hole machining, which is one of the most common and important operations in
mechanical engineering, this task is particularly relevant [2]. The technological process of hole machining is a
complex operation that can include several stages: drilling, boring, countersinking, and reaming [3]. Each of these
stages has its own characteristics and requires a careful approach to the selection of machining parameters. Traditional
methods based on optimizing a single parameter (e.g., minimizing machining time) often lead to deterioration in
others, such as tool durability or surface roughness [4]. This makes it relevant to use a multi-criteria approach that
allows finding a compromise solution that takes into account all important aspects of the technological process.

Traditional optimization methods have typically focused on maximizing a single specific criterion. For
example, in drilling, the goal was often to reduce processing time, as this directly affects productivity [5]. To achieve
this, the cutting speed (vc) and feed rate (fz) were typically increased. However, as studies [6] show, this approach
leads to rapid drill wear and deterioration in the surface quality of the hole. This trade-off between high productivity
and tool durability is one of the key problems with the traditional approach.

Boring is an operation used to increase the diameter and improve the accuracy of an existing hole [7]. In
traditional boring optimization, the focus can be either on minimizing time or on achieving high accuracy. Time
optimization, as with drilling, involves the use of high speeds and feeds, which in turn can cause vibrations, lead to
poor surface quality, and premature wear of the boring tool [8]. If accuracy is the priority, then the machining
parameters are reduced, which leads to a significant increase in machining time and, as a result, to an increase in
production costs [9].

Countersinking is an intermediate stage used to increase the diameter of a hole and prepare it for subsequent
reaming or thread cutting. In the traditional approach, countersinking optimization often boiled down to selecting
parameters that would ensure minimum surface roughness [10]. This was achieved by reducing the cutting speed and
feed rate, which in turn led to an increase in the operation time. Such a unidirectional approach does not take into
account economic aspects and may be ineffective in mass production conditions.

Reaming is the final operation used to produce holes with high precision and low roughness. Here, traditional
optimization methods are almost always aimed at achieving the highest possible surface quality. This is achieved by
very low feed rates and cutting speeds, making reaming one of the slowest operations in the hole machining process
[11]. While surface quality is a key criterion for reaming, completely ignoring machining time can lead to significant
delays in the production cycle.

Particular attention should be paid to the drilling operation, as it is one of the first in the technological process
and the success of subsequent stages largely depends on it. With traditional drilling optimization methods, parameters
such as cutting speed (vc), feed rate (fz), and cutting depth (ap) vary [12]. These parameters directly affect the
machining time (Tpro), tool life (Tc), and surface quality (Ra) [13]. For example, increasing the cutting speed and
feed rate to reduce machining time leads to faster tool wear and potential deterioration of surface quality [14]. On the
other hand, reducing these parameters to increase tool life or improve surface quality leads to a significant increase in
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machining time [15]. Thus, the traditional approach, focused on a single criterion, does not allow finding the optimal
balance between all important indicators, which creates a contradiction between them.

Thus, traditional optimization methods based on improving one parameter lead to deterioration of others,
creating a trade-off between processing time, tool life, and surface quality. This problem is exacerbated by the fact
that at each stage of hole machining (drilling, boring, countersinking, reaming), parameters such as cutting speed (vc),
feed rate (fz), and cutting depth (ap) can be varied, which directly affect all three criteria [16]. This contradiction
makes it relevant to use a multi-criteria approach, which allows finding a compromise solution that takes into account
all important aspects of the technological process.

The application of a multi-criteria approach in technological processes is not only desirable but also vital for
achieving competitive advantages. Unlike traditional methods, multi-criteria optimization allows several objectives to
be taken into account simultaneously, such as minimizing processing time, maximizing tool durability, and achieving
the required surface quality. The use of methods such as hierarchy analysis, weighted sum methods, or genetic
algorithms allows for the construction of a mathematical model that reflects the relationship between processing
parameters and key performance indicators. This enables engineers to make informed decisions based not only on
production factors, but also on economic factors. Ultimately, comprehensive analysis allows not only to find the best
compromise, but also to predict how a change in one parameter will affect the entire system, which significantly
reduces risks and increases the stability of the production process. Multi-criteria analysis is becoming a key tool for
improving production efficiency in a highly competitive market. This approach allows us to move from empirical
parameter selection to scientifically based design of technological processes, ensuring sustainable development and
innovative leadership.

The purpose of this study is to develop a methodology for improving the efficiency of the production process
by optimizing key parameters such as processing time, surface quality, and tool wear based on multi-criteria analysis.
The subject of this study is the development of a methodology for optimizing material flow parameters in mechanical
engineering production.

A specific example is the technological operation of hole machining, which is one of the most common and
important in mechanical engineering. As part of this work, an analysis of existing approaches to the optimization of
technological processes was carried out, their shortcomings were identified, and a new methodology based on
weighted multi-criteria analysis was proposed.

1. Research methodology

1.1 Selection of criteria
To solve this problem, a method based on multi-criteria analysis was developed. The essence of the method is
to find the optimal solution that will be the best in terms of several criteria simultaneously.
The following criteria were selected for this study:
1.  Minimizing processing time (Tpro):

Tpro =n-f, L (D)

where L - length of the surface being processed;
i - number of passes;
n - spindle rotation speed;
f, - feed.
2. Minimizing surface roughness (Ra):

Ra = C-fvey ()
where C,x,y - empirical coefficients;
V. — cutting speed.
3. Maximizing tool resistance (Tc):

T¢ = Vem fm'CV 3)

where Cv,m,n - K03 HUITUCHTHI, 3aBUCSIIUE OT MaTepHalla HHCTPYMEHTA W 3arOTOBKH.
The goal is to find a combination of parameters (vc, fz, ap) that will be optimal according to all three criteria.

1.2 Stages of the parameter optimization methodology
The methodology includes the following stages, as shown in Figure 1.
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1. Data collection and analysis

v

2. Formulation of target functions

v

3. Identifying limitations

v

4, Standardization of criteria

{

5. Choosing an optimization method

v

6. Construction of a generalized
objective function

v

7. Analysis of results

Fig. 1. - Stages of the methodology for optimizing mechanical processing parameters

During the data collection and analysis stage, information is gathered on materials, tools, equipment, and
quality requirements. When forming target functions, mathematical models are created for each of the three criteria. It
is also important to impose restrictions on variable parameters (vc, fz, ap) based on the technical characteristics of the
equipment and tools [17]. For example, maximum spindle speed, maximum feed rate, etc. At the criterion
normalization stage, all criteria must be converted to a dimensionless form, since they have different dimensions and
ranges of values [18]. This allows them to be compared with each other. After standardizing the criteria, it is
necessary to select an optimization method. To solve the problem of multi-criteria optimization of hole processing, the
weight coefficient method was chosen [19]. This method allows each criterion to be assigned a certain weight
(significance) depending on production priorities. For example, if speed is most important, the weight coefficient for

processing time (Tpro) will be higher.

When constructing the generalized objective function, the normalized criteria were combined into a single
function, taking into account the weighting coefficients:

F“qen =w

. Tpro

pro Ra

Tc

Ra
WZ * ; + W3 ) (1 - T
min cmax

where wi,w2,w3 - weight coefficients, the sum of which equals 1;

Tpro — processing time;

Tpromin — Minimum processing time;
Ra — roughness;

Ramin — minimum roughness.

At the stage of solving the optimization problem, the minimum of the generalized objective function was
sought using the gradient descent method [20].
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2. Results and discussion

A specific example was chosen to demonstrate how the method works: drilling a hole with a diameter of 10
mm and a length of 65 mm in a 45 steel part. P6MS5 high-speed steel drill bit was used for mechanical processing of
the holes. The resulting roughness of the machined surface was Ra 1.6.

The initial data for the calculation are given in Table 1.

Table 1. Initial data for optimizing the mechanical processing of holes

Parametr Value

Cutting speed, v,

from 10 to 30 m/min

Feed rate, f,

from 0.1 to 0.3 mm/rev

Cutting depth, a,

from 1 to 5 mm

Weight coefficients:

w (time) 0.5
w> (roughness) 0.3
w3 (resistance) 0.2

Based on empirical formulas and constraints, dependency graphs were constructed and an optimal solution was
found that minimizes the generalized objective function. The optimization process for the mechanical processing of
holes by drilling is shown in Figure 2.

N 7e]
S g s
\S\ ] [ / /
S g2 ! > L
& 29

N &/

N a)

& a7 |

v o B 1820 22 24 2628 0
Cutting speed (i1
—e—— /lerahion pont —8— finle diference

Fig. 2. Optimization of cutting parameters during mechanical processing of a hole

Based on the graph presented, which illustrates the optimization of drilling parameters, it is possible to trace
the relationship between cutting speed (vc) and feed rate (fz) at each iteration.

The graph shows how the system searches for the best combination of parameters during the optimization
process. The starting point, designated as iteration 0, corresponds to a cutting speed of 10 m/min and a feed rate of 0.1
mm/rev. Then, at each subsequent iteration (1, 2, 3, and 4), the parameters gradually change.

As a result, the optimal parameters were achieved in the fourth iteration, since the final difference between the
parameters under consideration is minimal. This point corresponds to the following values: the cutting speed (vc) is 22
m/min, and the feed rate (fz) is 0.2 mm/rev.

The graph (Figure 3) shows that with each iteration, the processing time (green line) decreases. For example, at
iteration 0, the time was 37.9 seconds, and at iteration 4, it was 28.7 seconds. This confirms that the optimization
process succeeded in reducing the time, which is one of the goals of the methodology.
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Fig. 3. Dependence of tool resistance and processing time in each iteration

At the same time, the tool's durability (dashed line) also decreases, but not as much as if the optimization had
been performed only in terms of time. At iteration 0, the durability was 275.2 pm, and at iteration 4, it was 176.4 pm.
This result demonstrates that the methodology has found a compromise solution that reduces processing time without
completely sacrificing tool durability.

The following parameters were recognized as optimal:

- Ve = 22 m/min;
-f,= 0.2 mm/rev;
- ap =4 mm.

These parameters achieve a compromise between processing time, tool durability, and surface quality, which is
the best solution for these conditions.

The results showed that the proposed method allows finding optimal cutting parameters that differ significantly
from those that would be selected when optimizing according to a single criterion. For example, when optimizing only
for time, the cutting speed would be maximum, which would lead to rapid tool wear. When optimizing only for
quality, the speed would be minimum, which would lead to a significant increase in processing time. Thus, a multi-
criteria approach allows finding a balanced and effective solution.

Conclusions

The study showed that traditional optimization methods focused on a single criterion lead to compromises that
worsen other important indicators. For example, increasing the cutting speed to reduce processing time leads to rapid
tool wear. Conversely, lowering parameters to improve surface quality significantly increases processing time and
production costs. The proposed approach solves this problem by finding a balanced and effective solution.

The developed method for optimizing material flow parameters based on multi-criteria analysis has proven its
effectiveness in the example of a technological operation for machining holes. It allows finding the optimal cutting
parameters that take into account not only the processing time, but also the surface quality and tool durability.

Main conclusions:

- multi-criteria analysis is an effective tool for solving complex optimization problems in mechanical
engineering;

- the use of weighting coefficients allows adapting the methodology to specific production priorities;

- the methodology can be scaled to optimize more complex technological processes, including turning, milling,
and grinding.

The next step in the research will be to develop software to automate calculations and implement the
methodology in real production.
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Abstract. Composite electrodes, especially carbon-metal oxide composites, hold promising potential in numerous
industrial applications such as supercapacitors and electrochemical energy storage. This study focuses on developing
high-performance composite electrodes utilizing pre-carbonized date palm leaves, carbon black and copper powder.
The main objective of this research is to enhance the mechanical and electrical properties of composite electrodes
while exploring the potential of agricultural waste utilization. The methodology involves ball-milling pre-carbonized
date palm leaves (PCDPLs), followed by manual mixing with carbon black (CB) and copper (Cu) powder, pressing
into pellets, and carbonization at 1000°C in a nitrogen environment. X-ray diffraction (XRD) analysis confirmed the
polycrystalline structure of the composite electrode with EDXD confirming the presence of CuO nanowires.
Frequency-dependent dielectric parameters, impedance and electrical conductivity were analyzed utilizing the Cole—
Cole plot in a range of (0-8) MHz. Results demonstrate improved crystallinity and performance of the composite
electrodes, emphasizing the potential of utilizing agricultural waste for sustainable, high-performance electrode
materials. This research highlights the importance of utilizing agricultural waste for developing advanced composite
electrodes with enhanced performance capabilities, contributing to sustainable waste management and industrial
applications in energy storage technologies.

Keywords: carbon/copper oxide composites, X-ray diffraction, pre-carbonized date palm leaves, Cu,O nanowires,
Cole-Cole plot.

Introduction

Composite electrodes or carbon-metal oxide electrodes are extensively developed employing distinct
methodologies to improve industrial applications. For instance, carbon/metal oxide is a class of composite electrodes
that has improved electrical properties and mechanical performances by incorporating a metal oxide compound. These
types of composite electrodes have been utilized for transmission and distribution of electric power such as super
capacitors [1] and electrochemical energy storage [2]. These are further developed by incorporating nanostructure
fillers such as nanoparticles, nanowires and nanotube compounds to enhance the composite electrode mechanical
performance and chemical stability [3]. It has also been revealed that the nano-structuring of the electrode materials
has a positive effect on the electrode performance [4].

Currently, most commercial supercapacitor electrodes are manufactured from carbon due to its low cost,
excellent corrosion resistance, superior cyclic stability and long service life, as the electrode does not undergo
chemical alteration during charge/discharge cycles [5]. However, the maximum capacitance is restricted by the active
electrode surface area and the pore size distribution [6].

Copper oxide (Cu20) nanowires are widely utilized as p-type semiconductor compounds in numerous
applications, including the degradation of methyl orange [7], super capacitors [8], heterojunction solar cells [9],
biomedical fields [10] and surface coatings [11]. Depending on the preparation method and the proportions of
constituents utilized, the copper oxide CuO phase may be accompanied by other complex structures, primarily Cu,O
and Cu403. Among these, CuO and Cu,O are the most stable compounds. The synthesis method for Cu,O
nanostructure has been extensively reviewed in numerous researches which cover both physical and chemical
methodologies [12-14].

Moreover, the carbon material in these types of composites can be prepared from numerous carbonaceous
substances such as biomass material and agricultural waste material such as oil palm empty fruit bunch [15], olive
stone [16], lignocellulose [17] and date palm leaves [18, 19]. In the present work, the raw carbon precursor is date
palm leaves. Due to its high carbon content, low cost and low ash. Date palm leaves has been examined to produce
solid carbon and activated carbon material with a high surface area and good electrical and mechanical properties
[19]. Additionally, it has been revealed that pre-carbonized at low heat treatment and the milling process is very
important to enhance the self-adhesive properties of the carbon produced.

Furthermore, the Cole—Cole plot proposed by Havriliak, Negami’s and Debye is an analytical method utilized
to characterize composite electrode. It illustrates the frequency dependence of impedance, dielectric parameters and
conductivity. The Havriliak, Negami’s and Debye explained the skewed and arcuate shape observed in graphical
configuration of composite materials [20]. For instance, the dielectric constant (both real and imaginary parts) and the
dielectric loss tangent are established methodologies for evaluating the conductivity behavior of electrode materials. A
dielectric loss tangent greater than 1 indicates high conductivity whereas a tangent less than 1 indicates non-
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conductive behavior [21]. It has been observed that the Cole—Cole plots of various electrodes, metal oxide and
polymer materials tend to exhibit similar shapes [22].

Despite extensive development in the synthesis of composite electrodes, there remains an urgent need for
optimizing the mechanical performance, chemical stability and electrical properties of these materials. This research
emphasizes on the potential of incorporating nanostructure fillers to enhance electrode properties and explore the
benefits of utilizing carbon derived from agricultural waste such as date palm leaves. The main objective is to
synthesize composite electrode utilizing self-adhesive carbon grains from pre-carbonized date palm leaves, carbon
black and copper powder. This research primarily focuses on the characterization of the crystalline structures and
frequency-dependent properties such as dielectric constant, impedance and electrical conductivity of the composite
electrode and to explore its potential applications thereby contributing to the field of advanced composite electrodes
with improved performance capabilities.

The significance of this research lies in its innovative strategy of developing composite electrodes by utilizing
self-adhesive carbon grains derived from pre-carbonized date palm leaves, carbon black and copper powder. By
exploring the underutilized potential of agricultural waste, this research not only improves the mechanical and
electrical properties of composite electrodes but also offers a sustainable solution to waste management. The
incorporation of nanostructure fillers such as Cu,O nanowires is expected to significantly improve the dielectric
constant, impedance and electrical conductivity of the electrodes, thereby advancing their performance in industrial
applications such as super capacitors and electrochemical energy storage [23]. This research also characterizes the
frequency-dependent properties of these novel composite materials, providing valuable insights for further
development and application in advanced material sciences.

1. Methodology

1.1 Pre-carbonized Date Palm leaves (PCDPLs)

The raw material that is the date palm leaves (Phoenix dactylifera L) were sectioned into small pieces and
thoroughly washed with hot water. These pieces were subsequently dried at 100°C for two hours. The dried leaves
then underwent pre-carbonization in a vacuum chamber at 280°C for 4 hours, leading to shrinkage and mass loss due
to the expulsion of tars, oxygen, carbon monoxide and other volatiles components [24]. The pre-carbonized date palm
leaves (PCDPL) were then ball-milled into fine carbon grain powder to enhance their self-adhesive properties.

1.2 Composite Electrode Preparation

The C/Cu,0O nanowire composite electrodes were synthesized by combining PCDPLs at concentrations of 50%,
60%, 70%, 80% and 90% with commercial carbon black at concentrations of 6%, 12%, 18%, 24% and 30% and
copper powder (99.6% purity) at concentrations of 4%, 8%, 12%, 16% and 20%. The components were manually
mixed and then stored in a plastic container. One gram of the resulting mixture was pressed into pellets by applying
12 metric tons of pressure without the addition of any binder. All grain pellets exhibited excellent self-adhesive
properties before being carbonized at 1000°C in a nitrogen environment employing a multistep heating process, as
described by [18].

Following carbonization, the composite electrode produced were thoroughly washed with hot distilled water to
remove impurities until a pH of 6 was achieved, then dried in an oven at 100°C for four hours. Measurement of the
pellet dimension was carried out utilizing a micrometer screw gauge and the bulk density was determined by dividing
the mass of the sample by its volume with results averaged over five replicates for each sample.

1.3 X-Ray Diffraction (XRD)

An X-ray diffraction (XRD) experiment was conducted on carbon composite pellets by utilizing Rigaku D/Max-
X-ray diffractometer with Cu-Ko radiation. The scanning was conducted at a rate 5 seconds per 0.1° step size,
covering a diffraction angle (20) range from 20° to 70°.

14 Energy Dispersions X-ray Diffraction (EDXD)
Energy dispersion X-ray diffraction (EDXD) was employed on selected sample to identify the structure of Cu,O
nanowire.

1.5 Dielectric Constants
The frequency dependent dielectric parameters, specifically the Real part (Er) and imaginary part (Ei) were
analyzed utilizing the Cole—Cole plot. The real and the imaginary parts were determined as stated by [21, 25]

—A

Er(w) =E; + r7(E; — E=) cosAf (1)
—A

Ei(w) = r T(Eo — Ex) SinA@ 2)

TanAf = 2 3
Er{w)}—Ea
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(3)
where r is the constant and A is the angular frequency.

1.6 Impedance (Z)

The frequency dependence of impedance and conductivity both the real part and the imaginary part was
measured employing an e-Agilent E4980A precision LRC meter (inductance [L], capacitance [C], and resistance [R])
cell devise. This analysis utilized the Cole-Cole plot to refer to Debye behaviours as done in previous researches [21,
26]. The measurements were performed utilizing option 001 (DC Measurements) by applying voltages from 0 to 5 V
with a frequency range of 103MHz to 8x 10”5 Hz to characterize the impedance and conductivity behavior of the
composite electrode. Impedance which depends on the frequency (o) of the source, is described as the combination of
the real part (Z') and the imaginary part (Z2") as stated by [27].

Z=2Z +iZ" (6)
7 =—"%— (7
1+{wRpCp)
. wh“C

T 1 {wRp Cp)

The value of the Cp can be given from equations (2) and (3) at medium and lower frequency range as

A
Cr =2 ©)

1.7 Electrical Conductivity (EC)

The frequency-dependent analysis of conductivity, including the real part (EC(r)) and imaginary part (EC(i))
was conducted utilizing the Cole-Cole plot to refer to Debye behaviors, following the approach outlined by [21]. An
electrical component with option 001 (DC Measurements) was employed, applying voltages ranging from 0-5 volts
and frequencies ranging from 0 MHz —6.5 MHz to analyze the conductivity behavior of the produced electrode. The
AC conductivity is defined as

EC(AC) = Ec(DC) + A(w)* (10)

where DC is the direct current, w = 2 f, fis the frequency and A is a constant.

2.Result and Discussion

2.1 Composite Electrode Properties

Table 1 demonstrates data on the average weight and bulk density of composite electrode (C/CuO)
nanowire. The bulk density exhibits a slight increase from 1.303 g/cm® to 2.26 g/cm® with the augmentation CB+Cu
% content. The density of the carbon composite pellets is approximately 50% of that of pure-graphite structure and
falls within the range of densities for carbon filament electrodes (1.77 g/cm?) and glassy carbon (Sigradur K) (1.540
g/cm?), indicating that the composite has achieved substantial density. Additionally, the table also reveals that the
yield of the composite electrode improves with increasing CB+Cu % content. This improvement is attributed to a
reduction in non-carbon content and volatile components which contributes to the enhanced bulk density of the
product.
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Table 2. The raw composition concentrations data before and after carbonization

Raw Data Before Carbonization Data After Carbonization
PCDPLs % CB % Cu % Weigh Weight Electrode Black Density
(2) (2) Yield (g/cm’)
90% 6% 4% 1.00 0.48+0.01 48% 1.30+0.03
80% 12% 8% 1.00 0.53+0.03 53% 1.38+0.02
70% 18% 12% 1.00 0.56+0.00 56% 1.86+0.05
60% 24% 16% 1.00 0.59+0.01 59% 2.02+0.11
50% 30% 20% 1.00 0.62+0.01 62% 2.254+0.01
Carbon - - - - - 1.77
filament
electrode
Graphite - - - - - 2.26
Sigradur K - - - - - 1.540
(2) (2) Yield (g/en’)
90% 6% 4% 1.00 0.48+0.01 48% 1.30+0.03
80% 12% 8% 1.00 0.53+0.03 53% 1.38+0.02
70% 18% 12% 1.00 0.56+0.00 56% 1.86+0.05
60% 24% 16% 1.00 0.59+0.01 59% 2.02+0.11
50% 30% 20% 1.00 0.62+0.01 62% 2.254+0.01
Carbon - - - - - 1.77
filament
electrode
Graphite - - - - - 2.26
Sigradur K - - - - - 1.540

2.2 X-ray Diffraction

Figure 1 illustrates the X-ray diffraction pattern for composite electrode pellets exhibiting strong peaks at
reflection planes (002), (110), (111), (100), (200) and (111) corresponding to diffraction angles (20) of 25.9°, 28.7°,
36.4, 39.69°, 43.9, 50°.32 and 53.25° respectively. This pattern indicates a polycrystalline structure. It is evidently
proven from figure 1 that the composite electrode produced enhances the crystalline structure as distinguished by
three prominent sharp peaks at (002), (100) and (111) characteristic of a graphitic-like structure. Additionally, strong
diffraction peaks (110), (111), (200) and (211) represent the dominant structure of CuO in the composite.

Moreover, the X-ray spectrum analysis indicates that an increase in the percentage of (CB+Cu) % content
leads to the enhancement in the crystalline structure of the produced composite electrode. This effect is especially
pronounced in the composite electrode sample prepared with a 50% concentration which exhibits a structure of pure-
graphitic as evidenced by the X-ray diffraction spectrum depicted in Figure 1. Furthermore, these findings correspond
with the bulk density measurement as demonstrated in Table 1, which shows equivalence to that of pure graphite.

These observations support the concept that the combination of (Cu+ CB) with PCDPLs promotes a more
graphitic structure, reducing the graphitization temperature up to 1000°C by employing multiple heating profiles in
nitrogen environments. This reduction in graphitization temperature is expected to yield economic benefits and
provides an alternative approach to minimize graphite production costs.

(100) —— 50%
«— B0%
l (111) “— T0%
H —v— 80%
(002) ! 80%
. (117} !ll
i

Intensity (r.u)

o] ! T T T T T T T T T {
20 25 30 35 40 45 50 55 60 65 70

Diffraction angle

Fig. 8. - X-ray diffraction profiles of the C/Cu20 nanowire composite electrode.
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Figure 2 illustrates the visual representation of the EDXD electron image exhibiting a specific composite
electrode treated with 70% PCDPLs. It reveals the vertical growth of Cu,O nanowires on the Cu/Cu;O cluster
substrate synthesized through a pyrolysis mechanism, exhibiting varying orientations.

N
Ful S 469 s Crser 3704 0 ck)

8 . IEI ' II!':‘I | IH

ad™

Tum '

2.4 Impedance

Electron Image 1

Fig. 2. - EDXD electron image of the selected composite electrode

The widely recognized Cole—Cole plot originally proposed by Havriliak and Negami’s through analytical
methods explained the graphical configuration and arcuate shape observed in the medium and low frequency range
(103MHz — 8x105Hz) of the composite electrode. However, the presence of a semicircular sketch was not detected
within this frequency range as illustrated in Figure 3. It is expected that the frequency ranges utilized are insufficient
to fully capture the threshold dominance of the Havriliak and Negami’s analytical behavior.

Z7(Ohm)

16
14
12

10

& 18 20 22

Fig. 9. - Cole-Cole Plots illustrating the frequency-dependent impedance, with the imaginary part (Z") plotted against the real

part (Z') for composite samples ranging in concentration from 50% to 90%.

Additionally, the impedance bridge data demonstrated in Table 2 highlights the values of Rp (polarization
resistance) and the maximum Z" (imaginary part) and Z' (real part) at medium and lower frequencies. The data from
the table 2 also reveals that the Z" value for the 90% concentration and Z' value for the 50% concentration are higher
as compared to other electrode compositions, suggesting an enhancement in Z' with an increase in (CB+Cu) %

content.

Table 3. Impedance results plotted in a Cole-Cole plot as a function of frequency

Composite Electrode Cell Rp (Ohm) 7"(max) (Ohm) Z'(max) (Ohm)
90% 0.735 12.30 1.250
80% 1.021 7.00 1.250
70% 1.550 7.33 1.800
60% 1.630 7.19 1.870
50% 1.860 8.80 2.175
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Furthermore, it is evident from the data that the Cole—Cole plots observed in numerous carbon electrodes and
metal oxide exhibited that all these plots have approximately similar shape as reported by [28].

2.5 Electrical Conductivity (EC)

Figures 4 and 5 illustrates the frequency-dependent variation of electrical conductivity represented by the real
part (EC(r)) and imaginary part (EC(i)) respectively, composite electrode samples treated with different percentages of
PCDPLs (50%, 60%, 70% and 80%) (298 K). Notably, the real part exhibits a marked increase at lower frequencies
followed by a decrease at higher frequencies, indicating a characteristic behavior. The intercept on the y-axis
represents the DC resistance as noted by [29]. On the Contrary, the imaginary part exhibits a significant increase at
lower frequencies and a subsequent decrease at higher frequencies.

0.8
- 80%
0.7 - A BO%
i . 70%
—v— 0%
05 - — e 50%
My
= 04- e
U I'u
L )
0.3 -
02 - Y
o1 ii
0.0 -

1.2 14 1.6

Fig. 10. - The Cole-Cole plots of frequency dependence impedance (imaginary part Z" versus the real part Z') for composite samples
treated with varying percentages of PCDPL, ranging from 50% to 90%.
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Fig. 11. - Frequency-dependent variation of electrical conductivity represented by the real part (EC(r)) of composite electrode samples
treated with varying percentages of PCDPL, ranging from 50% to 90%.

Additionally, the Cole-Cole graphical plot of the imaginary part (EC(i)) is plotted against the real part at
(EC(r)) as a function of frequency [30]. This plot reveals the semi-circular patterns with a narrow threshold range
from 0 to 1.32 as observed in Figure 6 and demonstrated in Table 2. Figure 6 explains the theoretical behavior
predicted by the Debye method as discussed by [21]. Furthermore, it is observed that the semicircular sketch patterns
increase with higher percentages of (CB+Cu), indicating a rise in electrical conductivity with increasing (CB+Cu)
content although the conductivity values remain relatively low.
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Fig. 12. - Frequency-dependent variation of electrical conductivity represented by the imaginary part (EC(i)) of composite electrode
samples treated with varying percentages of PCDPL, ranging from 50% to 90%.

These effects are expected to the vertical growth of Cu,O nanowires in varying orientations on the surface of
the composite electrode, as illustrated in Figure 2. This vertical growth is expected to hinder the transfer of mobility
carriers, consequently reducing the electrical conductivity behavior of the produced composite electrode, as suggested
by [26]. Most Probably, this behavior is due to the addition of CB and Cu as rigid fillers to the PCDPLs, leading to
enhanced electrical properties of the composite product and also by enhancing occupational mobility carrier in the
electrode contact points.

Moreover, table 3 demonstrates the relationship between the percentage of composite electrode cell and the
Cole-Cole plot of conductivity behavior as a function of frequency. It reveals the range of frequencies over which the
imaginary electrical conductivity (EC(i)) increases then decreases for different composite electrode cell percentages.
The table suggests that the frequency range over which this behavior is observed increases as the percentage of
composite electrode cell increases.

Table 4. Cole-Cole plot of Conductivity Behavior as a Function of Frequency

Composite electrode cell Semi-circular sketch dominos (EC (r)) EC(i) max
90% (0 - 0.520) 0.255
80% (0 -0.591) 0.287
70% (0 - 0.642) 0.303
60% (0 - 0.938) 0.453
50% (0-1.32) 0.644

Conclusion

A Carbon/Cu;O nanowire composite electrode has been successfully developed utilizing pre-carbonized date
palm leaves, carbon black and Cu powder, exhibiting improved mechanical and electrical properties. XRD analysis
revealed that all CCOC pellets possess a polycrystalline structure while EDXD results confirmed the Cu,O structure
as nanowire. The combination of three materials, i.e. biomass PCDPLs + CB and Cu results in nanoparticle-composite
carbon with significantly improved crystallinity. The incorporation of Cu;O nanowires enhanced the dielectric
constant, impedance and conductivity. Cole-Cole plots revealed consistent frequency-dependent behavior across
distinct composite compositions. This research emphasizes on the potential of utilizing agricultural waste for
developing advanced, high-performance composite electrodes for industrial applications, particularly in
supercapacitors and electrochemical energy storage.

The study's limitations include a narrow frequency range for impedance analysis, potentially insufficient to fully
capture the Havriliak and Negami’s behavior and the relatively low conductivity values due to the vertical growth of
Cu,;0 nanowires may hinder carrier mobility in the composite electrode. Additionally, the research also does not
extensively explore the benefits of other metal oxides compared to Cu20. Furthermore, the specific impact of each
constituent (PCDPLs, CB, Cu) on the mechanical and electrical properties was not fully studied.

This study opens pathways for broader applications in renewable energy technologies, such as solar cells and
fuel cells. The sustainable approach of utilizing agricultural waste could inspire further researches into other biomass-
derived materials, promoting circular economy principles and cost-effective electrode manufacturing. Additionally,
the improved dielectric properties and impedance behaviors of these composites may lead to advancements in
electronic devices and sensors, providing a versatile platform for future innovations in various high-performance
technological sectors.
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Abstract. The article addresses the issue of atmospheric pollution caused by motor vehicles and proposes a solution in
the form of implementing electro-impulse mufflers for diesel engines. It presents the results of experimental studies
confirming a reduction in CO: concentration and smoke levels, as well as an increase in oxygen content in exhaust
gases. A methodology for calculating the economic efficiency of introducing electro-impulse mufflers has been
developed, taking into account emission taxes and the prevention of environmental damage. Calculations specific to
Kazakhstan show that the implementation of this technology leads to a 42% reduction in emissions, up to 25% fuel
savings, a decrease in emission payments by 11 billion tenge annually, and the prevention of environmental damage
amounting to over 1.25 trillion tenge. The results obtained demonstrate the environmental and economic feasibility of
integrating electro-impulse mufflers into the national exhaust gas purification system.

Keywords: electro-impulse muffler, diesel engine, emissions, smoke level, economic effect, transport.

Introduction

Mechanical and automotive engineering play a key role in the modern economy by driving industrial
development, creating jobs, advancing technological progress, and improving the population’s standard of living.
These industries contribute to increased mobility, enhanced efficiency in technical and logistical processes, and
greater competitiveness of national production. However, the intensification of transportation flows, the growing
number of motor vehicles, the expansion of urban agglomerations, and the rise in freight transport both within and
outside cities are increasing the environmental burden on the natural environment. This is reflected in the rise of
harmful emissions, air pollution, increased noise levels, and a decline in the quality of urban life. Therefore, the
development and implementation of environmentally friendly and resource-efficient technologies in the transport
sector have become particularly relevant.

One of the most significant negative consequences of the transport sector is the emission of exhaust gases,
especially carbon dioxide (CO-), which contributes to global warming and climate change. According to international
studies, the transport sector is one of the largest sources of CO. emissions worldwide, with road transport accounting
for 71.7% of these emissions. This highlights the urgent need for effective measures to reduce the carbon footprint [1,
2].

In addition, air pollution caused by nitrogen oxides, sulfur compounds, and soot particles has a serious impact
on public health, provoking respiratory and cardiovascular diseases [3]. According to data from the World Health
Organization (WHO), around 7 million people die prematurely each year due to the effects of air pollution (Figure 1).

4%

14%
68%

Fig. 1 — Indicators of the World Health Organization (WHO)

Approximately 68% of these cases are linked to ischemic heart disease and stroke, 14% to chronic obstructive
pulmonary disease (COPD), 14% to acute lower respiratory infections, and 4% to lung cancer [4,5].

In Kazakhstan, air pollution is also a pressing issue. According to the World Bank’s 2022 report, the country
sees more than 10,000 premature deaths annually due to air pollution, resulting in economic losses of over 10.5 billion
USD each year.

Several cities in Kazakhstan regularly experience concentrations of harmful substances in ambient air that
exceed the maximum allowable limits (MAL). According to data from the Ministry of Ecology, Geology and Natural
Resources, the most polluted cities include Astana, Almaty, Karaganda, Temirtau, and Aktobe (Table 1).
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Table 1. The most polluted cities in Kazakhstan

No City Indicators
Over 1,300 cases of exceeding the MAL for harmful substances, especially near
1 Astana
Babatayuly Street.
1,940 cases of exceeding the MAL, particularly in the areas of the Almaty Arena Ice Palace
2 Almaty . S
and nearby residential districts.
3 Karaganda 56 cases of severe air pollution, mainly due to suspended particles (PM2.5 and PM10).
4 Temirtau 54 cases of high pollution, primarily from nitrogen dioxide.
5 Aktobe Exceedances of the MAL for nitrogen dioxide and hydrogen sulfide were recorded [6,7].

Moreover, in dense urban traffic conditions, vehicles often operate at low engine speeds, are forced to stop
frequently at traffic lights, idle in traffic jams, and move in a pattern of constant acceleration and braking. As a result:

— The level of harmful emissions increases, as fuel combustion becomes less efficient, leading to significantly
higher emissions of nitrogen oxides (NOy), carbon monoxide (CO), and particulate matter (PM2.5, PM10);

— The exhaust system operates sub-optimally, reducing the effectiveness of catalytic converters and diesel
particulate filters (DPFs);

— Fuel consumption rises, adding further environmental impact and increasing operating costs;

— Engine lifespan decreases, as frequent stops and low-speed driving contribute to greater wear and tear of
engine components.

To reduce the negative environmental impact of transportation under urban conditions, various technologies
and methods are used worldwide. However, each has its own advantages and disadvantages.

One common solution is the use of electric and hybrid vehicles, which do not emit CO: or particulates during
operation. However, widespread adoption is hindered by high costs, limited driving range, and insufficient charging
infrastructure. Additionally, battery production requires rare earth metals, placing further strain on the environment
and increasing dependence on finite natural resources. Mining and processing of rare earth elements are associated
with significant environmental pollution, high energy consumption, and socio-economic risks - especially in countries
where the major deposits are concentrated. Thus, despite their environmental benefits in operation, electric vehicles
are not a fully “green” alternative and require a comprehensive life cycle impact assessment, from raw material
extraction to battery disposal.

Another option is the use of biofuels, such as biodiesel and bioethanol, which can reduce carbon monoxide and
particulate emissions. However, their use tends to increase nitrogen oxide emissions, and their production requires
vast agricultural areas, often leading to deforestation and rising food crop prices.

To reduce emissions in diesel and gasoline vehicles, catalytic converters and diesel particulate filters (DPFs)
are widely used. These effectively reduce harmful substances in exhaust gases but require regular maintenance and
replacement. In city driving, where engines often run at low speeds, the effectiveness of these systems decreases, and
their failure can result in costly repairs [8,9].

Another solution is the use of natural gas (compressed or liquefied). Gas-powered vehicles emit significantly
fewer pollutants than traditional diesel or gasoline vehicles. However, modifications to the engine are required, and
the lack of fueling infrastructure limits the widespread adoption of this technology [10,11].

A simple method for reducing emissions in urban driving is the implementation of start-stop systems, which
automatically turn off the engine during stops at traffic lights or in traffic. This helps save fuel and reduce emissions,
but frequent engine restarts increase the load on the starter and battery, potentially causing premature wear [12,13].

Based on the identified pros and cons of current methods and technologies, their practical implementation
efficiency has been evaluated according to the following criteria: emission reduction effectiveness, economic
feasibility, and implementation risks (Table 2).

Table 2. Evaluation of the Practical Effectiveness of Existing Emission Reduction Methods

Method Emission Reduction

Effectiveness

Economic Feasibility

Implementation Risks

Electric Vehicles

High (no emissions
during operation)

Low (high purchase cost and
infrastructure requirements)

High (underdeveloped
infrastructure, expensive
batteries)

Gas-powered Transport
(CNG/LNG)

Medium (reduced NOx
and CO emissions)

Medium (costly equipment
and fueling stations)

Medium (lack of refueling
stations, vehicle conversion
required)

Catalytic Converters and Diesel
Filters

Medium (effective only
at high temperatures)

Medium (high replacement
and maintenance costs)

Medium (ineffective in urban
conditions, risk of filter

clogging)

Start-Stop System

Low (only saves fuel
during idling)

High (simple and
inexpensive to install)

Low (increased wear on
battery and starter)

There are also domestic solutions aimed at neutralizing harmful emissions from vehicles. In particular,
researchers from the Abylkas Saginov Karaganda Technical University, at the Department of “Transport Engineering

2

and Logistics Systems,

are developing electro-impulse, ultrasonic, and laser mufflers for vehicles [14,15]. These

devices are based on the physical principles of the impact of electro-impulses, ultrasound, and lasers on the exhaust
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gas flow, which leads to processes such as electrical ionization, ultrasonic coagulation, and laser dissociation — all of
which contribute to reducing harmful substance content [16].

Preliminary experimental studies have already confirmed the effectiveness of the proposed methods,
demonstrating a reduction in carbon dioxide levels, decreased smoke density, and increased oxygen concentration in
exhaust gases [17,18]. However, the technologies are still in the testing phase and require further research to optimize
their design and adapt them to various operating conditions.

Despite this, the proposed direction is considered promising because integrating electro-impulse, ultrasonic,
and laser devices into vehicle exhaust systems does not require significant modifications to the exhaust system design,
making it possible to implement them without substantial cost increases [19,20].

Electro-impulse mufflers are the most suitable for diesel engines since, compared to ultrasonic and laser
mufflers, they offer stable influence on both smoke levels and gas composition. Additionally, electro-impulse mufflers
have the following advantages:

First, electro-impulse technology maintains its effectiveness at low engine speeds, which is especially
important for vehicles operating in conditions of frequent stops and acceleration in urban traffic. Unlike ultrasonic
mufflers, which require a stable gas flow to effectively trigger coagulation processes, electro-impulse discharges act
directly on soot particles and nitrogen oxides, breaking them down even during unstable engine operation.

Second, electro-impulse mufflers consume less energy than laser systems, making them a more economical and
practical solution for vehicles where additional loads on the onboard power supply must be minimized. Laser systems
require complex optical equipment and precise tuning to effectively decompose harmful substances, complicating
their operation under conditions of high vibration and dustiness, which are typical for freight transport.

Moreover, electro-impulse mufflers can be easily integrated into standard exhaust gas systems without
requiring significant structural changes. This allows for their use in both new vehicle models and as part of retrofitting
already operating fleets, making them the most realistic and accessible solution for practical implementation.

Thus, electro-impulse mufflers represent the most optimal option for diesel engines, providing effective
emission reduction, cost-efficiency, and reliability under demanding operating conditions.

However, the economic feasibility of large-scale implementation of electro-impulse mufflers has not yet been
proven. Without proper economic justification, market introduction, commercialization, and the organization of mass
production at machine-building plants could face difficulties. Therefore, the development of a calculation
methodology proving the cost-effectiveness of implementing electro-impulse mufflers is a relevant task.

The objective of this study is to develop a methodology for calculating the effectiveness of implementing
electro-impulse mufflers for diesel vehicles.

To achieve this objective, the following tasks were solved:

— the physical principles of electro-impulse muffler operation were examined;

— an analysis of experimental test bench results was conducted;

—a methodology for calculating the economic efficiency of electro-impulse muffler implementation was
developed;

— the prospects for integrating electro-impulse mufflers into vehicle systems were assessed.

The scientific novelty of the research lies in obtaining new dependencies that confirm the effectiveness of the
electro-impulse muffler implementation.

The practical significance of the research is as follows:
The results of the study can be applied in the modernization of exhaust gas treatment systems for diesel vehicles. This
will help reduce air pollution, lower tax payments for harmful emissions, and improve the economic efficiency of
logistics operations.

The developed calculation methodology can serve as a primary tool for assessing the potential of introducing
electro-impulse mufflers into industrial production.

Thus, the study aims not only to scientifically justify the efficiency of electro-impulse mufflers but also to
prove their economic and market feasibility, paving the way for mass production and commercial application.

1. Materials and Methods

The gas purification process in the electro-impulse muffler is based on the formation of a corona discharge
between the electrodes [21]. A corona discharge is a glow that appears around the tips of electrodes when high voltage
is applied, subsequently leading to the ionization process (Figure 2).

&

Fig. 2 — Corona discharge
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Gas ionization is a process in which gas atoms or molecules lose or gain electrons under the influence of an
electrical discharge. As a result of ionization, electrically charged particles are formed: positive ions if an atom loses
an electron, and negative ions if it gains an electron [22].

The charged particles, while moving through the muffler, are attracted to the neutral gas particles, forming
large aggregates that settle at the bottom of the housing due to electrocoagulation [23].

Experiments conducted on test benches with the electro-impulse muffler, and comparisons with the results
from tests using ultrasonic and laser mufflers, confirmed the effectiveness of gas purification using electro-impulse
technology (Figure 3).

¢) laser muffler

Fig. 3 — Experimental test benches for electro-impulse, ultrasonic, and laser mufflers.

Changes in carbon dioxide (CO:) and oxygen (O:) concentrations at various engine speeds were used as
evaluation indicators. The experimental results for CO: and O: levels obtained from the three muffler test benches are
presented in Table 3.

Table 3. Results of experimental research

Ne Engine speed, rpm Before exposure 750-1000 1000-1400 1400-1550
Impact after after after

1 CO: (Electro-impulse) 2,38 2,35 2,27 2,1

2 O (Electro-impulse) 17,18 17,27 17,46 17,66

3 CO: (Ultrasound) 2,26 2,25 2,23 2,18

4 O: (Ultrasound) 17,34 17,36 17,46 17,5

5 CO: (Laser) 14 1,35 1,35 1,38

6 O (Laser) 18,97 18,87 19,01 18,43

Based on the experimental data presented in Table 3, comparative graphs were created to show the
effectiveness of the three types of exhaust gas treatment (electro-impulse, ultrasonic, and laser) in terms of CO: and
O: indicators for diesel engines (Figures 3 and 4).

7 2,5
g 2
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.S 09%
§ . H clectric pulse exposure
&
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<9 N ®©
¥ N

Engine speed, rpm

Fig. 3 - Comparison of the efficiency of three types of treatment on CO, indicators
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Fig. 4 — Comparison of the efficiency of three types of treatment on O, indicators

The results showed that electro-impulse treatment ensures a stable reduction in CO: concentration — from
2.38% to 2.10% as engine speed increases, indicating a decrease in the amount of incompletely burned products. At
the same time, there is a positive trend in the increase of O» concentration — from 17.18% to 17.66%, which indicates
more complete combustion of the fuel mixture.

Ultrasonic treatment demonstrated a similar but slightly less pronounced efficiency: CO: concentration
decreased to 2.18%, and O: content increased to 17.50%. Thus, ultrasound has a positive effect, but its impact is
inferior to electro-impulse treatment.

Laser treatment showed the highest oxygen content in the exhaust gases — up to 19.01%, which indicates a high
level of combustion completeness. However, CO: concentration remains at a low level without significant reduction
as the engine speed increases, with values stabilizing in the range of 1.35-1.38%. This may indicate an initially
cleaner combustion process, but lower sensitivity to changing engine operating conditions.

Additionally, the smoke indicators of exhaust gases were studied as a result of experiments conducted on three
test stands. The results of the experiments are presented in Table 4 and in Figure 5.

Table 4. Results of exhaust gas smoke indicators

Ne Engine speed Before (%) 750-1000 1000-1400 1400-1550
after after after
(%) (%) (%)

1 Electro-impulse 50 45 36 29
2 Ultrasound 54 35 44 46
3 Laser 80 60 80 60
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Fig. 5 — Comparison of the effectiveness of three types of treatment on smoke density (D)

The results showed that electro-impulse treatment ensures stable and consistent reduction of pollutant levels as
engine speed increases. The value decreased from 50% to 29%, indicating high efficiency of the technology under
dynamic engine operating conditions. This suggests good adaptability of the method to varying loads and speeds.

Ultrasonic treatment showed effective pollutant reduction at low engine speeds (down to 35%). However, as
the engine speed increased, the smoke level rose again - up to 46% at 1400 - 1550 rpm. This indicates the method's
instability under increased loads and a limited effective operating range.

103



Material and Mechanical Engineering Technology, Ne3, 2025

Laser treatment demonstrated an initial reduction in pollution (down to 60% at 750—1000 rpm), but in the mid-
speed range (1000-1400 rpm), the effect was neutralized - the smoke level returned to its original value (80%), then
dropped again at higher rpm. These fluctuations indicate the method's sensitivity to engine operating modes and the
possible need for fine-tuning of the equipment for specific conditions.

Based on the conducted analysis of the experimental results, it can be concluded that the electro-impulse
method is the most efficient and stable method for reducing harmful emissions across all considered engine operating
modes. It provides the greatest and most consistent reduction in indicators, especially at higher rpm.

Thus, electro-impulse treatment can be recommended as a priority method for integration into diesel engine
exhaust gas purification systems.

Based on the conducted research, the design and technical specifications of the electro-impulse muffler were
developed. The following recommendations were also made:

—the electrode diameter should not exceed 0.27 m, and the optimal distance between them is 0.32 m;

—to address issues such as electrode burn-out and discharge into the casing, it is recommended to replace the
electrodes with automotive spark plugs and to manufacture the muffler casing from dielectric material;

—to increase gas purification efficiency, it is recommended to install two to six spark plugs with electrodes at
varying distances inside the muffler;

—the optimal electrode spacing and frequency of electrical impulses were determined for different engine
speeds:

—750 rpm (78.5 rad/s) — 0.008 m, 23.04 Hz;

— 1280 rpm (130.9 rad/s) — 0.004 m, 20.42 Hz;

—4500 rpm (471 rad/s) — 0.002 m, 46.57 Hz.

The general layout of the proposed electro-impulse muffler, based on the data above, is shown in Figure 6.
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Fig. 6 — Design scheme of the electro-impulse muffler

The obtained results and recommendations require the development of a prototype of an electric pulse muffler
and its installation on vehicles for testing in real conditions.

Further development and serial production of electric pulse mufflers will require not only the refinement of
their design, but also additional testing in real conditions. Also, the introduction of this technology in the transport
industry requires a comprehensive assessment of its financial and environmental efficiency.

The development of a methodology for calculating the economic efficiency of introducing electric pulse
mufflers will allow an objective assessment of their competitiveness compared to traditional exhaust gas cleaning
systems. This analysis includes a reduction in taxes paid for environmentally harmful emissions, a reduction in fuel
consumption due to its complete combustion, as well as environmental benefits.

Thus, for the further development and improvement of the production of electric pulse mufflers, not only
engineering and technological aspects are needed, but also a comprehensive economic analysis proving the real
commercial feasibility of their mass implementation.

2. Results and discussion

A methodology for calculating the efficiency of implementing an electric pulse muffler has been developed.
The presented calculation methodology compared the emission rates of pollutants before and after installing the
electric pulse. The possibility of installing them on 540.8 thousand trucks in Kazakhstan is being considered
(according to data from the Bureau of National Statistics of Kazakhstan for 2023-2024). The calculation methodology
is presented below:

Emission mass before installation of the electric pulse muffler:

_ QpDyTyN

M
b 1000

(1)

e = 10-0,84-0,5 - 2628 - 540800
b= 1000

= 5969134,08
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where Q - fuel consumption per vehicle, 1/h;
p - density of diesel fuel, kg/l (0.84 kg/l);
Dy - the level of gas smoke before installing an electric pulse muffler (0.5);
Ty - annual work of the car, hours;
N - Number of trucks (540800 units)

Fuel consumption before installing an electric pulse muffler:

RY
Q=T

_25-40_10
- o100

where R - average fuel consumption per 100 km, 1/100 km (25 /100 km);
- average vehicle speed, km/h (40 km/h).

Annual operating time of the vehicle:
Ty = Td : Hw.y. : Ku
Ty=8"-365-0,9=2628
where Ty - daily operating time of the vehicle, hours (8 hours);
Hy.y. - number of working days per year (250-365 days);
K. - actual utilization factor (0.9).

Emission mass after installation of an electric pulse muffler:

— Qpla Ty N

M
a 1000

M = 10-0,84-0,29 - 2628 - 540800

= 3462097,76
“ 1000

where D, - Pollution level after system installation (0.29 g/kg).
Reduction of emissions after installation of an electric pulse muffler:
AM =My — M,

AM =5969134,08 — 3462097,76 = 2507036,32

Emissions fee before installing an electric pulse muffler:
Po=My  Hy K
P, =5969134,08 - 3538,80 - 1,26 =26615700319,7

where Hy - emission tax rate, tenge/t (109 MCI per 1 ton of the specified fuel - 3538.80 tenge);
K - total coefficient.

Total coefficient:
K=Kif - Ke ‘Kna
where Kir - coefficient for the type of fuel (diesel - 0.9);
K. - coefficient up to the economic limit (1.2);
K - coefficient (1.1-1.5) depending on the presence of a specially protected natural area.

K=09-1,2-1,17=1,26

Emissions Fee After Installing an Electric Pulse Muffler:

2

3)

“4)

®)

(6)

(7
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P.=M,  He- K
P.=3462097,76 * 3538,80*%1,26 = 15 437 106 156,9
Reduction of emission fees after installation of an electric pulse muftler:
AP =P,—Pa
AP =26615700319,7 — 15437106156,9 =11 178 594 162,8

Reducing environmental damage:

®)

©

(10)

where Cq4 - economic losses from 1 ton of emissions (according to WHO and World Bank data). Economic damage

from air pollution in Kazakhstan is 10 billion US dollars = 5 trillion tenge;

M — the mass of pollutants emitted into the atmosphere. Every year, 10 million tons of pollutants are emitted

into the atmosphere.

~ 5000000000000

Ca =—T9000000 200000

Eq=AM - Cq4

Reducing economic damage:
Eq=2 507 036,32 - 500 000 =1 253 518 160 000

Fuel economy:

_ Q'A'Ty'N'Cdi

Ey 1000

Smoke reduction percentage AD:

AD = 22722 . 1009

Dp
(0,5 — 0,29)
AD = ——=-100% = 42%
0,5
Fuel efficiency:
A=AD-K

where K — conversion factor = 0.5-0.7
A=42% - 0,6=25,2%

10 - 25,2 - 2628 - 540 800 - 260

= =93 118 491 648
f 1000

Calculation of costs for implementation of the system:
Cinteg=Pinst N+CserrN
Cinteg = 80 000 - 540 800 + 10 000 - 540 800 =48 672 000 000
where Piys— cost of installing one muffler (80,000 tenge);

N - number of vehicles;
Cser — annual service cost (10,000 tenge).

(11)

(12)

(13)

(14)
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Overall economic effect:
E.= AP + 3d+ Er— Cinteg (15)

O¢=11178594162,8 +1253 518 160 000 + 93 118 491 648 —48 672 000 =
1,357,766,573,810.8

Efficiency Ratio:
K =3¢/ Cinteg (16)
Ke=1357 766 573 810,8/48,672,000,000 = 27,9

Relative reduction in emissions:

_AM
Mp

(17

1

2507036,32

1= 5969132,08 V2

Efficiency and profitability of implementation from an environmental point of view:

ky = 2 (18)

Cinteg

1253518160000

2 = 18672000000 ~ >>7°

Fuel Economy Indicator:

02(b)~02(a)
k, = =22 2@ 20
3 020) (20)

17,66 — 17,18 003
3 17,18 -

Based on the calculations carried out, a graph of changes in the main indicators was drawn up, confirming the
feasibility of introducing electric pulse mufflers (Figure 7).

50 Betore installation
B After Installation

40

Value
W
o

20

10

o

Emission mass (min kg) Emission fee (bin T)

Gas smoke (%)
Fig.7. — Graph of changes in indicators before and after installation of an electric pulse muffler

The developed methodology for the implementation of the electric pulse muffler demonstrated its high
efficiency in all key indicators, both in the environmental and economic aspects. Calculations showed that the mass of
pollutant emissions before the installation of the device was 5969134.08 kg, and after the implementation it decreased
to 3462097.76 kg. Thus, it was possible to reduce the volume of emissions by 2507036.32 kg, which is equivalent to a
decrease of 42%. This confirms the environmental performance of the proposed solution and its compliance with
modern requirements for reducing the negative impact on the environment. At the same time, significant savings were
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achieved due to the reduction of the emission fee: before the implementation of the muffler, the fee was 26.62 billion
tenge per year, and after - 15.44 billion tenge, which made it possible to save 11.18 billion tenge annually. This is a
weighty argument in favor of reducing the tax burden on transport enterprises. In addition, according to the World
Bank and WHO, the economic damage from air pollution is 500,000 tenge per ton of emissions. Therefore, the
prevented environmental damage is estimated at 1.25 trillion tenge per year, which is a significant contribution to
environmental protection.

In addition, a 42% reduction in exhaust smoke improved the completeness of fuel combustion, which made it
possible to achieve fuel savings of 93.12 billion tenge per year. In total, this formed a total economic effect of
1,357.77 billion tenge. With installation costs of 48.67 billion tenge, the implementation efficiency ratio was 27.9.
This means that for every 1 tenge invested in the implementation of mufflers, there is almost 28 tenge of total benefit.
This is an indicator of high economic efficiency, proving that the implementation proposal will bring significant
returns. Additional evaluation factors also confirm the effectiveness of the technology implementation: the relative
reduction in emissions was 42%, the environmental profitability was 25.75, and the fuel economy indicator for
oxygen content was 3%. Each tenge invested in mufflers prevents environmental damage by 25.75 tenge. This
indicates a high environmental effect and payback even without taking into account fuel savings and taxes. All this
allows us to conclude that it is highly feasible to use an electric pulse muffler for modernizing the vehicle fleet and
scaling the solution within the framework of the state environmental policy of the Republic of Kazakhstan. Due to the
simplicity of the design and reliability of operation, the introduction of electric pulse mufflers into serial production of
machine-building plants is promising, especially relevant in the period of limited resources and the transition to
"green" technologies.Ilpy mNpPOEKTHPOBaHMM 3JIEKTPOMMIYJIBECHOTO TJIYIINTENS] Ba)KHO YYWUTHIBATH CTOMMOCTH
MaTepualioB, YToOBl 00ECTIeYnTh SKOHOMUYHOCTh M JIOCTYHHOCTh yCTpolcTBa. Hrke mpuBeneHa npHOIM3UTENbHAS
OllCHKA MaTepHaJoB, HEOOXOJUMBIX JUIS H3TOTOBJICHHS OJIEKTPOMMIYJIBCHOTO TIYIIMTENS HA OCHOBE
KOMITIEKTYromux st aBTomoomiist 'A3-3302 Next ¢ gpuratenem Evotech 2.7 EBpo-5:

Table 5. Estimated cost of materials required for manufacturing electric pulse mufflers

Components Description Estimated price (tenge)

Coil Original models 5000 — 8000
Spark plugs Original models 7000 — 10000
Insulation materials Ceramic or heat-resistant plastic insulators 3000 — 5000
Switch housing Steel or aluminum housing 15 000 — 20 000
Fasteners Clamps, brackets, rubber supports 3000 — 5000
Electronic control unit Pulse generator, control electronics 10 000 — 15 000
Wire and connecting elements High-voltage cables, switches 2000 — 4000
Additional materials Coatings, sealants, anti-corrosion coatings 2000 — 3000

All 70,000

Catalytic converters cost an average of 500,000 tenge and are widely used, but are limited to partial
neutralization. Electric vehicles, completely eliminating carbon emissions, are expensive (about 10 million tenge) and
require infrastructure. Thus, based on the above, the introduction of electro-pulse mufflers is the optimal solution.

Conclusion

The conducted study confirmed the high efficiency of electric pulse mufflers for reducing harmful emissions
and improving the environmental performance of diesel engines. It was found that the installation of the device
provides a reduction in the mass of emissions by up to 42%, a reduction in the fee for emissions by 11.18 billion tenge
and the prevention of environmental damage by more than 1.25 trillion tenge per year. Additionally, fuel savings are
achieved by increasing the completeness of combustion.

In addition, a comparison with the experimental results obtained on stands with ultrasonic and laser mufflers
showed that the electric pulse version is a more energy-efficient, structurally simple and economically feasible
solution. It can be adapted to the existing fleet of vehicles without significant design changes.

Also, according to calculations, the efficiency coefficient was 27.9, which demonstrates a high level of
profitability of the project. Localization of muffler production at machine-building enterprises of Kazakhstan will
stimulate the development of industry, create new jobs and reduce import dependence. Thus, the developed
technology has not only scientific and applied, but also strategic significance for the sustainable development of the
country's transport sector.
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Conditions

Ormanov A.N.1,", Dyusekeev K.A.2, Shidlovskiy S.V.3
Astana IT University, Astana, Kazakhstan
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan
National Research Tomsk State University, Tomsk, Russia
*corresponding author

Abstract. The article presents a comparative analysis of three controllers — FLC, PID, and LQR — for precise drone
landing under external disturbances such as wind. The simulation was performed in MATLAB/SIMULINK with 3D
animated models. The controllers were tested under identical initial conditions, evaluating landing accuracy and
execution time. The results showed that the FLC demonstrated robustness to uncertainties (85.47% accuracy, 9.2 s),
but required more computational resources. The PID controller provided 90.37% accuracy in 4.5 s, remaining simple
and effective. The LQR achieved the best results — 98.98% accuracy in 4.5 s, demonstrating optimality and stability.
The choice of controller depends on the conditions: FLC for complex uncertain situations, PID for simple tasks, and
LQR for maximum accuracy and stability. The obtained data can be used in the development of drone control
systems.

Keywords: drone, quadcopter, fuzzy logic controller (FLC), PID Controller, linear-quadratic regulator (LQR), precise
drone landing, external disturbances, MATLAB/SIMULINK, drone control.

Introduction

Unmanned Aerial Vehicles (UAVs), commonly referred to as drones, have become increasingly significant in
various sectors such as agriculture, logistics, infrastructure monitoring, and emergency response [9]. Their ability to
operate in environments that are hazardous or inaccessible to humans has made them essential tools for automation
and real-time data collection [8]. In particular, the problem of autonomous landing has gained considerable attention,
as it is a critical phase for ensuring the safety, endurance, and efficiency of UAV operations [11]. Precise landing is
especially important for scenarios such as docking on charging stations, landing on moving platforms, or performing
missions in urban and confined environments [13].

The task of autonomous landing poses several challenges. UAVs are often subjected to external disturbances such
as wind, turbulence, and sudden payload variations, which may lead to instability or positional inaccuracy [4].
Moreover, conventional control strategies may not be sufficient when dealing with uncertainties, nonlinearities, and
rapidly changing operating conditions. As a result, robust and adaptive control algorithms are needed to guarantee
stable and accurate landings [10].

Among the most commonly applied methods, the Proportional-Integral-Derivative (PID) controller remains
popular due to its simplicity and ease of implementation [10], [16]. However, its performance is limited under
nonlinear and highly dynamic conditions. The Fuzzy Logic Controller (FLC) has been introduced to handle
uncertainty and approximate reasoning, offering better adaptability compared to classical methods [1], [3]. On the
other hand, the Linear Quadratic Regulator (LQR), derived from optimal control theory, provides mathematically
grounded solutions that minimize control effort while maintaining system stability [11], [12]. Several studies have
demonstrated the successful application of these controllers in UAV path tracking, altitude stabilization, and trajectory
control [13], [14], yet their comparative performance in precision landing remains underexplored.

Therefore, this study aims to fill this research gap by conducting a comparative analysis of FLC, PID, and LQR
controllers for precise drone landing under external disturbances such as wind. Through simulation in
MATLAB/Simulink, the effectiveness of each control method is evaluated in terms of accuracy and stability. The
findings of this research are expected to contribute to the development of more reliable UAV landing systems, thereby
enhancing their applicability in real-world missions.

1. Methodology

This section discusses the development of a drone control system using Fuzzy Logic Controller (FLC),
Proportional-Integral-Derivative (PID) controller, and Linear-Quadratic Regulator (LQR). Each controller has unique
features, advantages, and limitations, making them suitable for different scenarios. Mathematical models were
developed in MATLAB/SIMULINK, considering the drone's motion dynamics and wind effects, to demonstrate and
compare the effectiveness of each controller. The following subsections provide detailed approaches to designing and
testing FLC, PID, and LQR under real-world conditions.

For the development of the model in MATLAB/SIMULINK, identical initial conditions were set for all controllers:

e Xerror—2m.

Y error — 1.5 m.
Z error — 5 m.
Rotation angle — 10°.
Wind speed — 2 my/s.
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e  Wind direction — 45°.
e Drone weight — 2 kg.
These parameters allow for a proper comparison of the controllers' effectiveness during drone landing, and they can
be adjusted to analyze different scenarios.

Fuzzy Logic Controller (FLC)

In this subsection, we will develop fuzzy control algorithms for drone landing.

The advantages of using a fuzzy logic system lie in the ability to apply intuitive data and expert knowledge about
the controlled object, as well as in the absence of the need for an exact mathematical model [4].

For the development of the FLC, MATLAB with the FuzzyLogicDesigner library will be used [2], [15]. The

Mamdani fuzzy logic system, one of the most popular models, has been chosen. In this system, rules are described in an
"if-then" format, which allows for flexible consideration of parameters affecting landing [3]. For example, a rule could
be: "If the drone's altitude is high (Z = HIGH), then the descent speed is low (Uz = DOWN_HIGH)."
The system will use 6 input variables: errors along the X (Ex) and Y (Ey) axes, altitude errors (Z), yaw angle (), and
wind parameters — wind speed (WindForce) and wind direction (WindDir). The output will consist of 4 control
variables: along the X (Ux) and Y (Uy) axes, altitude (Uz), and rotation angle (Utheta). The system diagram is
presented in Fig. 1.
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Fig. 1. - Fuzzy logic system diagram for drone landing control

Next, for convenience and to simplify the rule base, we performed fuzzy logic grouping. Dividing the system into
logical blocks (such as input and output variables, membership functions, and rules) allows for efficient management of
individual components and enables changes to be made without the need to revise the entire control logic [3], [2].

As a result, the system was divided into three groups:

Positioning errors (X, Y).

Errors in altitude and angle.

Compensation for wind influence.

This approach allows for more flexible tuning of the control system and adapting it to different operating conditions.
The grouped components of the system are shown in Fig. 2.
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/ e \
Yave_eoe Yo
Distance_iZ Fuzzy.Z_Thets Zmnis_Con WiredF o Py
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Fig. 2. - Grouping of fuzzy control system components

Positioning Errors (X, Y): The Fuzzy XY FLC, shown in Figure 1, adjusts the drone’s position in the horizontal
plane (X and Y axes) [5], minimizing deviations from the target coordinates. During landing, the drone may shift due
to navigation errors, wind disturbances, or control characteristics. To ensure precise landing, the system analyzes the
current position and generates corrective control actions to eliminate horizontal coordinate errors.

Input Variables:
e  Error along the X-axis (Ex): Determines the drone’s left or right displacement relative to the landing point
(range from -2 to 2 meters) [1].
e  Error along the Y-axis (Ey): Similar to Ex but indicates forward or backward deviation.

Output Variables:
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e Control signals for the X-axis (Ux) and Y-axis (Uy): Normalized within the range [—1, 1]. The system
generates corrective actions to return the drone to the designated point. Control along the X-axis
compensates for deviations along X, while control along the Y-axis regulates movement along Y.

Triangular Membership Functions (MFs): Defined as follows, following a similar approach as in [12]:

UBigLeft = 05 —-15<x< -1.0
b x=>-1.0

Similar functions are defined for other linguistic variables: SmallLeft, Zero, SmallRight, and BigRight. Detailed
membership functions are shown in Fig. 3.

INPUTS X (Ex) and Y (Ey). OUTPUTS X (Ux) and Y (Uy).

Fig. 3. - Membership Functions for X(Ex), Y(Ey), X(Ux), and Y (Uy)

A key stage is the creation of a rule base for correcting errors along the X and Y axes, establishing the relationship
between input and output variables.

For each group of variables, a rule base is developed to define the relationships between input and output variables.
The centroid method is used for defuzzification [3].

_ iU

Zip @)

where ui - is the degree of membership of the output variable Ui in the given rule.

Table 1. Rule base for correcting X and Y errors

# Input (Ex) Input (Ey) Output (Ux) Output (Uy)
1 BigLeft BigLeft BigRight BigRight
2 BigLeft SmallLeft BigRight SmallRight
3 BigLeft Zero BigRight Zero

25 ..

Errors in height (Z) and angle (Theta): The Fuzzy Z Theta block, shown in Figure 1, controls the drone's height
and orientation during landing, ensuring smooth and safe descent. The drone adjusts its horizontal position, regulates
the height to avoid hitting the surface, and, if necessary, corrects the yaw angle [6].

Input Variables:
e Distance to the marker (Z): The drone's height (0—10 meters)
e Yaw angle (Theta): The orientation angle relative to the landing pad (-30° to 30°)

Output Variables:
e Height control (Uz): The descent speed (-1 to 1)
e Angle control (Utheta): Correction of the yaw angle for alignment.

Membership functions (MF) for Z:

_ z>5
z 2, 2<z<5 @)

z<2

Hrar =

0:

Similar membership functions are defined for the linguistic variables LANDED, CLOSE, and MID. For the yaw
angle, the membership functions are similar to those used for the positioning errors along the X and Y axes.
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Table 2. Rule base for height and yaw angle

# Input (Z) Input (Theta) Output (Uz) Output (Utheta)
1 FAR -Large Down High +Large

2 MID Zero Down_Low +Large

3 CLOSE +Small Zero -Small
20 .

Wind Effect Compensation: The Fuzzy Wind block, shown in Figure 1, compensates for the wind's effect on the
drone during landing, minimizing its impact on the flight path.

In this block, 28 rules were formulated to ensure effective control and decision-making based on fuzzy logic.
These rules allow the system to account for various conditions and adapt to changes in the surrounding environment.

Input Variables:

e Wind Force (WindForce) directly affects the adjustment of yaw angles and control signals [7]. Value
range: [0, 10] m/s.

Wind Direction (WindDir) this parameter describes the wind's direction relative to the drone's movement.
It is measured in degrees (0° - 360°). The system accounts for eight primary directions.

Output Variables:
e  (Ux, Uy, Uz) remain consistent with the functions from groups 1 and 2.

The membership function equation is defined similarly to equations (1) and (2).

INPUT WindForce OUTPUT WindDir

Do peren 181 ook poimie: 181
Membership function plots Membership function plots
NONE LOW M HIGH Moot -East Enat South-Enst  Seuth  SoothiWest  West  Norh-Wes! Narth

inpul vanable “WirdForce* input vanabie “Vindine

Fig. 4. - Membership Functions of WindForce and WindDir

Fig 6. Surface plot showing the relationship between WindForce, WindDir, and control signals. For example, with a
strong wind (around 10 m/s) and a direction of 90 degrees, the control signal can reach a value of -0.5, indicating the

need for a leftward adjustment. The graph demonstrates the operation of the fuzzy controller, considering wind strength
and direction to generate control signals.

X-axis_control

WindDir o 0

WindForce
Fig. 5. - Surface plot of wind effect (WindForce and WindDir)

1) MATLAB/SIMULINK: As noted in [8], FLC is a complex system requiring significant computational
resources due to the processing of multiple input parameters and logical rules. The dynamics of the drone's movement
are described by mathematical models, including differential equations presented below:

2)

aX F dY F,dZ F
dt  M'dt M'dt M “4)
The control signals calculated by fuzzy controllers update the drone's coordinates; however, wind creates
additional forces that require compensation. To address this, a separate controller adjusts the trajectory by calculating
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the correction signals Uy cor, Uz cor» Uz corbased on wind speed and direction, improving landing accuracy. The
drone's movement is described by equations that account for both primary and correction signals, for example, for the
X-axis:

Ux + Ux_cor % d

X0 = x@-D+ Mass (%)

where X (i) is the current coordinate, U, is the control signal, U, ., is the correction signal, Mass is the drone's mass,
and dt is the time step. Similar equations are applied for the Y, Z axes, and the yaw angle.
Based on these equations and initial conditions, a model was built, as shown in Fig. 9.
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Fig. 6. - Structure of the Fuzzy Controller for Drone Landing

Fig. 6 shows three FLC blocks, each playing a key role in ensuring the drone's stability during landing, effectively
compensating for the wind's influence. By considering the wind's strength and direction, as well as adjusting control
signals along the X, Y, and Z axes, the drone maintains stability and landing accuracy even in challenging weather
conditions. In each block, the rule bases from top to bottom are 25, 20, and 28.

Proportional-Integral-Derivative (PID)

The second stage of the work presents a drone control system model based on a PID controller, ensuring stable and
accurate landing. In the presence of wind, the control becomes more complex due to the external forces impacting the
trajectory.

The PID controller, widely used in various systems [9], [16], was integrated into the quadcopter system for precise
landing. A separate controller is used for each axis (X, Y, Z) and the yaw angle (0), with carefully selected
proportional (Kp), integral (Ki), and derivative (Kd) coefficients, ensuring stability and accuracy of control.

Table 3. PID Controller Coefficients for Drone

Axis Proportional Coefficient (Kp) Integral Coefficient (Ki) Derivative Coefficient (Kd)
X-Axis 1.8 0.01 0.1
Y-Axis 1.8 0.01 0.1
Z-Axis 0.9 0.145 0.1
Angle 0 1.0 0.01 0.1

The PID controller coefficients are selected to minimize the error between the current drone position and the target
point, ensuring stability and accuracy. Kp quickly responds to deviations, Ki compensates for errors, and Kd reduces
oscillations, improving the smoothness of control. This approach is described in [10], [9].

The drone's motion equations for the X, Y, and Z axes and changes in yaw angle, considering inertia, are similar to
equation (5). A larger moment of inertia complicates the change in angular velocity.

The control input is calculated using the following equation:

deX
dt (6)

where K, x * ex is the proportional component that responds to the current error, K; x * [eXdt is the integral
component that accounts for the accumulated error over time, and K, x * deX/dt is the derivative component that
responds to the rate of change of the error.

The control inputs are applied similarly for the Y, Z axes, and the yaw angle. Then, taking into account the initial
conditions and coefficients, a PID controller is created in SIMULINK. The PID controller model for the X-axis is
shown in Fig. 7. The same process is applied for the other axes and the yaw angle.

Uy= Ky xxex+ K; x * feth + Ky x *
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PID(s)

2'cosd(45) X Trigonometric
Function3

Fig. 7. - PID model in SIMULINK for the X-axis

creates an additional effect on the drone's movement, which is decomposed into components along the X, Y, and Z
axes, as well as the yaw angle, depending on the direction.

Fyina x = Fuina * cos(Owina)
(7

where F,,;,q 18 the total wind force, and cos(8yyinq) is the wind direction in degrees.

Linear—Quadratic Regulator (LOR)

This section presents the algorithm for precise drone landing on a specified marker under windy conditions using a
Linear-Quadratic Regulator (LQR). The mathematical foundations of the method are discussed, including the system's
dynamic equations, the solution to the Riccati equation, and the consideration of external disturbances.

The advantages of using LQR for drones lie in its ability to provide optimal control by minimizing deviations from
the desired trajectory and accelerating system stabilization. This allows for high accuracy and efficiency in controlling
the drone's movement, particularly in dynamic and changing conditions [4], [14].

The mathematical model equations are essential for analyzing the optimal control system, as these equations will
later represent the system's performance [11].

The quadcopter model is described by a system of differential equations, with the drone's movement along the X, Y,
and Z axes, as well as the yaw angle, defined by the state equations [11], [12]:

x=Ax+ B_u
(3)

where x is the state vector of the system, 4 is the system matrix describing the dynamics of the drone, and B is the
control matrix.

The matrix A describes the change in the system's state (position and velocity) without considering control inputs.
The motion along each axis is given as follows [13]:

=1 ol ©

The first row of matrix 4 shows that velocity v is the derivative of position x. The second row describes acceleration
a as the derivative of velocity v, which is zero in the absence of external forces.
Matrix B defines the influence of the control input  (applied force) on the state changes of the drone:

[i] = [17m] u (10)

The control input u affects only the acceleration, as per Newton's second law: F'=ma, from which a = F/m.
LQR minimizes the quadratic cost function:

]=f0 (x"Qx + u'R,)dt (11)

where Q is the state weight matrix, determining the priorities for control accuracy, and R is the control effort penalty
matrix (R=1).

¢= [880 880] (12)
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In this case, the state weight matrix O minimizes state deviations (e.g., position and velocity), while R penalizes
excessive control effort. A higher value in Q prioritizes minimizing state error, and a value of 1 in R indicates the
importance of control effort in the optimization.

The solution to the Riccati equation [13]:

A"P +PA—PBRT'BTP+Q =0
(13)

The matrix P obtained from the solution is used to compute the feedback gain matrix:

K =RIBTP
(14)
This approach optimizes control by minimizing the cost function J, as confirmed by MATLAB/Simulink
simulations. Fig. 8 shows the X-axis model, with similar models for the other axes and yaw angle. Input data includes
initial conditions, parameters, and wind effects per equation (6).

R
=y

x=Ax+Bu l l ‘m >
y=Cx+Du 'V NS
State-Space X . LQR
X

WindDir

cos
2

2*cosd(45) X2

Fig. 8. - LQR Model in SIMULINK for the X-axis

2. Results and discussion

This section of the study presents the results of a drone landing simulation on a target point with coordinates (X=0,
Y=0, Z=0) using three different types of controllers: Fuzzy, LQR (Linear-Quadratic Regulator), and PID (Proportional-
Integral-Derivative). The results, shown in Fig. 9, demonstrate that all controllers effectively compensate for external
factors such as wind, ensuring stable drone control.

Pasition on X Positionon Y

|[——rFuzzy

|——Fmn

Tirre {z)

Landing Acsuracy

Time [5) Tima {sh

Fig. 9. - Simulation Results of FLC, LQR, and PID Controllers

Table 4. Accuracy and Landing Time Results

# Accuracy % Landing ¢
FLC 85.41% 9.20 seconds
LQR 98.86 4.50 seconds
PID 90.37% 4.50 seconds
A o (1 current_er) 100%
ccuracy(i) =(1— ————] *
y initial_er ° (15)
The landing time is defined as the moment when the drone's altitude reaches the target altitude:
Landingrime = t when Z(t) < Zigrget
(16)

The FLC controller ensures a smooth position decrease with minor oscillations. The landing accuracy increases to

85.41%, while the landing time of 9.20 seconds is the longest among the three controllers, due to its adaptive nature
adjusting control signals based on conditions.

117



Material and Mechanical Engineering Technology, Ne3, 2025

The LQR controller offers the best performance in accuracy and landing time. With a landing accuracy of 98.86%
and a landing time of 4.50 seconds, it ensures a fast, precise descent, making it the most efficient for this task.
The PID controller ensures a faster, more stable descent, with landing accuracy reaching 90.37%. The landing time is
4.50 seconds, significantly less than the Fuzzy controllers.

3D DROMNE LANDING (FUZZY) 30 DRONE LANDING (LQR) 30 DRONE LANDING (PID)

Accuracy: 85.41%

: 98.98%
4 Landing Time: 9.20 s Accuracy: 98.98

Landing Time: 4 50 s

Accuracy: 90.37%
Landing Time: 4.50

Z{m}
N
Z{m)
N

. 3 0 . o -
¥ (m) §=p X (m} Y (m) 5 X () ¥ (mj) = ] X (m)

Fig.10. - 3D Animation of the Drone Landing Process Using FLC, LQR, and PID Controllers

Conclusion

The study presents a comparative analysis of three controllers—Fuzzy Logic Controller (FLC), Proportional—
Integral-Derivative (PID), and Linear—Quadratic Regulator (LQR)—for precise drone landing in the presence of
external disturbances, such as wind. Simulation in MATLAB/SIMULINK with 3D visualization allowed for the
evaluation of landing accuracy and time under identical initial conditions.

The FLC demonstrated high adaptability to uncertainties and external disturbances, such as wind, and performs well
with nonlinear systems and imprecise data, making it suitable for complex conditions. However, it lags behind other
controllers in terms of accuracy and landing time, and its computational complexity may limit its use in real-world
applications.

The PID controller provided balanced performance, improving landing time and accuracy compared to FLC. Its
simplicity and efficiency make it a reliable choice for tasks where computational efficiency and ease of implementation
are important. However, in conditions of high dynamics or uncertainty, the PID may struggle due to its fixed tuning
parameters.

The LQR outperformed both FLC and PID in landing accuracy, achieving nearly perfect precision. Its optimal
control strategy, with minimal oscillations and fast convergence to the target point, makes it the most effective for tasks
requiring high landing accuracy. However, its implementation requires an accurate system model and may be more
challenging to tune.

Directions for Future Research:

. The research into combining FLC, PID, and LQR. could lead to the development of more robust and
accurate controllers;

. Testing controllers in real-world conditions on physical drones;

. Enhancing disturbance rejection to improve controller performance in the presence of complex

external factors.

In conclusion, the choice of controller for drone landing depends on the specific task requirements, including
the desired level of accuracy, the complexity of the environment, and available computational resources. The results
of this study provide a solid foundation for selecting and optimizing controllers for various drone applications,
ensuring safe and accurate landings even in challenging conditions.
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