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Fig. 10. The microstructure of alloy sintered at 1100°C for 240 s (2 cycles) be-
fore annealing (a) after annealing at 240°C in vacuum for 4 hours (b) and 24
hours (c).

When the sintering process was conducted for 240s (2 cycles) at a
temperature of 1100°C, it appeared to promote the growth of the MnBi
phase, as evidenced by SEM and EDS analysis results shown in Fig. 10.
The light-coloured phase remained predominantly Bi, while the dark
grey phase displayed the MnBi phase with a composition of 27:73 [%
wt.], and the dark-coloured phase was primarily Mn.

Following the sintering process and subsequent annealing at 240°C
for 4 or 24 hours, a significant increase in magnetic saturation was ob-
served, as illustrated in Fig. 11. Compared to the material sintered for
only 1 cycle, the extended sintering duration resulted in a higher for-
mation of the MnBIi phase, as indicated by the increased magnetic satu-

Fig. 11. The effects of sintering on the alloy MnBi, which was sintered at
1100°C for 240 s and then annealed at 240°C for 4 and 24 hours in vacuum.
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Fig. 12. XRD patterns of MnBi alloy sintered at 1100°C for 240 s, then an-
nealed at 240°C for 4 hours and 24 hours in vacuum.

ration values. EDS analysis of the material annealed for 24 hours re-
vealed a Mn:Bi composition of 21:79 [% wt.] in the MnBi phase. Con-
sistent with previous XRD observations, the detected phases were still
predominantly associated with the Bi phase, as shown in Fig. 12.

To gain a deeper understanding of the impact of sintering at a tem-
perature slightly above the melting point of manganese, this study
employed the arc-plasma method to sinter the MnBi alloy at 1250°C for
120s (1 cycle). This high-temperature approach aims to investigate its
role in promoting phase growth and improving material properties.
SEM analysis provides clear evidence that the MnBi phase (represented
by the dark grey regions) exhibits significantly larger grain sizes com-
pared to its formation during the solidification process, as highlighted
in Fig. 13. The increased grain size indicates enhanced phase develop-
ment, which is essential for optimizing the magnetic properties of the
material.

Further insights were gathered from magnetic hysteresis curve
measurements, which revealed a noticeable decrease in coercivity after
sintering at 1250°C. This reduction is likely attributed to the intensive
growth of the MnBi phase, with grain sizes surpassing 50 um [24]. De-
spite this decrease in coercivity, the remanence value of the annealed
material was observed to be comparable to that of material sintered at
1100°C, suggesting that the remanent magnetization remains stable
across the two sintering conditions. This stability in remanence, cou-
pled with the enhanced MnBi phase formation, highlights the effec-
tiveness of sintering at 1250°C in promoting phase growth without
compromising key magnetic properties.

A closer examination of Fig. 13 further underscores the structural
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Fig. 13. The microstructure sintered at 1250°C (1 cycle) before annealing (a)
after annealing at 240°C in a vacuum for 4 hours (b) and 24 hours (c).

benefits of the elevated sintering temperature. The MnBi phase grains
are not only densely distributed throughout the alloy but also show
signs of fusion, indicating a high degree of interconnectivity. This
dense and cohesive grain distribution likely contributes to the im-
proved structural integrity and magnetic uniformity of the material.
Overall, the findings suggest that sintering at 1250°C is a promising
strategy for enhancing the MnBi phase while maintaining the magnet-
ic and structural performance required for advanced applications.

With the presence of heat, this will support the occurrence of diffu-
sion reactions at the grain boundaries, which will then generate the
formation of the MnBi phase. The grain boundary was partially melted
by reaction heat, inducing the growth of the reactant. Since there are
some eutectic melting states at the boundary, this is considered similar
to the semi-solid melting state [25]. Although the melted area was
small, the formed ferromagnetic grain can move in the melted area,
resulting in the closeness of the ferromagnetic grain.

As seen in Figure 14, magnetic saturation grows monotonically with
annealing time. This is further verified by the x-ray diffraction data of
MnBi alloy after sintering at 1250°C and followed by annealing proce-
dure at 240°C for 4 and 24 hours respectively, where the MnBi phase
can be clearly detected, as shown in Fig.15. The x-ray diffraction
(XRD) data analysis, depicted in Figs. 9 and 12, indicates that bismuth
is the predominant phase present in the system. This observation can
be attributed to the significantly higher atomic number of bismuth,
Z =83, compared to manganese’s Z =25. Moreover, the elevated sinter-
ing temperature utilized in this study surpasses the melting point of
bismuth, facilitating the migration of bismuth atoms towards the al-
loy’s surface during the cooling stage. This process is expected to lead
to the accumulation of bismuth-rich phases on the surface [26]. Addi-
tionally, the utilization of bulk materials in the sintering and anneal-
ing processes in this study may account for the predominant detection
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Fig. 14. The effects of sintering the MnBi alloy at 1250°C are presented, along
with the subsequent annealing process conducted in a vacuum at 240°C for

both 4 and 24 hours.

of BI diffraction patterns. It was only at a sintering temperature of
1250°C that the a-MnBi phase was distinctly observed, as seen in Fig.
15. With the sintering temperature exceeding the manganese melting
point, the higher temperature offers advantages for the precipitation
reaction between Mn and Bi.

Based on the VSM-measurement results, it is shown that the coerciv-
ity of MnBi after the sintering process in this study is consistently
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Fig. 15. The XRD pattern of the MnBi alloy, which was sintered at 1250°C and
subsequently annealed in a vacuum at 240°C for durations of 4 hours and 24
hours, is presented. This analysis indicates the presence of the a-MnBi phase,
while the unmarked peaks correspond to other phases, specifically, Bi or Mn.
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greater than that after annealing, as seen in Fig. 14. Since magnetic
coercivity is significantly influenced by complex microstructural con-
ditions, the magnetic phase resulting from the sintering process in this
case is likely isolated from other non-ferromagnetic phases like Mn,
Bi, or MnO that form during the solidification of the liquid phase.

Conversely, during the annealing process, interdiffusion takes
place, leading to the development of a ferromagnetic phase character-
ized by in-creased remanence but decreased coercivity, aligning with
the findings of J. Cao et al. [26] on the impact of the intergranular
phase on the magnetic properties of the MnBi system. Therefore, it is
well documented that to boost the magnetic coercivity of the MnBi sys-
tem, grinding using the ball milling method followed by an extended
annealing process is crucial. Ongoing research focusing on the produc-
tion of a-MnBi through the arc-plasma sintering technique followed by
milling is underway, with the outcomes to be detailed in future publi-
cations.

4. CONCLUSIONS

This study demonstrates the viability of utilizing arc-plasma sintering
as an alternative method for forming the ferromagnetic MnBi phase.
The results highlight that the growth and formation of the MnBi phase
are highly dependent on the sintering temperature and duration, with
higher temperatures and extended sintering times promoting more ex-
tensive phase development. Post-annealing, the observed increase in
magnetic remanence further confirms the enhancement of the ferro-
magnetic MnBi phase.

Even in the absence of an applied magnetic field during the sintering
and annealing processes, XRD analysis indicates that the MnBi phase
elongates at sintering temperatures exceeding 1100°C. This suggests
that the method intrinsically supports the structural alignment neces-
sary for improved magnetic properties.

The use of the arc-plasma technique not only allows precise control
over the sintering parameters but also opens the potential for conduct-
ing the sintering process in the presence of an external magnetic field.
This could further promote magnetocrystalline anisotropy, paving the
way for the efficient production of rare-earth free hard magnetic bulk
materials. These findings underscore the promise of arc-plasma sinter-
ing as a scalable and innovative approach for developing advanced
magnetic materials.
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ite—4.0% powder mixture, is studied. Titanium carbide (TiC) is a reinforc-
ing phase, as it has high hardness (30 GPa), high melting point ( 3100°C),
and low contact angle with iron ( 20°) that promotes the formation of a co-
herent bond at the phase boundary. The samples are fabricated by pressing
under pressure up to 700 MPa, which reduces porosity to 6%, and sintered
at O=1000-1050°C. As found out, a specific core—shell microstructure is
formed in the material after sintering, where layers of TiC surround Ti
grains in the composite. The thickness of the carbide layer is controlled by
diffusion, and its growth at temperatures 1000 and 1050°C (from 5—-10 mm
to 10—15 mm, respectively) corresponds to the mechanism of diffusion along
grain boundaries. The key stage of processing is hot forging of compacts at
T =1100°C. As determined, hot forging leads to significant microstructural
changes: spherical TiC inclusions are deformed and elongated in the direction
of metal flow that causes mechanical anisotropy of the properties. The forg-
ing affects significant deformation strengthening and the formation of ce-
mentite (FesC). The cementite is revealed by Xx-ray phase analysis. In the
forged samples, the combined effect of these mechanisms increases their
hardness and compressive strength by 65—70% (up to 630.3 MPa). The
highest hardness values are of 104—-109 HRB, when combining the forging
and water quenching processes. As shown, the formed heterophase structure
of the Fe—Ti—C system combines a coherent adhesion between the hardening
phase (FesC) and the ductile steel matrix that contributes to increased wear
resistance, while the hard Ti—TiC inclusions effectively localize the abrasive
impact.

Key words: metal-ceramic materials, titanium carbide, tool composites,
thermal-deformation treatment.
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(Received 11 December, 2025; in final version, 12 December, 2025)

1. INTRODUCTION

The widespread use of metal-matrix composites (MMCs) for tools that
operate under friction and are subject to intense wear requires con-
stant improvement of their properties [1-3]. Composite materials
(CMs) are classified based on the morphological and structural parame-
ters of their reinforcing components, which have different configura-
tional features [4—6]. The CM group includes cermets or MMCs, in
which the ceramic phase is a reinforcing component, and the metal
phase (or alloy) is a matrix. The matrix material is aluminium, magne-
sium, iron, steel, or copper [7—10]. In the CMs, the metal matrix is a
phase that provides ductility and strength. Therefore, the use of ce-
ramic reinforcing components contributes to higher hardness and wear
resistance of the material [11-13].

Titanium carbide (TiC) is a promising reinforcing component in a
metal matrix, as it has beneficial physical and mechanical properties,
including high melting point (  3100°C), controlled thermal conductiv-
ity, low density ( 4.0 g/cm3), and high hardness ( 30 GPa) [14]. These
properties are promising for modifying the mechanical parameters of
the metal matrix. The formation of target properties in the metal ma-
trix composites (MMCs) is crucial for tool applications [15-18]. The
low contact angle (  20°) between titanium carbide (TiC) and iron pro-
motes the formation of a high-quality metallic bond at the phase
boundary between the ceramic-metal layer and the matrix [19]. Due to
this, TiCis widely used as a reinforcing component in the production of
composites for tooling and tribology applications. The possibility of
local reinforcement with fine TiC particles by synthesizing them in
situ and then providing their homogeneous distribution in a cast iron
matrix was shown in [17]. A mixture of titanium and graphite powders
was used to synthesize the reinforcing component; the molar ratio of Ti
and C components was 1:1 (50 at.% Ti and 50 at.% C). The addition of
the TiC ceramic phase led to an increase in CM hardness of more than



144 A.V.MINITSKYI, Ye. S. SHAPOSHNIKOVA, le. G. BYBA et al.

300% relative to the pure matrix alloy. In Refs. [20—23], the general
properties of CMs reinforced with TiC particles and the optimization of
their formation were discussed.

The use of in situ synthesis for producing CMs provides the possibil-
ity of forming gradient microstructures and core—shell structures
with high hardness.

The aim of the work was to determine the effect of thermal defor-
mation treatment and the mechanism of synthesis of the Fe—Ti—C ma-
terials for tooling on their mechanical properties and structure.

2. EXPERIMENTAL TECHNIQUES

According to the literature, the amount of graphite during the com-
paction of iron-based powder materials (PM) determined the composi-
tion of the mixture (wt.%): Fe—86.0%, Ti—10.0%, and graphite—
4.0%.

Samples of 8.0 g were compacted in a cylindrical mold with a diame-
ter of 10.0 mm. The compaction was carried out in a hydraulic press at
variable pressures ranging from 200 to 700 MPa (Fig. 1).

In order to compact the samples, single- and two-stage pressing were
performed [24]. With an increase in pressure from 200 to 700 MPa, the
porosity of the samples decreased from 26 to 7%, respectively. Addi-
tional pressing at a pressure of 700 MPa reduced porosity to 6%,
which indicated high mixture compaction. This effect is explained by

30
- 20
=R
o \
2
o
-
8
10 \s\ 7
"\__()
- 2
0 . . . : .
200 300 400 500 600 700

Pressure, MPa

Fig. 1. Dependence of porosity of Fe—Ti—C-based compacts on pressure: 1—
after pressing, 2—after pressing and post-pressing at 700 MPa.
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the high graphite content, which reduced interparticle friction.

Sintering was carried out in a non-hermetic container at 1000—
1050°C for 1 hour. After sintering, the porosity increased by 2—3%.
This effect is associated with the features of titanium carbide (TiC)
formation during in situ solid-phase synthesis.

In order to prevent oxidation, the thermal deformation treatment
was carried out by hot forging the compacts at 1100°C with holding
them in a charcoal bed for 15—20 minutes [25]. Charcoal is most often
used as a solid carburizer in the cementation of steel products [26]. In
this case, charcoal performs a dual function: protection against oxida-
tion, and carbon saturation of compacts. An important feature of Fe—
Ti—C system forging is the exothermic nature of the reaction of titani-
um carbide formation. During the synthesis, a significant amount of
heat is released, which allows the sample to be kept at a high tempera-
ture for a longer time that facilitates the deformation during forging.

3. DISCUSSION

The CM material comprised of a steel matrix with uniformly distribut-
ed titanium carbide (TiC) inclusions. During solidification, titanium
carbide formed, so the in situ synthesis occurred under stable condi-
tions (Fig. 2).

Under particular conditions of solidification, a specific microstruc-
ture forms in the Fe (86%)—Ti (10%)—C (4%0) alloy. It corresponds to
the core—shell model, where each titanium grain is surrounded by a
layer of titanium carbide (TiC). The formation of this microstructure
is typical for materials synthesized by the reaction. This process is not
equilibrium from a thermodynamic viewpoint, as it depends on two key

Fig. 2. Microstructure of Fe (86%0)—Ti (10%)—C (4%) alloy after: sintering at
1050°N (a), sintering and hot forging at 1100°N (b).
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Fig. 3. Microstructure and local x-ray spectral analysis of forged sample.

TABLE 1. Results of local x-ray spectral analysis.

Spectrum Ti, % Fe, %
1 99.66 0.34
2 99.11 0.89
3 0.26 99.74

factors: annealing temperature and time.

The thickness of the TiC coating is determined by the diffusion
along the grain boundaries. Over time, carbon atoms slower permeate
through the formed layer of titanium carbide to the titanium grains.
This slows down further growth of the TiC shell, being a key factor
that determines the final microstructure (Fig. 3, Table 1).

With increasing temperature, the thickness of the titanium carbide
(TiC) layer forming a shell around titanium grains increased from 5—
10 to 10—15 um. This corresponded to the features of volumetric diffu-
sion, which intensifies at higher temperatures.

The thickness of the TiC carbide layer significantly increased after
hot forging at 1100°C (up to 25-30 um, Fig. 4, c). The abovementioned
data show that the temperature of forging allows effective control of
both the diffusion rate and the completeness of the titanium carbide
formation, which is critical for optimizing the properties of the material.

The heterophase structure of the material, formed by the developed
technology, allowed for the effective distribution of mechanical loads.
The main part of the impact and abrasive load was localized in the hard
Ti—TiC inclusions, which ensured high wear resistance. At the same
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Fig. 4. Microstructure of Fe (86%)—Ti (10%)—C (4%0) alloy after: sintering at
1000°C (a), sintering at 1050°C (b), sintering and hot forging at 1100°C (c).

TABLE 2. Hardness after loose sintering and hot forging.

No. ‘ Treatment Hardness, HRB
1 Sintered at O = 1000°N 60—61
2 Sintered at O = 1050°N 63—65
3 Sintered at O =1050°N and forged at O = 1100°N 85-87
4 Sintered at O = 1050°N and forged at O = 1100°N, 104—109

then water quenched

time, the ductile steel matrix was an effective damper, absorbing and
dissipating mechanical stresses caused by friction.

The investigation of the physical and mechanical properties of the
CMs showed that the hardness of the samples largely depended on
thermal and mechanical treatment (Table 2). After loose sintering, the
material had a hardness of 60—65 HRB. The hardness increased to 80—
87 HRB after free hot forging, which emphasizes the effectiveness of
plastic deformation. The hardness reached maximum values after wa-
ter quenching (104—109 HRB), which demonstrated the key role of the
combination of mechanical and thermal treatment in optimizing the
physical and mechanical properties of the CM.

After free forging, the samples had significantly higher strength
and a sufficient ductility (Fig. 5, Table 3).

The forged samples had higher hardness due to the formation of ce-
mentite (FesC), caused by the diffusion of carbon from charcoal used as
afilling. This was confirmed by x-ray phase analysis (see Fig. 6).

The significant increase (by 65—70%) in the strength of forged sam-
ples was caused by strain hardening, that led to a considerable increase
in the microstresses, which correlated with the known values of physi-
cal and mechanical properties. Analysis of microstresses (Table 4) in
individual phases of the material showed that they are compressive.
After forging, the values of these compressive stresses increased by
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Fig. 5. Stress—strain curves of pressureless sintered and hot-forged samples
of Fe (86%0)—Ti (10%)—C (4%0) alloy: 1—sintered, 2—sintered and forged.

TABLE 3. Mechanical properties of different samples of Fe—Ti—C system.

Treatment | No. | vs,mPa | uTs,MPa | &%
Sintering 1 179.0 467.3 0.07
Sintering and forging 2 364.2 720.8 0.05

several orders of magnitude compared to as-sintered state. The signifi-
cant increase in microstresses is a result of the complex physical and
mechanical action of deformation that occurred during free forging.

4. CONCLUSIONS

The effect of thermal deformation treatment of the Fe (86%)—Ti
(10%)—C (4%) composite system, which was produced by in situ reac-
tion at 1100°C, led to a significant increase in the mechanical proper-
ties of the material after hot forging: hardness—104—-109 HRB, com-
pressive strength—720.8 MPa, and longitudinal relative defor-
mation—0.05.

As shown, iron-based CM reinforced with TiC inclusions had a core-
shell structure and a gradient microstructure of the matrix. The pre-
cipitation of TiC in the TiC—Fe ceramic layer is controlled by carbon
diffusion with further formation of cementite. The high volume frac-
tion of TiC carbide inclusions increased the wear resistance of the com-
posite material, while the gradient structure of the TiC—Fe layer of the



INFLUENCE OF THERMAL DEFORMATION TREATMENT CONDITIONS 149

400+ 23 ——1050°C forge 1100°C
——1050°C
300+
=
=
2 1—TiC
‘B 2004 2—Fe
g 3—Fe,C
=
1004 3 2
' 1:3:3ilfj' s a2
0 LM.-_.M' L. JL —h J\-J‘*-a
20 40 60 100 120
20, degree

Fig. 6. X-ray phase analysis of Fe (86%0)—Ti (10%)—C (4%o) alloy after loose
sintering and hot forging: 1—TiC, 2—Fe, 3—FesC.

TABLE 4. Phase composition and residual stresses in phases.

Phase, % Crg/isztslllgine Residual stress in phase, MPa
Treatment
O O
g e|E|8 Fe Tic FesC
sintering & & | o © | 96,645 1641671
at1050°N ~ ® o g 2 * * -
Sintering
at1050°Nand @ & N & B 3 -1262:496 -690+228 817328

forging at 1100°N

cermet improved the ductility of the interface.

The feasibility of using the thermal deformation technique for man-
ufacturing Fe—Ti—C carbide steel and the relevance of using the ob-
tained results for producing metal-ceramic materials for tooling and
tribotechnical applications are shown.
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Experimental Studies of Zinc and Derivative Coatings
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Given the increasing requirements for durability and reliability of metal
structures under the atmospheric and industrial corrosion, the search for
effective and economically viable anticorrosion solutions becomes especially
relevant. Traditional hot dip galvanizing remains a primary method for pro-
tecting steel elements. At the same time, the use of continuously zinc-coated
steel products (or coatings based on zinc) is promising for low-corrosivity en-
vironments. Recently, there has been growing interest in zinc alloys with
magnesium and aluminium due to the manufacturers’ claims of improved
anticorrosion properties with thinner coating layers. Often, this interest is
also driven by the regional localization of production of such coatings. How-
ever, for the correct comparison of the service life of all types of zinc coatings
and their derivatives, it is critically important to perform comparative evalu-
ations of coating behaviour in aggressive environments for systematic analy-
sis of quality, durability, and verification according to international stand-
ards. The aim of this work is to conduct a comparative assessment of the cor-
rosion resistance of zinc coatings and their derivatives applied by various
methods under accelerated climatic testing conditions, as well as to analyse
the effect of coating thickness on the effectiveness of steel protection against
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atmospheric corrosion. As a result of the experimental studies, the prerequi-
sites for the formation of approaches to optimising protective coatings for
steels, depending on the operating conditions and their required service life,
are established.

Key words: steel, zinc coating, corrosion, passivation, protection, anode,
cathode.
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1. INTRODUCTION

Zinc coatings are anodic ones; this means that the electrochemical po-
tential of the coating metal, namely, zinc, is lower than that of the pro-
tected metal—steel. Accordingly, the zinc coating protects the base
metal from corrosion through electrochemical action.

An anodic coating provides not only electrochemical but also me-
chanical protection. During the service life of a structure, zinc dis-
solves as a covering anode, thereby protecting the steel.

When zinc is applied to steel, environmental factors trigger zinc
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corrosion (zinc loss), while the underlying steel becomes partially or
fully protected from corrosion.

The level of protection depends on the reactivity of the coating met-
al: the less prone it is to corrosion, the better it protects the base metal,
even those steel areas, where the zinc coating has been damaged or lost.

One crucial factor for effective protection is the reliability of the
bond between the coating and the substrate (adhesion) [1, 2].

Corrosion that begins at a through-pore or scratch will remain local-
ized if the adhesion is strong. However, with weak adhesion, corrosion
products can cause the coating to peel off, leading to underfilm corro-
sion and blister formation.

Although zinc itself creates a protective layer over cut edges or
scratches, it begins to oxidize rapidly when exposed to moisture and
oxygen, forming a white deposit known as ‘white rust’ (Zn(OH).,
ZnCO03) [1].

As corrosion products accumulate and partially fill the pores, the
rate of zinc loss significantly decreases, and the resulting corrosion
film provides additional protection.

Importantly, zinc retains its protective properties even at low coat-
ing thicknesses and in the presence of pores or uncoated areas. This
allows for continued protection even if scratches expose the steel base.

Zinc also provides protection for edges, threads of bolts and nuts,
wires, and other products, justifying the use of zinc-coated or zinc-
based coated steel, including material coated by continuous methods
[1, 3]. However, while the formation of corrosion products adds pro-
tection, it negatively affects visual appearance. Frequent washing or
mechanical abrasion of these products can prevent the formation of
stable protective compounds, reducing coating thickness. To minimize
these negative effects, hot dip galvanized metal structures that are
passivated after cooling to form a several nanometres thick stable bar-
rier film.

A passive film (e.g., based on Cr3* or Si/Zr) preserves the properties
of the zinc coating by limiting contact with oxygen and water, thereby
reducing white rust formation, stabilizing gloss, and improving com-
patibility with paints or lacquers (Table 1).

2. EXPERIMENTAL DETAILS
2.1. Corrosion Resistance Studies

It is well known that, in atmospheric environments, various zinc pro-
tective coatings deteriorate at different rates [1, 3]. For this study,
comparative testing was conducted using steel samples coated in ac-
cordance with Refs. [4] and [5].

To ensure the highest relevance in comparing the durability of dif-
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TABLE 1. Effect of passivation on performance of zinc coatings and deriva-
tives.

No. | Parameter | Without passivation | With passivation
Resistance to white rust > 270 hours depending
L. (salt spray chamber) 24—72hours on passivator
5 Surface oxidation Rapid oxidation, Gloss retention,
) and dullness loss of gloss slower oxidation
3 Protection in humid Temporary (zinc only) Barrier film + zinc =

environments longer protection

Uneven patina, Uniform appearance,

4 Appearance stability white spots often decorative

TABLE 2. Types of samples for accelerated weathering tests.

No.| Coating type ‘Testsamplethickness, pm|Control sample thickness, pm

1. HDG 50 64 65.2
2. HDG 70 92.5 94

3. HDG 90 108.2 108.4
4. Zn350 25 24.6
5. Zn350PosMAC 20.6 21.2
6. Zn450 28 28.4
7. Zn600 35 35.6
8. ZM120 9.9 10

9. ZM310 18.7 18.4
10. ZM310MA 19.9 20.4
11. ZM430 31.1 30.6

ferent structural steel coatings under environmental exposure, the
tests were conducted according to Refs. [6, 7]. The total test duration
was 630 hours, with one time interval representing 70 hours.

Steel plates, measuring 150x50 mm with different protective coat-
ings, were used as accelerated weathering test samples. The list of
samples is provided below (Table 2).

2.2. Methodology of Studies

Solution Preparation. The solution was prepared by dissolving sodium
chloride in distilled water with conductivity not exceeding 20 uS/cm at
25°C £ 2°C to achieve a concentration of 50 g/1 +5 g/1[7, 8].

The sodium chloride contained less than 0.001% copper and less
than 0.001% nickel by mass. The sodium iodide content ranged from
0.1% to 0.5% of total impurities, based on dry salt mass.



EXPERIMENTAL STUDIES OF ZINC AND DERIVATIVE COATINGS 173

The pH of the prepared solution was maintained between 6.0 and 7.0
at 25°C +2°C.

Sample Preparation. Before testing, sample surfaces were cleaned with
organic solvent using a soft brush. After cleaning, they were rinsed
with fresh solvent and dried.

Sample edges and the backside were masked with adhesive tape.
Sample Placement. Samples were placed in the test chamber so as not to
be directly exposed to the spray nozzle stream. They were arranged
with the unprotected side facing upward at an angle between 15° and
25°. Samples did not contact the chamber and were exposed to unre-
stricted spray circulation. The sample support was made from inert
non-metallic material.

Test Conditions. Chamber temperature was maintained at 35°C + 2°C
throughout the test. Average solution condensate collection rate is of
1.5 ml/hour + 0.5 ml/hour. Condensate sodium chloride concentration
isof509/1+£59g/l; pH—6.5t0 7.1.

Post-Test Sample Processing. After testing, samples were removed and
dried for 0.5 to 1 hour to minimize removal of corrosion products. Be-
fore inspection, any remaining solution was carefully rinsed off the
surface.

2.3. Evaluation of Test Results

The appearance of rust on the sample covering an area of more than
10% terminated the test for the specific sample, and the test comple-
tion time was recorded separately for it. All indicators were evaluated
after the end of each test cycle.

The condition of metal structure coatings was assessed using two
ratings in accordance with [9] based on the ability of the coating to pro-
tect the base metal from corrosion and thus prevent degradation of the
base metal; based on the ability of the coating to maintain integrity
and thus maintain a satisfactory appearance.

Although the functions of these two ratings overlap, they can be
used separately to assess the degree of corrosion protection of the base
metal (protection rating Re) and to assess the appearance (appearance
rating Ra).

The protection rating Re was calculated using formula (1):

Re=3:(2-logA), Q)

where A [%]—corrosion coverage (in %) of the sample under consider-
ation.

The appearance rating was assigned using three components:
1) area affected by a specific defect on a scale from 10 to O (where 10 is
the least affected);
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TABLE 3. Classification of coating damage types Ra.

Staining or discoloration reducing coating quality (excluding visible cor-
rosion products of the base metal)

Dulling with little or no visible corrosion

Corrosion products of anodic coatings

Corrosion products of cathodic coatings

Pitting on the surface (possibly not reaching the base metal)
Delamination, flaking, chipping

Blistering (subsurface corrosion)

Cracking

Crevice corrosion

Cavity formation

C—IOTMmMUOwW >

2) subjective assessment of the degree of deterioration of the coating
(vs = very insignificant amount, s = small amount, m = moderate
amount, X = excessive amount);

3) classification of types of coating damage Ra (Table 3).

3. EXPERIMENTAL RESULTS

The results of the conducted studies, in accordance with Ref. [9], are
summarized below (Table 4).

At equivalent coating thicknesses, ZM-type coatings proved to be
clearly more resistant to aggressive atmospheric environments com-
pared to standard zinc coatings [10]. ZM coatings also exhibited better
aesthetic appearance in the atmosphere during the initial period of
operation.

As for the samples with hot dip galvanized (HDG) coatings, their
high resistance to aggressive environments can be confirmed [10].
However, a characteristic of these samples is the early formation of
hydroxide compounds (Zn(OH),, ZnCOs), commonly referred to as
‘white rust’, which negatively affected the visual appearance of the
sample.

After removing the loose ‘white rust’ deposits from the HDG sam-
ples to measure the residual coating thickness, noticeable dulling and
localized wear of the zinc coating were recorded.

Additionally, for all sample types, which were cleaned during the
test cycles, there was a trend of increased coating loss rate with in-
creased initial coating thickness.

At the same time, control samples of all materials, which remained
in the salt spray chamber and were not cleaned after each test cycle,
showed partially opposite results: in some cases, the rate of coating
loss was higher for thinner coatings [2]. A comparison of the coating
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TABLE 4. Results of corrosion studies.
ndicatorgr,.: Thickness| Rateof | % of zinc
TZ:CC;?]%SS of zi_nc z_inc coat- cgating )
coating coating | ingloss thlck_ne_zss Time of| Defect RP/RA
before after 630 | ontest | remaining ftesting, area, rating
testing, hours | samples | after 630 | hours | A%

Type testing, | pm/100 | hours test-
of coatin Hm pm hours ing, um
HDG50 64 28.1 4.5 56% 630 0% 10/10vsC
HDG70 92.5 46.6 7.4 50% 630 5% 9/9.5
HDG90 108.2 56.1 8.9 48% 630 0% 10/10vsC
Zn350 25 24.2 4.9 3% 490 25% 7/7.5xF,C
Zn450 28 26.4 5.4 6% 490 30% 7/7mF,C
Zn600 35 31.7 5.7 9% 560 30% 7/7mF,C
ZM120 9.9 9.9 2.4 0% 420 60% 6/4xF
ZM310 18.7 17.6 3.6 6% 490 10% 8/9mF
ZM310MA 19.9 19.9 4.1 0% 490 40% 6/6xF
Zn0c 206 182 3.7 12% 490 15% 7/8.5sF,C
ZM430 31.1 26.2 4.2 16% 630 10% 8/9mF

“ These rating indicators were compared at the end of the full cycle lasting 630
hours or when rust appeared on more than 10%o of the sample.

Coating loss rate,
Lim,/100 hours

10.!
9.
8.
.
6.
5.
4.

3.0
2.0
1.0
0.0

0
0
0
0
0
0
0

HDG 50 HDG 70 HDG 90 Zn3d50 Znd450 Zn600 ZMI120 ZM310 ZM310MA Z11350 ZMA430

Test samples

m Control samples

Fig. 1. Coating loss rate for test and control samples.

loss rates for control and test samples is shown in Fig. 1.
Based on the results, it can be stated that the coating loss rate for
control samples (which were not cleaned from hydroxide compounds
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formed on their surfaces) was significantly lower than that for test
samples.

In the case of HDG-coated samples, a correlation was observed be-
tween coating loss rate and coating thickness:
= for cleaned samples, an increase in thickness led to higher loss rates;
= for uncleaned samples, the opposite was true: the thicker the coat-
ing, the lower the loss rate, up to 4.5 times lower for HDG 90.

A similar trend was observed for the ZM-group coatings, though the
effect was less pronounced.

For samples from hot dip galvanized coil, the data was more ambig-
uous: Zn350, Zn450, and Zn600 followed the same trend for both test
and control groups. However, Zn350 PosMAC behaved more similarly
to the ZM group. This may be attributed to differences in the quality of
passivation by different manufacturers.

In general, based on structural heterogeneity and the electrochemi-
cal activity variations due to coating thickness, thicker coatings (re-
gardless of the application method) tend to wear faster than thinner
ones under identical conditions.

From the comparison of test and control samples (Fig. 1), it can be
concluded that actual resistance of test samples in real-life conditions
could be up to 2 times higher than the lab test results suggest.

Figures 2—4 show photographic images of the sample surfaces after
630 hours in the salt spray chamber. Some samples had already failed
earlier, but were kept in the chamber to allow visual comparison.

Fig. 2. Surface of HDG-type coated samples after 630 hours in the salt spray
chamber.
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Fig. 3. Surface of ZM-type coated samples after 630 hours in the salt spray
chamber.

In general, the HDG-coated samples (Fig. 2) show widespread signs
of white rust, uneven coloration of the zinc surface, but the coating
remained intact, indicating high resistance of this type of coating to
aggressive environmental exposure. As seen in Fig. 3, some samples
exhibit significant corrosion damage, including a continuous layer of
red rust. However, ZM310, Zn350 PosMAC, and ZM430 were among
the most resistant samples in terms of appearance. Despite having
thicker coatings, Zn-type samples (Fig. 4) showed lower resistance un-
der salt spray conditions. The likely reason is poor passivation or low
quality of the base coating.

Figures 5-7 present graphical representations of accelerated weath-
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Fig. 4. Surface of Zn-type coated samples after 630 hours in the salt spray
chamber.

ering tests, showing coating thickness loss over time for samples that
were cleaned after each test stage.

In general, these results confirm similar trends in zinc coating wear,
regardless of coating thickness or application method.

Laboratory test results based on Ref. [8] cannot serve as a direct in-
dicator of zinc coating lifespan, but according to Refs. [4, 5], it is pos-
sible to estimate wear rates and approximate service life for various
coatings.

The lifecycle of zinc coatings, according to reliability theory, can be
described by a failure intensity curve and divided into three stages
(Fig. 8): adaptation period (0...t;) with formation of corrosion products
(white rust), often washed off by rain [1, 8]; normal operation (t;...t;)
with formation of a dense protective layer from corrosion products [8];
ageing period (t>t,), when protective layer thins, coating begins to
flake or peel.

The segment O...t; is primarily characterized by a reduction in the
thickness of the zinc coating due to the appearance of ‘white rust’ and
its cyclical washing away by rain.

In the segment t....t;, coating defects may occur and are determined
by random factors that affect a local area, for example, mechanical
damage during installation, continuous-cyclic moisture exposure (e.g.,
water droplets falling from PV modules onto the structure), or poor
grounding of PV modules (leakage current from PV modules to the
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0 100 200 300 400 500 600 4
HDG 50 +HDG 70 + HDG 50 hours

Fig. 5. Time-dependent coating wear for HDG-type samples in the salt spray
chamber.

h, pm
40

0 100 200 300 400 500 600
+ZMI120 ©ZM310 ~ZM310MA AZn350 POS MAC + ZM430

Fig. 6. Time-dependent coating wear for ZM-type samples in the salt spray
chamber.

h, [

0 100 200 300 400 500 600 hours
Zn350 AZn450 +Zn600

Fig. 7. Time-dependent coating wear for Zn-type samples in the salt spray
chamber.

structure), resulting in zinc coating damage in the area, where leakage
currents flow.
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Fig. 8. Life cycle of zinc coating.

From the period t>t, onward, the frequency of coating defects in-
creases due to long-term exposure to external factors. The mechanism
of coating degradation at this stage is explained by wear and ageing
models [3].

Steel structures are exposed to a combination of external factors,
and corrosion-induced degradation of the coating is one of them.

In general, all types of corrosion damage follow the same principle,
namely, the mechanism of corrosion is electrochemical in nature and
identical for all types. The specific type of corrosion depends on fac-
tors, which accelerate the process and typically occur under abnormal
operating conditions, for example, the presence of leakage currents,
continuous-cyclic moisture exposure, mechanical damage, chemical
irritants, etc. It is sufficient to generalize all of these under the um-
brella of electrochemical corrosion without classifying them into sub-
types.

Due to the heterogeneity in the structure and composition of metals,
and the uneven distribution of the electrolyte (which is the moisture
film containing dissolved chemicals on the metal surface), different
areas of galvanized steel surfaces can have varying electrochemical
potentials even in the absence of external electric fields. As a result, an
electrical corrosion current flows within a closed loop of the galvanic
couple, as shown in Fig. 9. In this situation, the more electrochemical-
ly active element (with a lower electrode potential) becomes the anode,
and the less active one becomes the cathode. In this case, the zinc coat-
ing acts as the anode, and the steel substrate is the cathode. Corrosion
occurs on the anode side of the galvanic couple, while the steel remains
protected from corrosion (Fig. 9, b).

The presence of external currents can significantly accelerate corro-
sion. However, regardless of these factors, corrosion will still occur on
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Fig. 9. Protection of the substrate (steel) with zinc coating: a) after produc-
tion; b) during service.

the anode side, that is why zinc coatings and their derivatives are suit-
able for steel protection.

Thus, the phenomenon, in which galvanized steel samples with un-
protected edges or damaged coatings do not exhibit corrosion, can be
explained by the action of the zinc coating on the main part of the sam-
ple. The zinc coating provides not only electrochemical protection for
the substrate, but also mechanical protection (see Fig. 9).

For structures located in corrosive soils and/or exposed to stray cur-
rents, additional corrosion protection measures may be used: passive
protective anodes (Fig.10, a) or active cathodic-protection systems
(Fig. 10, b).

Cathodic protection involves creating a galvanic corrosion cell,
where the anode corrodes instead of the protected structure, which
becomes the cathode [7, 11-13] (Fig. 10, a). The anode and cathode are
electrically connected.

The protective anode may be made of magnesium, zinc, aluminium,
or other metals, which are more active (less noble) than the base metal.
Due to the galvanic reaction, the steel does not corrode; instead, the
anode dissolves. Another option is to use impressed current cathodic
protection from an external DC power source (Fig. 10, b).

An additional factor contributing to the degradation of zinc coat-
ings is leakage currents originating from photovoltaic modules. Under
normal operation, the permissible leakage current is up to 1 mA. The
dissolution of the zinc coating intensifies at the points, where the
structure is in local contact with the ground. Even at such low current
levels, the impact on the rate of zinc loss can be significant.
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ol S

Fig. 10. Cathodic protection of metal structures: a) passive anode protection;
b) active cathodic protection.

4. CONCLUSIONS

1. The conducted tests confirmed that all zinc coatings and their deriv-
atives generally exhibit similar behaviour under comparative condi-
tions.

2. HDG-type coatings demonstrated the highest resistance to aggres-
sive environments, despite the fact that they also exhibited the highest
rate of coating thickness loss.

3. Among the ZR- and Zn-coating groups, the ZM coatings showed
greater resistance, primarily due to the high quality of passivation.

4. The application of HDG-type coatings is strongly recommended for
environments with corrosivity categories C3 and C4.

5. The application of ZM and Zn coatings is recommended for environ-
ments with corrosivity categories C1 and C2.

6. To increase the service life of zinc coatings and structures, it is ad-
visable to implement high-quality equipotential bonding of structures.
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7. 1t is necessary to optimize the selection of protective coating types
for steel, based on operating conditions and required service life.

8. The impact of leakage currents on the rate of zinc coating loss re-
quires further research at solar energy facilities.
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The article discusses the importance and relevance of the problem of control-
ling the quality of surface layers of parts. An analysis of the dependences of
the thickness of the hardened layer of steel 20 and steel 40 and their micro-
hardness on the technological parameters of electric-spark alloying (ESA)
during nitriding using special technological saturating media (STSM) is pre-
sented. As established, with the existing technology, the thickness of the
hardened layer consisting of the ‘white’ layer and the diffusion zone, as well
as the microhardness of the surface, increase with increasing discharge ener-
gy- These parameters also increase with an increase in the processing time of a
certain plane (ESA labour intensity) and a decrease in its reciprocal value, i.e.,
the area treated per unit time (alloying productivity). As a result of the re-
search, mathematical models of the dependence of surface quality parameters
during ESA nitriding using STSM (equation of hardened layer thickness and
equation of surface microhardness) on the energy and technological parame-
ters of ESA equipment, namely, discharge energy and labour intensity are de-
veloped that allows determining the main technological parameters of the
formed layer: hardened layer thickness and surface microhardness.

Key words: electrospark alloying, coating, nitridation, steel, layer thickness,
microhardness, mathematical model.
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caedeeiT 433 4e1 T4, UT AT 160 aefivaapouny.

Oaéei +eiTi, 1a0Tp dTaT0e © &icoTadd
633 caedee1TN0e YETAOE TTA400T44€0 @adsa a
TTETE T80 Tada1408%a Tagaarariy A2E, anaia, a
0004T 1 30&Tf0e T, UT aafou ¢ciTao aécia+aoe 1n
Tadaidode yérnoe NOToT1TaalTal @ado: 014

he.o. 2 €TaT 13é0104a0a%nou I ,.

-\

-—)

2. DPACOEUOAOE ATNE2AAZATU

A BACOE1I020° ATAE%CE 02AERO1 4 3 6 [1] AMI0ATTAGATT, OIT ¢A TAYATT, 04-
OTTETAY, Y@ 46y 88863 20, 036 3 48y 88863 40 ¢3 CASUIBAT IV ATAO
BTcaYE6 W, 13488 016000y 0TATIE TA CH3O TATTAT 2ad0 h, o, Y82 fiéea-
42001y ¢ «A%ETAT» Bad6 02 A800C3E TT; CTTE, 2 0aéTee 13630830401
T, TTA306 1° (034¢. 1).

E5°1 GUTAT, & 0346. 1 TTEAGATT, UIT 6° Tada1 408¢ 0aéTae GA%Eia0-

OAAEEOR 1. Cagdeei3fiol oTatiere ¢130TaiTaT 2ad6 &deoi 20 3 40 0a (b-
10T, 13é0T04204TH0e 4% Tada140d% AE ca acTooaai iy ¢ aeéToencariyi
NOTNN.

TABLE 1. Dependence of the thickness of the strengthened layer of steel 20

and steel 40 and their microhardness on the parameters of ESA during nitrid-
ing using STSM.

Ml T Gmuen T T
o N BTa680ea13fot0d6AT 13030l ¢1°0TATTaT @ads | ¢I*0TaiTal @ads
0Tgdyas A3 2/54 54 /712 oo, 161 Hyo, 112
W, Az Q, in%/06a. T, 64./01 ___ oo 16T ___Tleon 7 74
’ 8de6y 20/6de0y 40/ed&6y 20/65&6y 40
Tayaia oo ITeTasy
0,13 0,6 1,7 150,0 155 6350 6650
0,52 1,2 0,8 160,0 165 9421 9850
3,40 2,0 0,5 225,0 230 9721 9910
T23086 2355 10
0,13 0,3 3,3 165,0 170 6490 7100
0,52 0,6 1,7 175,0 180 9530 9980
3,40 1,0 1,0 240,0 245 9850 10080
AB6a86 238% 10
0,13 0,2 5,0 172,5 180 6520 720
0,52 0,3 3,3 185,0 190 9590 9990
3,40 0,5 2,0 250,0 255 9896 10100
0B80°% 433% 10
0,13 0,1 10,0 177,5 185 6560 7140
0,52 0,2 5,0 190,0 195 9610 10010

3,40 0,3 3.3 255,0 260 9920 10110
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4714033, 5TCAYA0 W, ™.

ATaé3ca o0efioTéd 1 4a° 1Teeéeadiol ¢oTa
EUoATTyl oTavieie ¢i%01aiTal @adod é a
TTTaT0%é1eé ca'ycTé. Oaé, aans+aiT, ut
OTATTAT @adod ¢oTHoac ¢3 ca3euaai iyl aia
Aty A.

C ETOAEYO3ETT, caddaeiThoe caleligai iy otavieie ¢i361a
T, 41083, 0Tcoyas (aea. def. 2) fe

G.2.Wjy

befi. 1. Cagdee 3ol oTatiIeTe ¢c130TaiTaT @add €8e63 20 (1) 2 é8e6340 (2) a3a
a1adas; aTgdyas Wy.

Fig. 1. The dependence of the thickness of the hardened layer of steel 20 (1)
and steel 40 (2) on the discharge energy W,.
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240

140 :
0 2 4 B 6 8
W, st
Peéfi. 2. Cagaae 3ol 0T
ie

TaCie e 136 TATTAT @ad6 85862 20 (1)  8386° 40 (2) 4%
dheé+eTe TaddrarT, araoa

3; 6TcOyao Wpt.

Fig. 2. The dependence of the thickness of the hardened layer of steel 20 (1)
and steel 40 (2) on the reciprocal discharge energy W5;?.

™

W;,l Joxct

befi. 3. Caedee 3ol €T4ad€016 oTavieie ¢i30TalTaT @add €8e6320 (1) 3
€0€0340 (2) 33 adeé+eTe TaddTaiT; a1adas; aTcdyas Wp'.

Fig. 3. The dependence of the thickness logarithm of the hardened layer of
steel 20 (1) and steel 40 (2) on the reciprocal discharge energy W;?.

W, E. (1)
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Ah(;.z.Wp - Ah@.z.wp maxe ’ (3)
Caslee 300 (3) TTee T2 A0A5TAGAA0S Y& A8dAc 48y oTAIe T CT3OTATT-

aT @ad0 caddee 1T 433 a14083; 6T¢dyad. REUT a(3)
A = Wa, (4)

Ta°01T
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Aht; z.Wp Ah(; ta.Wp maxe " (5)
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Q’.\ .\?/--\ N\ - Qe M A N\ A 12 0 7~ N 2 O e~ - Y L~ N\ I by
A 0a4éen® 2 3 1a 0eNd 1806 4 ToaanoaadéaiT caéase 1103 TOEOTH0O 0
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AcE.
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10%a A2E 46y W5=0,13,0,5233,4 Aee.
3 fa 0enoTéd 6 Toaan0adcaiT caddaeiTio® Taa0e010
efe ¢I30TaITaT @ad0 InAhg o« €063 20 3 86e6® 40 &%

oa Qéébu’l‘é’l‘ adaody
A 0adéedd 4

TOedT06 oTau

OAAEEOR 2. Cagdee 3ol T&3TN06 oTatieie ¢cisoiaial

€0e6° 40 4% 000aT1 0ETHoe T ca TayaiT, 0a0 TTETE, 0a TAOSTAT, A00ATAT é

0O&0UTAT 4283y 10% A2E 46y Ws=0,13, 0,523 3,4 Az.

TABLE 2. The dependence of the increase in the thickness of the hardened lay-

er of steel 20 and steel 40 on the labour intensity T with the existing technology
and the first, second and third ESA-variants for Ws=0.13, 0.52 and 3.4 J.

OBGATT 3083700 | Ah, -+, | OBOATI308%0U | Ah, -+, | OBOATE 308300 | Ah, 1,
T, 64./fi1? 1él T, 64./fi1? 1él T, 64./fi1? 1él
W,;=0,13 Az W,=0,52 Az W, =3,4 Az
Edesy 20
1,7 0 0,8 0 0,5 0
3,3 15,0 1,7 15,0 1,0 15,0
5,0 22,5 3,3 25,0 2,0 25,0
10 27,5 5,0 30,0 3,3 30,0
Edesy 40
1,7 0 0,8 0 0,5 0
3,3 15 1,7 15 1,0 15
5,0 25 3,3 25 2,0 25
10 30 5,0 30 3,3 30
30 2 7 30 -
200 3 2 20 5 2
= =
10 210
3 3
Og 2 4 6 8 0 % 2 4 6 8 10
1, XB./cM? T, XxB./cm?
a a

befi. 4. Cagaee 130U TOEHTN00 oTatieie ¢I130TaiTaT @adso aéy ésess20 (a) 3
€3€03 40 (4) 433 000ATI3M0ETN0E T ca TayaiT; 0a0TTETE3; 0a TAOTAT, A80ATAT
€ 00A0UTAT 4203y 1034 A2E 46y Ws: 1 —0,13,2—0,5233 — 3,4 Az.

Fig. 4. The dependence of the increase in the thickness of the hardened layer
for steel 20 (&) and steel 40 (&) on the labour intensity T under the existing
technology and the first, second, and third ESA-variants for Ws: 1—0.13, 2—

0.52 and 3—3.4 J.
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OAAEEOR 3. Cagdeeisiol T30 oTatieie ¢cioTaiTal @add édess 20 3
€0e6°% 40 &% adee+eie TadoiaiT, 000aT13f0eTh0e T ¢a TayaiT; 0a0 ITETay;
04 TAOBTAT, A00ATAT € 00A0UTAT 4203y 10%4 A2E 46y Ws=0,13, 0,523 3,4 Aee.

TABLE 3. The dependence of the growth of the thickness of the hardened lay-
er of steel 20 and steel 40 on the value of the reciprocal labour intensity 1™

with the existing technology and the first, second and third variants of ESA
for Ws=0.13, 0.52 and 3.4 J.

TaddTaia Taddiaia TaaoTans
ooy ohasanon| Beer | osoms sheacron | ANeet | sackiaaomson | Aheas
L, Ai2/6A. 1et L, Ai2/64. 1et L, Ai2/64. 1et
W,=0,13 Az W,=0,52 Az W,=3,4 Az
Edesy 20
0,6 0 1,2 0 2,0 0
0,3 15,0 0,6 15,0 1,0 15,0
0,2 22,5 0,3 25,0 0,5 25,0
0,1 27,5 0,2 30,0 0,3 30,0
Edesy 40
0,6 0 1,2 0 2,0 0
0,3 15 0,6 15 1,0 15
0,2 25 0,3 25 0,5 25
0,1 30 0,2 30 0,3 30
ddeé+efe T4ad1arT, 006aTI3M0éTHoe TL.
A.’aésga 0end1éd 4 01 TeEeaép° ¢caTde0e aenirtaré, uT 13e ¢és-

SUGATTYT TOTN06 OTACIE Te CH3O TATTAT 2280 04 0B0ATH %0830 T
4%44632°0f1y AEFTTTATGSET@E cA'yGTE. 08, ASAT3+ATT, UT TOR3S0
0TACIE T& G136 TATTAT A8 CATH0AC ¢3 CA%6UBAT T/ 0B0ATT30ETH0.

C ETOREYO6 T, cacdae 110 TAESTH00 OTATIE T CI3O TATTAT Zads
4% Ajee+E T TAAGTATT, OBGATISHOETHOR (484, Befi. 5) fiE%a6°, UIT &1-
320€01 TORSTH06 OTAIE Te T30 TATTAT Zad0 (8efi. 6) —

-1
InAh . (D). (6)
T4030Tay+e 4% TadeesediT, B3ATTH0 AT OT=+1T;, 1a°1 T
— -1/t
Ah, . =Ce™", (7)

83 N = Ahg o1 max (Ahg.o.1 max — TAEE3EUSEE TEEHIO OTALIETE GT3OTATT-
4T 2ad06). 0143
— -1/t
Ah, . = Ah e ", (8)

¢..Tmax

Cagéaeei3fol (8) TTeeia dicaeyaace yé daiyiiy 10edTiod 0
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30 30
2 20 2 20
= 1 & 1
% % 3
210 g 10 2
3 2 <
Q 0
0,0 1,0 2,0 0,0 1,0 ) 2,0
!, em?/xB. T, cM?/xB.
a a

befi. 5. Cagaee 130U TOEHTNH0O oTatieTe ¢i3oTartar zaéo aey é6e6320 (a) 3

i
€803 40 (4) a%3 ddce~eTeé TAAdTATT; 000AT1310ETHOS T ca TayaiT, 0A0TTET-
43, 02 4ad%y 10% A’E 46y Ws: 1—0,13,2—0,5233 — 3,4 Aee.

Fig. 5. The dependence of the growth in the thickness of the hardened layer
for steel 20 (&) and steel 40 (&) on the value of the reciprocal labour intensity
Tt with the existing technology and ESA variants for Ws: 1—0.13, 2—0.52
and 3—3.4 J.

(;‘l?*('jl'é’al"l‘~ BAd0 cagdze 1T 434 000AT13M0ETH0S. Taéaselso 0Tatieio
CI30TATTaT @ad0 Ahg o1t max, — ETTM0ATO0 S3ATYTTY TOESTN0O oTaIe-
1eci3o |'é|'| aT @add, — cacaaei0 a3a 000AT1310ETR0e, TTeTa decia-
+@0e ¢a ddee+eiTp a3ad3¢ea, Ut a3doe facouny fa T3 Toaeiao oT+€Tp
Tadaoeio ToTaTasedi TOyTT; adad3ea cagaeeiTnoe éTdadeo106 1oe
dTA06 oTavieie ¢I30T1aiTaT @add (InAh, o) €0e06320 3 é8e63 40 a3
adee+eie 1aadiaiT, 000AT13M0&TMoe T (én. 6).

AdadTaop+e, UT cadaciieé Toed%no oTatieie ¢isoTaiTar @ado
caédeee0l 433 a1a083; aT¢goyas 0a 080AT 1310€Ti0e, 0TA0T

Z Ah , =f(W,, 1),
1I3fey T0TadaaTesd aetid aTnesasedil 1TeTacoTaeoe aefitare, ut
Z Ah(}.ﬂ. = AhQ.Z.Wp maXe_Elwp + AhQ.Z.TmaXe_llr b (9)

Caéaee 1300 (9) 1TeeTa dTcdéyaace yé d3aiyiiy cadacliTal ToedsTnoo
oTavieie ¢i3oTaiTar @ado.

DTcaéyialT aTéea araoadsd; oTcdyad ia 13e810aadas3iol ¢i3oraiTar
2236, OTA0T My gy FOW,) s

1a 0efoTéao 7 3 8 Tdaan0adeaiT cacdse 103 13€8T0aadaTi0e ¢ 30-
1a1Tat @add H, ,,, €05e06°203 8806240, &%l TaaiT, a%a araoas; oT-

¢8ya6 W;=0,13, 0, Y5>, 3.4 Ace (3) 0a adee=e
oyao Wt =7,7, 1,9,0, 3Aae ‘caTayarty 0301 TETA3; ag
i

\N’,I\’



OAAEEOR 4. Cagdee T30l 6T4a8€010 TEESTH06 0TatieTe ¢icoTaTTaT @ado
€08e03 20 3 80e06340 a33 ddeé+eié TAAdTaTT; 000aTI3M0ETNoe T ¢a TayaiT;
ol 5TAT & OBROUTAT

0401 TETA%; 02 TAOTAT, 400ATAT € 00a0UTAT 4ad’yi0%a AE &8y W5=0,13,
0,5233,4 Aee.

TABLE 4. The dependence of the logarithm of the growth of the thickness of
the hardened layer of steel 20 and steel 40 on the value of the reciprocal labour

intensity T with the existing technology and the first, second and third vari-
ants of ESA for Ws=0.13, 0.52 and 3.4 J.

Taddrara Taddrara Taddrara
080ATT3M08%700| InAh, 51 [0BOATE3M083M00 INAh, »: [036ATT3M0E370U INAh, 4«
T, i12/64. T, i12/64. T, i12/64.
W;=0,13 Aze W,;=0,52 Aze W;=3,4 Aae
Edesy 20
0,3 2,7 0,6 2,7 2 2,7
0,2 3,1 0,3 3,2 1 3,2
0,1 3,3 0,2 3,4 0,5 3,4
Edesy 40
0,3 2,7 0,6 2,7 2 2,7
0,2 3,2 0,3 3,2 1 3,2
0,1 3,4 0,2 3,4 0,5 3,4

0,0 7.0 20 0.0 1,0 2.0
T, cm?/xB. T, em?/xB.

a a4
befi. 6. Caédee 310l InAh;.o.r 46y €8€06° 20 (a) 3 é6e06340 (&) a%a 1t ¢a TayaiT;
040 TTETAS; 04 4ad%y10% A2E 46y Ws: 1—0,13,2—0,5233 — 3,4 Aee.
Fig. 6. The dependence InAh;.» 1 of steel 20 (&) and steel 40 (&) on T with the
existing technology and ESA variants for Ws: 1—0.13, 2—0.52 and 3—3.4 J.
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1365704504170 CH36 TATTAT Bad0 AH . o 46V 83862 20 2 85862 40 4%
OBOATISHOBTIOR T ca TAYATT, 040 ITETA%, 02 TAOBTAT, ABGATAT & 084-
OUTAT 428% T0%8 A’E 46y W, =0,13, 0,52, 3,4 Aze.

N\~ s A o~

A 024€e03%6 3 Ta defdiéo 11 TAAanoaaeaiT cacde o3 TOEdTH00

12000 :
: /2
1
l‘:" 8000
=
IS
E
- 4000
0 i
0 1 2 8 4
W, o=x

0 -9

(2) &%a a1a0a3; 0Tcoyaod We.
Fig. 7. The dependence of the microhardness of the hardened layer of steel 20
(1) and steel 40 (2) on the discharge energy Ws.

12000

= 8000

, MII

mi 4000

3. W,

0 2 4 6 8
'WD_,1 I e

befi. 8. Cagdee 130U 13€38T0addaT0e ¢T130TATTaT @add é6e63 20 (1) 3 édes340
(2) &35 adee+eTe TAddTal T, a1ada3;, aTcayad Wpt.

Fig. 8. The dependence of the hardened layer microhardness of steel 20 (1) and
steel 40 (2) on the reciprocal discharge energy Wp?.
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(1) 3 é6e06340 (2) a%a adee+eie
Fig. 9. The dependence of the logarithm of microhardness of the strengthened
layer for steel 20 (1) and steel 40 (2) on the value of reciprocal discharge ener-

BaB36 AH i 0. 85862 20 * 85862 40 4% A-
; o0& T ca TAYATT, 086 TTETE, 0a T46-
BAOUTAT 4203y 10°A A2E 48y W, = 0,13, 0,52, 3,4 Aze.

N~ s A

~
N~ s A A~~~

, 0T 1
CASBU@ATTYT TORSTHOO 1°60TOAGATHOS CI3OTATTAT 2200 AHypr 3
OB0ATN 30830 T © 4eRTTT T, 07 ¢

~

1636 Teé ca’ycTe. 0ae, a%4T13+4iT, U

SUATTY TOSSTNO0 1385TOARBATHO G136 TATTAT BAB6 AHy o x GOTHOAC

63 CA%EUBAT TV 000ATI*i08TH0E.

C 6TEREYO%6 T, cashse TTT0E ¢

%0 TATTAT 2ad6 4% adée=er

11) fi6346°, OIT 67428801 1583
InAHpg_g_T (aéﬁ. 12) —

-

INAH o T (10)
TA4040Tay+e 4% TaacesediT; d%aTTNOG AT OT+1Ty, 1a°W T

AH, , =Ce™", (11)
43 C=AH ;e (AH o — TA&3EUGEE TORF®O 1388T0AABATT-
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08 36 TATTAT 2ad6). OTa

-1/t
M ¢.&.T max ’

AH = AH

U ¢.a.T

(12)

OAAEEOR 5. Cagéee 13100 TOESTHOO 13E5T0a404TH0e T30 TATTAT Zad0 éde-
6320 3 0e06° 40 4%a 000&T130eThoe T ¢a TayaiT, 0a0T1TETE%; 0a TA0 TaT, 400-
ATAT € 00A0UTAT 4203y 1034 A2E 46y W5=0,13, 0,5233,4 Az.

TABLE 5. The dependence of the growth of the microhardness of the hardened
layer of steel 20 and steel 40 on the labour intensity t with the existing tech-

nology and the first, second and third variants of ESA for W5 =0.13, 0.52 and

3.43.

OB6ATIM0%0U AHycpr, [OB0ATI3M0E3ON AHye or, [OBOAT30E300 AHye o,
T, 64./fi12 I1a T, 6a./fi12 I1a T, 6a./fi1 2 I1a
W;=0,13 Az W;=0,52 Az W;=3,4 A=
Edesy 20

1,7 0 0,8 0 0,5 0
3,3 140 1,7 109 1,0 149
5,0 190 3,3 169 2,0 189
10 210 5,0 189 3,3 199
Edesy 40
1,7 0 0,8 0 0,5 0
3,3 450 1,7 130 1,0 170
5,0 480 3,3 140 2,0 190
10 490 5,0 160 3,3 200
250 600
s 200 1
]
= 3 = 1
2‘ 150 2 % 400
gmo E:200
5 5 3 3 z
0 0
0 2 4 [ 8 10 4] 4 6 8 10
T, XB./cM® T, XB./cM?
a a
Peéf. 10. Caédse 130l T6SOTN00 T3E8T0AA0ATI0S cI30TATTAT Zadl 46y €6e63
20 (2) 2 806340 (4) a%a 080ATI3M0ETN0e T ca Tayai T, 0A0TTETAS; 0a Aaddy 034

A2E 86y Ws:1—0,13,2—0,5233 —3,4 Ae.

Fig. 10. The dependence of the increase in the hardened layer microhardness
for steel 20 (&) and steel 40 (&) on the labour intensity T under the existing
technology and ESA variants for Ws: 1—0.13, 2—0.52, 3—3.4 J.
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OAAEEOR 6. Cagéee 13100 TOESTHOO 13E3T0A404TH0e ¢I30TATTAT Zads éde-
0320 3 é6e0340 333 adéé+eTe TaadTarT; 0O0ATI30ETROE T ca TayaiT, 040-
TTETAS; 04 TAOOTAT, 4D0ATAT € 0DA0UTAT 4203y 10% A2E 46y W5=0,13, 0,52 3
3,4 Aee.

TABLE 6. The dependence of the increase in hardened layer microhardness of
steel 20 and steel 40 on the value of the reciprocal labour intensity ™ with the
existing technology and the first, second and third variants of ESA for
Ws=0.13, 0.52, 3.4 J.

Ta30Taia TasdTaia TasdTaia
OBGATT 3OER0I A":E;-g“ OBGATT 3OER0I A":E;-g“ OBGATT 30ER0I A":E;-g“
L, {1 2/6A. L, {1 2/6A. L, {1 2/6A.
W>=0,13 Az W= 0,52 Az Wa=3.4 Az
Edesy 20
0,6 0 1,2 0 2.0 0
0,3 140 0,6 109 1,0 129
0,2 170 0,3 169 0,5 175
0,1 210 0,2 189 0,3 199
Edesy 40
0,6 0 1,2 0 2.0 0
0,3 150 0,6 130 1.0 170
0,2 170 0,3 140 0,5 190
0,1 190 0,2 160 0,3 200
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CI30TAITAT @ad0 InAH ¢ 5« 06063 20 3 80€063 40 434 adee~e
1T, 000aT1310€TNoe T (8efi. 12).
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Fig. 11. The dependence of the growth of the microhardness of the hardened
layer for steel 20 (&) and steel 40 (&) on the value of the reciprocal labour in-
tensity t™* with the existing technology and ESA variants for Ws: 1—0.13,
2—0.52,3—3.4J.
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OAAEEOR 7. Cagdaeisfiol &TAa0€010 TOedTH00 1385T0a304TH0e ¢I3OTATTAT
@ads 86e03 203 88e063 40 %3 ddee+~eTe TaddTal T, 0804T 1310éTH0e T ca TayarT;
04 TTETAS; 04 TAOBTAT, A00ATAT € 0A&0UTAT 2ad%y10% AE 46y Ws=0,13, 0,52,
3,4Ae.

TABLE 7. The dependence of the logarithm of the growth of the hardened lay-
er microhardness of steel 20 and steel 40 on the value of the reciprocal labour

intensity T with the existing technology and the first, second and third vari-
ants of ESA for Ws=0.13, 0.52, 3.4 J.

Tadorara Tadorara Tadotara
000aT 1310837100 INAH . 5 { 000AT 131083700 INAH . & 0OGAT 1310831100 |INAH . & 1
T, iT%/0a. T, iT%/0a. T, iT%/0a.
W;=0,13 Az W;=0,52 Az W;=3,4 Aae
Edesy 20
0,3 4,94 0,6 5,34 1 4,86
0,2 5,25 0,3 5,59 0,5 5,16
0,1 5,35 0,2 5,67 0,3 5,29
Edesy 40
0,3 6,11 0,6 4,87 1 5,14
0,2 6,17 0,3 4,94 0,5 5,25
0,1 6,19 0,2 5,08 0,3 5,3
6,0 6,0
55 55
; 1 : +3 !
>5,0 5,0 3
3 >~ 9T 3 z
T 45 45
4,0 4,0
0,0 0,4 0,8 1,2 0,0 0,4 0.8 1,2
71, cM?/XB. 11, em?/xB.
a a

befi. 12. Cagdee 130U InAH, . 86y &5e06° 20 (a) 3 €0e06°40 (4) 8% 17 ¢a Tay-
aiT; 040 TTETA3; 02 4283y 10%4 A2E 46y Ws: 1—0,13,2—0,5233 — 3,4 Aee.
Fig. 12. The dependence InAH,__,  of steel 20 (&) and steel 40 (&) on T* with
the existing technology and ESA variants for Ws: 1—0.13, 2—0.52, 3—3.4 J.

ATANTE AAOTD2A
T. 1. AarT1Taa 6T¢dTaeEa ETTOATO P ATNHE3AeaT Ty, dTcdTadéa 140T-

aTeTa’p, ToTaiaédcodaéa 0Oacoeloaoe oOa T3adTO0Aaca OOETYen.

1.A.QaddéiiTeé ToTadea ATNe%aeaiTy, TadTagea 4ais 0a ¢dTacéa



202 T.T.AATTITAA, 1. A.OAPAEUTEE, T.A.NATAPIR

fasé aranTe 6 Tarefariy aoétrens. T. A. Naiaaiy aeéTiaéa asgcoaes-

cat3p 0a ddaea O+anol 6 TATadaadl 13 aTie3aseaiiy. Of® adoToe fidaa-

ééée TNOAoT+10 2adNn3p dOETTeNRd

OEOTAATA E20ADAOODA—REFERENCES

1. V. B. Tarelnyk, O. P. Gaponova, N. V. Tarelnyk, T. M. Volina, V. M. Zubko,
M. Y. Dumanchuk, T. T . Lavrenko, M. A. Mikulina, A. T. Dotsenko,
T. Ye. Bilyi, S. S. Shevchenko, S. G. Bondarev, and O. V. Semernya, Metallofiz.
Noveishie Tekhnol., 47, No. 10: 1061 (2025) (in Ukrainian).

2. T. M. Radchenko, V. A. Tatarenko, and H. Zapolsky, Solid State Phenomena,
138: 283 (2008).

3. S. Pylypaka, V. Nesvidomin, T. Volina, L. Sirykh, and L. lvashyna, Agricul-
tural Eng., 62, No. 3: 79 ( 2020).

4. T. Volina, S. Pylypaka, A. Rebrii, O. Pavlenko, and Ya. Kremets, Advanced
Manufacturing Processes 11 (Eds. V. Tonkonogyi, V. lvanov, J. Trojanowska,
G. Oborskyi, A. Grabchenko, I. Pavlenko, M. Edl, I. Kuric, and P. Dasic)
(Springer: 2021), p. 237.

5. S. Pylypaka, T. Volina, M. Mukvich, G. Efremova, and O. Kozlova, Advances in
Design, Simulation and Manufacturing 111 (Eds. V. Ivanov, I. Pavlenko,
O. Liaposhchenko, J. Machado, and M. EdlI) (Springer: 2021), p. 63.

6. B. Antoszewski, S. Tofil, M. Scendo, and W. Tarelnik, 10OP Conf. Ser.: Mater.
Sci. Eng., 233: 012036 (2017).

7. 1. P. Shatskyi, V. V. Perepichka, and L. Ya. Ropyak, Metallofiz. Noveishie
Tekhnol., 42, No. 1: 69 (2020) (in Ukrainian).

8. M. S. Storozhenko, A. P. Umanskii, A. E. Terentiev, and I. M. Zakiev, Powder
Metallurgy and Metal Ceramics, 56, Nos. 1-2: 60 (2017).

9. 0. Umanskyi, M. Storozhenko, G. Baglyuk, O. Melnyk, V. Brazhevsky,
0. Chernyshov, O. Terentiev, Yu. Gubin, O. Kostenko, and I. Martsenyuk,
Powder Metallurgy and Metal Ceramics, 59, Nos. 7—8: 434 (2020).

10. M. Bembenek, P. Prysyazhnyuk, T. Shihab, R. Machnik, O. Ivanov, and
L. Ropyak, Mater., 15, No. 14: 5074 (2022).

11. B. O. Trembach, M. G. Sukov, V. A. Vynar, I. O. Trembach, V. V. Subbotina,
0. Yu. Rebrov, O. M. Rebrova, and V. |. Zakiev, Metallofiz. Noveishie Tekhnol.,
44, No. 4: 493 (2022).

12. A.D.Pogrebnjak, A. A. Bagdasaryan, P. Horodek, V. Tarelnyk,
V. V. Buranich, H. Amekura, N. Okubo, N. Ishikawa, and V. M. Beresnev, Ma-
ter. Lett., 303: 130548 (2021).

13. 0. P. Gaponova, B. Antoszewski, V. B. Tarelnyk, P. Kurp, O. M. Myslyvchenko,
and N. V. Tarelnyk, Materials, 14: 6332 (2021).

14. V.B. Tarel’nik, V. S. Martsinkovskii, and A. N. Zhukov, Chem. Petroleum
Eng., 53, Nos. 5-6: 385 (2017).

15. V. Martsinkovsky, V. Yurko, V. Tarelnik, and Yu. Filonenko, Proc. Eng., 39:
157 (2012).

16. V.B. Tarelnyk, O. P. Gaponova, Ye. V. Konoplyanchenko, N. S. Yevtushenko,
and V. O. Herasymenko, Metallofiz. Noveishie Tekhnol., 40, No. 6: 795 (2018).

17. V. Martsinkovsky, V. Yurko, V. Tarelnik, and Yu. Filonenko, Proc. Eng., 39:

148 (2012).


https://doi.org/10.15407/mfint.47.10.1061
https://doi.org/10.15407/mfint.47.10.1061
https://doi.org/10.4028/www.scientific.net/SSP.138.283
https://doi.org/10.4028/www.scientific.net/SSP.138.283
https://doi.org/10.35633/inmateh-62-08
https://doi.org/10.35633/inmateh-62-08
https://doi.org/10.1007/978-3-030-68014-5_24
https://doi.org/10.1007/978-3-030-68014-5_24
https://doi.org/10.1007/978-3-030-68014-5_24
https://doi.org/10.1007/978-3-030-68014-5_24
https://doi.org/10.1007/978-3-030-50491-5_7
https://doi.org/10.1007/978-3-030-50491-5_7
https://doi.org/10.1007/978-3-030-50491-5_7
https://doi.org/10.1088/1757-899X/233/1/012036
https://doi.org/10.1088/1757-899X/233/1/012036
https://doi.org/10.15407/mfint.42.01.0069
https://doi.org/10.15407/mfint.42.01.0069
https://doi.org/10.1007/s11106-017-9847-y
https://doi.org/10.1007/s11106-017-9847-y
https://doi.org/10.1007/s11106-020-00177-y
https://doi.org/10.3390/ma15145074
https://doi.org/10.15407/mfint.44.04.0493
https://doi.org/10.15407/mfint.44.04.0493
https://doi.org/10.1016/j.matlet.2021.130548
https://doi.org/10.1016/j.matlet.2021.130548
https://doi.org/10.3390/ma14216332
https://doi.org/10.1007/s10556-017-0351-5
https://doi.org/10.1007/s10556-017-0351-5
https://doi.org/10.1016/j.proeng.2012.07.020
https://doi.org/10.1016/j.proeng.2012.07.020
https://doi.org/10.15407/mfint.40.06.0795
https://doi.org/10.1016/j.proeng.2012.07.019
https://doi.org/10.1016/j.proeng.2012.07.019

ATNEZAZEAT IBRATEEAO TDTAOEOEATTNOE TANODOEOODTOOATPAT IR 203

18. V. Tarelnyk, I. Konoplianchenko, N. Tarelnyk, and A. Kozachenko, Mater. Sci.
Forum, 968: 131 (2019).

19. 0. Gaponova, C. Kundera, G. Kirik, V. Tarelnyk, V. Martsynkovskyy,
le. Konoplianchenko, M. Dovzhyk, A. Belous, and O. Vasilenko, Advances in
Thin Films, Nanostructured Materials, and Coatings (Eds. A. D. Pogrebnjak
and V. Novosad) (Springer: 2019), p. 249.

20. V. Tarelnykand V. Martsynkovskyy, Appl. Mech. Mater., 630: 397 (2014).

21. V.Tarelnyk, O. Gaponova, V. Martsynkovskyy, A. Kutakh, and G. Golovchenko,
Proc. of the 2021 IEEE 11™ Int. Conf. ‘Nanomaterials: Applications and Proper-
ties’ (NAP) (Sept. 5—11, 2021) (Odessa: 2021), p. 1.

22. V. Martsynkovskyy, V. Tarelnyk, I. Konoplianchenko, O. Gaponova, and
M. Dumanchuk, Advances in Design, Simulation and Manufacturing 11 (Eds.
V. Ivanov, J. Trojanowska, J. Machado, O. Liaposhchenko, J. Zajac, I. Pavlenko,
M. EdI, D. Perakovic) (Springer: 2020), p. 216.

23. 0. P. Gaponova, V. B. Tarelnyk, B. Antoszewski, O. M. Myslyvchenko, and
J. Hoffman, Mater., 15, Iss. 17: 6085 (2022).

24. V.B. Tarelnyk, O. P. Gaponova, V. B. Loboda, E. V. Konoplyanchenko,
V. S. Martsinkovskii, Yu. I. Semirnenko, N. V. Tarelnyk, M. A. Mikulina, and
B. A. Sarzhanov, Surf. Eng. Applied Electrochem., 57: 173 (2021).


https://doi.org/10.4028/www.scientific.net/msf.968.131
https://doi.org/10.4028/www.scientific.net/msf.968.131
https://doi.org/10.1007/978-981-13-6133-3_25
https://doi.org/10.1007/978-981-13-6133-3_25
https://doi.org/10.1007/978-981-13-6133-3_25
https://doi.org/10.4028/www.scientific.net/AMM.630.397
https://doi.org/10.1109/NAP51885.2021.9568563
https://doi.org/10.1109/NAP51885.2021.9568563
https://doi.org/10.1007/978-3-030-22365-6_22
https://doi.org/10.1007/978-3-030-22365-6_22
https://doi.org/10.1007/978-3-030-22365-6_22
https://doi.org/10.3390/ma15176085
https://doi.org/10.3103/S1068375521020113




Metallophysics and Advanced Technologies 2026 G. V. Kurdyumov Institute for Metal Physics,

TA0AETHC. TTAO T3 OABTTE. National Academy of Sciences of Ukraine
Metallofiz. Noveishie Tekhnol. Published by license under
2026, vol. 48, No. 2, pp. 205-222 the G. V. Kurdyumov Institute for Metal Physics—
https://doi.org/10.15407/mfint.48.02.0205 N.A.S. of Ukraine Publishers imprint.
Reprints available directly from the publisher Printed in Ukraine.

PACS numbers: 46.50.+a, 62.20.mm, 81.20.Hy, 81.40.Np, 83.60.-a, 89.20.Bb

NOATOATTY B3ATYTTY UTAT A@CTa+aT TV 13331 TTOTTAT +afio
aéfiredacacs; N0d3eTaesd édaisa ca 0aToCp éTioeidaeiniT,
TToéTaxaiThoe
T. 1. Oo1zeééta’, T.N. TTateye’, E. E. ATaiéer, &£. N. NoadTioa”,
2. T.Niedita™

Oééz‘i,c ifléa3TaeadTadTT-TA2AdTa+Ta aéaaai 3y,

a0, O T°a48Me RO, 16,

61003 Oadéa, 08da; 1a o
~Oadéaniéeé TabaMeT-0as11eTa - 1eé 6a6Taéé €16da2 1. 1. 1. 1 161¢Taa,

& <A 48y ASCTA+ATTY 13BN TTOTTAT <afi0 46 ;
o5 fi06°% 1480 6daisa (TNE) © 33aTy Ty, i0ATAT3 cA 04T6%°p Tadse-
o0& (OT). A 4213 110200° 3TcAEYAa%0NY TBTAA 0ATO0E BATYTTY 4EY
1a+47Ty I xA ca 04T6%°p &T10e16aéiiT; TT@éTaseoaaitioe (OET).

YTy, OT f0aTepeolRy ca OET, TT&yaapol 4 0116, UT 48y

\o

& 36064 8%UEM0U 4054 T 4aTe6 48y 5Tcdad6166 1 <A 3
¢ aeGlaTel e Aareie, Y& A12topoliy & 43a STy T Ty ca Of . @
ATYTTY, UT M0ATOPC0URY ca OET, V84 140 0263 A85% T 4ars

F1y 1 xR 083 1433065 (T) 0a TaTB0RATTY (0 ) & eTT0808-

G TTH0 12080%€3, T3&+T10 ot = Kexp(kT), 44 K, k — 8T86%6%°108, t —
x 1

I' )
A, T — 08174020002 [E], 0 — TaT802ATTY & ETTH0B0EHETTIO 12046

Corresponding author: Oleg Mykolayovytch Khoroshylov
E-mail: olegkhoroshilov2020@gmail.com

Ukrainian Engineering and Pedagogical Academy,

16 Universytets’ka Str., UA-61003 Kharkiv, Ukraine

0. 0. Morozov Kharkiv Mechanical and Technical Applied College,
4/1 Morozova Str., UA-61036 Kharkiv, Ukraine

Citation: O. M. Khoroshylov, O.S.Podolyak, K.K.Anenko, Zh.S. Starosta, and
1. P. Smirnov, Creation of an Equation for Determining the Interrepair Time of Opera-
tion of Boom Cranes Based on the Theory of Continuous Damage, Metallofiz. Noveishie
Tekhnol., 48, No. 2: 205—-222 (2026), DOI: 10.15407/mfint.48.02.0205

© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2026. This is an open access
article under the CC BY-ND license (https://creativecommons.org/licenses/by-nd/4.0)

205


https://doi.org/10.15407/mfint.48.02.0205
https://creativecommons.org/licenses/by-nd/4.0
https://doi.org/10.15407/mfint.48.02.0205

IDIOEE

.E.ATA

ET, /E.N. NOADTNOA 63 31.

-
pral
>
m:
w
JTl)
T
o]

206 T. 1.

ye3 [1Ma], ca yeTaT ca +ail t caési+o°ouiy I xA. 2¢ cafoTidaai iyr 1 xA
aéy I'NE Tapoi ¢ia=ai 1y yé 1ard0zeai 1y 4 ETTH080E63¢TT10 1404632 o
, 0aé 3 T0epacamaiiy a, ¢ yéel 6006a°olfy aaioase Ta 1aéTi1 11106 édais.
Ifé%eiée Toepacaoai 1y ATéeaaC 1a 6103010 4eTais+1Tioe (EA), yéeé
4383 TTcia+eiT yé 2, 0T 174a 83aTy i1y 4644 Taoe dedeya: o t™ = p,aoakl),
aaAm, B,, k — A1 T98&+ 12 6TA0%6°T08, 2= 1 +4/g — ETAGG™T0 48 TN >+ 1111
0&. Aecia+aiT, UT 4 83¢OEi0ad® 1T ATYTTYy dT¢dadoiesa IxA ca OET
N0aATOATA d3aTyTiy Ta® TT0e4aé0 a%a 4,3% &t 4,7% aArTniT dacoeldan’a
TxAcaOl. Oaéel +&iTi, 1TAd 3Ty T1y 01 Teeéeadol, ¢ TATTAT 4180, ¢l &
foede & adyéed aéTaaéad é3euésnol aédlared aafed aey aécia+aiily
T xA, & ToTal 4T€0, Tad4M08 ETTOATG D UITAT AecTasar iy T <A ca &éf-
Teébdacas’;, TNE.

<

Eép+743 fi6TAA: 13881 TTOT@E ~a 46fTE6a0a06% (T xA), 6740%6%°10 4eTa-
P3:1T108 (2), 04T6% Ta&séi o (OT), 0&T3% ETT0e TOAEUTT, TTBETAROAA-
i1ioe (OET).

Currently, there are equations created according to the reliability theory
(RT) to determine the interrepair operation time (IROT) of lifting jib cranes
(LJC). This article considers an attempt to create an equation for determin-
ing the IROT according to the theory of continuous damage (OCD). The ad-
vantages of the equation created according to OCD is that it requires a small
amount of initial data to calculate the IROT compared to the initial data,
which are included in two equations according to RT. There is a prototype of
the equation that is created according to OCD, which has the following output
data for determining the IROT: temperature (T) and stress in the structural
material (o ); it being known that ot = Kexp(kT), where K, k—coefficients,
t —IROT, T—temperature [K], o —stress in the structural material [MPa],
at which the IROT ends in time. Since both the stress in the structural mate-
rial and the inertia coefficient 2=1 +a/g are important for LJC for IROT,
then, we create a new equation for OCD: ¢ t™ = B,3838(kl) , where m, B, k are
empirical coefficients, and I—the inertia coefficient. The coefficient of iner-
tia2=1+a/g, which depends on the speeding up of movement (a), with which
the load moves on the lifting crane. As shown by the results of the compari-
son of calculations, the IROT for OCD has an error of 4.3%—4.7% relative to
the results of IROT for RT. Thus, this attempt will allow, on the one hand, to
evaluate the process of fatigue of the structural material and to compare the
results of the calculation of the IROT according to the equations from the
reliability theory (RT) according to the OCD; on the other hand, the concept
of creating new scientific data in the field of RT, which does not change the
essence of the problem, is given.

Key words: interrepair operation time (IROT), dynamism coefficient (1), reli-
ability theory (RT), theory of continuous damage (TCD).

(TOBRTATT 4 88T Ty 2024 8.; THOAOT+T. AAFY TO — 16 8&TTY 2025 3.)
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Fig. 1. A crawler crane using a load vibration damper.
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dzy'l' _ dzya dyé _
m, at? + P~ Py =0, m, ae - P, + (ko +4,) ot +cy,=0. (8)

e~

T 0006 TTrefdcouny aatyriyie

d?y. d?
m, dty2| +ths PRy = 0, mk?)gk - P tmag =0,
7 4 9)
ma?{a “ Bt (ka + L|Ja) d)ia +CYy, =0,
aa PK3 = ﬁﬁ(yr ~Y:- Yk) 't (ka + l‘l’lk)(yr ~ Y~ YK) 'lé-OVN O éataocad 1a
0030UTT 6 aoar3 8006. Ne3a caciareoe, UT €Ta0303°10 xeToi0éThoe
nodlee f; aécia+acfouiy yé nousiia aeTonoésnol Ta0aéTETTIN0d0Es3;
nod3ee f; 3 NOB3ETAT; 13aadNée iy, a 6Tad303°10 eTON0ETH0e daioase-
1TaT TTé3Tanoa i, aécra+acouny yé Adra TTheaTaiT ¢’caraied &e1o-
A0éTRoe datoase1TaTl éalaod 1a 436y 10° 433 aadadaia ar 12aadsnée aar-
0aee0 s 3 e TONOETHOE T33a%1ée aat0aaeo Nay.

T 3074080 A8CTa+AT Ty 8TAOGCT0% 3 STCA’YCAT Ty 4803BAT6%E 186

ATy Tl 8660 TOaAR0AAEATT &4 8TATO® [5]

2.1.2. BusnaueHnnsa Koegiyienmie nodibHocmu modento ekcnepumer-
manvHill ycmanosyi cmpinoeozo Kparna 0nsa npoéedenna excnepume-
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AAEEOR 1. TTa%aiyéiiTa 6adaéoddenoeéa Tadaiaod®a fiefiodi e UTaT aéf-
Ta0eTaT0aéiT1ed aTne3asediu (8ef. 2).

TABLE 1. Comparative characteristics of system parameters in relation to
experimental studies (Fig. 2).

P Y

ATTTITaTp aé130paaéuiT-6a°n0do

g T2000880T°| 5 —ran | ETA0%0°0T0 | O1748 0410
1agaraooe Tieaciee | V18880 | pasirioe | viavATTROS
Ataceeianoosee, 11 14000 1400 ki=10
1 afia fossee, &a 2000 20  Ki=1000 K; =k?=10°
Casdfa1ananoswse,éa 700 0.7 1000 1000
ETOM08H0 fefoAT &
Aodea-foo%Taa 198a%ea, 0,69-107  0,6610° 10,4 10
i/
ETOh0800 AaT0Ae TT;
s =TT 026107 0,24510° 106 10
Tai0aéluiT; 6noaitTaée
Aénraseiaroagiieé 1Tadel (den. 2, &) ieeaaacouny ¢ ToeaTas ia-
BATGI6 TPATTIATTY AAToa®m6 1, TOPATAG TAGATCIS TATIATTY
00°6 2, ~ BA0+AR0T; ROG%eR 3, AAT oAz 1T, T4AW8E 4, AOBETAT, 1344%-
fiee 5; 4 1e6TaeE BATOPA T9AA%Ee 321030 04 TIARRES AOB%EE TTAE
ATATT A88D+ATT H402a6%+ 1° 3ANR0AES BTERAATI 6, 9 3 430+06 190V~
Ty cofieél 7, 8. T30y 11y 04 3a°H0da03y adee+eT, UT aTiesaeoaaseny,
a

Q> Qi

aeUTT; aradaoo-

4
i [ [
V8 |
; = ,
8| C —
T A

L

DA B

6

a6y athe3aesediiy aefais+i1ed faaai-

3734 +af TATTIAT
RGAAT Ty 5%302a6%+Te

Fig. 2. Experimental setup for studying dynamic loads arising in the boom sys-
tem, when lifting a load, as well as for checking the effectiveness of the use of
hydraulic vibration dampers.
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2.2.1. Memoduxka 3aminu aprymenmy (T) 6 pienanni (5) na apry-
menm (I) 6 pienanui (6) 0na cmeopenns Pi6HAHHA UW,000 6U3HAECH-
Ha MYE cmpinoseux kpanie 3a ymos TKII

Ca%aiT ¢ OET, 400043360 1301300 0 ETTN000EH3E TTAT 1a08d3yYe0
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1
(ET) & cacdse TTH0® 434 041 TA02000€ ETAT A8ATE0a0A03%, aécTa+apol ¢a
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= 2 - BAHTAYKHA DinRicKa 5
1 t, c
F,H
1
SE0 ' hN;t’-.“*N;Nh"A NWS
#r‘q\l‘”“ - \
f ’
— ] - ¢Tpina
e 2 - BAHTAJKHA OigBicKa B
1 t, c
peéf. 3. ET13; TNOEETAdaT OTOT10aAT TV ¢Ofesl T34 +afi Tariaiiy aaioaseo,
464%3a6ATOTTaT 1°y0e oTTal, défTadeT1at0acuiTp 6ficaiTaéTp: a — 4a¢ da-
feodey éTéeaarl, 4 — ¢ dafeodeal éTéeaarni, ancaiTacaieT 6 T3aa%iés fods-
€é; a—caafeocaeal éTeéaaru, anoaiTaéare 6 aafoase 16 13aa31eéo.

Fig. 3. Copies of oscillograms of force formation, when lifting a load equivalent
to five tons with an experimental setup: a—without a vibration damper, b—with
a vibration damper installed in the boom suspension, c—with a vibration damper
installed in the cargo suspension.
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A&y MOSETATAT 65aTa Adcc6eaeT Tada1405T1, UT AT6ea° fat , ©
A& Tai%+ 14 5adae03de0eea TPAETI 6 4dde (1), Yéa casdsedl 4% Te-
SASAGATTY AaToaE6. CAYCTE TOeDASAmAT Iy AaToazs ¢ EA (2) Ta-
A83A1TT a4 BSATYT T3 (3). OTI6 46y AecTa+aTTy TTéacieda t ca OET
T6eETACTTAd 61410 2¢ FATYTTY (3) 6 BATYTTYD (4) 04 (5).
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e

o t" = B,a63(KI) (10)

EET
t. = /B,408(k1)/a. . (11)
Oacel 1T, ca OET Taddeease 3ATYiTy UTAT aTeeas EA fa

T <A 1268% (2 16A4ETAT 4641 4100 ET 05686, AOGETATAT 8daTa.

ABATYT (11)° 482 TTeAcTeee 0 042, V&3 ATeeaapol T2 SAc6E0ade
Bo3k. AFATYT T (11) ETA0%%°T0 M ca CRETITT SAAAG20 TTAT ETOATY Ada-
A0° ATERA OLEE3-Te0 46MTA0eTATOAGITED TadaToaRATl, V&3 ATeead
pou TaTTéacTed T xA, 468 TAC TBeA0O 3T & ASATYT 12 (11).

Oaéel +&TTT, 4 A21% STATO® TAA%3ATT 1144 JRATYT 1Y, Vea dTcwe-
B3p° 08TOA0S T2 TTETeRAT TV OT 46y AecTa+aT 1y 1 xA 43¢ c13Te ¢ RG0S,

Ca 611a1,0<2<1,3 048,08 I Ta<o <12,12 1 1A TTOS%ATT TA04-
433808 4a48AA0T3MOU SATYTTY (11). A&y GUTAT TATAGRATT BTCOTAG0E

T130Taeéo aey decia+ai 1y é1ad303°i0%a 6 alaiyiis (11).

2.2.2. Memoduka 6u3nauenns koepiyiecumie 0na pienanna (11)
cmocoéHho eusnavenna MUYE cmpinoeux xparie 3a 3sminu I 6 inmep-
eéani 1,0<I <1,3ma 0-— 6inmepéani 8,08 MIla <0-<12,12 MIla
Ca aedsareie aail
OUTAT E€T4a0e010

iéie 33aiyiiy (11) dégia+eiT éTa0%0%°10 m. Agy
OIToRaTyi1Yy (5)aéycia+ail 6yaésals32 4 0adé

Ino, + mint, = InA(l). (12)
CaaalT o720, T (TaaTiy 00TREY EA AQ) 3aiyiiy (12) aey oya-
€33 132 0a4é. 2404600 Tataétaeie. 1aadxelil

IN(@HM2Int™ = InA'™), In(@Z)mM*2Int™ = InA(I’™Y), (13)

OAAEEOR 2. 0aaéedy aédlaied dared aéy aecia+aiiy éT40%03°10% aey
oaTyiiy (11).
TABLE 2. Table of input data for determining coefficients for equation (11).

Lo/ | 2 | o112 | Ino- | t | Int
1 1,3 12,12 2,495 105120 11,563
2 1,3 8,08 2,089 123534 11,724
3 1,0 12,12 2,495 147468 11,90
4 1,0 8,08 2,089 173570 12,060




443=12,12, 8,08, j=1,3, 1,0.

Agy aecra+aiiy 8T46%%°10a m'? ¢ 83aTyTTy (13) cadaiT 61140,
OT_ 48y Ta0oTal 03 A80ATAT B8Ya8%a 40400U TATAETa® TTéacieée
INA(I) = InA(I’)?; 0Ta3 4% 8faTyTiy aey TadoTar dydéa 0aae. 2
AAT*TaCTT SATYT1Y ¢3cTa+aT Ty 1 e 4004TAT 8y46a 0aaé. 1:

(Ing'™) - (Ina™®) + m2(Int™ - Inti™?) = 0. (14)

CaATYTTY (14) cAaTTITITATp 034é. 1 aécTa+eiT 8Ta636%° 10 m'2:
i = (Incl)* - (Inal)* _ 2,089-2,495 _ -0
Int! - Int? 11,563 -11,724 -0

"1106 =2,52. (15)

61
CaATYTTY (14) cAaTTITITATP 034é. 1 4écTa+eiT € 8Ta6303°T0 m*™:
e = (Inc™) -(Ino™®) _ 2,089-2,495 _ -0,406

Int!=® - Int”™ 11,900-12,06 -0,160

=2,54. (16)

Taa0e60T T AB8ATO GTA-AT TV 8TAB%%°T0a 48y SATYTTY:
My, = (M2 +m**)/2=2,53. (17)
AécTa=eiT fasaars ¢ra=aiTy InAET)2 sa InARI?)* ca &%

YTy (4):
INAE™)2 = Ing' +mint = 31,865, (18)
INA(I2)** = Ing - +mint ~ =32,721. (19)
AécTa+e 1T eTa6%6%° o k

InA(I*)+2 = Inp, + kIi™, (20)
InA(1772)%% = InB, + k1i=2, 1)

48 B0k — 6TAG%*T08.
A&y 6746%%°10a k ¢a 6174, UT

Tad0e6CTT OTO1 0603 cTa+al Ty

_INA@ET2 - InA(2?)** 31,986 - 32,840 _

j=1 j=2
2] — 2] 0,3

Qo
-\
Qo
ng)
9_,):
-

-
(O

u 636%°10 Po=const,

k

-2,85. (22)

C B3ATYT Ty (20) A8 Ta+&1 T ET40%3°10 Bo:

INA(2) = InB, + k2. (23)

A o TR NN

Ca 6T Tae, UT Inp, A8CTA+ATEE 46y TTEAC TR 464U-YETAT 6y463,
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InB, = INA(®™) - (k2™) = 31,865 - (-2,85) 1,3=3557  (24)

a4t

B, = exp(35,57) = 2,81 10™. (25)
Oacei ~eiTi, caTesdiT 6781680 (5) 6 Aeasyas

o't*% = 2,81 10'°465(-2,851’) (26)

a4t
t =2532,81 10"°465(-2,851")/a" , (27)
48 j=1 8%A1Ta%A° EA ¢ 8%R00TTH0S AaMTTY éTedaaru, Ot 4T6%arpe
22713, & j=2 8%ETT2%3° EA ¢a caioTioaat 1y Aaie 1y éTeeaafu, Ot &1
3ATPC 2=1,0; *=1 AETTAEAC TATO0RATIP & TTTA04+TTI0 T2048°%3
ETTMOO0BOCTTAT AGATATOO0 A8y TAODTAT ASTA486 AGTOTAGAATU
0-=12,12 1 14, 2%=2 — 1ar86ee41 Ip & TTT404+ 1116 TA848°%3 ETT1006-
BORE TTAT 46414100 0-=8,08 T Ta. 0261 +eiTi, 1a THITA® 48CTaaT 1y

-

8TA0%6%°T0% 4T (11) Taddaea6e BATYTTY (27) 46y adc
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OAAEEOR 3. Tadaiode, y&3 1aTas%aiT a0adTacaaoe 134 +ai o1¢dadoiéo
12e04ITIONTAT +afid 4éfiTécacac’, eTifodoes’eiTal 1acdd’yes fiod*e ¢
é0e063 ANo3AT5¢aol.

TABLE 3. Parameters, which must be taken into account, when calculating
the service life of the structural material of the boom made of steel VSt3sp5

according to RT.

Tiéagiee | Adse-eia
Ta0da3yeé ¢ édes® ANO3ATS
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TABLE 4. Results of determining the IROT according to the basic indicators
recommended in the RT.

Aaee+e1a 1aT00=AT 1Y o
A TTVAGA- 111 6 TAGADG TxAt e
Treacieee | 6TIM0B6E0ETTAT 1A | [iToTaTaete (37ee)] Y
0BB3EG fiddiee ¢
O—*max O—*min 2= 1,3 | 2= 1,0 N4
12,2112 — (11205%%) - 2,50 10°
ToeioTa1e6
T <AR [1T0741- ~ 8,081Ta 123334 - 2,94 10°
fn e A o e (14,1 07é33)
aefe], oT1¢dadT- 147468
aareécaOl- 12,1217Ta - - ~aaay 3,5110°
Faryiiyi (2) (16,8 8T€2q)
—  8,081Ta 173570 41310°

(19,8 6T€3%3)
ToPeToTata dTa-
aTa3+ 130U Rs ¢
6dadoaaTiyi 12,12 11a 8,081 Ta 12,0 19,8 3,51 10°
630 6aéoTo3%a (3¢
K=1,7), [61é€e]

5426°8,08 T Ta<o <12,12 1 Ta. N

G 0246263 5 a8TERAR°, UT A8cTa=aTTy T <A ca ATITI TaTp STy i Ty
(27), OT 36 106°00AY T2 OET, 1a° TT08480 8% 4,3% 4T 4,7% ¢a aé¢
o ;

, é
+ATTy 1Téacieésa I xA cadaiyiiyie, T “80100poufy Ta 04183

Ta
iyie, Ta-

-



>
m
w
JTl)
T
T
p
=)

TATET, £.N.NOADTNOA 02 3.
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TABLE 5. Determination of the error in determining the IROT according to
equations (1), (2) and equation (27).
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