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yu] =,

Iposedenuit ananiz 3nocy demaneii 00360au6 6cma-
HOBUMU XApaKmepHi 6UMO2U MEXHOJI02IUH020 NPOUeCcy
610H06IEHHA 3HOWEHUX NoBepxoHb. Erxcnepumenmanvni
00CH0NHCEHHA NO IMIUHEHHIO POOOUUX NOBEPXOHD NIYHCHUX
JleMewie 00360UNY BUSHAMUMU nApaAMempu 06pooKu: uac-
moma xonueans 06po61ozo incmpymenmy 1400 xe~', amn-
aimyoa xoaueans 0,5 mm, uac 00pooxu 20 c. Jocaioxncenns
énauey 3euuaiinozo i eibpauiiinozo depopmyeanns Ha
Xapaxmepucmuxu MiyHoCmi nonepeoHbo NPoeooUIUC HA
Modensax, a nomim na demanax. Modeaamu cuyeyseanu
HOGL JleMewli, excnepumenmanvii 00CHIONCEHHA HA AKUX
3a0e3neuyeanu idenmuunicmo xapaxmepy 3HOULYGAHHS
picyuux enemenmis. 3ade3neueHHAM 00HAKOBUX YMOE
NPOMIKAHHS NPOUECi8 3MIUHEHH 0OMPUMYEALOCS 00HA-
Koeicmv cmynens depopmauii modeni i demaudi.

ocmogipnicms pesynomamie excnepumenHmaioHUx
docnidcenv ouinosanu 6i0N06iOHO 00 NPUUHAMOZ0 Meo-
pemunnozo 3aKony po3nodiny npu 3a0aniil 6eTUMUHI UMO-
giprnocmi 0.=0,95. Jlocaioncennamu 6Cmamnosaeno, wo Hai-
oinvwii umosipuicmi 0,39 eionosidae wupuna nemeuy
116—117,5 mm, sxa mae neénuii 6naus na npaye3damuicmo
nememy.

Excnepumenmansno 6cmamnosieno, wo cmynins 3miy-
nenns aemewie 3i cmani JI-53 3 nodarvuwum nannagien-
HaAM copmaiimom i eibpauitinum 3miynennam ¢ 1,85 pasu
Oinvwe, nisc npu 3eunaiiniii 0o6poéui. Ilpoeedeni docni-
0xceHHs 00360UNU SUHAMUMU Xapakmep 3MiHU Popmu
Jlemeuty i moSuUHY Pi3ANbHOL KPOMKU,  MAK0JNC uGpamu
Oinvw epexmuenuil mexnonoZiMHUl npoyec 1020 6i0H06-
JleHHs MemoooM 8i6payiiiinozo aMiyHeHHA. 3AnPONOHOEAHO
Memo0 6i0H06/IeHHA JleMeulié NPuUBaproGaHHAM WUH 3i
cmani 45 3 aemomamuunumM HANAABTIEHHAM COPMAUMOM
1 nodanvuum 6i0PaUitHUM 3IMIYHEHHAM

Knmouoei cnosa: depopmysarnns, ounamixa snowyean-
Ha, sibpauiina 06pobxa, 3nococmitixicmo noeepxii
u] =,
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1. Introduction

One of the problems of repair activities is to increase
the durability of working parts of tillage machines during
their restoration. A solution to this problem will allow re-
pair enterprises to reduce downtime, improve the quality of
maintenance and repair and improve indicators of equipment
reliability and utilization [1].

A significant role in ensuring the long service life of till-
age machines is assigned to the development and application

Copyright © 2020, A. Dudnikov, O. Gorbenko, A. Kelemesh, O. Drozhchana
This is an open access article under the CC BY license
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of progressive technological processes which will significant-
ly improve indicators of restoration quality.

The feasibility of the restoration of working parts of these
machines is to reduce repair costs by cutting expenses on new
spare parts and operation costs [2].

In this regard, the technical condition of working parts
of the tillage machines significantly affecting the yield of
agricultural crops is of particular interest.

When restoring parts, it is necessary to ensure their qua-
lity at a level of new parts or even higher. Wear resistance of



working surfaces can be improved by the development and
application of advanced technologies that can significantly
improve quality indicators of restored parts. However, this
requires additional studies.

2. Literature review and problem statement

In most cases, the destruction of the material of machine
parts begins with the surface (wear, fatigue, contact destruc-
tion, etc.). In many cases, it is difficult to ensure the reliabi-
lity and durability of products in view of changes in strength
and structurally stressed state of the metal surface layers
resulting from the effect of hardening processes [3].

There are a number of methods for restoration and hard-
ening of tillage machine working parts: sharpening, harden-
ing, sormite surfacing, gas-plasma surfacing with wear-resis-
tant powders or brazing cermet plates [4]. However, these
methods did not find proper application in agricultural
production in view of insufficiently high quality of resto-
ration of working parts of tillage machines, high processing
complexity and costs.

Restoration of tillage working parts using the electro-
physical method of welding special wedge-shaped rolled
products instead of worn blades is hampered by the high
cost of special rolled products [5]. Induction surfacing with
carbide powders is an expensive and energy-intensive pro-
cess as well [6].

Use of Elkefem hard alloy in the restoration of working
parts of tillage machines ensures a two to three times increase
in their wear resistance. However, costs are much higher [7].

Restoration of parts by welding plates with their subse-
quent surfacing by wear-resistant metal powders from below
provides, to a certain extent, effect of blade self-sharpening.
However, this method is of significant complexity and does
not provide high wear resistance. In addition, the level of the
stress-strain state of the restored part increases [8].

The method of restoring working parts of tillage machines
by flux-cored wire surfacing provides a rather high surface
hardness (56-58 HRC). However, the impact resistance of
the restored part material reduces because of the features of
the material and the deposited layer properties [9].

What concerns restoring parts of tillage machines, there
are data in the literature on their restoration by freezing sur-
facing which ensures the formation of a wear-resistant layer
of required dimensions and shape [10]. However, the method
is highly labor-intensive, requires expensive equipment and
eventually did not find application in repair activities.

The use of laser technology for hardening cutting surfac-
es of tillage machine parts is promising as it enables contin-
uous pulsed processing [11]. However, the authors note that
the application of this technology to working surfaces of the
tillage machine parts features a local nature of processing
and therefore requires substantial theoretical and experi-
mental studies.

There are other recovery methods mainly used in me-
chanical engineering. Such methods are at a stage of experi-
mental studies and require expensive equipment.

Hardening ensures the creation of a reserve of reliability
of the recovery process since the introduction of special ope-
rations imparts higher in-service properties to the restored
parts of agricultural machines. In this regard, solutions in
the field of hardening by vibrational deformation are of
particular interest.

Processing of materials using mechanical oscillations or
vibrations [12] is among the new promising methods of plas-
tic surface deformation.

The vibrational process of working machined surfaces
implies applying a large number of micro-impacts to the pro-
cessed material to harden it. Hardening entails mutual dis-
placement of the processed metal layers. All characteristics
of deformation resistance (tensile strength, yield strength,
elasticity, fatigue strength, hardness, etc.) get higher during
processing [13].

Thus, conducting a study on vibration hardening of ma-
chine parts operating in conditions of extremely high loads
is of practical interest when finding ways for raising durabi-
lity and reliability.

3. The aim and objectives of the study

This study’s objective is to improve the technological
process of restoration of working parts of tillage machines
using the vibration of the processing tool. This will provide
an increase in the reliability of recovered parts.

To achieve the objective, the following tasks were set:

— to study the nature of change in parameters of plow-
share processing;

— to study hardening of the surface layer during processing;

— to assess wear resistance of the share blades.

4. The procedure used in defining quality
indicators

The choice of the recovery process was substantiated tak-
ing into account the nature of defects and degree of wear of
working surfaces of cutting elements, their hardness, material,
geometric dimensions, processing accuracy and repair costs.

Analysis of wear of these parts has made it possible to
establish characteristic requirements of the technological
process of restoring worn surfaces.

When assessing reliability, formulas from the theory of
reliability were used as estimation dependences.

Quantitative and qualitative assessment of the reliability
of the share cutting elements as working parts of tillage ma-
chines restored by various methods was carried out by com-
parison with the same indicators of new parts.

State of restored and new shares was assessed by their
wear in the tests.

Micrometry of the thickness of the share cutting edge was
carried out by means of the MKC-25 micrometer with a gage
indicating unit having an accuracy of 0.001 mm and design
parameters were determined using the ShCC-500 caliper with
a gage indicating unit having an accuracy of 0.01 mm.

Oscillations of the working part (of the tool) cause
a change in physical-mechanical properties (hardness, micro-
hardness) of the processed material. TK-2M hardness tester
was used to measure hardness along the entire length of the
share cutting edge and the PMT-3 instrument was used in
measuring microhardness.

Determination of the processing parameters that reduce
the wear of cutting edges of working parts of tillage machines
is an important factor in the selection of a restoration process.

Experimental studies were carried out on the vibration
unit manufactured for hardening working surfaces of the
parts with necessary processing parameters: perturbing force,



amplitude, and frequency of oscillations and speed of move-
ment of the processing tool.

The value of the processing force was fixed using a mano-
meter and a device that stabilize this force level.

To study the influence of conventional and vibrational
types of loading on strength characteristics of the processed
material, studies were carried out on model samples and then
on the actual parts.

New shares were used as experimental study samples on
which identity of history of the cutting element wear was
provided.

In order that the laws and quantitative data obtained in
laboratory conditions could be extended to concrete parts,
the law of similarity (the Kirpichov-Kik law) was observed
according to which the models should be geometrically simi-
lar and physically identical, that is:

Ly _h

v b

=7’l,

(1)
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where 7 is the modeling scale; 0 and M are indices of the part
and model, respectively.

To ensure the same conditions for the hardening proces-
ses, the similarity of the degree of deformation of the model
and the part was observed, that is, y/=¢0.

Studies of wear dynamics for the working parts of tillage
machines were carried out on experimental lots of shares.
To assess changes in microgeometry of the share blades
along their generatrix, a planimetric method was used.
It implies recording the blade geometry at various wear
stages depending on operating time. Analysis of the ob-
tained wear data has made it possible to evaluate the pro-
cess intensity with different recovery methods and choose
a more effective one.

To confirm prerequisites for appropriateness of using the
vibration technology, five geometric parameters of share hard-
ening were determined (Fig. 1). These parameters include
width in planes (hy, Ay, h3); change in the point size (Ah);
width (1, I, I3) and depth (ay, as, as) of wear and bend (u).

Shares of three options were taken for the tests:

— new shares of L-53 steel;

— new shares of L-53 steel subjected to vibration hardening;

— shares restored by welding strips of ‘45’ steel, sormite
surfacing and vibration hardening.

QN

hy

%6

The reliability of the results obtained in experimental
studies was assessed in accordance with the theoretical law
of distribution for a given value of confidence probability
o=0.95[14].

Studies of wear of the share cutting elements were carried
out along the cutting element generatrix using the planimet-
ric method. Using the registered wear lines, diagrams (con-
tours) of geometry change depending on wear time were
obtained.

Change of the blade shape in the sections perpendicular
to the blade generatrix was determined by the method of
taking impressions (replicas) in three characteristic sec-
tions (opposite the mounting holes) in equal operating
time steps.

Relative experiment error at the specified confidence
level was determined:

(2)

where ¢! is the upper confidence limit of mean value scatter;
t,, is the magnitude of the scatter onset shift; ¢ is the mean
value of the indicator:

_ 1 &
r=—Yt, 3
N &l 3)
where ¢, is the value of the i-th indicator.
The empirical mean square value of .S was found:
(4)

where ¢,—¢ is the residual error.
Using the Irwin criterion, the experiment results were
assessed:

)

where ¢, and 7, are the adjacent points of infor-
mation.
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5. The results of studying the share hardening

5. 1. The study of nature of change in parame-
ters of share processing

The results of experimental share studies are
given in Table 1.

The data presented in the Table allow us to
state that in order to raise wear resistance of the
restored shares, vibration hardening should be car-
ried out at tool oscillation frequency of 1,400 min~!,
the oscillation amplitude of 0.5 mm and hardening
time of 20 s. With these processing parameters, the
smallest wall wear of 0.4 mm and the point wear of

Fig. 1. Places of measurement of share wear after tests

0.5 mm is provided in shares of L-53 steel (experi-
ment 14, Table 1).



Table 1

The results of experimental studies of shares restored
by vibration hardening

Expe. Qscilla— OsF:il— . Wear HLagmtud.e W, mm
riment | tion fre= | lation ening Share option
No. qugngy, amplitude, time, s L-53 steel | 65G steel
mimn mm wall | point | wall | point
1 700 0.25 10 1.5 | 145 [ 1.65 | 1.4
2 700 0.25 20 1.2 1.2 1.7 | 1.3
3 700 0.25 30 1.6 | 1.6 | 14 | 1.5
4 700 0.50 10 135 1.3 1.3 | 1.25
5 700 0.50 20 1.3 1 1.0 | 1.2 | 09
6 700 0.50 30 1.3 1.2 1.2 | 1.0
7 700 0.75 10 1.55 | 1.5 | 1.65| 14
8 700 0.75 20 14 | 135|155| 1.3
9 700 0.75 30 1.4 | 1.5 | 1.6 | 1.45
10 1400 0.25 10 1.5 | 14 | 1.3 | 08
11 1,400 0.25 20 0.4 1.2 | 07 | 1.4
12 1,400 0.25 30 1.2 1.0 | 1.6 | 1.3
13 1,400 0.50 10 1.1 1 09 | 1.1 1.1
14 1,400 0.50 20 04 | 05 | 04 | 04
15 1,400 0.50 30 05 | 07 | 06 | 1.0
16 1,400 0.75 10 1.1 | 125] 1.5 | 1.3
17 1,400 0.75 20 09 | 1.0 | 1.2 | 1.2
18 1,400 0.75 30 1.0 1.1 1.3 | 1.3
19 2,100 0.25 10 1.0 | 1.2 | 1.5 | 14
20 2,100 0.25 20 13 | 125 14 | 1.0
21 2,100 0.25 30 1.2 1.3 1.4 | 1.2
22 2,100 0.50 10 1.3 14 | 1.3 | 11
23 2,100 0.50 20 1.2 | 1.1 | 1.0 | 0.8
24 2,100 0.50 30 1.1 1.5 1.5 | 1.0
25 2,100 0.75 10 1.5 | 1.5 | 06 | 1.5
26 2,100 0.75 20 1.0 | 1.0 13 | 1.2
27 2,100 0.75 30 14 | 1.5 | 1.6 | 1.5

3. 2. The study of hardening of the surface layer during
processing

It has been established that the increase in strength cha-
racteristics is largely explained by an increase in resistance to
displacement of dislocations and their ordering in the course
of deformation [15].

During deformation (Fig. 2), the Luder’s lines intersect
free (ab and cd) and contact (bc) surfaces at an angle of 45°.

Friction stress arises in surface b¢ during conventional
working. At its limit value, one family of Luder’s lines reaches
the contact surface at an angle of 90° and the other family is
tangent to it.

7

Fig. 2. Diagram of Luder’s lines in the plastic working
of material

Under vibration loading when the processing tool is
taken off, this angle will be equal to 45° and the angle of in-
tersection of the Luder’s lines with the processed surface will
vary from 45° to 90°. Thus, at the moment when the tool is
taken off, the processing force will be directed to the move-
ment direction at a large angle. The force, the degree of com-
paction, and the magnitude of deformation in radial direction
will be of greater importance than in conventional working.

Stress 6z normal to the surface is equal to zero and nor-
mal compression stresses 6y along the X axis act on free surfa-
ces ab and cd. Based on the equation of plasticity, we can write:

0-0y,=2k o =-2k, (6)
where
c
k=2,
NE)
On free surfaces, the mean stress will be:
_  0O+o0y, oy
6 =— =X _p 7
== @

When moving from point z to point m on the contact
surface, the Luder’s lines turn by an angle of 90°. Therefore:

Gy, — 0y, :Zkgzkn. (8)
Hence:
Gy, — Oy, —kn=—h(1+m)=22"2 9)

Compressive stresses 6, and o, act throughout the
bfc region. According to the equation of plasticity:

Oy =0y, =2k (10)

m

The following is found from equation (1):

Oy, +0,, =—2k(1+m). (11)
Then the compressive stress will be:

G, =—k-(2+7)=5.14k. (12)
After substituting the value of % into equation (13):
chzs'—\/?csz—Z.Wcs. (13)
Specific p and complete force P, respectively, will be:
p=2970,; P=p-be. (14)

Since there is no friction between the processing tool and
the surface at the moment when the processing tool backs
off the surface during vibrational working, then based on the
plasticity theory [16], normal stress will be 1.1565. Hence,
2.57 times rise of stress occurs during conventional working.

With plastic deformation, a change in the part dimen-
sions occurs which contributes to the hardening of the pro-
cessed surface material.



The degree of hardening of the processed material was
determined:

0
iy 15
=% (15)

where Fy and F; are the areas of the processed surface before
and after working.

Calculated values of the degree of hardening of the pro-
cessed share material are given in Table 2.

Table 2
Values of hardening degree
Hardening degree
Processed material Conventional Vibrational
working working
L-53 steel 0.045 0.067
L-53 steel, sormite surfaced 0.034 0.063

The degree of hardening the material of L-53 steel sam-
ples subjected to sormite surfacing and vibration hardening
was 0.063 that is, 1.85 times more than in conventional pro-
cessing (0.34).

5. 3. The study of wear resistance of plowshares

Studies of wear dynamics in cutting elements were con-
ducted for the following shares:

— shares restored by welding strips of 45 steel, sormite
surfacing, and vibration hardening;

— new shares of L-53 steel with no hardening applied,;

— new shares of L-53 steel subjected to vibration hardening.

Service reliability of shares of the above options was
assessed by the rate of wear of width, point, and thickness of
the share (Table 3).

Table 3
Change in the rate of share wear

Mean rate of share wear,
Share option mm/ha
width | point | thickness

1. New shares of L-53 steel 0.035 | 0.140 0.024
2. Shares restored by welding strips
of 45 steel, sormite surfacing, and vi-| 0.027 | 0.122 0.013
bration hardening
3. Nfew shares of L—SQ steel subjected 0029 | 0128 0.016
to vibration hardening

As can be seen from the data in Table 3, wear rates of the
above parameters of the shares restored according to the de-
veloped technology were respectively 1.3, 1.4 and 1.85 times
less than those observed in new shares.

The utilization factor characterizing reliability, maintain-
ability and repair time is an important indicator of tillage
machine reliability. It also takes into account maintenance
and repair time. The utilization factor was determined from
the following relationship:

— TP
T, +T,+T,,’

(16)

where Tp is the mean time between failures, T and Ty are
the mean time during which the object could work during the

restoration of its working condition and the time determined
by maintenance.

Table 4 shows the mean values of the utilization factor
for the plow units working with shares of the above options.

Table 4
Values of the utilization factor
Mean production Utili-
Share option capacity between | zation
failures, ha factor, Ky
1. New shares of L-53 steel 422 0.949
2. Shares restored by welding strips
of 45 steel, sormite surfacing, and 439 0.991
vibration hardening
3. New shares of L-53 steel subjec-
ted to vibration hardening 427 0.973

The plow units working with shares restored by welding
strips of 45 steel, sormite surfacing, and vibration hardening
had the highest value of K;=0.991. The presented data make
it possible to prognosticate higher reliability of the entire
technological complex and plan the number of modes in a cer-
tain time period to ensure smooth operation.

6. Discussion of the results obtained in improving
the wear resistance of shares using vibration
hardening

When determining the nature of change in parameters
of processing shares restored by vibration hardening, op-
timal values of frequency and amplitude of the processing
tool oscillation and hardening time were obtained on the
basis of experimental data. The established numerical values
of the above parameters of processing the cutting parts of
plowshares contribute to an increase in their wear resistance
during recovery.

The established nature of change in the degree of share
wear during vibration working with an amplitude A=0.25 mm
can be explained by a weak manifestation of properties of the
processing tool oscillation. With an amplitude A=0.75 mm,
there is smaller contact between the processing tool and the
surface being worked as a result of greater tool withdrawal
from the surface being hardened. In this case, load on the
part material is shock-like which contributes to the reduc-
tion of material deformation. This fact was confirmed by
previous studies [17].

The decrease in the wear of the share cutting elements
subjected to vibration hardening can be explained by metal
hardening due to a change in its structure under vibration
loading, a decrease in residual stresses and an improvement
in the hardened material properties.

The obtained tabular data indicate that the degree of
hardening of the material of the shares restored by sormite
surfacing and vibration processing is 1.85 times more than in
conventional processing.

Wear dynamics has shown that the rates of wear of the
blade width, point and thickness of the shares restored ac-
cording to the developed technology are respectively 1.3,
1.14 and 1.85 times less than those of the new shares.

Analysis of the data obtained makes it possible to state
that wear resistance of the share depends to a large extent on
the type of recovery processing and combination of the main
and deposited materials.



As a result of bench tests and property studies, an option
of share restoration by welding strips of 45 steel, automatic
hard surfacing, and subsequent vibration hardening was
proposed. In terms of carbon content, 45 steel is close to
L-53 steel and provides good fusion quality.

Calculations of the utilization factor indicate that the
highest value of 0.991 was observed in plow units working
with shares restored by welding strips of 45 steel, sormite
surfacing, and vibration hardening.

The obtained study data make it possible to predict the
greater reliability of the entire technological complex.

Disadvantages of using vibration oscillations in metal
part recovery relate to the increased noise level during the
operation of the vibration unit. To reduce noise, it is neces-
sary to provide proper insulation of the unit from the floor of
the workshop where it is mounted.

These studies were conducted for the areas characterized
by certain climatic and soil conditions. The studies have to

be further developed for the areas with other climatic and
soil conditions.

7. Conclusions

1. The main parameters of share processing that improve
wear resistance were established: the processing tool oscilla-
tion frequency of 140 min~!, oscillation amplitude of 0.5 mm
and hardening time of 20 s.

2. It was found that the degree of hardening of the mate-
rial of the shares made of JI-53 steel by sormite surfacing and
vibration hardening is 1.85 times more than that obtained by
conventional processing.

3. An option of restoring shares by welding strips of
45 steel with automatic hard surfacing and subsequent vibra-
tion hardening that provides maximum wear resistance with
a shape factor of 0.956 was proposed.

References

1. Babitskiy, L., Moskalevich, V., Mischuk, S. (2019). Justification of ways to increase the durability of tillage working bodies. E3S Web
of Conferences, 126, 00059. doi: https://doi.org/10.1051 /e3sconf/201912600059

2. Strebkov, S., Slobodyuk, A., Bondarev, A., Sakhnov, A. (2019). Strengthening of cultivator paws with electrospark doping. Engineer-
ing for Rural Development. doi: https://doi.org/10.22616 /erdev2019.18.n178

3. Aftanaziv, I, Shevchuk, L., Samsin, L., Strutynska, L., Strogan, O. (2019). Development of a technology for the surface strengthen-
ing of barrel channels in the large-caliber artillery guns. Eastern-European Journal of Enterprise Technologies, 3 (1 (99)), 11-18.
doi: https://doi.org/10.15587/1729-4061.2019.167134

4. Belenkii, Y. I, Kretinin, V. I., Sokolova, V. A., Andronov, A. V. (2019). Rationale for the choice of wear-resistant coatings in the
hardening of tillage working bodies of forestry machines. IOP Conference Series: Earth and Environmental Science, 315, 052002.
doi: https://doi.org/10.1088/1755-1315,/315/5,/052002

5. Titov, N. V,, Kolomeichenko, A. V., Kuznetsov, Y. A., Kalashnikova, L. V., Bagrintsev, O. O., Sharifullin, S. N. (2018). Investigation of
plasma metal-ceramic coatings on cutting surfaces of working bodies of machines and mechanisms. IOP Conference Series: Materials
Science and Engineering, 412, 012075. doi: https://doi.org/10.1088,/1757-899x/412,/1,/012075

6. Poulka, C., Gavrilyuk, V. Y., Senchishin, V. S. (2013). Improving induction surfacing equipment and technology. Welding Interna-
tional, 28 (4), 320-323. doi: https://doi.org/10.1080,/09507116.2013.796681

7. Vasylenko, M., Verkhusha, V. (2000). Vidnovlennia lemeshiv iz zastosuvanniam elektrofizychnoho metodu. Tekhnika APK, 7, 15-16.

8. Sidorov, S. A., Mironov, D. A., Khoroshenkov, V. K., Khlusova, E. I. (2016). Surfacing methods for increasing the service life of
rapidly wearing working tools of agricultural machines. Welding International, 30 (10), 808-812. doi: https://doi.org/10.1080/
09507116.2016.1148408

9. Kozyrev, N. A, Usoltsev, A. A, Kryukov, R. E., Belov, D. E., Prudnikov, A. N. (2019). Study of the properties of flux cored wire based
on dust from gas cleaning plant of ferrochrome for surfacing on the cutting bodies of tunneling machines. IOP Conference Series:
Earth and Environmental Science, 377, 012024. doi: https://doi.org/10.1088,/1755-1315/377/1,/012024

10. Betenya, G. F, Kardash, N. V., Zayko, N. A. (1990). Nanesenie iznosostoykih pokrytiy pri uprochnenii i vosstanovlenii pochvore-
zhushchih elementov naplavkoy namorazhivaniem. Zashchitnye pokrytiya na metally, 24, 94—-97.

11.  Arutyunyan, R. V,, Baranov, V. Yu., Bol’shov, V. Yu. (1989). Vozdeystvie lazernogo uprochneniya na materialy. Moscow: Nauka, 337.

12.  Babichev, A. P, Babichey, I. A. (2008). Osnovy vibratsionnoy tehnologii. Rostov na Donu: Izdatel’skiy tsentr DGTU, 694.

13.  Dudnikov, A., Dudnikov, 1., Kelemesh, A., Gorbenko, O. (2018). Influence of the hardening treatment of a machine parts’ mate-
rial on wear-resistance. Eastern-European Journal of Enterprise Technologies, 3 (1 (93)), 6—11. doi: https://doi.org/10.15587/
1729-4061.2018.130999

14.  Anilovych, V. Ya., Hrinchenko, O. S., Lytvynenko, V. L. (2001). Nadiynist mashyn v zavdanniakh ta prykladakh. Kharkiv: Oko, 320.

15. Kelemesh, A., Gorbenko, O., Dudnikov, A., Dudnikov, I. (2017). Research of wear resistance of bronze bushings during plastic
vibration deformation. Eastern-European Journal of Enterprise Technologies, 2 (11 (86)), 16-21. doi: https://doi.org/10.15587/
1729-4061.2017.97534

16. Kanarchuk, V. V. (1982). Osnovy nadezhnosty mashyn. Kyiv: Naykova dymka, 354.

17.  Dudnikov, A., Dudnik, V., Ivankova, O., Burlaka, O. (2019). Substantiation of parameters for the technological process of restor-
ing machine parts by the method of plastic deformation. Eastern-European Journal of Enterprise Technologies, 1 (1 (97)), 75-80.
doi: https://doi.org/10.15587/1729-4061.2019.156779



