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Hocaidxceno mexnonozivnuii npouec nuac-
muunoi 00poOKU OPOH306UX 6MYNOK MEMOOOM
siopauiinozo depopmysanns. Ompumano napa-
Mempu npouecy e6idpauiiinozo odedopmyeanns
OpOH308UX 6MYIOK CLIbCLKO20CN00APCHKOT mex-
nixu. [ocniodxceni mexaniuni eénacmueocmi 6io-
HoeJleHux demadeil i ix 6naU6 HA eKCHAYamaui-
UHi noxasnuxu podouux nosepxonsv. Busnaueno
Mexanizm niosuwenms 3nococmiikocmi o6pooe-
Hux eidpauitinum depopmyeannusam demaneii

Knouoei caosa: sidopauiiine depopmyeanns,
naacmuunicmo, OpoH306a 6MYAKA, 3HOCOCMIUL-
Kicmo, Mmexawniumni enacmueocmi, 6i0HOGNEHNA,
3MIUHEHHS

T u |

Hccnedosan mexmnonozuneckuil npoyecc naa-
cmuyeckou o0padomru OGPOH306bIX 6MYNOK Me-
modom eudbpauuonnozo dedopmuposanus. Ioay-
YeHbL NApamempovL NPoyecca eUOPaAUUOHH020 Oe-
dopmupoeanus OpoH306bIX 6MYNOK CENLCKOXO-
3aucmeennou mexuuxu. Hccaedosanvr mexanu-
yecKue CoUCMEA 60CCMAHOBIEHHLIX demanell u
UX BIUAHUE HA IKCNIYAMAUUOHHDIE NOKA3AMENU
pabouux nosepxnocmeii. Onpeodesen Mmexamusm
noGbIUEHUS UIHOCOCMOUKOCU 00PAdOMAHHBLX
suopauuonnvim depopmuposanuem demaneil

Knouesvte cnosa: subpauyuonmoe oedopmu-
posanue, naAACMUMHOCMb, OPOH308as 6MYJKA,
U3HOCOCMOUKOCMb, MexaHuuecKkue ceolcmaea,
eoccmanosienue, ynpounerue

u] =,

1. Introduction

Equipment performance is the ability to perform preset
functions in the process of operation. It is estimated by
comparing the actual values of parameters with the spec-
ifications. The use of new technological processes in the
manufacture and reconditioning of parts contributes to the
reliability of agricultural machines and units. Insufficient
reliability leads to a significant increase in reconditioning
and operating costs [1].

A large number of parts made of non-ferrous metals and
alloys are used in agricultural machinery. These materials
have high antifriction properties and corrosion resistance.
They also withstand considerable specific loads and high
speeds. Most often these are bronze “bushing” type plain
bearings [2].

In practice, vibration treatment is a highly effective
method of increasing the wear resistance of machine parts.
Thus, the urgency of the work lies in a comprehensive study
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of vibration treatment of bushings of agricultural machinery.
However, this requires determining the optimum values of
process parameters.

2. Literature review and problem statement

The use of vibrations has some advantages over con-
ventional treatment methods. This is due to the harmonic
vibrations of a workpiece or tool [3]. In [4], the authors
note an increase in the metal fatigue resistance under vi-
bro-impact loading. Also, the mechanical properties of a
working surface during vibration centrifugal hardening are
improved [5]. According to the author [6], application of
vibration technologies contributes to resource saving. The
authors of [7, 8] also indicate a change in physicomechani-
cal properties of the processed material and the intensify-
ing effect of vibrations. However, there is a lack of data on
certain types of parts.




Vibration treatment is characterized by a periodic sep-
aration of the surface of the active part of the tool from the
treated surface of the part, which leads to a microprocess of
unloading of these surfaces. The dynamic effect increases
with increasing parameters such as vibration amplitude and
frequency [9]. These parameters, as the authors [10] note, have
a significant impact on the surface hardening of workpieces.

The wear resistance of the parts subjected to vibration
treatment is largely determined by the depth of the hardened
layer. However, the authors [11] indicate the lack of specific
recommendations for determining its values in the literature.

Therefore, a comprehensive research on vibration defor-
mation of parts is needed.

3. Goals and objectives

The goal of the experimental research was to increase
the wear resistance of bronze bushings of agricultural ma-
chinery through reconditioning by the method of vibration
deformation.

To achieve this goal, it is necessary to accomplish the
following objectives:

— to justify the process parameters of vibration deforma-
tion of bronze bushings of agricultural machinery, providing
an increase in their wear resistance;

— to analyze the mechanical properties of the parts sub-
jected to vibration deformation.

4. Materials and methods of experimental research on
increasing the wear resistance of bronze bushings under
vibration deformation

4. 1. Experimental materials and equipment

To get the results of the research of the parameters and
characteristics of materials under vibration deformation, the
experiments were carried out on specimens and on natural
worn-out parts.

The specimens are made of BrOTsS 5-5-5 bronze (Fig. 1)
of two dimensional groups: the first — L=38.5 mm; d=
=68 mm; dp=54 mm; the second — L=30 mm; d=68 mm;
do=54 mm.

The inner surface of the specimens was treated with the
U7 tool steel punch.
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Fig. 1. Test specimens: a — specimen designs; b — specimens
of camshaft bushings of YaMZ-236 engines with strain
gauges

The punches (Fig. 2) were subjected to oil quenching
to a temperature of 780-800 °C, tempering at a tempera-
ture of 400-420 °C, ageing for 15-20 min, and cooling.
The hardness of the working part of the punch was 55—
58 HRC, and of the shank — 40—45 HRC. For determining
the optimum angle of the treatment tool (punch) during nor-
mal and vibration deformation of bronze bushing specimens,
the experimental research was conducted with the following
angles B: 8%, 9°, 10°.
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Fig. 2. Hole punches:
a — a general view; b — a structural diagram

Deformation of the bushings was carried out both with
lubrication and with no lubrication. Grease A and engine oil
were used as lubricants.

The experimental research of deformation of bushing
specimens and parts by the method of vibration deforma-
tion was carried out on an installation, whose general view
is shown in Fig. 3. The main units of the installation are a
vibration exciter (1), a base (2) and a hydraulic lifting sys-
tem (3). The bed and auxiliaries provide attachment of the
vibration unit, and also create reliable isolation of the entire
installation from the floor.

Fig. 3. The general view of vibration installation:
1 — a vibration exciter; 2 — a base;
3 — a hydraulic lifting system

Vibration installation allows performing such operations
as distribution, compression and hardening. The required



operating parameters are set on the installation using the
vibration unit. The operating parameters include the vibra-
tion amplitude and frequency, as well as the speed of the
treatment tool.

4. 2. Methods for determining the mechanical proper-
ties of treated parts

The metallographic research was carried out on grinding
plates made of camshaft bushings, treated by conventional
and vibration deformation. For a research of the revealed
structure at 100—400 magnification, the MIM-8M micro-
scope was used.

The roughness of the treated surfaces was measured by
the portable profilometer 253 by the R, parameter.

The research of the surface wear of the reconditioned
parts was carried out by the MI-1M machine. The test
modes were chosen from the operating conditions of the con-
jugate pair: the roller speed was 550 min™!, the load — 460 N.

5. The results of the research on increasing the
wear resistance of bronze bushings under vibration
deformation

It was experimentally revealed that the amount of the
metal shifted to the bushing end depends on the angle B, ma-
chining allowance and deformation rate. With an increase in
the punch speed, the mass of the metal shifted to the bushing
specimen end increases. The machining allowance was with-
in 0.1-0.4 mm.

The values of the metal shifted to the specimen ends at
different punch angles and deformation rate of 0.03 m/s are
shown in Fig. 4.

m, g
035 B-10°
028
|
021 AP=8°

: oo
0,14 :&‘///‘

0.07 > ﬁ:“f
e
p=o°
0 0.1 0.2 03 0.4 A mm

>

Fig. 4. Variation of the mass m of the metal shifted to
the bushing end at different punch angles 3: 1 — normal
deformation; 2 — vibration deformation

The research found that the smallest amount of the
shifted metal was at the punch angle p=9°. Under vibration
deformation, the intensity of the metal shifting to the end of
the bronze bushing with a length L=38.5 mm is much lower
compared to normal distribution. Thus, at the punch angle
B=9° and allowance A=0.4 mm, the mass of the shifted metal
under vibration deformation is 6.5 times smaller in compari-
son with normal distribution.

For determining the impact of the height of a gauge part
of the tool on the quality of the treated surface of parts, the
punches were made with the gauge part height of 3, 4, 5, 6

and 7 mm. The research was carried out on specimens with a
length of 38.5 mm and allowance of A=0.4 mm under normal
and vibration deformation.

Table 1 gives experimental data on variation in the
roughness of the specimen surface at different heights of the
punch gauge surface.

Table 1
Variation of the R, parameter of the specimen surface

Gauge part R, values, pm
height h, mm Vibration deformation | Normal deformation
3 2.2 3.8
4 0.8 2.6
5 0.9 29
6 1.5 3.6
7 1.7 6.2

The data in the table show that the lowest roughness
value of 0.8—0.9 um for vibration deformation was obtained
at a height of the punch gauge part of 4—5 mm. Under normal
deformation, the smallest roughness was 2.6-2.9 pm.

For the deformation process assessment, it is necessary
to know the values of the specimen treatment forces under
normal and vibration deformation.

In the course of the research, the deformation forces were
determined by means of a pressure gauge and strain gauges.
Fig. 5 shows the graphical dependencies of variation in de-
formation forces of specimens for different allowances under
normal and vibration deformation.
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Fig. 5. Variation of deformation forces F from the punch
angle B: 1 — normal deformation; 2 — vibration deformation

As can be seen from Fig. 5, with increasing the machin-
ing allowance and the punch angle, deformation forces in-
crease both under normal and vibration loading. The nature
of the curves is identical. The variation of the deformation
force of the BrOTsS 5-5-5 bronze specimens with the ma-
chining allowance A=0.4 mm and the punch angle p=9° is
1.15 and 1.33 times lower than at the angles =8° and p=9°,
respectively.

The research shows that the treatment force depends on
the vibration amplitude of the treatment tool — punch. The
research was carried out at the following amplitudes: 0.5; 1.0
and 1.5 mm (Table 2).

In Table 2, the lowest deformation force is observed at
the vibration amplitude of the treatment tool A=1.0 mm.
Such values provide optimum deformation conditions. With
an allowance A=0.4 mm and amplitude A=0.5 mm, the
treatment force is 1.19 times lower than at an amplitude



A=1.5 mm. This is due to the joint action of static and cyclic
(dynamic) stresses, which facilitates the movement of slip
lines and, consequently, reduces the deformation force.

Table 2

Variation of the vibration deformation force at
different amplitudes A, p=9°

A=0.5 mm A=1.0 mm A=1.5mm
;ﬁlli(e)\x Force F, ﬁiz\x Force F, aAnliZ“X Force F,
’ N/m? ’ N/m? ’ N/m?

mm mm mm

0.1 56 0.1 50 0.1 67
0.2 116 0.2 102 0.2 128
0.3 182 0.3 161 0.3 195
0.4 240 0.4 217 0.4 258

For a comparison of the material quality of the bushing
specimens subjected to normal and vibration deformation,
the metallographic research was carried out on polished
sections made of camshaft bushings.

The properties of bronze are determined by its mi-
crostructure, i.e. the type and composition of structural
components, which, in turn, are determined by the phase
composition [12].

Fig. 6 shows the microstructure of specimens after nor-
mal and vibration deformation.

The microstructure examination showed that vibration
deformation provides a more fine-grained and uniform struc-
ture in comparison with normal treatment.

Fig. 6. Microstructure of BrOTsS 5-5-5 bronze specimens
at x100 magnification: ¢ — normal deformation;
b — vibration deformation

The depth of the deformed layer was determined using
the reticle eyepiece. The eyepiece interval was 650 um un-
der normal deformation, and 950 pm under vibration de-
formation.

An increase in the deformation depth induces hardening
of the layers of the specimens that are in contact with the
treatment tool. Hardening under vibration loading occurs
more vigorously.

The wear resistance tests were performed for 18 pairs of
specimens (6 pairs of specimens made of new parts, 6 pairs
of specimens after normal distribution and 6 pairs after vi-
bration deformation).

The wear rate of the friction pair parts was estimated
by the average mass loss as a result of the tests. Duration of
tests made up 2 hours.

The research results showed that the average wear
rate of rollers was 0.0673 g for those made of new parts,

0.0772 g — after normal deformation, and 0.0682 g — after
vibration deformation. The average wear rate of pads was
0.0904 g, 0.1106 g and 0.0920 g, respectively (Table 3).

Table 3
Results of the research on wear resistance of specimens
Friction Roller Average | Average
pair Parts Pad wear wear pad wear [roller wear
number rate, g rate, g rate, g rate, g
1 0.0904 0.0691
2 0.0920 0.0679
3 0.0908 0.0652
y New 0.0913 0.0686 0.0904 0.0673
5 0.0905 0.0690
6 0.0903 0.0642
7 0.1140 0.0765
8 After 0.1111 0.0776
9 normal | 01065 | 00770 | ol
10 | deforma- | 04113 | 0.0795
11 tion 11085 | 0.0783
12 0.1121 0.0743
13 0.0972 0.0683
14 After 0.0951 0.0676
15| vibration | 00902 | 00689 | o o
16 defgrma- 0.0907 0.0680
17 tion 0.0856 | 0.0673
18 0.0944 0.0691

Table 3 shows that the wear rate of pads and rollers un-
der vibration deformation is respectively 1.2 and 1.13 times
lower than under normal distribution.

6. Discussion of the results of the research on increasing
the wear resistance of bronze bushings under vibration
deformation

Under normal deformation, the variation of the amount
of the metal shifted to the bushing end is non-linear within
the allowances P=0.1...0.4 mm, and under vibration defor-
mation — almost rectilinear. The smallest amount of the
material shifted to the specimen end during deformation
was at the punch angle p=9°. This is due to the fact that
at smaller angles, the contacting surface of the punch with
the treated bushing increases. Consequently, the number
of contact points increases, thereby increasing the material
adhesion. With an increase in the punch angle, the contact
surface decreases, thus increasing the specific pressure and
the amount of the adhered material.

Under vibration deformation of a hollow specimen, re-
peated separations of the treatment tool decrease the friction
force, which reduces the material shift along the specimen
(to its end) and increases the radial deformation rate. The
emerging additional circumferential tensile stresses facili-
tate the metal movement in the layers adjacent to the punch.
As aresult, the central layers get a greater elongation, which
contributes to the appearance of additional longitudinal and
tangential tensile stresses in outer layers and compressive
stresses in central layers.

The research has shown that vibration loading leads
to an alignment of the structure. It becomes more uniform



and fine-grained. Under deformation, more fine grains are
formed and favorable conditions for dislocation generation
are created. Dislocations promote an increase in the radial
deformation rate. The obtained data confirm the earlier the-
oretical research [13].

Under vibration deformation, grains are also crushed and
directed towards the treatment force. The number of grains,
whose slip planes are located at 45° to the applied force
increases. First of all, the conditions for plastic slip deforma-
tion are created in them, since shear stresses in these planes
reach the maximum values. This creates conditions for free
movement of dislocations and formation of new ones. When
the treatment tool comes in contact with the bushing, the
deformation rate increases, along with the number of defects
in the crystal structure. This complicates the dislocation
movement and leads to hardening, which helps to reduce the
wear rate of the working surface of parts.

Under normal deformation, the trajectories of the max-
imum shear stresses will be at 90° to the specimen surface,
under vibration deformation — at 45°. This is due to cyclic
separation of the punch from the treated surface. Conse-
quently, under vibration deformation, the slip lines will

intersect the treated surface at an angle varying from 45° to
90°. Therefore, the force and rate of radial deformation under
vibration deformation will be greater compared to normal
distribution. This promotes greater compaction (hardening)
of the workpiece surface.

7. Conclusions

1. The analysis of the experimental research has revealed
the technical possibility of using vibrations for recondition-
ing and hardening of “bushing” type parts.

2. Based on the results of the experimental research, the
process parameters of vibration deformation of bronze bush-
ings: vibration amplitude A=1.0 mm; machining allowance
A=0.4 mm; the punch angle p=9°; the height of the punch
gauge part h=4—5 mm are obtained. These parameters al-
low reconditioning of worn-out surfaces. Also, they can be
used for treatment of new parts. Vibration treatment allows
reducing the operational wear by 1.2 times. This indicates a
higher wear resistance of the parts reconditioned by vibra-
tion deformation, compared with non-vibration deformation.
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Hocaidxceno 3azacanns inpaseyxy ¢ cmansax X18HIT i
12X18H10T i3 naazmosumu noxpummsamu na ocrosi (NiAl—
S$i05°Al,03). Bcmanosnenuili 6naue noxpummis CkaaoHoi
MIKpOCMpYKmypu 3 HAHOCKAAO06UMU Y BU2NA0L AepOCU-
N6 HA napamempu eHYmMpiwHb020 mepms 00CHI0HCYEAHUX
xomno3uyiti. Ha memnepamypnomy cnexmpi 3a HASAGHO-
cmi noKpummie us6aeHi AHOMANil Y 6uU2an0i nikie pizHoi
Qizuunoi npupoou. 3anpononosanuii kpumepii demnyean-
HA NOKpumMmie i3 HanoCKAA006UMU

Kntouosi caosa: nnazmose noxpumms, GHYmMpiuwHe
mepms, demnpysanns, HaHOCKAA0061, AHOMATLHI 8AACTU-
eocmi, MOOYtb NPYICHOCMI

= yu

Hccnedosano 3amyxanue unppazeyra 6 cmansx X18H9Tu
12X18HA10T ¢ naasmennvimu noxpoimusmu na ochose (NiAl—
S$i02°Al,03). Yemanosneno eausnue nOKPoLIMuil CJAONCHOU
MUKPOCMPYKMYPoL C HAHOCOCMABIAIOUWUMU 6 UOE A3POCUTLO8
Ha napamempoL GHYMpeHe20 MpeHust UCCAEOYEMbIX KOMNO3U-
uuii. Ha memnepamyprom cnexmpe npu Haauvuu noxpolmuil
8bLAGTICHLL AHOMANUU 6 6Ue NUKOE PA3NUMHOU (Pu3uuecKoil
npupoovt. Illpednoscen kpumepuii demnpuposanus noxpoimuii
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1. Introduction

2. Literature review and problem statement

In conditions of exposure to temperature fields and
deformations, it is important to ensure dynamic strength
and vibration reliability of structural elements, which
can be achieved by increasing of their damping capacity.
Damping, along with other properties, is an independent
physico-mechanical property of metals and alloys [1, 2].
The damping capacity of structural materials can be
increased by applying an appropriate functional metal
coating [3, 4], in particular, by plasma sputtering [5, 6].
Coating materials include powders of different composi-
tions — metallic [4, 7], ceramic [8], nanostructured [9, 10],
and plated [11]. The damping capacity of materials can be
characterized by means of the parameters of their internal
friction (IF) [2, 7, 12].

Analysis of the IF measurements reveals additional in-
formation on structural and phase features of various zones
along the composition cross section [5, 13, 14]. Research on
the temperature and the amplitude dependences of internal
friction (TDIF and ADIF) allows formulating the basic pro-
visions of the mechanism of high damping, depending on the
composition and structure of the coatings [5, 14, 15]. At the
same time, research on the energy dissipation on TDIF and
ADIF in coated structural materials reveals a change in the
general background and the appearance of new anomalies
[13, 14]. Such circumstances necessitate additional research
to better understand these phenomena.

In such conditions, the issue of the damping capacity of
coatings (DC), that is the issue of the damping criterion, is
topical. The issue of compatibility of the damping capacity
with other physico-mechanical properties of the “base-coat-
ing” system as a whole remains important.

The problem of increasing the dynamic strength and the
related damping properties involves various areas of engi-
neering, aerospace engineering, turbine construction, and
transportation.

An effective means of combating vibration is the use of
damping materials such as cast iron, composite materials,
as well as steel based on Fe—Cr and Fe—Cr—V. However,
with the exception of cast iron, they all find little use, which
is due to low mechanical properties, high cost, or low heat
resistance. The application of damping materials such as
coatings on structural steel rationally combines the me-
chanical strength of the base and the damping capacity of
the coating. There exist metal antifriction plasma coatings
[4] as well as coatings of polymeric materials and composites
[7] that are applied to steel to reduce vibrations by means of
electroplating [16].

The effect of plasma single and multicomponent coatings
on the parameters of IF has been tested on a number of
systems, where iron [17] and high-alloy steels [4, 15] were
chosen as bases. At the same time, the research has revealed
that it is possible to increase the damping properties of the
matrix due to coatings, both without treatment and after
thermal diffusion treatment.

In aviation turbine construction, for example, the damp-
ing capacity of turbine blades that are made of special alloys
is commonly increased due to vacuum condensates, includ-
ing reinforcing nanocomponents [9, 18]. It was found that
the damping capacity of coatings alongside the physical and
mechanical properties of coated materials depend on the
production parameters and the structure of these coatings
[18]. At the same time, the available data reveal the fact of




