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Silver, as a soft material, is used in the construction of bearings that carry high loads and high speeds, and has good
lubrication characteristics, mechanical properties and corrosion resistance. There are many methods of forming a suitable
coating, but the process of applying Ag coating to the surface of a tin-bronze bearing sleeve using electrospark deposition
(ESD) technology to improve operating conditions has not been sufficiently described. In the article the investigated coating
is obtained on a tin bronze substrate, which was formed as a result of ESD with the use of silver as a soft antifriction material.
The morphology, composition and properties of the coating were studied. The Ag coating on the surface of tin bronze that
was formed by alternately electro-spark deposition applying the soft material of silver. The analysis of deposition on mass
transfer, roughness, thickness, surface morphology, elemental composition and tribological properties of the Ag coating
were investigated by electronic scales, 3D optical profilometers, scanning electron microscopy (SEM), energy dispersion
spectrum (EDS) and tribometer. The results show that the soft material coating of silver is dense, uniformly distributed and
metallurgical fusion with the substrate. The coating of silver was deposited on the surface of tin bronze by electro-spark
deposition. The optimal process parameter was obtained as follows: the voltage is 60V, the duty cycle is 25%, the efficiency
is 1min/cm?. Under the optimal process parameters, the mass transfer is 25.0mg, the surface roughness of the Ag coating is
15.46um and the thickness is 15um. In particular, the layer obtained under the optimal process parameters reduces surface
micro-cracks and has a relative smooth and dense surface with good integrity. The Ag coating have a good metallurgical
bonding with the substrate, and the microstructure of the deposition is compact. Due to the rapid heating and cooling of the
substrate surface by ESD technology, the grains in the deposition layer are very dense, refined, uniformly distributed. The
tribological properties of the coating in dry friction show that the lower resistance is exhibited by the Ag coating deposited
using the soft antifriction material. The surface friction coefficient is stable after running-in, and becomes stable throughout
the test and the minimum friction coefficient of the Ag coating is about 0.31 after running-in stage. The wear mechanism of the
Ag coating is dominated by plastic deformation, abrasive wear and slight polishing. Plastic deformation and abrasive wear
dominated on the relatively soft Ag coating. Silver and copper have very good wettability, which is conducive to improving the
metallurgical bonding performance between metals during ESD. However, the performance of silver as antifriction material
coating needs to be further improved.
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Introduction
The bearing tin bronze alloys exhibit better mechani-

deposition (ESD) technology to improve the operating con-
ditions.

cal properties as compared with the Babbitt. Analyzing of
their work has shown that the damageability of the bronze
pads is exposed in the form of constrained running, high
wear and high probability of scoring (Manu et al., 2021;
Wang et al., 2018). Thus, there is need to provide for the
bronze bearing pads with special coating improving the
running conditions.

Tin bronze has good thermal conductivity and can
effectively eliminate the heat generated by friction as
a substrate material (Tarel'nik et al., 2017; Chen et al.,
2021). Soft metal silver is used in the design of bearings
bearing high loads and high speeds and has good lubri-
cation performance, mechanical properties and corrosion
resistance (Yuan et al., 2020). Silver and copper have
very good wettability, which is conducive to improving
the metallurgical bonding performance between metals
during ESD.

There are many methods to prepare the related coating,
but there are few reports on how to deposit the Ag coating
on the surface of tin-bronze bearing bush by electro-spark

The coating of the tin bronze surface that was formed
by ESD applying the soft antifriction material of silver. The
analysis of morphology, composition and properties of the
coating were investigated.

Materials and research methodology

The material QSn10-1(Cu 89.10%, Sn 9.38%, P 0.72%,
Others 0.80%) was cut into size 29mm*25mm*4mm as the
substrate. Silver (Ag99.99%) was used to make 3mm in
diameter for electro-spark deposition electrode.

The surface of the substrate and the electrodes was
ground on silicon carbide grinding papers of different grain
size (400, 600, 800, 1200 and 1500 grit) and the roughness
of the surface is not greater than 1um. Prior to deposition
of the coating, the substrates and electrodes were cleaned
in anhydrous ethanol for 20 minutes by ultrasonic cleaner.

The ESD machine HMT-9500 has a control panel
to change the electrical parameters including ESD volt-
age (20V-100V), duty cycle (20%-100%), rotation speed

(150r/min-880r/min) and frequency (50Hz-500Hz). The ESD
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machine has the ground attachment, the shielding gas outlet
and the applicator attachment. The rotation direction can be
controlled on the applicator.

Travel speed in both cases was 2mm/s. The rotation
speed of the layers was 550r/min and the frequency was
400Hz. Deposition was carried out using a hand-held gun
at room temperature with the argon gas (Ar 99%) protec-
tion (10L/min flow rate), which avoids contamination of
the deposit zone by interstitial elements such as oxygen
or nitrogen.

The electro-spark deposition process parameters (elec-
trodes, voltage, duty cycle and efficiency) are shown in
Table 1.

Table 1
The ESD parameters of the Ag coating
Specimens | Electrodes Vo(l{la)ge cyEILétl(l% ) (Enf::;'/irr':})/
1# Ag 40 20 1
21t Ag 60 25 1
3# Ag 80 30 1

The mass transfer data were constructed in weighing the
specimens on a Mettler Toledo AL204 balance with an accu-
racy of 0.1 mg.

Surface roughness and topography measurements
were made using 3D optical profilometers of Bruker Con-
tour GT-k1.

ESD treated surface morphology and wear scars were
analysed using scanning electron microscopy (SEM) of FEI
Quanta 200.The element composition on the surface of the
Ag coating was characterized by energy dispersion spec-
trum (EDS) built into SEM.

Samples for the microstructural analysis were prepared
from the cross sections of Ag coating block and mounted in
bakelite. After polishing and cleaning, corrosion was applied
with 4% nitric acid alcohol. ESD treated cross section mor-
phology of the Ag coating was analysed using metallo-
graphic microscopy LECIA DMi8 M.

An assessment of tribological properties was performed
in the ball-on-plate reciprocating rig on aMWF-500tribome-
ter. The study is to investigate tribological properties of ESD
layers under dry friction conditions. The test temperature
was 25°C. The low sliding velocity of 20mm/s was chosen to
ensure boundary lubricating conditions and was maintained
constant for all the stripes. The track length was 6 mm. The
8 mm diameter bearing steel (GCr15) ball was used as
counter-face. The applied loads were 5N, 10N and 15N. For
the initial 600 seconds, the applied load was 5N, the follow-
ing 600 seconds, have more load of 10N, and then to 15N
for the final 600 seconds.

Results and analysis

In this study, the analysis of deposition on mass transfer,
roughness, and thickness of the Ag coating were investi-
gated, as shown in Table 2.

The electro-spark deposition coating is the result of
gradual accumulation through multiple discharge and a
large number of deposition points (Wang et al., 2021). The
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mass transfer is usually regarded as an important index to
evaluate ESD (Zhang et al., 2021). At the beginning of dep-
osition, the coating mass increases most obviously. With the
increase of deposition time, the mass transfer of electrode
to substrate gradually decreases. Finally, with the increase
of deposition time, the mass of substrates tops increas-
ing. This is because with the increase of deposition time,
the content of oxide or nitride on the surface of the coating
increases, the residual stress on the surface increases, the
binding force decreases, and the material is more likely to
splash during discharge, which impedes the mass transfer
in the process of ESD.

In this study, a precision electronic balance with an accu-
racy of 0.1mg was used to measure the samples and calcu-
late the mass added to the substrate after ESD, as shown in
Table 2. From the point of spark discharge rule, the larger of
the discharge energy, the mass of the more increase (Uman-
skyi et al., 2020; Hong et al., 2017), and Table 2 shows that
the increase of the mass as the energy increases. When the
voltage is 40V, the duty cycle is 20%, the efficiency is 1min/
cm2, the minimum value of mass transfer is 16.8mg. When
the voltage is 80V, the duty cycle is 30%, the efficiency is
1min/cm2, the maximum value of mass transfer is 32.3mg.

The Bruker Contour GT-K1 3D optical profilometers
was used to observe the surface of the deposition layer
and measure the surface roughness. As can be seen from
Table 2, the roughness increases with the increase of dep-
osition energy. When the voltage is 40V, the duty cycle is
20%, the efficiency is 1min/cm2, the minimum value of the
surface roughness is 11.09um. When the voltage is 80V, the
duty cycle is 30%, the efficiency is 1min/cm2, the maximum
value of the surface roughness is 23.84um.

The surface roughness of the Ag coating is not only
affected by the deposition parameters, but also affected by
the operation technology, the mechanical accuracy of the
welding torch and the properties of the deposited materials.

The measured results of the coating surface topography
and profile are shown in Fig. 1. It can be seen from the figure
that, Fig. 1, a, Fig. 1, b and Fig. 1, ¢, the surface topography
gradually becomes rough, and the change of surface profile
curve gradually increases.

The thickness of the Ag coating is the most important
index of ESD. As can be seen from Table 2, the coating
thickness increases with the increase of deposition energy.
When the voltage is 40V, the duty cycle is 20%, the effi-
ciency is 1min/cm2, the minimum value of the thickness is
9um. When the voltage is 80V, the duty cycle is 30%, the
efficiency is 1min/cm2, the maximum value of the thickness
is 21um.

Table 2
The mass transfer, roughness and thickness
characteristics of the Ag coating

Speci- | Electro- Mass Roughness | Thickness
mens des transfer(mg) R, (um) (um)
1# Ag 16.8 11.09 9
24 Ag 25.0 15.46 15
3# Ag 32.3 23.84 21
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Figure 1. The surface topography and profile
of the Ag coating (a-Specimen 1#, b-Specimen 2#,
c-Specimen 3#)

The morphology of the Ag coating surface is shown in
Fig. 2. It can be seen from the figure that the surface of
the deposited coating is sputtering stacking, which is formed
by the superposition of many irregular small droplet spots
melted by continuous pulse discharge. There are a few
microcracks on the surface of the Ag coating, which tend to
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Figure 2. The morphology of the Ag coating surface
(a-Specimen 1#, b-Specimen 2#, c-Specimen 3#)
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propagate along the direction perpendicular to the surface
of the coating. This is due to the rapid heating and cooling in
the process of spark discharge, the residual thermal stress
in the coating will exist, leading to the initiation of micro-
cracks, and Ag with good plasticity can play a role in reliev-
ing the thermal stress, thus reducing the number of cracks.
The multilayer structure with a low modulus ratio contributed
to reduced stress concentration in harder sub-layer, thereby
inhibiting crack initiation.

After deposition, only simple grinding is needed to meet
the requirements of surface roughness. The prepared coat-
ing surface has a small amount of ferrous metal oxides due
to oxidation, which is caused by the oxidation of copper in
bronze alloy. It can also be seen from Fig. 2 that the sur-
face of Specimen 1# in Fig. 2, a has dense discharge spots
and more rough surfaces. With the increase of discharge
energy, discharge spots and smooth surfaces increase.
That's because the higher the energy, the more molten the
metal at the interface, the more fluid it is.

The element composition on the surface of the Ag coat-
ing was characterized by energy dispersion spectrum (EDS)
in Table 3. As can be seen from the table, with the increase
of discharge energy, the content of elements on the surface
of the sample changes little and the copper content is rela-
tively high which indicates that the coating thickness is not
too thick, and the good wettability between silver and copper
can make the metallurgical combination better.

Table 3
The elemental composition of the Ag coating surface
Specimens P(%) Cu(%) Ag(%) Sn(%)
1# 0.29 40.74 56.46 2.51
2# 0.19 38.14 59.60 2.06
3# 0.18 45.31 51.09 3.41

Electro-spark deposition technology can effectively
change the surface of the physical and chemical properties,
mechanical properties, so that the tribological properties of
the surface changes, which has special properties (Tarelnyk
etal.,, 2018; Cao et al., 2017; Wei et al., 2018).

Table 4 compares the evolution of the coefficient of fric-
tion at the applied loaded of 5N, 10N and 15N of the ESD
modified samples sliding against a GCr15 steel ball in air.
For the initial 600 seconds at load of 5N of Specimen 1#,
the friction coefficient with an average value of about 0.33.
The following 600 seconds at load of 10N, the friction coef-
ficient is about 0.24. And then to 15N for the final 600 sec-
onds, the friction coefficient is about 0.35. The friction coef-
ficient of the coating after running-in is slightly larger mainly
because of the thinner coating. For the initial 600 seconds
at load of 5N of Specimen 2#, the friction coefficient with an
average value of about 0.69. The following 600 seconds at
load of 10N, the friction coefficient is about 0.36. And then
to 15N for the final 600 seconds, the friction coefficient is
about 0.31. The friction coefficient of the coating is slightly
larger at the beginning of the run-in mainly because of the
increase of the surface roughness of the coating. For the
initial 600 seconds at load of 5N of Specimen 3#, the fric-
tion coefficient with an average value of about 0.20. The
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following 600 seconds at load of 10N, the friction coefficient
is about 0.22. And then to 15N for the final 600 seconds, the
friction coefficient is about 0.31. The reason why the friction
coefficient of the coating is small at the beginning of run-in
is that the coating thickness increases and the surface is
more prone to plastic deformation. The investigation of the
tribological properties of the coating in dry friction show that
the lower resistance is exhibited by the coating deposited
using the soft antifriction material.

From the evolution of the coefficient of friction of the tin
bronze substrate with the Ag coating, it is clear that wear
process indicated is rather complicated because of the influ-
ence of different surface topography and chemical composi-
tion during running-in phase (Zhou et al., 2022; Tarelnyk et
al., 2012; Xue et al., 2021). For ESD layers, at the beginning
of steady stage its friction coefficient shows to some extent
direct response to surface roughness and the coating thick-
ness. Because GCr15 with high hardness produce material
loss of soft antifriction Ag coating counterpart (with relative
low hardness) through dominant abrasion mechanism. With
the generation of tribofilm, abrasion of coating-GCr15 sliding
couples is transferred to interfacial sliding. Similar to other
sliding couples, the steady-state fiction coefficients become
more or less independent of surface roughness. The friction
coefficient is stable after running-in, and becomes stable
throughout the test.

The surfaces of wear traces were analysed in order to
understand the friction and wear resistance mechanisms of
the coating. The wear scars of the tin bronze substrate with
the Ag coating after tribological testing are shown in Fig. 3.
It was found from analysis of wear scars in Fig. 3, a that
the wear mechanism of the Specimen 1# is dominated by
abrasive wear and fatigue delamination. The friction surface
of Specimen 1# is smooth, the wear marks are fine and shal-
low, and some materials are spalling and forming spalling
pits. The wear mechanism of the Specimen 2# is dominated
by abrasive wear and plastic deformation that was found
from analysis of wear scars in Fig.3, b. However, it can be
seen in Fig. 3, ¢ that the soft antifriction coating may effec-
tively restrain fatigue delamination, showing plastic defor-
mation, abrasive wear and slight polishing. Plastic defor-
mation and abrasive wear dominated on the relatively soft
Ag coating. The initial surface microgeometry was changed
during load application and its surface became smooth with
fine shallow scratches observed after the wear test. After the
smooth surface was formed, the friction and wear stabilised.

The elemental composition of the Ag coating surfaces
after tribological testing are shown in Table 5. By comparing
Table 3 and Table 5, it can be found that copper content
on the surface of specimen 1# decreases from 40.74% to
38.29%, silver content decreases from 56.46% to 46.52%.
The tin content on the surface changed little before and after
the friction test. In addition, carbon and oxygen elements
were detected on the surface, indicating the formation of
carbides and oxides after surface wear.

By comparing Table 3 and Table 5, it can be found that
after friction test, copper content on the surface of speci-
men 2# increases from 38.14% to 45.45%, silver content
decreases from 59.60% to 46.32%. The tin content on the
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Figure 3. The wear scars of the tin bronze substrate
with the coating after tribological testing
(a-Specimen 1#, b-Specimen 2#, c-Specimen 3#)

surface changed little before and after the friction test. In
addition, the low content of carbon and oxygen detected
on the surface indicates that due to the good stability of
silver, less carbides and oxides are produced after sur-
face wear.

By comparing Table 3 and Table 5, it can be found that
copper content on the surface of specimen 3# decreases
from 45.31% to 41.48%, silver content decreases from
51.09% to 34.72%. The contents of tin on the surface of
specimen 3# have little change after friction test. In addition,
the higher carbon and oxygen elements content detected on
the surface indicates that due to the poor stability of tin and
copper, more oxides are generated after ESD. However,
due to the large surface roughness, the oxides and carbides
on the surface have not been completely removed.

Table 4
The friction coefficient during coating tests
atloads of 5N, 10 N,and 15N

Specimens 5N 10N 15N

1# 0.33 0.24 0.35

2# 0.69 0.36 0.31

3# 0.20 0.22 0.31
Table 5

The elemental composition of the Ag coating surface
after tribological testing

Specimens | C(%) | O(%) | Cu(%) | Ag(%) | Sn(%)
1# 763 | 4.76 38.29 46.52 2.81
2# 1.03 5.52 45.45 46.32 1.68
3# 11.27 | 11.05 | 41.48 34.72 1.48
Conclusions

The following conclusions can be drawn from observed
results:

(1) The coating of silver was deposited on the surface
of tin bronze by electro-spark deposition. The optimal
process parameter was obtained as follows: the voltage
is 60V, the duty cycle is 25%, the efficiency is 1min/cm?.
Under the optimal process parameters, the mass trans-
fer is 25.0mg, the surface roughness of the Ag coating is
15.46um and the thickness is 15um. In particular, the layer
obtained under the optimal process parameters reduces
surface micro-cracks and has a relative smooth and dense
surface with good integrity.

(2) The Ag coating have a good metallurgical bonding
with the substrate, and the microstructure of the deposition
is compact. Due to the rapid heating and cooling of the sub-
strate surface by ESD technology, the grains in the deposi-
tion layer are very dense, refined, uniformly distributed.

(3) The tribological properties of the coating in dry friction
show that the lower resistance is exhibited by the Ag coat-
ing deposited using the soft antifriction material. The surface
friction coefficient is stable after running-in, and becomes
stable throughout the test and the minimum friction coeffi-

cient of the Ag coating is about 0.31 after running-in stage.
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Silver and copper have very good wettability, which is con- | improved. The wear mechanism of the Ag coating is domi-
ducive to improving the metallurgical bonding performance | nated by plastic deformation, abrasive wear and slight pol-
between metals during ESD. However, the performance | ishing. Plastic deformation and abrasive wear dominated on
of silver as antifriction material coating needs to be further | the relatively soft Ag coating.
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Uxan YxeHyyaHb, acripaHm, CymcbKul HauioHanbHUl agpapHuli yHisepcumem, M. Cymu, YkpaiHa

XAPAKTEPUCTUKA TOKPUTTSA 31 CPIGJIA HA MOBEPXHI OJIOB’SIHOI BPOH3U, COOPMOBAHOIO
METOLOM EJIEKTPOICKPOBOIO OCAOXEHHA

Cpibno sk M’aKuli Mamepian 8UKOPUCMOBYEMbCS Y KOHCMPYKUT MIOWUMHUKIG, SKi HECYMb 8UCOKI HABaHMAXEHHS | BUCOKI
weuodKocmi, i Mae Xopowi xapakmepucmuKu 3MauleHHs, MexaHiyHi enacmusocmi ma cmitikicmb 0o Kopogii. IcHye 6azamo
memodie ¢hopMysaHHs 8i0rnoesi0HO20 NoKpumms, ane He ocmamHbO onucaHull MPouec HaHeceHHs Ag-nokpumms Ha
08EPXHIO 01108 IHO-6POH3080F 8MYIIKU MIOWUNHUKa 38 00MOMO20K0 MEXHOmoRIl enekmpoickposoeo ocadxeHHs: (ESD) dns
roKpaweHHs1 yMoe ekcriiyamauii. Y cmammi 0ocnidxeHe nokpummsi, ompumaHe Ha nidknadui 3 0ri08’sHUCmoi 6poH3u, sike
6yno cehopmosaHe 8 pesynbmami ESD i3 3acmocysaHHsIM cpibna sik M’iK020 aHmughpukyitiHo2o mamepiany. [ocnidxeHo
Mopgbonoeito, cknad i enacmueocmi noKpUMMs.

lpugedeHo mexHomnozito hopmysaHHs AQ-MOKpUMMS Ha MOBEPXHi Of108’IHOI OPOH3U, SIKE YMEOPEHE WIISIXOM
104ep208020 efleKMpPOICKP08020 ocadxeHHs (ESD) HaHeceHHsIM M’siK020 Mamepiasy cpibna. AHani3 erugy 0Ca0XeHHs
Ha MacoobMiH, wopcmkicmb, MOBWUHY, MOPOsIOo2itd MosepxHi, enemeHmHul cknad i mpubosnoaidHi enacmueocmi
Ag-nokpumms docnidxyeanu 3a AoroOMO20t0 efeKMPOHHUX 8az, 3D-onmuyHux npoginomempis, ckaHyr4Oi eneKMPOHHOT
mikpockonii (SEM), crnekmpy eHepzemuyHoi ducnepcii (EDS) ma mpubomempa. [Nokpumms 3i cpibna HaHocunu Ha
[0BEPXHIO 01108 SIHOI BPOH3U e/1eKmpPOiCKpPo8UM HarnuneHHsM. OnmumanbHUl napamemp npouecy by ompumaHuli makum
yuHom: Harpyea 60 B, poboyuli yukn 25%, npodykmusHicmb 1 xe/cM?. 3a onmumasnbHUX napamempie npoyecy Macoobmi
cmaxosums 25,0 Me, wopcmkicme nogepxHi Ag-nokpummsi — 15,46 mkm, a moswjuHa — 15 mkm. 3okpema, wap, ompumaHul
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3a onmuMaribHUX rnapamempie npoyecy, 3MEHWYe MoBepPXHEsi MIKpOMPIWUHU | Mae 8iOHOCHO anadky i WinbHy MO8epPXHHO
3 Xopouwor yinicHicmro. Ag-nokpumms mae xopowuti Qughy3itiHul 36’430k i3 nidknadkor, a Mikpocmpykmypa ocadXeHHs
KommnakmHa. 3ae0siKu WeUGKOMy HazpigaHHIO ma OXOTO0XKEHHIO M08epxXHi MiOknaoku 3a mexHoozieto ESD 3epHa 6 wapi
ocadxeHHs1 OyxKe WirbHi, BUMOHYEHI, PiBHOMIPHO po3rodineHi. TpubonoaidHi eracmugocmi MOKPUMMS Npu CyxoMy mepmi
roKasyromb, Wo MeHwul onip 0eMoHcmpye AQ-MOKPUMMS, HaHeCeHe 3 GUKOPUCMAaHHAM M’SIK020 aHMUGPUKUIUHO20
mamepiany. KoegiyieHm nosepxHego20 mepmsi cmabinibHul ricrig 0bkamku i cmae cmabinbHUM Npomsi2oM 8urnpobyeaHHs,
a MiHimanbHUl KoegpiyiecHm mepms Ag-nokpummsi cmaHosums npubnusHo 0,31 nicna emany obkamku. Y MexaHi3mi
3HOWYy8saHHs1 Ag-nokpummsi nepesaxarome rniaacmuyHa 0eghopmauisi, abpa3usHe 3HOWYBAHHS Ma HE3HaYHe Moslipy8aHHs.
Ha ei0HocHO M’sikomy Ag-rokpummi nepesaxanu nnacmuyHa 0eghopmauis ma abpasusHe 3HowysaHHs. Cpibmo i midb
Maromb Oyxe XOpouwy «3MOYy8aHiCmMby, WO CIPUSIE MOKPaUeHHI0 ehekmueHOCmi QUhy3ilIHO20 34erneHHs MiX Memarnamu
nid yac enekmpocmamuyHux po3psidie. O0HaK eqhekmusHiCMb 3acmocy8aHHs cpibna ik aHMUPUKYitHO20 moKkpummsi
rnompebye nodanbuwo20 MoKpauleHHs.

Knroyoei cnoea: nokpumms, roeepxHsi, enekmpoickpose ocadxeHHs (ESD), m’akul mamepian, mpubomoaiyHi
enacmusocmi.
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