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Abstract

In this study, samples were produced by powder metallurgy, adding 0.25 wt.% h-BN and
0.25,0.5,1, 2,4, and 5 wt.% SiC to Cu, Zn, and Sn metallic powder mixtures. The samples were
mixed using high-energy mechanical alloying and compacted under a 400 N mm™? pressure.
Subsequently, they were sintered for 2 h at 820°C in a controlled atmosphere furnace. Charac-
terization processes included hardness measurement, XRD analysis, dimensional changes, and
electron and optical microscopy. The results of the study revealed that the dimensional change
after sintering increased initially with the addition of SiC and then decreased as the addition
amount increased. XRD analysis identified characteristic peaks of the reinforcement materials
and the metallic matrix. SEM analysis confirmed the distribution of h-BN and SiC within
the metallic matrix. Wear resistance was significantly improved with increasing SiC addition
in the 3 N load wear tests, remaining unchanged in the 1 N load wear tests. Furthermore, an
increase in SiC content led to consistent friction coefficients at each stage of the wear test,
while SiC-free samples exhibited load-dependent changes in friction coefficients.
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1. Introduction

This research on metal matrix composites, partic-
ularly in applications like sliding bearings, provides
valuable insights into their low friction coefficient
(COF), high wear resistance, and capacity to operate
effectively at high temperatures. The most used metal
matrix composites in sliding bearings have copper
as their primary matrix material. Alloying elements
such as Al, Pb, Si, Zn, and Sn are added to enhance
their wear resistance and mechanical strength values.
When alloyed with tin and zinc elements, copper-
based metallic materials are preferred for sliding-
bearing alloys primarily due to their low COFs, em-
beddability, and ease of manufacturing. However, their
limited wear resistance can be a limiting factor in
their usage. Furthermore, in high-temperature appli-
cations, ceramic reinforcement materials such as TiC,
WC, Al,O3, BNy, and SiC are employed alongside
metallic alloying to enhance wear resistance, tough-

ness, mechanical properties, and load-carrying capac-
ities. However, it has been reported that the use of
ceramic reinforcement materials can enhance wear re-
sistance but may also increase COF. Solid lubricat-
ing additives are introduced alongside these materials
to achieve low COF and ensure smooth operation in
both lubricated and potentially dry conditions. The
most commonly used solid lubricants include laminar
structured materials like MoSs, graphite, and h-BN
derivatives. Due to their stability at high tempera-
tures, graphite, h-BN, and MoS; are among the pre-
ferred solid lubricants. The very weak Van der Waals
bonds between the layers in the structure of these solid
lubricants can break under friction and wear, creating
a sliding effect between two surfaces and contributing
to a reduction in the COF. Some studies have also
investigated the simultaneous addition of solid lubri-
cating materials like graphite, MoS,, and ceramic ad-
ditives, which can contribute to wear resistance like
SiC, Al;O3, and graphene. As a result of these stud-
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Table 1. Components of samples produced by mechani-
cal alloying (wt.%)

Sample ID SiC h-BN  Zn Sn Cu
A 0 0.25 10 10 Balance
B 0.25 0.25 10 10 Balance
C 0.50 0.25 10 10 Balance
D 1 0.25 10 10 Balance
E 2 0.25 10 10 Balance
F 4 0.25 10 10 Balance

ies, it has been observed that, depending on the ratios
of these additives, there is a reduction in COF along-
side an increase in wear resistance.

To our knowledge, no prior literature has been
identified that addresses incorporating both Zn and
Sn alloying elements, SiC, and solid lubricant h-BN
into copper matrix metallic materials commonly used
for sliding bearings.

Hence, in this study, ceramic particle-reinforced
metal matrix composite sliding bearing alloys were
produced by adding SiC in different ratios and h-
BN to Cu, Sn, and Zn metallic powders, followed
by high-temperature sintering. Characterization pro-
cesses were carried out after conducting wear and fric-
tion tests on these prepared samples.

2. Experimental

Cu (NK272), Sn (NK225), Zn (NK222), and SiC
(F600) powders used in the study were obtained from
the Nanokar company with the specified code informa-
tion. The purity of the alloy powders is 99.97 %, and
their average particle size is approximately ~ 45 pum.
The purity of SiC powders is also 99.97 %, with an
average particle size of ~ 15 um. The h-BN reinforce-
ment material used in the study was obtained from the
Chempounds company with the code NG04EO072390
and has a purity of 99.7% and an average particle
size of ~ 45 um. The metallic powders, h-BN, and
SiC powders in the quantities shown in Table 1 were
subjected to a mechanical alloying process for 3h at
1000 rpm. A high-energy ball mill with water cooling
(Retsch Emax) was employed for the mechanical al-
loying process. The mill is equipped with a container
made of 50 cm® of tungsten carbide (WC) and 8 WC
balls with a diameter of 10 mm. Following mechanical
alloying, the powder mixtures were compressed into
cylindrical molds with a diameter of 20 mm under a
pressure of 400 Nmm~2. The resulting samples were
sintered in an atmosphere-controlled furnace under ar-
gon gas at 820°C for 2 h.

Following sintering, dimensional changes on the
samples were measured with a micrometer with a pre-
cision of & 1 um. The hardness of the post-sintered
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Fig. 1. Dimensional change in samples after sintering as a
function of SiC ratio.

samples was determined using the Brinell method.
Measurements were performed with a 2.5 mm diam-
eter WC indenter under a load of 62.5kg. The den-
sity of the sintered samples was measured using a
Radwag AS220.R2 precision balance according to the
Archimedes principle. During the measurements, the
theoretical density of the final composition was calcu-
lated considering the theoretical densities of the com-
ponents that make up the composition and compared
with the measured density. Additionally, the porosity
content within the sample was calculated using the
theoretical density and the measured density.

For microstructure analysis, a Philips XL30/SFEG
Scanning Electron Microscope (SEM) was used, and
chemical analyses in the map and spot modes were
performed using the integrated Energy Dispersive
Spectroscopy (EDS) unit. XRD analyses were con-
ducted on a Bruker D8 Advance XRD device, using Cu
Ka (graphite monochromator) radiation, with 40kV
and 40 mA, at a speed of 10° min~! and intervals of
0.02° step~! in the range of 20°-100°.

Wear and friction tests were carried out on a
Bruker UMT2 wear tester under loads of 1 and 3N
at a speed of 5mm s~! for a distance of 10 m. A 5 mm
diameter WC ball was used during the tests. After the
wear test, wear amounts and the topographic analy-
sis of the worn surfaces were examined using a Zeiss
Smartproof 5 optical profilometer.

3. Results and discussion
3.1. Dimensional changes
The dimensional change graph of the samples con-

taining different amounts of SiC after sintering is
shown in Fig. 1. After sintering, the sample without
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Fig. 2. Average hardness variation in the samples as a func-
tion of SiC ratio.

SiC exhibited approximately a 4 % shrinkage, adding
0.25wt.% SiC, the shrinkage increased to approxi-
mately 6 %, and in the sample containing 0.5 wt.%
SiC, it reached approximately 6.5 %. In samples with
higher SiC content, it is observed that the shrinkage
decreases linearly with an increase in SiC content, and
in the sample with 4 % SiC, there is almost no signif-
icant dimensional change. One of the reasons for this
phenomenon is that SiC particles, which have a high
melting point, partially hinder diffusion by forming
a barrier between the metal powder particles during
sintering. The presence of SiC-rich structures with a
network-like appearance among the metal powder par-
ticles after sintering in samples containing 2 and 4 %
SiC generally supports these findings.

3.2. Hardness analysis

The change in average hardness after sintering as a
function of SiC content is shown in Fig. 2. According
to this figure, it can be observed that the hardness
of the samples increased with the addition of 0.25,
0.5, and 1 wt.% SiC, while in samples with higher SiC
content, hardness decreased with an increase in SiC
content. This trend in hardness change with SiC con-
tent is consistent with similar studies reported in the
literature [25]. The lowest hardness value, 23 HB, was
observed in the sample without SiC, while the highest
hardness value, 31 HB, was found in the sample con-
taining 1 wt.% SiC. In samples with higher SiC con-
tent, a slight decrease in hardness was detected, with
an average of 30 HB measured in the sample with the
highest SiC content. Additionally, it is evident that
there is increased scatter in hardness values for the
sample containing 4 wt.% SiC. One of the reasons for
the decrease in hardness in this sample and the in-
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Fig. 3. Density change measured experimentally after sin-
tering and calculated theoretically as a function of SiC
content in the samples.
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Fig. 4. XRD patterns obtained after sintering from samples
containing varying amounts of SiC.

creased scatter in hardness values is attributed to the
partial disintegration of SiC-rich regions, leading to an
increase in porosity content. This assessment is sup-
ported by microstructure analysis and density mea-
surement results (Figs. 3 and 5).

3.3. Density change analysis

The density change measured experimentally and
calculated theoretically according to the linear mixing
rule, as a function of the SiC content, is shown in
Fig. 3. The change in total porosity amount obtained
by calculating the difference between the two densities
is also depicted on the same graph (Fig. 3).

It is observed that the theoretically calculated den-
sity of the samples decreases with the SiC content
in the samples. In addition, experimentally measured
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Fig. 5. OM images of the samples (A, B, C, D, E, and F) containing increasing ratios of SiC (Table 1) after sintering.

density values initially increased with the addition of
SiC, but for samples containing more than 0.5 wt.%,
the increase in SiC content led to a greater decrease
in their theoretical densities. This phenomenon is at-

tributed to the partial disintegration of SiC-rich re-
gions identified in the microstructure, forming porous
structures. The difference between the theoretically
calculated density values and the experimentally mea-



A. O. Devecili et al. / Kovove Mater. 62 2024 275-283 279

k.- _ )

Fig. 6. The SEM image of the sample (F) containing 4 wt.% SiC and the SEM-EDS analysis result obtained in mapping
mode.

sured density values is proportional to the sintering
behavior in the samples and, consequently, the amount
of porosity formed. Depending on the SiC content in
the samples, the change in density and porosity after
sintering parallels the hardness change in the samples
(Fig. 2). A similar trend in density has been reported
in other studies [25].

3.4. XRD analysis

The phases identified as a result of matching the
peaks obtained from X-ray diffraction (XRD) analysis
after sintering samples with different SiC content with
the relevant database are depicted in Fig. 4. It has
been determined that the characteristic peak at ap-
proximately 26° belongs to h-BN, and similar studies
have reported the same result [26, 27]. Furthermore,
the peaks at approximately 34° and 36° have been
identified as belonging to SiC. It is observed that the
intensities of these characteristic peaks increase with
the increase in SiC content. It has been determined

that the peak at approximately 39° in the XRD pat-
terns of all samples belongs to Zn metal. Additionally,
the characteristic peaks at approximately 43°, 50°,
74°, and 94° in the XRD patterns have been identi-
fied as belonging to Cu, which is the main component
of the samples. Furthermore, the characteristic peaks
at approximately 60° and 89° have been identified as
corresponding to the CugSns and CusZng phases, re-
spectively. These intermetallic phases are formed by
solid-solid reactions during sintering.

3.5. Microstructure and SEM-EDS analysis

The optical microscope (OM) images of samples
containing different amounts of SiC after sintering
are provided in Fig. 5. It is observed that the SiC-
free sample (A) was successfully sintered, but its mi-
crostructure contains independent pores. The amount
of porosity in the microstructure appears to decrease
with the addition and increase of SiC and increases
with higher SiC content (Fig. 5f, sample F). The trend
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in the change of pore quantities in the OM images ap-
pears to be like the change in pore quantities obtained
from calculations (Fig. 3). It can be said that the ad-
dition of SiC prevents excessive pore growth up to a
certain ratio. However, with further SiC addition, it
is observed that SiC is distributed in a network-like
structure among metallic matrix particles, hindering
the sintering of metallic powders. Additionally, with
the highest amount of SiC added, the largest pores
are observed to form. It is believed that these pores
are partially due to the disintegration of SiC. This
observation is visible in the OM micrograph for the
sample containing 4 wt.% SiC and is consistent with
the findings of density change analysis and hardness
values for that sample.

The SEM image taken from the sample contain-
ing 4wt.% SiC (F) and the SEM-EDS analysis per-
formed in mapping mode in the region where this
image was obtained are presented in Fig. 6. In this
sample, it is observed that Si and C, which constitute
SiC, are distributed in a network-like structure, along
with some partial agglomerations. Boron and nitro-
gen elements are present in agglomeration areas, indi-
cating the presence of h-BN-rich structures and pores
alongside these enriched structures. The SEM micro-
graph of the sample containing the highest amount
of SiC, taken at different magnifications, is shown in
Fig. 7. In Fig. 7, regions containing h-BN and SiC have
been partially marked, considering the SEM-EDS re-
sults provided in Fig. 6. It can be inferred that the
h-BN phase is located only within pores or among the
grains and does not dissolve within the metallic matrix
(Fig. 7). Additionally, it is hypothesized that in some
regions entirely designated as pores, due to their soft
structure, h-BN and SiC particles, come together due
to the high sintering temperature, are not chemically
bound to the sample during specimen preparation and
are therefore dispersed /removed. However, it is under-
stood from the microstructure that SiC particles are
partially dispersed in the matrix and reduced to sub-
micron sizes due to the mechanical alloying process.

3.6. Wear tests

The change in wear amounts after the wear test
at a speed of 5 ms~! for 10 m under loads of 1 and
3 N, for samples containing varying ratios of SiC, is
presented in Fig. 8. In general, it is observed that the
wear amounts are higher in tests conducted under a
3 N load. However, increased SiC content reduces wear
amounts for tests conducted with a 3 N load. Addition-
ally, it is understood that an increase in SiC content
during wear tests under a 1 N load does not lead to a
significant change in wear amounts.

The OM images of wear tracks obtained after the
wear tests are presented in Fig. 9. In tests conducted
under a 3N load, the width of the wear track is ap-
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Fig. 7. SEM micrographs of the sample (F) containing 4
wt.% SiC showing detailed views and features of the mi-
crostructure at different magnifications.
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Fig. 8. Change in wear amount of the samples containing
varying ratios of SiC under 1 and 3 N loads.

proximately ~ 460 um in the sample (A) without SiC,
while it was determined that the width of the wear
track partially decreases as the SiC content increases,
with the sample (F) containing the highest SiC con-
tent having the smallest wear track width, which is
approximately ~ 250 um. When evaluating the result
of the wear track in sample A in conjunction with the
change in density and porosity after sintering (Fig. 3),
the higher wear amount in samples B and C is at-
tributed to the abrasive ball contact surface. This is
because sample A lacks SiC and has a coarse pore
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Fig. 9. OM images of the surfaces subjected to wear tests
at aload of 3N, a speed of 5 ms™ !, and a distance of 10 m
for samples containing increasing rates of SiC.

Fig. 10. OM images of the surfaces subjected to wear tests
at aload of 3N, a speed of 5 m s~ !, and a distance of 10 m
for sample (C) containing 0.5 wt.% SiC.

size, leading to non-uniform contact and increasing
the contact surface. Furthermore, in samples E and
F, characterized by a high SiC content, a noticeable
reduction in both the width and continuity of the
wear tracks is observed as SiC content increases dur-
ing the wear test. This phenomenon can be attributed
to the pronounced presence of SiC in certain areas and
the dispersion of micro and nano-sized SiC particles
within the metallic matrix, which imparts resistance
to wear during testing. Moreover, the robust nature of
SiC particles distributed within the matrix contributes
to their detachment from the matrix during the wear
test. This detachment results in the scratching of the
softer matrix material and the formation of microcap-
illary grooves oriented parallel to the direction of the
abrasive ball’s movement (Fig. 10). Additionally, it
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Fig. 11. Time-dependent changes in the COF for the SiC-
free sample (A) under 1 and 3 N loads after wear tests.
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Fig. 12. Time-dependent changes in the COF for the sam-
ple (F) containing 4 wt.% SiC under 1 and 3 N loads after
wear tests.

was observed that the regions where h-BN particles
cluster within the structure tend to smear between
the abrasive ball and the matrix during the wear test.
In studies where h-BN is employed as a solid lubri-
cant, even with a different metallic phase, literature
reports the occurrence of layered-type wear after wear
tests [28].

The changes in COF during the wear tests for SiC-
free (A) and 4 wt.% SiC-containing samples (F) under
1 and 3 N loads over 4000 s are presented in Figs. 11
and 12, respectively. It was observed that the final
COF values remained relatively constant at around
~0.50 in wear tests conducted under both 1 and 3N
loads, irrespective of SiC content. Furthermore, it is
possible to divide the COF change graph during the
wear test for sample F into two independent regions.
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In the first region (3N for 500s), a linear increase in
COF can be observed, indicating abrasive wear inde-
pendent of the load. In contrast, for sample A, it was
observed that the COF measured during the wear test
conducted under a 1 N load exhibited a continuously
increasing trend, almost stabilizing by the end of the
test. The COF increased rapidly and then exhibited a
more horizontal trend, nearly remaining unchanged in
the wear test performed under a 3 N load on the same
sample. This phenomenon is believed to be due to a
change in the wear mode between the abrasive ball
and the samples. Indeed, it is inferred that the change
in SiC content leads to a change in the wear mode,
particularly evident in SiC-free sample (A) under low
load (1 N), where abrasive wear is seen (Fig. 11). This
situation indicates that in the SiC-free sample, as the
load increases, the matrix undergoes excessive defor-
mation, resulting in an expansion of the interaction
areas/depth with the abrasive ball and causing a rapid
increase in the COF. Literature reports a similar trend
in the COF in studies where h-BN is employed as a
solid lubricant, even with a different metallic phase.
Initially, adding h-BN leads to a decrease in COF, but
with an increase in the amount added, COF tends
to increase [30]. Similar findings have been observed
in studies using MosS as a solid lubricant, where the
wear rates initially decrease with the addition of the
lubricant but increase as the amount added is further
increased [29].

4. Conclusions

The added SiC particles were observed to disperse
uniformly within the metallic matrix. Furthermore, in-
fluenced by mechanical alloying, these particles under-
went fragmentation, resulting in dimensions below the
micrometer scale, showcasing sub-micron attributes.

During sintering, the formation of CusZng and
CugSns phases was identified. However, it was evident
from XRD results that no reaction occurred between
the Cu-Sn-Zn metallic phase, constituting the matrix,
and the SiC and h-BN phases.

Upon sintering, notably in specimens containing 2
and 4 wt.% SiC, partial agglomeration was detected,
likely facilitated by diffusion effects. In the case of
4 wt.% SiC samples, during sample preparation, par-
tial spilling occurred, resulting in porosity formation.

The incorporated h-BN (0.25wt.% constant for
all samples) primarily exhibited clustered distribution
within the matrix, with limited mechanical or chemi-
cal bonding to the matrix material.

Increased SiC content in sintered Cu-Sn-Zn sliding
bearing alloys reduced dimensional change. In samples
containing 4 wt.% SiC, there is virtually no change in
sample dimensions.

The densities of sintered samples increased up to

0.5wt.% SiC and then decreased with higher SiC ra-
tios.

The average hardness in the sintered samples ini-
tially increased with higher SiC content. However, as
SiC content increased, especially in the 4 wt.% SiC
sample, hardness dropped to approximately 29 HB,
and hardness-related standard deviation increased.

Following wear tests conducted under a 3 N load, it
was ascertained that incorporating SiC reduced wear
volume. Conversely, wear tests conducted under a 1 N
load exhibited negligible discernible distinctions.

The wear tests revealed that the COF stabilized
around 0.5 in the later stages, regardless of SiC inclu-
sion. However, during the initial stages, samples with-
out SiC and under a 1 N load exhibited a slower COF
increase, eventually matching samples tested under a
3N load. This suggests that SiC addition improved
the matrix’s mechanical properties, enhancing stabil-
ity during testing.
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