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Polytetrafluoroethylene (PTFE) has great potential for applications in water-lubricated bearings; however,
in heavy load conditions at low speeds, PTFE suffers from severe friction and abrasion because of its poor
wear resistance. In this study, silicon carbide (SiC) content and particle size are investigated in relation to
PTFE water-lubricated composites’ tribological properties. The results show that the wear resistance of
PTFE composites can be significantly improved when the filling amount of SiC particles was between 3 and
5 wt.%, and the composites containing 5 wt.% SiC reduced wear loss by 99.44%. The composites’ friction
and wear properties decreased as SiC particle size increased, and wear mechanism for the composites
shifted from adhesive to abrasive. Wear loss on PTFE composites filled with 40 nm SiC particles was
reduced by 97.03%, showing the best wear resistance. This study provides an experimental basis for the
development of high-performance PTFE water-lubricated bearings.
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1. Introduction

In the shipbuilding and shipping industries, environmental
protection and energy conservation are becoming a priority
(Ref 1). Lubricant leakage during ship operations is one of the
leading causes of water pollution and loss of ship’s invisibility.
Therefore, green lubrication technology with water or water-
based as lubrication medium has been concerned by many
researchers (Ref 2). Water-lubricated bearings use water instead
of traditional lubricant as the lubrication medium, which is
environmentally friendly, low cost, good safety, and easy
maintenance. Because of water’s low viscosity, insufficient
lubrication and increased wear are common problems with
water-lubricated bearings, which makes finding suitable mate-
rials challenging (Ref 3-8).

As a polymer material with excellent self-lubricating
properties, PTFE is highly suitable for use in water-lubricated
bearings. However, the poor wear resistance of PTFE limits its
direct application as friction components and mechanical parts
(Ref 9-11). At present, researchers mainly modify the short-
comings of PTFE by surface modification, blending modifica-
tion and filling modification (Ref 12-14). The surface
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modification of PTFE with gamma-ray irradiation was studied
by Chai et al. (Ref 15). Cracks generated after irradiation
accelerated the spalling of large materials, increasing the wear
rate of composites. Surface modification of PTFE is expensive,
and it is easy to damage its structure, which reduces its
performance. Wang et al. prepared a series of poly (p-
phenylenediamine) (AP) modified PTFE composites by blend-
ing modification (Ref 16). According to their research, although
blending modifications can improve wear resistance, perfor-
mance improvement for PTFE composites was limited.

Filling modification is simple, can maintain the excellent
properties of PTFE to improve wear, and has broad application
prospects. Xu et al. investigated the wear resistance of TizSiC,
and graphite filled modified PTFE composites, respectively
(Ref 17). In their experiment, only 1 wt.% of Ti;SiC, can
reduce the wear rate by two orders of magnitude. Past studies
by different authors showed that SiC, as a filling material, has
significant characteristics such as reliability, reduced friction
and wear, high thermal conductivity, and low prices reduced
manufacturing costs (Ref 18, 19). In addition, most researchers
only focus on dry friction or oil lubrication for the relevant
modification research of PTFE composites, while few studies
have been carried out for specific engineering applications and
water lubrication environment, ignoring the effect of the nature
and size of micro-nano fillers on the properties of PTFE
composites.

The purpose of this paper is to investigate how SiC particles
affect the wear resistance of PTFE composites when lubricated
with water. By means of filling modification, SiC content and
particle size were analyzed to determine their effects on
tribological performance of PTFE composites with water
environment, and the influence mechanism was revealed. The
results of this study provide data support and a theoretical basis
for developing and optimizing PTFE-based water-lubricated
bearings.
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2. Materials and Methods

2.1 Testing Material

PTFE suspension resin brand was JF-4TN-S; average
particle size was 30 microns (Zhejiang Juhua Co., Ltd.,
Zhejiang, China); SiC particles had a diameter of 40 nm,
1 pum, 100 mesh (149 pm), made by Shanghai McLean Co.,
Ltd; The particle size of SiC was 400 meshes (37 microns),
made by Shanghai Aladdin Co., Ltd. Water lubrication test used
Watson’s professional distilled water.

2.2 Sample Preparation

In order to make the PTFE resin suspension powder better
mix with the filler, it was pretreated before the test. The PTFE
resin suspension powder was placed in the oven at 80 °C for
5h to remove the possible moisture and then, cooled for
30 min at 15-20 °C constant temperature to reduce agglomer-
ation. After 60 mesh screening, the PTFE resin suspension
powder was dispersed and dried. To further enhance the
dispersion of filler, the particles were pretreated. A certain
amount of filler particles was weighed and added to anhydrous
ethanol to prepare a suspension. Then, the mixed solution was
placed in a magnetic stirrer for high-speed stirring. During the
high-speed stirring process, a coupling agent with a filler mass
percentage of 2 wt.% was added to the mixed solution to ensure
good dispersion. The mixing process was heated by water bath,
the temperature was maintained at about 75 °C, and the time
was 2 h. Eventually, it was dried in an oven, and the filling
material after surface treatment was obtained after drying.

A series of composite samples were prepared by cold
pressing sintering method for subsequent testing, as shown in
Table 1. Figure 1 illustrates the experimental process. PTFE
and SiC particles were fully mechanically stirred and mixed,
and then, the mixture was cold pressed sintered to obtain PTFE
composites. The process of mechanical mixing was carried out
by a grinder. In the process of high-speed rotation of the grinder
blade, the friction between the blade surface and the material as
well as the thrust of the side on the material made the mixture
move along the tangential direction of the blade. Since the
speed of the high-speed mixer used can reach 25,000 r/min, and
the intermittent mixing was 30 min, the filler and the PTFE
suspension fine powder can be mixed at high speed, so that the
filler was uniformly dispersed in the PTFE resin fine powder.
The cold pressing method was as follows: the PTFE mixture
was pre-pressed for 30 min at room temperature under 5 MPa
pressure, and then pressed at 50 MPa pressure for 1 h. The
sintering method was as follows: the mixture after cold pressing
was heated to 330 °C in a high temperature sintering furnace
for 30 min, then heated to 380 °C for 4 h, then cooled to

Table 1 Composition of PTFE composite samples (Mass
fraction, wt.%)

Sample 1 2 3 4 5 6 7 8
PTFE 100 99 97 95 93 97 97 97
40, nm SiC 3

1, um SiC 1 3 5 7

37, um SiC 3
149, um SiC 3
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315 °C for 1 h at a cooling rate of 60 °C/h, and finally cooled
to room temperature with the furnace. After cooling, it was
machined into a ring sample of 18 mm inner diameter, 30 mm
outer diameter, and 10 mm thickness.

The grinding pair of a ship water-lubricated stern bearing is
mainly made from cast copper, so we chose QSn7-0.2 tin
bronze disc as the grinding pair. The inner diameter, outer
diameter, and thickness of the QSn7-0.2 disc were 16 mm,
32 mm, and 6 mm, respectively. Table 2 shows elements of the
QSn7-0.2 tin bronze disc.

2.3 Tribological Test

Tribological testing was carried out on the CBZ-1 ship
shafting wear tester. MIL-DTL-17901C, the US Navy’s water-
lubricated bearing test standard, was followed in setting up test
conditions. Before the tribological test, surface roughness (Ra)
of the friction pair was polished to 0.8 um using a polishing
machine with 400 mesh, 800 mesh, and 1200 mesh sandpapers,
respectively. Then, the surface of the samples was cleaned with
anhydrous ethanol and dried. The spindle speeds were set to 50,
150 and 250 r/min to simulate low-speed and normal condi-
tions. Since the nominal load of the ship’s water-lubricated
stern bearing was less than 0.55 MPa, the friction pair was
loaded with 0.5 MPa and 0.8 MPa, respectively, to simulate the
normal load and heavy load conditions (Ref 20). For the
purpose of simulating water lubrication and avoiding the
influence of other factors, lubrication was performed with
distilled water. Each group of samples was subjected to a
tribological test for 120 min. To ensure reliability, the test was
repeated twice under each operating condition.

The details of the testing machine were shown in Fig. 2. The
ring specimen was fixed in the sink, and Qsn7-0.2 disc was
fixed on the shaft. During the test, the load was transmitted
upwards, and the friction surface of the samples was immersed
in distilled water. The sensors collected torque, load, and other
data in real time, and the friction coefficient was obtained by

Eq. (1):
T
T RxF

u (Eq 1)

where 7 is torque (N'm), R is radius (m), and F is load (N).

2.4 Characterization Equipment

Observing the surface morphology of the samples with
scanning electron microscope (SEM; Vega 3, Tescan Co. Ltd,
Czech). Wear loss of the composites was measured using a
high-precision electronic balance (MS205DU, Mettler-Toledo
International Inc., Switzerland). The wear morphology of the
copper disk was observed and recorded by LI laser interference
surface profiler. Repeat each test measurement at least twice.

3. Results and Discussion

3.1 Effect of SiC Content on Tribological Properties of PTFE
Composites

3.1.1 Friction Coefficient Analysis. Figure 3 and 4 show
the friction coefficient of PTFE composites under different
experimental conditions. Figure 3(a) shows that SiC-1 sample
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SiC particles l:"]:i PTFE suspension resin

@ Mechanical blending

' QSn7-0.2 tin bronze plate

Cold pressing Sinter Machining Friction and wear test
Fig. 1 Experimental flowchart
Table 2 QSn7-0.2 tin bronze disc elements
Cu, wt.% Zn, wt.% Sn, wt.% Ni, wt.% Al, wt.% Pb, wt.% Impurity, wt.%
90 ~ 92 0.3 6~ 8 0.2 0.01 0.02 0.15

Fig. 2 Schematic diagram of CBZ-1 friction and wear tester

began to wear, and its friction coefficient increased briefly.
After a period of time, the friction coefficient was declining and
stabilized around 0.17. The friction coefficient of SiC-3, SiC-5,
and SiC-7 samples showed a fluctuating downward trend and
finally, tended to a stable value. The friction coefficient of SiC-
3 sample decreased most obviously, and the friction coefficient
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Velocity

Qsn7-0.2disc

Water tank
Composites sample

was the lowest. Figure 3(b) shows that under the condition of
0.5 MPa and 150 r/min, SiC-1 sample’s friction coefficient
increased first with test progress. When the test was carried out
to 1500 s, the friction coefficient of SiC-1 sample declined to
about 0.1 and tended to be stable. The friction coefficient of
SiC-3 sample was stable at about 0.075 after a sharp decline in
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Fig. 3 Friction coefficients of SiC particle-reinforced PTFE water-lubricated bearing composites at different speeds for a load of 0.5 MPa (a)

50 r/min; (b) 150 r/min; (c) 250 r/min; (d) average friction coefficient

the initial stage. The friction coefficient of the SiC-5 sample
reached 0.125 after 1200 s of testing, and then stabilized. The
friction coefficient of SiC-7 sample fluctuated around 0.1
during the whole test. Similarly, among the five samples, SiC-3
still had the lowest friction coefficient.

Figure 3(c) shows that the friction coefficients of SiC-1,
SiC-3, SiC-5, and SiC-7 were significantly lower than those of
pure PTFE during the whole test under the condition of
0.5 MPa and 250 r/min. With the progress of the test, the
friction coefficient variations of all PTFE composites were
relatively stable and fluctuate within their respective stable val-
ues. As seen in Fig. 3(d), PTFE composites filled with SiC had
a lower average friction coefficient than pure PTFE. At 50 and
150 r/min, the SiC-3 sample showed the lowest average friction
coefficient. Over 3 wt.% of SiC filling, the average friction
coefficient of composites would increase. When the velocity
increased to 250 r/min, SiC-5 samples showed the lowest
average friction coefficient, and as the SiC filling amount
continued to increase, the average friction coefficient of the
sample increased. SiC-5 sample had a slightly better friction
coefficient than SiC-3 sample, but not by much.

As shown in Fig. 4(a), (b), and (c), SiC particles reinforced
PTFE composites had a significantly lower friction coefficient
than pure PTFE at 0.8 MPa. Friction coefficients fluctuated
more steadily at three speeds in SiC-3 samples. The average
friction coefficient of the composites is shown in Fig. 4(d).
Similar to the 0.5 MPa, SiC-3 samples had the lowest friction
coefficient even when speeds were 50 r/min and 150 r/min.
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When the filling content exceeds 3 wt.%, various degrees of
increase would be seen in the composite’s average friction
coefficient. SiC-1 exhibited the lowest average friction coeffi-
cient at 250 r/min. However, it did not appear that SiC-3 and
SiC-1 had much of a difference in friction coefficient.

Therefore, the addition of a small amount of SiC particles to
the PTFE matrix in a water-lubricated environment can
improve its tribological properties. Analyzing the reason, PTFE
composites have the formation of transfer film during wear
process (Ref 21). Within a certain range, a continuous transfer
film forms more easily on copper disc’s wear surface with
increasing SiC content, while the SiC particles can play the role
of taking the load, thus improving the tribological performance
(Ref 22). Conversely, excessive SiC content will degrade the
tribological properties and make the friction coefficient unsta-
ble. This may be due to the excessive amount of SiC filling will
lead to increased plowing effect and the difficulty of forming a
continuous transfer film on the surface of the grinding pair, thus
increasing the friction coefficient of the composites.

3.1.2 Wear Loss Analysis. Under various experimental
conditions, wear loss of PTFE water-lubricated composites is
shown in Fig. 5. As shown in Fig. 5(a), the wear loss of pure
PTFE was the largest under 0.5 MPa and increased with the
increase in speed. The reason for this was that, on the one hand,
because of the low hardness of pure PTFE, it would produce
obvious abrasive debris when grinding against the tin bronze
disc, and during the wear process, PTFE transfer film would be
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Fig. 4 Friction coefficients of SiC particle-reinforced PTFE water-lubricated bearing composites at different speeds for a load of 0.8 MPa (a)
50 r/min; (b) 150 r/min; (c) 250 r/min; (d) average friction coefficient
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Fig. 5 Wear loss of PTFE water-lubricated bearing composites under different experimental conditions (a) 0.5 MPa; (b) 0.8 MPa
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produced rapidly, and at the same time, it was easy to fall off,
resulting in serious wear loss of pure PTFE (Ref 23, 24). On the
other hand, during the wear process, the wear surface of pure
PTFE collected large amount of frictional heat, which led to an
increase in temperature and softening of the material, gener-
ating black abrasive debris during the friction process, and it
was observed that the black abrasive debris increased as the
speed increased. The wear loss of the SiC particle-reinforced
PTFE composites was significantly reduced at 50 r/min, 150 1/
min, and 250 r/min. At 50 r/min, the wear loss of the composite
was reduced by 31.1% when the filling content of SiC was 1
wt.%. As the filling content of SiC continued to increase, the
wear loss of the composite continued to decrease, reaching a
minimum at 5 wt.% filling content, with a 96.1% reduction in
wear loss. And when the filler content of the composite was 7
wt.%, the wear loss increased compared to the composite with 5
wt.% filler content. At 150 r/min versus 250 r/min, the filler
content of only 1 wt.% was able to significantly reduce the wear
loss of the composite, and the lowest wear loss of the composite
was achieved when the filler content reached 5 wt.%. By
continuing to add SiC particles to the PTFE matrix, the
decreasing trend of the wear loss of the composite slowed
down.

Figure 5(b) shows that even at 0.8 MPa, the SiC particle-
reinforced PTFE composites exhibit lower wear loss than pure
PTFE. Similar to the case at 0.5 MPa, the wear loss of the
samples decreased as SiC content increased, and SiC-5 sample
had the lowest wear loss, and the wear loss was reduced by
99.44%. When the filling content was further increased, the
wear loss reduction was reduced. The reason may be that as the
filling content of SiC increased, the brittleness of PTFE
composites increased, and the ability of the matrix to fix some
of the SiC particles was weakened, and the abrasive particles
were formed after shedding, which exacerbated the wear of the
composites to a certain extent. Comparing the trend of the
average friction coefficient of PTFE composites, the trend of
the wear loss of SiC particle-reinforced PTFE composites with
filling content was more similar to it, and only the optimum
value was different. The SiC-3 sample with 3 wt.% filling
content had the optimum value of the friction coefficient under
most conditions (including 0.5 MPa, 50 r/min; 0.5 MPa, 150 1/
min; 0.8 MPa, 50 r/min; 0.8 MPa, 50 r/min;). The SiC-5
sample with 5 wt.% filling content had the optimum value of
wear loss, and the wear loss of the SiC-3 sample and the SiC-5
sample did not differ much under most experimental condi-
tions. Therefore, the optimal values of the filling content of the
SiC particles were between 3 and 5 wt.% under the experi-
mental conditions in terms of friction coefficient and wear loss.
Overall, the filling of the PTFE matrix with different mass
fractions of SiC particles was able to reduce the wear loss and
improve the wear resistance of PTFE, confirming the superi-
ority of SiC particle-reinforced PTFE composites.

3.1.3 Wear Surface Morphology Analysis. To analyze
the wear mechanism of SiC particles reinforced PTFE compos-
ites with different filling contents under water lubrication, the
wear surface morphology of the samples at 0.5 MPa and 250 1/
min was observed by SEM, and the results were shown in Fig. 6.

As shown in Fig. 6(a), plastic deformation occurred when
the pure PTFE was worn against the copper disc. During the
test, the continuous contact stress caused the wear debris to peel
off, and a layer of PTFE transfer film was rapidly generated
(Ref 25). During the wear process, the transfer film fell off
rapidly, causing serious mass loss. From the microscopic point
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of view, the special molecular structure of PTFE led to the
extremely low attraction between PTFE molecules, and the
PTFE molecular chain was prone to slip or fracture under the
action of external force and finally, presented in the form of
flake debris on the macro-level. Because there were a large
number of flake debris on the wear surface of pure PTFE
samples, there were no abrasive particles and furrows, and the
wear mechanism was typical adhesive wear. As shown in
Fig. 6(b), when the content of SiC in the composite was 1
wt.%, the flake debris on the worn surface of the sample was
significantly reduced, and the surface was observed to have
abrasive particles and furrow marks. As SiC was a hard
inorganic particle, which can effectively bear the load during
the wear process, reduced the effective contact area between the
grinding surfaces to a certain extent, reduced the wear amount
of PTFE material, and reduced the adhesive wear. Additionally,
the wear debris formation mechanism changed. The addition of
SiC particles reduced the flaky wear debris of the composites
and changes to granular, and the flaky wear debris also
decreased. It can be judged that the wear mechanism of the
sample began to change from adhesive wear to abrasive wear.

Figure 6(c) and (d) shows that compared to composites
filled with 1 wt.% SiC, when SiC content was 3 wt.% and 5
wt.%, there were a small number of abrasive particles and
furrow marks on the wear surface of the composites. The level
of abrasive wear was low. This showed that within a certain
range, when the content of SiC in the composites continued to
increase, the abrasive particles and furrow marks on the wear
surface of the composites gradually decreased. The wear
surface morphology of composites was optimized. Accord-
ing to Fig. 6(e), when the SiC content of the composites was 7
wt.%, the number of abrasive particles and furrows on the worn
surface of the composites increased, and the wear morphology
deteriorated. This was because SiC agglomeration increased
with increasing filling content, which led to the weakening of
the binding capacity of SiC particles and PTFE matrix. During
the wear process, some SiC particles fell off and formed
abrasive particles, which participated in abrasive wear.

Figure 7 shows the wear surface morphology of the
composites at 0.8 MPa and 250 r/min. The composites’ wear
morphology was similar to that under 0.5 MPa. In addition, the
wear surfaces of SiC-3 and SiC-7 samples were scanned and
analyzed by EDS. It was found that when the content of SiC
increased, there was obvious agglomeration. Overall, the
addition of SiC particles can effectively bear the load, reduced
the effective contact area between the grinding surfaces, and
reduced the generation of flake wear debris, so that the main
wear mechanism of the composites changed from adhesive
wear to abrasive wear. Within a certain range, with the increase
in the mass fraction of SiC particles in the PTFE matrix, the
wear surface morphology of the samples can be optimized.
When the filling content of SiC was appropriate, the SiC
particles could be evenly distributed in the PTFE matrix and
could form a good bonding force with the PTFE matrix, thereby
improving the wear performance of the composites.

In order to further study the friction and wear properties of
SiC particles reinforced PTFE composites with different filling
contents under water lubrication conditions, the anti-grinding
copper disc’s wear surface was observed in detail with 0.5 MPa
and 250 r/min by LI laser interference displacement surface
profiler. The results are shown in Fig. 8.

Figure 8(a) shows the wear surface morphology of copper
discs. The copper discs grinded with pure PTFE, SiC-1, SiC-
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Fig. 6 SEM images of wear morphology of PTFE composites under 0.5 MPa, 250 r/min (a) PTFE; (b) SiC-1; (c) SiC-3; (d) SiC-5; (e) SiC-7

3, SiC-5, and SiC-7 composites were named D0, D1, D3, D5,
and D7, respectively. DO showed a large number of grooves
on the wear surface. With the increase in the filling content of
SiC particles, the number of grooves on the wear surface of
copper discs was reduced to varying degrees, and D3 and
D5 had relatively flat wear surfaces. The groove number of
copper discs was not linearly related to the filling content of
SiC particles. Compared with the D5, the groove number of
D7 was increased, indicating that the surface morphology of
Qsn7-0.2 disc was deteriorated by increasing the filling
content of the SiC particles. Figure 8(b) shows the Sq and Sku
of the wear surface of the copper discs, which were three-
dimensional parameters characterizing the roughness. Com-
pared with DO, the Sq and Sku of the wear surface of the
copper discs against the composites were reduced. It was
confirmed that SiC particles can improve the wear morphol-
ogy of the copper disc, and the wear surface became smoother.
In addition, the Sq and Sku of the copper disc decreased first
and then, increased with the increase in the SiC filling content,
which further confirmed that the excessive filling of SiC
particles would lead to copper disc wear surface morphology
deteriorated.

Journal of Materials Engineering and Performance

In summary, the addition of SiC particles can improve the
wear surface morphology of the composites and the grinding
copper disc to a certain extent. In a certain range, as SiC content
in PTFE matrix increased, the wear surface morphology can be
optimized for copper discs and composites. Under the exper-
imental conditions, when the content of SiC in the PTFE matrix
exceeded 5 wt.%, the wear surface morphology of the friction
pair would deteriorate.

3.2 Effect of SiC Particle Size on Tribological Properties
of PTFE Composites

3.2.1 Friction Coefficient Analysis. In order to investi-
gate the effect of different particle sizes of SiC particles on the
tribological properties of PTFE composites, the mass fraction
of SiC filling was fixed at 3 wt.%, and tribological tests were
conducted on SiC filled modified PTFE composites of different
particle sizes and pure PTFE under experimental conditions.
The results of the measured friction coefficients are shown in
Fig. 9 and 10.

Figure 9(a), (b), and (c) indicates that the friction coeffi-
cients of PTFE composites with 40 nm and 1 um SiC particle
size were lower than those of pure PTFE at all speeds with a
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Fig. 7 SEM images of wear morphology of PTFE composites under 0.8 MPa, 250 r/min (a) PTFE; (b) SiC-1; (c) SiC-3; (d) SiC-5; (e) SiC-7
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load of 0.5 MPa, where PTFE composites filled with 40 nm
SiC particle size presented the lowest friction coefficients at 50
r/min versus 250 r/min. The PTFE composites filled with
37 um and 149 um SiC exhibited higher friction coefficients
than the pure PTFE at all speeds. This indicated that the
addition of nano- and submicron-sized SiC particles can
improve the tribological properties of PTFE composites under
the test conditions. The friction coefficient of PTFE composites
gradually increased with the increase in particle size of micron
level SiC particles, and the friction coefficient of PTFE
composites was the largest when the particle size increased to
149 um. As shown in Fig. 10(a), (b), and (c), the friction
coefficient varied with the particle size of SiC for PTFE
composites at 0.8 MPa experimental condition was more
similar to that at 0.5 MPa. With the increase in SiC particle
size, PTFE composites had higher friction coefficients at 50 r/
min and 250 r/min and were higher than those of PTFE. In
addition, the friction coefficients of composites filled with
40 nm and 1 um SiC particles were still consistently lower than
pure PTFE at all speeds and showed lower friction coefficients
under heavy load conditions. In comparison with pure PTFE,
composites containing 37 nm and 149 nm SiC particles always
had a higher friction coefficient. Overall, the friction coefficient
of composites decreased with decreasing particle size of SiC at
most test conditions (including 0.5 MPa, 50 r/min; 0.5 MPa,
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250 r/min; 0.8 MPa, 50 r/min; 0.8 MPa, 250 r/min), and SiC
particles with a particle size of 40 nm showing the best friction
reduction effect.

To further analyze the effect of different particle sizes of SiC
particles on the friction coefficient of PTFE composites, the
friction coefficient of PTFE composites was plotted against
time at the speed of 250 r/min, and the results are shown in
Fig. 9(d) and 10(d). Figure 9(d) shows that the PTFE compos-
ites filled with 149 um SiC particles had the largest friction
coefficient, and its value fluctuated above 0.2. The friction
coefficient of the PTFE composites filled with 37 um SiC
particles fluctuated around 0.2. The friction coefficients of both
of them also fluctuated more and were higher than those of
PTFE. The composites filled with 40 nm and 1 ym SiC
particles showed relatively stable friction coefficients and
tended to decrease gradually as the test proceeded and were
lower than those of pure PTFE.

Figure 10(d) shows that the friction coefficient of compos-
ites filled with 37 um and 149 um SiC particles fluctuated more
and had a higher friction coefficient than pure PTFE compos-
ites. Friction coefficient of PTFE composites containing 40 nm
and 1 um SiC particles fluctuated steadily around 0.05. The
reason for this was that the PTFE composites had a frictional
transfer film on the copper discs’ surface during the process of
grinding against the tin bronze disc, and the nano- and
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Fig. 9 Friction coefficients of PTFE and different particle sizes of SiC particle-reinforced PTFE composites under 0.5 MPa load (a) 50 r/min;
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Fig. 10 Friction coefficients of PTFE and different particle sizes of SiC particle-reinforced PTFE composites under 0.8 MPa load (a) 50 r/min;
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submicron-level SiC particles had a larger contact area with the
PTFE matrix and were more closely bonded to the PTFE matrix
in comparison. During the wear process, the nano and
submicron SiC particles were able to form a transfer film on
the wear surface while better supporting the load, thus the
PTFE composites filled with 40 nm and 1 pm SiC particles had
lower friction coefficients. As the particle size of SiC continued
to increase, the depth of embedding in the PTFE matrix became
deeper. The particles on the wear surface of PTFE composites
were more likely to pierce copper discs’ surfaces during the
wear process and destroy the formation of transfer film. The
worn surface of copper disc became rougher, resulting in
higher friction coefficients for PTFE composites filled with
37 and 149 um SiC particles.

3.2.2 Wear Loss Analysis. Figure 11 shows the wear
loss of PTFE composites filled with different particle sizes of
SiC particles under 0.5 MPa and 0.8 MPa. Under the exper-
imental conditions, the wear loss of the composites was lower
than that of pure PTFE, indicating the reduction in wear can be
achieved by adding different sizes of SiC particles.

As shown in Fig. 11(a) and (b), in addition to 0.8 MPa and
150 1/min, 40 nm SiC particle filled composites had the lowest
wear loss in most working conditions, with a maximum
reduction of 97.03%. This was because the nanoscale SiC
particles were better able to carry the load, thus improve the
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wear resistance. Also, under the experimental conditions, it was
not true that larger SiC particles resulted in better wear
resistance. After the test, the presence of yellow transfer was
observed on the surface of the PTFE composites filled with
37 um and 149 pum SiC particles, which made composites wear
less. The presence of yellow transfer material may be due to the
larger particle size of 37 um and 149 ym SiC, which was
embedded in the PTFE matrix at a deeper depth and was not
easily dislodged, and due to the great hardness of SiC itself,
copper discs were easily pierced by particles on the wear
surface, causing the yellow material to fall off from copper
disc’s surface and transferred to the sample’s surface during the
wear process.

3.2.3 Wear Surface Morphology Analysis. To analyze
wear mechanism of the composites reinforced with different
particle sizes of SiC particles under water lubrication condi-
tions, SEM was used to observe the wear surface morphology
of the composites at 0.5 MPa and 250 r/min. The results are
shown in Fig. 12.

Figure 12(a) shows that due to the low hardness and poor
wear resistance of the pure PTFE, the wear surface produced
deformation, and the wear mechanism was mainly adhesive
wear. Figure 12(b) indicates the wear surface of PTFE com-
posites filled with 40 nm SiC particles were relatively flat and
smooth, with almost no furrow marks, and the levels of
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abrasive and adhesive wear were both low. As shown in
Fig. 12(c), the wear surface of PTFE composites filled with
1 um SiC particle had only a small amount of abrasive particles
and furrow marks, and the abrasive wear was low. This was
because SiC was a hard inorganic particle; during the wear
process, nano- and submicron SiC particles can effectively
support the load and reduce the effective contact area while
forming a transfer film on the wear surface of the copper disc,
thereby reducing wear. From Fig. 12(d) and (e), it can be seen
that the wear surfaces of PTFE composites filled with 37 um
and 149 um SiC particles showed wide deep furrows and
scratch marks, which were caused by the abrasive particles in
the lubricating medium and the asperities on the wear surface of
the copper discs; thus, the wear was mainly in the form of
abrasive wear. In addition, copper transfer film formed because
the larger SiC particles were embedded deeper into the PTFE
matrix. Although large particle size SiC was not easy to fall off,
but in the wear process, it was easy to pierce the surface of the
copper discs, resulting in the increase in the surface roughness
of copper discs and destroyed the formation of the transfer film
on the surface of the copper discs. The copper material fell off
from the wear surface of copper discs and transferred to the
composite sample surface with the cyclic contact stress,
forming a discontinuous copper transfer film.

Wear surface morphology of PTFE composites at 0.8 MPa
and 250 r/min is shown in Fig. 13. Comparing with Fig. 12, the
wear morphology of PTFE composites was more similar to that
at 0.5 MPa. Meanwhile, the wear surface of PTFE composites
filled with 37 um and 149 um SiC particles was analyzed by
EDS scanning. It was further verified that the yellow transfer
material was observed on the PTFE composites and was
caused by copper material shedding from copper disc’s wear
surfaces during tribological test.

The wear surfaces of the copper discs were measured and
recorded in detail using a LI laser interference displacement
surface profiler at 0.5 MPa and 250 r/min, and the results are
shown in Fig. 14. The copper discs ground against PTFE
composites filled with 40 nm, 1 um, 37 pum, and 149 um SiC
were named K1, K2, K3, and K4. From Fig. 14(a), it can be
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seen that DO had a large number of grooves. The number of
grooves on the wear surface of K1 and K2 was significantly
reduced. The wear surface of K1 was relatively smooth. As the
size of SiC particles increased, the number of grooves and
convex peaks of K3 and K4 continued to increase. This
indicated that continuing to increase the particle size of the SiC
caused a serious deterioration of the wear surface morphology
on the copper discs.

Figure 14(b) shows the Sq and Sku of the wear surface of
the copper disc. The Sq and Sku of K1 and K2 were smaller
than those of DO, and K1 had the smallest Sq and Sku,
indicating the copper discs wear state can be improved by
adding 40 nm SiC particles. The Sku of K3 and K4 was larger
than those of DO, indicating that the wear surface of grind-
ing copper discs became sharper as SiC ~ particle  size in-
creased. In addition, the Sq and Sku of the copper discs
gradually increased with the increase in SiC particle size. This
indicates that the increase in the SiC particle size would
increase the roughness of the copper discs’ wear surface, and
the surface morphology of the copper disc became worse.

In summary, the wear morphology of friction pairs deteri-
orated as the particle size of SiC in the PTFE composites
increased. Under the experimental conditions, the SiC particles
with a particle size of 40 nm showed the best optimization
effect on the wear morphology of the composites and the
copper discs.

3.3 Wear Mechanism Analysis

Based on the analysis of the friction experimental results
and the phenomena observed in the experiment, the wear
mechanism of SiC particles reinforced PTFE composites is
shown in Fig. 15.

Figure 15(a) shows the effect of SiC filling content on the
wear resistance of PTFE. The hardness of the pure PTFE was
low. When grinding with the copper disc, slight deformation
occurred due to the adhesion effect between the two. At the
same time, under the action of interface stress, the pure PTFE
had flake wear debris peeling off continuously, and a layer of
PTFE transfer film was rapidly generated, which fell off
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Fig. 12 SEM images of wear morphology of PTFE composites under 0.5 MPa, 250 r/min (a) PTFE; (b) 40 nm; (c) 1 um; (d) 37 um; (e)

149 um

rapidly during the wear process, resulting in poor wear
resistance of pure PTFE. The addition of SiC particles reduced
the generation of flake wear debris to a certain extent, and the
wear debris changed from flake to granular. When the filling
content of SiC particles was appropriate, on the one hand, SiC
particles can be evenly distributed in the PTFE matrix to form
a good bonding force with the PTFE matrix. On the other
hand, SiC particles can effectively carry the load during the
wear process, reducing the effective contact area between
friction pairs, thereby improving the wear resistance of the
composites. When the filling content of SiC particles
exceeded a certain range, the SiC particles were more likely
to agglomerate, resulting in the weakening of their binding
ability with PTFE matrix. During the wear process, some SiC
particles fell off and formed abrasive particles, resulting in
increased wear.

Figure 15(b) shows the effect of SiC particle size on the
wear resistance of PTFE. The main wear mechanism of pure
PTFE was adhesive wear. When the particle size of SiC was
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small, the adhesive wear and abrasive wear of PTFE compos-
ites were at a low level, which prevented PTFE molecular
chains from pulling out from the matrix in a lamellar structure,
and the wear debris became fine, and composites showed
improved wear resistance. As the particle size of SiC increased,
the plowing effect between the composites and the copper discs
intensified, causing the surface roughness of copper discs to
increase, which made it difficult to form a transfer film with
lubricating effect on the wear surface of the copper discs,
resulting in wide deep furrows and obvious scratch marks on
the wear surface of the composites, and the wear resistance of
the composites reduced. The main wear mechanism changed
from adhesive wear to abrasive wear. In addition, because the
copper disc was a soft metal material, under the cyclic contact
stress, there was a serious mutual plowing between the large-
size SiC particles and the copper discs. Copper disc wear
surfaces shed material, which transferred to composite surfaces.
A discontinuous copper transfer film was formed, which
improved the wear to some extent.
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Fig. 13 SEM images of wear morphology of PTFE composites under 0.8 MPa, 250 t/min (a) PTFE; (b) 40 nm; (c) 1 um; (d) 37 um; (e)

149 um

(@)

B i
" » \N\;§ R '- b
L3N 1 W,
2 \ e
b, 2
.
X0.80(mity 4 . X0.80(miH & X0.80(mnf &
Do Y0.80(mm K1 Y0.80(mm) K2 Y0.80(mm)
"‘\A: T T
o i‘r Lth,
A " ol
X0.80(mng & X0.80(mntj %
K3  Y0.80(mm) K4  Y0.80(mm)

7 -

(b) Sq/um
6 - [ skwum
5 -

DO

K1 K2

Materials

K3

K4

Fig. 14 The wear surface morphology and parameters of the copper disc at 0.5 MPa and 250 r/min (a) wear surface morphology; (b) Sq and

Sku

Journal of Materials Engineering and Performance

Volume 33(11) June 2024—5679



(@)

QSn7-0.2 disc

— Water film

— Sample

g? O/vDebris
QADD

=)

Transfer film
Abrasive

O
OF6 OlaFBeon

b)

O 0O @)
® @ O
oOo*o

Bl T O. o

QSn7-0.2 disc  Sample SiC Debris

Fig. 15 Wear mechanism of SiC particles reinforced PTFE water-lubricated bearing composites (a) effect of filling content; (b) effect of particle

size
4. Conclusions

In this study, the friction and wear properties of SiC particles
reinforced PTFE composites under water lubrication were
investigated. SiC content and particle size were evaluated for
their effects on PTFE composite tribology. The results show
that filling SiC particles in PTFE matrix can improve the wear
resistance of the composites. By adding SiC particles to PTFE
matrix in an appropriate amount, the friction coefficient and
wear loss can be reduced, and the wear morphology can be
improved. Under the experimental conditions, filling with SiC
particles in the range of 3 to 5 wt.% was the best, and the wear
loss of the composites filled with 5 wt.% SiC can be reduced by
99.44%. Under most experimental conditions, PTFE composite
friction coefficient decreased with decreasing SiC particle size.
The PTFE composites filled with 40 nm SiC showed the best
tribological properties, and the wear loss was reduced by
97.03%. The size of SiC particle size will affect the wear
mechanism of PTFE composites. With the increase in SiC
particle size, the main wear mechanism changed from adhesive
wear to abrasive wear. In addition, the wear resistance of PTFE
composites had a certain correlation with the material of
grinding pair.
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