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Abstract

Under the condition of impurity water lubrication, the tribological properties of
three friction pairs consisting of 45#, nickel-plated steel, 304L, and carbon fi-
ber-reinforced PEEK composite (CF/PEEK) were investigated. Ball-on-block re-
ciprocating tests were conducted using a self-made friction and wear tester. In
combination with surface morphology characterization, the friction and wear
mechanisms of the materials were deeply analyzed. The research results showed
that with changes in load and rotational speed, the friction coefficient and wear
volume of CF/PEEK-45# were consistently lower than those of CF/PEEK-NP and
CF/PEEK-304L. Under the condition of impurity water lubrication, the compati-
bility of CF/PEEK with the three materials was ranked as follows: CF/PEEK-45# >
CF/PEEK-NP > CF/PEEK-304L. This study provides key data support and theoret-
ical guidance for the practical application of CF/PEEK composite materials in mo-
tion pair components such as water-lubricated bearings and guide rails.

Keywords

CF/PEEK; 45# steel; water lubrication with impurities; friction pair; friction and
wear

1. Introduction

With the global deepening implementation of the "Carbon Peak and Carbon Neutral-
ity" strategy, coupled with continuously growing energy demand and increasing
pressure from fuel costs, energy conservation and emissions reduction have become
both a societal consensus and an urgent task[1]. Particularly in waterborne operat-
ing equipment, the severe threat posed by traditional lubricant leakage to marine
and river environments has driven a shift towards more environmentally friendly
solutions. As a green and clean lubrication technology, water-lubricated bearings
have been widely adopted in fields such as ship propulsion systems, turbines, hy-
droelectric power plants, and pumps. In the context of today’s green development,
the performance requirements for water-lubricated bearings are also increasing,
especially in terms of lubrication and friction, vibration damping, and noise reduc-
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tion. To meet these demands, the selection and use of green, high-performance ma-
terials have become crucial[2][3]. From traditional metals to later developments
like Thordon, and now further research and improvement of polymer materials[4],
the choice of materials in this field has been continuously evolving.

Compared to commonly used metals and ceramics, polymer materials offer ad-
vantages such as corrosion resistance, excellent self-lubrication capability, and
lightweight properties, making them widely applicable in automotive, medical de-
vices, aerospace, and electronic equipment fields[5-8]. There are many types of
polymers, among which polyetheretherketone (PEEK) is a typical polymer material
and has been extensively used[9-12]. In comparison to traditional polymer materi-
als, PEEK exhibits excellent heat resistance, radiation resistance, corrosion re-
sistance, impact resistance, and flame retardancy. Research on PEEK, both domesti-
cally and internationally, tends to focus more on its tribological properties under
dry friction[13] and water-lubricated conditions when compounded with other ma-
terials or used as a modifying agent. Currently, filler modification methods for PEEK
include reinforcement with inorganic fillers (such as polytetrafluoroethylene,
graphite, molybdenum disulfide, carbon nanotubes, etc.), inorganic particle rein-
forcement (e.g., SiC, SiN, Al,03, CaCOs, ZrO,, SiO,, etc.), fiber reinforcement (includ-
ing glass fiber GF and carbon fiber CF), and polymer blending modification. Litera-
ture [14] investigated PEEK/graphite composites with excellent tribological proper-
ties. The friction coefficient of PEEK/graphite composites was found to be lower
than that of pure PEEK. Literature [15] and [16] studied the tribological properties
of nano-SiC and nano-SiN filled PEEK materials, respectively. The results showed
that, compared to pure PEEK, nano-SiC and SiN significantly reduced the friction co-
efficient and wear rate. Literature [17] prepared PEEK/PTFE composites with low
friction and ultra-low wear properties, investigating the effect of PTFE addition on
the tribological performance of PEEK. The results indicated that after adding PTFE
to PEEK, the friction coefficient of PEEK/PTFE was further reduced.

Currently, the use of PEEK as a material for lubricated bearings has been reported in
the literature [18-20]. Researchers worldwide have shown a greater inclination to-
ward studying the tribological properties of PEEK when blended with other materi-
als or used as an additive under various lubrication conditions. Literature [21] sys-
tematically investigated the tribological performance of PEEK and its compo-
sites—GF/PEEK, CF/PEEK, and PTFE/PEEK—paired with GCr-15 under three lu-
brication conditions (dry friction, oil lubrication, and starved lubrication). The study
found that under all lubrication states, the addition of CF, GF, and PTFE improved
the tribological properties of PEEK-based materials, with CF/PEEK exhibiting the
most outstanding performance. Literature [22] examined the tribological character-
istics of CF/PEEK-SizN, pairs under water-lubricated conditions. The results indi-
cated that the friction coefficient of CF/PEEK-Si;N, composites in water lubrication
was significantly lower than that under dry friction conditions. Sliding speed had a
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more pronounced effect on the friction coefficient than pressure, and an increase in
speed led to a reduction in the friction coefficient. Literature [23] compared the
wear and friction properties of PEEK, PEEK-CF30, and PEEK-GF30 against carbon
steel AISI 1045 under dry friction conditions. The results showed that PEEK-CF30
had the lowest friction coefficient, followed by PEEK, while PEEK-GF30 exhibited a
relatively high friction coefficient throughout the sliding distance. Literature [24]
explored the tribological characteristics of three stainless steel (AISI 316L, AISI 630,
and S32750)/PEEK friction pairs in a seawater environment. The study revealed
that the average friction coefficients of the three pairs were nearly identical; under
heavy load conditions, S32750/PEEK demonstrated the best frictional stability,
while AISI 316L/PEEK showed the poorest.Although extensive research has been
conducted on the friction and wear properties of PEEK composites by scholars
worldwide, most studies have focused on their tribological performance in simple
environments. Considering the economic applicability of different friction pair ma-
terials and the need to expand their application scope, the authors of this paper em-
ployed a ball-on-disk reciprocating contact configuration and a controlled-variable
approach to investigate the tribological performance of CF/PEEK paired with three
different counter balls under impurity-laden water lubrication (94.3% deionized
water + 3.5% NaCl + 1% peanut oil + 1.2% Si0O;). The aim is to identify the most

compatible counter material for CF/PEEK.

2. Experimental Section
2.1. Test equipment and parameters

The lower specimens used in this study were made of PEEK supplied by Dongguan
Xinyao Plastic Products Co., Ltd., with uniform geometrical dimensions of 30 mm x
20 mm x 5 mm and a surface roughness (Ra) ranging between 0.2 pm and 0.25 pm.
The upper specimens consisted of 45# steel balls (Ra: 0.020-0.030 pm, diameter:
9.525 mm), nickel-plated steel balls (electroplated Q235 steel, denoted as NP) (Ra:
0.020-0.030 pm, diameter: 9.525 mm), and 304L stainless steel balls (Ra:
0.020-0.030 pm, diameter: 9.525 mm).

2.2. Test method and related characterization

This study employed a controlled-variable experimental approach to systematically
investigate the tribological performance of CF/PEEK paired with three different
materials under impurity-laden water lubrication conditions. The test parameters
were set with reference to the actual working conditions of garbage truck compres-
sion loading mechanisms and typical testing conditions for water-lubricated bear-
ings: rotational speeds were set at 60, 80, 100, and 120 r/min (corresponding to
linear velocities of 20.0, 26.7, 33.3, and 40.0 mm/s), loads at 35 N, 50 N, 65 N, and 80
N, and a fixed sliding time of 30 min (ensuring the friction and wear process reached
a stable state), with a single-pass wear scar length of 10 mm. Friction coeffi-
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cient-time curves were recorded, and at least three repeated tests were conducted
to calculate the average friction coefficient and wear rate. All experimental data
were recorded online at a sampling rate of 80 Hz using a self-programmed LabVIEW
(National Instruments) program. The test was designed with a lubricant emulsion
containing 3.5% NaCl, 1% peanut oil, and 1.2% silt (94.3% deionized water + 3.5%
NaCl + 1% peanut oil + 1.2% SiO). This lubrication condition was designed to sim-
ulate both the actual working conditions that garbage truck guide rail systems may
face, such as contamination from food waste and intrusion of particulate impurities,
as well as, to some extent, the harsh operating environments of marine wa-
ter-lubricated bearings, such as silt-laden seawater and oil leakage.

Before and after the tests, the CF/PEEK specimens and friction surfaces were
cleaned with anhydrous ethanol and dried. A high-precision electronic balance (ac-
curacy: 1x10™* g) was used to weigh the CF/PEEK specimens, and the wear loss was
determined by calculating the mass difference before and after the tests. To reveal
the tribological performance of PEEK, the worn surfaces of the samples were ana-

lyzed using a scanning electron microscope (Sigma 300 model).

2.3. Control variable experimental design

Two sets of controlled-variable experiments were conducted: The first set main-
tained a constant rotational speed of 100 r/min to evaluate the tribological proper-
ties of three friction pairs under loads of 35 N, 50 N, 65 N, and 80 N. The second set
maintained a constant load of 50 N to analyze the tribological characteristics of the
three friction pairs at rotational speeds of 60 r/min, 80 r/min, 100 r/min, and 120
r/min.

3. Analysis of friction and wear test

3.1. The influence of load variation on the tribological performance of
different friction pairs

3.1.1. The influence of load on the friction coefficient of CF/PEEK

Figure 1 shows the friction coefficients of CF/PEEK against three different counter
materials under impurity-laden water lubrication, at a fixed rotational speed of 100
r/min and varying loads. According to friction theory[25], the friction and wear of
materials can be divided into three stages: running-in wear, stable wear, and severe
wear. Based on the experimental data and observed friction coefficients, it is con-
cluded that no severe wear stage occurred. As seen in Figure 1(a) to 1(c), the friction
process can be divided into two typical stages: the initial running-in stage, during
which the friction coefficient gradually increases over time, followed by a stable
stage, where fluctuations diminish and the value eventually stabilizes. The results
indicate that the friction coefficient ranges for CF/PEEK-45# steel, CF/PEEK-NP, and
CF/PEEK-304L were 0.11949-0.14318, 0.1584-0.19169, and 0.16294-0.19964, re-
spectively. CF/PEEK-45# exhibited the lowest friction coefficient, while the values
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for CF/PEEK-NP and CF/PEEK-304L were very similar. As the load increased from
35 N to 80 N, the average friction coefficients of both CF/PEEK-NP and
CF/PEEK-304L showed a consistent trend: an initial increase followed by a decrease.
The primary reason for this behavior is that, despite the presence of a water film, its
lubricating effectiveness gradually diminishes with increasing load. Higher loads
lead to an increase in the real contact area between the friction pairs, making it eas-
ier for hard asperities such as carbon fibers (CF) in the composite to penetrate and
disrupt the boundary water lubrication film. This enhances direct contact and
plowing effects at the interface, resulting in an increase in the friction coefficient.
However, when the load exceeded 50 N, the friction coefficient began to decrease,
which can be attributed to a significant enhancement in tribochemical effects. The
combined action of extreme contact pressure and frictional heat promotes complex
chemical reactions among water molecules, NaCl, SiO,, the PEEK composite, and the
metal surface, forming a self-lubricating reaction film. In contrast, the average fric-
tion coefficient of CF/PEEK-45# decreased linearly from 0.12829 to 0.11949 as the
load increased. This is primarily due to a transition in the contact state at the fric-
tion interface and the effectiveness of the lubrication film. Specifically, at lower
loads, the friction pair operates under boundary lubrication conditions with consid-
erable asperity contact, resulting in mild abrasive wear and a relatively higher fric-
tion coefficient. As the load increases, significant elastic deformation occurs in
CF/PEEK, which facilitates the formation of a more stable hydrodynamic lubrication
film, effectively reducing the friction coefficient. This process is accompanied by an
increased contact area that allows for better access to lubricating media, promoting
the formation of a continuous water film that effectively separates the contacting
surfaces and significantly improves tribological performance. Therefore, the tribo-
logical properties of CF/PEEK-45# are enhanced under heavy loads.

In Figure 1(d), the friction coefficient of CF/PEEK-304L is higher than those of
CF/PEEK-45# and CF/PEEK-NP, reflecting its inferior frictional stability. Compared
to CF/PEEK-45# and CF/PEEK-NP, CF/PEEK-304L exhibits more pronounced vibra-
tions due to its higher metal hardness and strength. Additionally, it can be observed
that the friction coefficient of CF/PEEK-304L is slightly higher than that of
CF/PEEK-NP. In summary, when paired with CF/PEEK, the three stainless steel ma-
terials exhibit frictional stability in the following descending order: CF/PEEK-45# >
CF/PEEK-NP > CF/PEEK-304L.
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Figure 1. Frictional traces under different applied loads

3.1.2. Effect of Load on the Wear Rate of CF/PEEK

Figure 2 shows the wear loss of CF/PEEK-45#, CF/PEEK-NP, and CF/PEEK-304L
under different loads. As can be seen from the figure, the wear loss of CF/PEEK-NP
and CF/PEEK-304L is relatively similar, while CF/PEEK-45# exhibits the lowest
wear loss. When the load increases from 35 N to 80 N, the wear loss of
CF/PEEK-45#, CF/PEEK-NP, and CF/PEEK-304L consistently decreases, albeit to a
minor extent. This indicates that the wear loss of these three material pairs is rela-
tively insensitive to changes in load. The primary reasons for this behavior are as
follows: First, as the load increases, the lubrication film between the friction pairs is
compressed and ruptured, causing SiO, particles to become embedded in the sur-
face of the softer material or form a third-body layer, which subsequently acts to
reduce friction. Second, the increased load may promote tribochemical reactions,
accelerating the adsorption of corrosion products from the NaCl solution or decom-
position products of the edible oil, thereby forming a boundary lubrication film. Ad-
ditionally, the passive films on 304L and NP may become more stable under high
stress, while the plastic deformation of 45# steel enhances surface work-hardening
effects. These factors collectively contribute to an anomalous decrease in wear loss
within specific load ranges.Furthermore, CF/PEEK can form a transfer film on the
friction surface during the sliding process. Within a certain range, as the load in-
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creases, the transfer film becomes more continuous and complete, thereby reducing
wear loss.
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Figure 2. The wear mass of different friction pair combinations for PEEK and CF/PEEK

composite materials under varying loads

3.1.3. Effect of Load on the Worn Morphology of CF/PEEK

Since the differences in the worn surfaces of the three friction pairs were most pro-
nounced at a load of 65 N, the disk specimens of the three pairs were examined at
this load. Figure 3 shows the worn surfaces of CF/PEEK observed via SEM after
tribological tests under impurity-laden water lubrication. Comparing Figure
3(a)-3(c), it can be seen that under light loading, the worn surface of the 45# pair is
smoother and more uniform than those of NP and 304L, which corresponds to the
lower friction coefficient observed for CF/PEEK-45#. As shown in Figure 3(a), at a
load of 65 N, the worn surface of CF/PEEK exhibits fine wear debris particles and
shallow scratches. The primary wear mechanism is abrasive wear, accompanied by
mild adhesive wear and corrosive wear in a mixed mode. Hard particles such as SiO,
are embedded into or slide across the relatively soft PEEK matrix under load, caus-
ing micro-cutting and forming shallow ploughing grooves. Meanwhile, cyclic loading
and mechanical action lead to carbon fiber (CF) breakage or debonding from the
matrix, generating fine debris. The presence of NaCl solution induces mild electro-
chemical corrosion, weakening the surface strength and accelerating wear. Although
the mixture of trace edible oil and water provides partial lubrication and reduces
direct metal contact, it fails to form a complete and effective lubricating film, result-
ing in localized adhesion and material transfer. As shown in Figure 3(b), the worn
surface displays a small amount of debris and distinct ploughing grooves parallel to
the sliding direction. The wear mechanism is characterized by mild abrasive wear
accompanied by ploughing. This indicates that hard particles such as SiO, or ex-
posed CF reinforcements in the composite cause micro-cutting and plastic defor-

mation on the NP surface. Although the impurity-laden water lubrication film par-
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tially mitigates adhesive wear, it cannot fully prevent the mechanical action of abra-
sive particles, ultimately leading to micro-ploughing and material removal. Figure
3(c) reveals mild abrasive wear and severe adhesive wear. Despite the presence of
lubricating media such as water and edible oil, the combination of relatively low
load (65 N) and rotational speed (100 r/min) is insufficient to generate adequate
hydrodynamic effects for forming a complete lubricating film. This results in fre-
quent direct contact between the PEEK matrix of the CF/PEEK composite and the
304L surface. Localized high temperatures and pressures soften or even melt the
PEEK material, causing strong adhesion to the metal surface. Subsequent relative
sliding leads to tearing and material transfer, resulting in severe adhesive wear.
Simultaneously, hard particles like SiO, and detached CF fragments in the lubricant
are pressed into the softened PEEK surface under load, causing micro-cutting and
ploughing, thereby inducing mild abrasive wear.

(a) CF/PEEK-45# (b) CF/PEEK-NP (¢c) CF/PEEK-304L

Figure 3. Wear surface morphology of CF/PEEK composite material

3.2. Effect of Rotational Speed on the Tribological Properties of Differ-
ent Friction Pairs

3.2.1. Effect of Rotational Speed on the Friction Coefficient of CF/PEEK

Figure shows the friction coefficients of CF/PEEK paired with three types of steel
under impurity-laden water lubrication as a function of rotational speed. It can be
observed that the average friction coefficients of all three pairs were initially rela-
tively high. As the rotational speed increased from 60 r/min to 100 r/min, distinct
trends emerged: the average friction coefficient of CF/PEEK-45# gradually in-
creased to 0.13616, while CF/PEEK-304L and CF/PEEK-NP exhibited a similar trend,
initially decreasing and then increasing. When the rotational speed further in-
creased to 120 r/min, the average friction coefficient of CF/PEEK-45# decreased
rapidly to 0.11287, whereas the friction coefficients of CF/PEEK-304L and
CF/PEEK-NP declined to approximately 0.14812, stabilizing at a similar level.
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Figure 4. Fictional traces under different rotational velocities

(d) Average coefficient of friction

Under impurity-laden water lubrication, the average friction coefficient of
CF/PEEK-45# exhibits a nonmonotonic trend with increasing rotational speed, at-
tributed to transitions in the dominant friction mechanisms across different speed
ranges. As the rotational speed increases from 60 r/min to 100 r/min, the friction
coefficient rises due to insufficient hydrodynamic effects in this speed range. The
increased sliding frequency accelerates the plowing action of SiO, abrasive particles
and the cutting effect of carbon fibers (CF) on the surface, making abrasive wear the
dominant mechanism. When the speed further increases to 120 r/min, the enhanced
rotational velocity promotes more efficient entry of lubricating media into the con-
tact zone, strengthening the hydrodynamic effect. Simultaneously, frictional heat
induces local softening of the PEEK surface, forming a lubricating transfer film that
improves the lubrication state, thereby significantly reducing the friction coefficient.
For CF/PEEK-304L and CF/PEEK-NP pairs, the average friction coefficient under
impurity-laden water lubrication first decreases, then increases, and finally de-
creases again as the rotational speed increases from 60 r/min to 120 r/min, eventu-
ally stabilizing at approximately 0.14812. Initially, at 80 r/min, the enhanced hy-
drodynamic effect facilitates the formation of a thicker lubricating film, reducing the
friction coefficient. When the speed increases to 100 r/min, the higher sliding fre-
quency and shear rate intensify the grinding action of hard particles such as SiO,,
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compromising the integrity of the lubricating film and causing the friction coeffi-
cient to rebound. As the speed further rises to 120 r/min, the {3 increase in fric-
tional heat induces local softening and even melting of the PEEK surface, generating
a lubricating transfer film. Additionally, elevated temperatures may alter the viscos-
ity and lubricating properties of the impurity-laden solution, contributing to a re-
newed reduction in the friction coefficient. Ultimately, the friction coefficient stabi-
lizes when a dynamic balance is achieved among lubricating film formation, disrup-
tion, and thermal effects.

Compared to NP and 304L, 45# steel likely possesses superior corrosion resistance
and smoother surface characteristics, enabling better synergy with CF/PEEK. This
results in reduced susceptibility to lubricating film rupture at high speeds, thereby

demonstrating consistently superior tribological performance.

0.030

0.025

0.020

Wear mass/g
4
>
=
W
L

0.010 -

0.005 -

DN

AN

MMM
M A N\
DA

Mg
M N NN\\§

MW\ &

X &
$ S 88 g8y

&

2

J
$ S

60r/min 80r/min 100r/min 120r/min
Figure 5. The wear mass of different friction pair combinations for PEEK and CF/PEEK

composite materials under varying rotational velocities

3.2.2. Effect of Rotational Speed on the Wear Loss of CF/PEEK

Figure 5 shows the wear loss of CF/PEEK-45#, CF/PEEK-NP, and CF/PEEK-304L
under different rotational speeds. The wear loss of NP and 304L pairs remains rela-
tively similar, while that of 45# is consistently the lowest. As the rotational speed
increases from 60 r/min to 120 r/min, the wear loss of all three material pairs
gradually decreases. This indicates that the wear loss of CF/PEEK-45#, CF/PEEK-NP,
and CF/PEEK-304L is only marginally influenced by rotational speed. CF/PEEK ex-
hibits excellent mechanical properties and wear resistance, with its wear behavior
primarily governed by the microscopic mechanical interactions between the hard
carbon fiber (CF) reinforcements and the counter steel surface, as well as the poten-
tial formation of thin transfer films. Although increased rotational speed introduces
more lubricating medium into the contact zone, improving frictional heat dissipa-
tion and surface lubrication conditions, the limited lubricating performance of the
impurity-laden water prevents the formation of a sufficiently thick and stable hy-

drodynamic lubricating film capable of altering the fundamental wear mechanisms
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at the interface. Therefore, the slight reduction in wear loss can be attributed to en-
hanced cooling effects and more efficient expulsion of abrasive particles at higher
speeds, which mitigate adhesion and corrosion tendencies. However, the dominant
wear mechanism remains abrasive wear caused by CF, resulting in no significant
change in overall wear loss. Additionally, the highest hardness of 45# steel provides
optimal support, effectively suppressing abrasive particle embedding and plastic
deformation, which explains its consistently lowest wear loss across all tested

speeds.

(a) CF/PEEK-45# (b) CF/PEEK-NP (c) CF/PEEK-304L

Figure 6. Wear surface morphology of CF/PEEK composite materia

3.2.3. Effect of Rotational Speed on the Worn Surface of CF/PEEK

Since the differences in the worn surfaces of the three friction pairs were most pro-
nounced at a rotational speed of 60 r/min, the disk specimens of the three pairs
were examined at this speed. Figure 6 shows the worn surfaces of CF/PEEK ob-
served via SEM after tribological tests under impurity-laden water lubrication.

Comparing Figures 6(a)-6(c), it can be seen that at lower rotational speeds, the
worn surface of CF/PEEK-45# is smoother and more uniform than those of
CF/PEEK-NP and CF/PEEK-304L. As shown in Figure 6(a), the worn surface of
CF/PEEK-45# exhibits only small-area spalling pits but numerous ploughing
grooves parallel to the sliding direction. The formation of parallel grooves is primar-
ily attributed to hard SiO, particles in the lubricating medium and exposed hard
carbon fibers (CF) in the composite, which embed into the 45# steel surface under
normal load, causing micro-cutting. Meanwhile, the small spalling pits likely result
from flake-like debris detachment due to fatigue or local adhesion under cyclic
loading. Although the impurity-laden water provides certain lubrication and cooling
effects, it fails to fully eliminate the ploughing effect caused by hard particles, re-
sulting in a wear surface dominated by abrasive wear characteristics. Figure 6(b)
shows that the worn surface of CF/PEEK-NP exhibits numerous short and shallow
surface cracks. These cracks predominantly occur at the interfaces between CF and
the PEEK matrix, where lower surface strength makes them prone to detachment
under cyclic stress, subsequently forming cracks. The primary wear mechanism is
abrasive wear. As observed in Figure 6(c), the worn surface of CF/PEEK-304L dis-
plays large-area grooves, minor spalling pits, and distinct material adhesion features.
The wear mechanism is characterized by mild abrasive wear accompanied by adhe-

DOI:10.63313/AERpc.9050

77 Advances in Engineering Research : Possibilities and Challenges



Honggian Ma. Yougiang Wang

sive wear. At lower rotational speeds, the temperature rise on the friction surface is
limited. The hard asperities of the 45# steel surface exhibit weaker cutting effects on
the softer modified PEEK surface, while partial material tearing at adhesion points

leads to the formation of adhesive spalling pits.

4. Conclusion

This study systematically investigated the tribological properties of CF/PEEK com-
posites paired with 45#, NP, and 304L under impurity-laden water lubrication. The
main conclusions are as follows:

(1) Under varying loads and rotational speeds, significant differences were observed
in the tribological performance of CF/PEEK paired with the three metals. Based on
comprehensive friction coefficients and wear loss, the order of compatibility is:
CF/PEEK-45# > CF/PEEK-NP > CF/PEEK-304L. Due to its higher hardness and ex-
cellent surface supportability, 45# steel forms the optimal friction pair with
CF/PEEK, exhibiting the lowest and most stable friction coefficient and the smallest
wear loss.

(2) As the load increased (35 N to 80 N), the friction coefficient of CF/PEEK-45# de-
creased linearly and slightly, primarily attributed to the enhanced elastohydrody-
namic lubrication effect and the formation of a more stable transfer film under
higher loads. In contrast, the friction coefficients of CF/PEEK-NP and CF/PEEK-304L
initially increased and then decreased, peaking around 50 N. This trend is due to in-
tensified abrasive wear at medium loads, while tribochemically generated
self-lubricating films dominated the friction behavior at higher loads. The wear loss
of all three pairs decreased slightly with increasing load, indicating that load is not
the dominant factor influencing wear.

(3) The effect of rotational speed variations (60 r/min to 120 r/min) on the friction
coefficient exhibited complex monotonic behavior. The friction coefficient of
CF/PEEK-45# first increased and then decreased, reaching its maximum at 100
r/min. Meanwhile, CF/PEEK-NP and CF/PEEK-304L showed an initial decrease, fol-
lowed by an increase and subsequent decrease, eventually stabilizing at approxi-
mately 0.148 at 120 r/min. These variations result from the competition and bal-
ance among hydrodynamic effects, abrasive wear, and frictional thermal effects. The
cooling effect and improved expulsion efficiency of impurities at higher speeds
slightly reduced the wear loss of all pairs, though the magnitude of this influence
was limited.

(4) The primary wear mechanism for all three pairs was abrasive wear, accompa-
nied by varying degrees of adhesive wear and fatigue spalling. The worn surface of
CF/PEEK-45# was the smoothest, characterized by shallow ploughing grooves.
CF/PEEK-NP exhibited short and shallow surface cracks, while CF/PEEK-304L
showed the most severe adhesive features and large-area grooves, which are related

to the surface characteristics of 304L and its poor compatibility with PEEK.
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The study confirms that 45# steel is the optimal material choice for pairing with

CF/PEEK. This research provides critical data support and a theoretical basis for the

practical application of CF/PEEK composites in water-lubricated bearings, guide

rails, and other moving components, particularly in complex impurity-laden water

environments.
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