lubricants

Article

Effect of Electron Beam Irradiation on Friction and Wear
Properties of Carbon Fiber-Reinforced PEEK at Different
Injection Temperatures

Yi Chen 2%, Jiahong Li I'*, Da Bian %* and Yongwu Zhao 2

check for

updates
Received: 11 November 2025
Revised: 11 December 2025
Accepted: 12 December 2025
Published: 16 December 2025

Citation: Chen, Y.; Li, J.; Bian, D.;
Zhao, Y. Effect of Electron Beam
Irradiation on Friction and Wear
Properties of Carbon Fiber-Reinforced

PEEK at Different Injection

Temperatures. Lubricants 2025, 13, 546.

https:/ /doi.org/10.3390/
lubricants13120546

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

School of Intelligent Manufacturing, Wuxi Vocational College of Science and Technology, Wuxi 214028, China
School of Mechanical Engineering, Jiangnan University, Wuxi 214122, China

Correspondence: chenyi_310@126.com (Y.C.); biand@jiangnan.edu.cn (D.B.)

These authors contributed equally to this work.

N =

¥

Abstract

Polyetheretherketone (PEEK) is a high-performance engineering plastic widely used in
aerospace, automotive, and other industries due to its heat resistance and mechanical
strength. However, its high friction coefficient and low thermal conductivity limit its use
in heavy-load environments. Existing studies have extensively explored the individual
effects of thermal processing or irradiation on PEEK. However, the synergistic mechanism
between the initial microstructure formed by mold temperature and subsequent irradiation
modification remains unclear. This paper investigates the coupled effects of injection mold-
ing temperature and electron beam irradiation on the tribology of carbon fiber-reinforced
PEEK composites, with the aim of identifying process conditions that improve friction and
wear performance under high load by controlling the crystal morphology and cross-linking
network. Carbon fiber (CF) particles were mixed with PEEK particles at a 1:2 mass ratio,
and specimens were prepared at injection molding temperatures of 150 °C, 175 °C, and
200 °C. Some specimens were irradiated with an electron beam dose of 200 kGy. The
friction coefficient, wear rate, surface shape, and crystallinity of the material were obtained
using friction and wear tests, white-light topography, SEM, and XRD. The results show
that the injection molding temperature of the material influences the friction performance.
Optimal performance is obtained at 175 °C with a friction coefficient of 0.12 and wear rate of
9.722 x 10~® mm3/(N-m). After irradiation modification, the friction coefficient decreases
to 0.10. This improvement is due to the moderate melt fluidity, adequate fiber infiltration,
and dense crystallization at this temperature. In addition, cross-linking of chains occurs,
and surface transfer films are created at this temperature. However, irradiation leads to a
slight increase in wear rate to 1.013 x 107> mm?/(N-m), suggesting that chain segment
fracture and embrittlement effects are enhanced at this dose. At 150 °C, there is weak
interfacial bonding and microcrack development. At 200 °C, excessive thermal motion
reduces crystallinity and adds residual stress, increasing wear sensitivity. Overall, while
irradiation reduces the friction coefficient, the wear rate is affected by the initial microstruc-
ture at molding. At non-optimal temperatures, embrittlement tends to dominate the wear
mode. This study uncovers the synergistic and competitive dynamics between the injection
molding process and irradiation modification, offering an operational framework and a
mechanistic foundation for applying CF/PEEK under heavy-load conditions. The present
approach can be extended in future work to other reinforcement systems or variable-dose
irradiation schemes to further optimize overall tribological performance.
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1. Introduction

PEEK is an aromatic hydrocarbon. Because of high aromatic rings in its main chain
structure, the chemical stability of the PEEK structure is relatively high [1]. Due to its
special molecular structure and crystallization properties, PEEK has good heat resistance,
high strength, and wear resistance [2,3]. PEEK has high temperature resistance, corrosion
resistance, and dimensional stability and thus is widely used in aerospace, automotive,
medical, and other industries [4-6]. However, PEEK material still has some defects and
shortcomings. For example, the friction coefficient of PEEK material is relatively high, and
its thermal conductivity is poor [7]. When friction occurs, heat is generated and cannot
dissipate quickly, which leads to failure and deformation of the PEEK material [8]. The
PEEK material preparation process includes extrusion, injection molding, and compression
molding [9]. With high-temperature forming processes such as injection molding, due to
the large shrinkage rate, high melt viscosity, and poor fluidity of PEEK, it is difficult to
achieve the desired microstructure and complete performance [10]. Therefore, expanding
the application scope of PEEK is necessary. For example, when PEEK is used in heavy-
load construction machinery, there are heavy demands on its mechanical strength and
friction performance [11].

The present work on PEEK focuses on the modification of PEEK materials, and the
optimization of production processes [12]. The inherent properties of the material have a
significant influence on the performance of PEEK materials, and the product production
process is related to performance [13]. The performance of PEEK composites is signifi-
cantly affected by post-processing treatments and manufacturing parameters. Research
indicates that heat treatment can greatly enhance the tribological properties of carbon fiber-
reinforced PEEK (CF/PEEK). He et al. [14] discovered that annealing CF/PEEK composites
improves wear resistance, which they attribute to increased crystallinity and hardness
of the material. Additionally, the fabrication process is crucial for determining the final
mechanical integrity. Lu et al. [15] investigated the mechanical properties of CF/PEEK
composites prepared through hot-pressing pre-impregnated materials. They demonstrated
that optimization of molding parameters, such as temperature and pressure, is essential for
achieving superior performance by ensuring effective resin impregnation and minimizing
voids. Yao et al. [16] explored how processing parameters impact the mechanical properties
of CF/PEEK composites produced through hot compression molding. The investigation
focused on different molding pressures and temperatures, revealing that these conditions
significantly influence mechanical strength. The findings showed that inadequate mold-
ing pressure resulted in weak fiber-matrix interfacial bonding and a higher void content,
which in turn reduced the composites’ tensile and interlaminar shear strength. In recent
years, irradiation techniques such as electron beam irradiation have been used for polymer
modification. Such modification can induce cross-linking and crystallinity changes and
improve the tribology [17-19].

Although the effects of processing temperature and irradiation on PEEK have been
studied separately, the current literature rarely addresses the specific interaction between
the in situ thermal history determined by injection mold temperature and subsequent irradi-
ation modification. The injection mold temperature directly dictates the initial crystallinity,
the skin—core structure, and the residual stress state of the molded part. These initial states
crucially determine whether subsequent electron beam irradiation will predominantly



Lubricants 2025, 13, 546

30f17

induce beneficial cross-linking or detrimental oxidative degradation. Incorporated prop-
erties of the material itself can have a significant influence on the performance of PEEK
products. The production process of the product is also closely related to performance [20].
Therefore, stating the purpose of this study, investigating the injection molding processes
of PEEK products and their interaction with irradiation treatment is of great importance
for improving performance [21]. This study aims to bridge this gap by introducing a
distinct approach that couples mold temperature regulation with irradiation. In this paper,
CF/PEEK composite material splines were prepared under different injection molding
temperatures. Electron beam radiation was applied and tensile tests on splines were per-
formed with a universal testing machine. Surface tribological properties were studied for
better performance. The interaction among material properties, injection molding tempera-
ture, and irradiation treatment was systematically analyzed to optimize the tribological
performance of the composites [22-24].

2. Materials and Methods
2.1. Test Materials and Specimen Preparation

CF (T300; supplier: China Steel Group Engineering Technology Co., Ltd., Jilin, China)
and PEEK powder (procured from Changchun Jida Special Plastics Engineering Research
Co., Ltd., Changchun, China) were used. Injection molds were fabricated in accordance
with ISO 527-2:2012 [25]. Surface-treated carbon fiber and PEEK powders were mixed at
a mass ratio of 1:2 (CF:PEEK) until homogeneous. The blended mixture was then dried
and fed into the injection molding machine. The mold temperature controller was set
to mold temperatures of 150 °C, 175 °C, and 200 °C. These temperatures were selected
based on the glass transition temperature (Tg) of PEEK to capture distinct crystallization
behaviors: 150 °C represents a condition just below Tg in which crystallization kinetics
are slow; 175 °C represents an optimal crystallization window; and 200 °C represents
a high-temperature condition in which rapid spherulite growth or transcrystallization
may occur, potentially inducing residual stresses. This range allows for the evaluation
of the transition from amorphous-dominated to crystalline-dominated surface properties.
A VI-55DRES injection molding machine (Zhongtai Precision Machinery [Guangzhou]
Co., Ltd., Guangzhou, China) was used to prepare CF/PEEK composite test specimens.
Subsequently, a portion of the molded strips was subjected to electron beam irradiation
using an AB-5.0 accelerator (Wuxi Aibang Radiation Technology Co., Ltd., Wuxi, China;
dose 200 kGy; energy 5 MeV). Both non-irradiated and irradiated specimens were obtained
for testing.

2.2. Testing and Characterization

Friction and wear tests were carried out using an MFT-5000 multifunctional tribometer
(MFT-5000, Rtec Instruments, San Jose, CA, USA) under dry sliding conditions. The test
was performed in linear reciprocating mode with 9 mm diameter ceramic balls as the
counterbody. The test parameters were as follows: normal load 50 N, frequency 2 Hz,
duration 30 min, and stroke 5 mm. The MFP-D white-light profilometer was used to
characterize the wear tracks and three-dimensional surface morphology and to determine
the wear volume and the specific wear rate.

The wear rate (W) was calculated using the Archard wear equation (Equation (1)):

1% AL

W= 5~ Fxs M

In the equation, W is the specific wear rate; V denotes the wear volume; S is the
total sliding distance; F is the normal load, set to 50 N; the test was conducted at 2 Hz for
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30 min. For the calculation of V, A denotes the cross-sectional area of the worn surface,
obtained from three-dimensional profilometry; L denotes the effective track length used
in the volume calculation, which in this reciprocating sliding test was taken as twice the
stroke length. The cross-sectional profile of the worn surface was characterized using a
three-dimensional profilometer and used to compute A. The schematic of the experimental
principle is shown in Figure 1:

A Ceramic ball

Figure 1. Schematic of the experimental principle.

Following the completion of the friction and wear test, the test specimen was examined
with an MFP-D white-light profilometer (MFP-D, Rtec Instruments, San Jose, USA) to
observe the wear track and three-dimensional topography of the composite material. The
depth and width of the wear track were measured, and the wear rate was calculated from
the profilometric data.

3. Analysis of Experimental Results
3.1. Analysis of the Friction Coefficient of PEEK Composites

Figure 2 shows the friction curves of PEEK composites processed at different injection
molding temperatures, both before and after irradiation. Error bars representing the
standard deviation of multiple measurements have been included to assess statistical
significance. The data indicate that, for both pre- and post-irradiation samples, the steady-
state friction coefficient first decreases and then increases with rising injection molding
temperature. Prior to irradiation, at an injection molding temperature of 150 °C, the steady-
state friction coefficient was approximately 0.39; at 175 °C, it was 0.12; and at 200 °C,
it was 0.30. Post-irradiation, at an injection molding temperature of 150 °C, the friction
coefficient was approximately 0.35; at 175 °C, it was 0.10; at 200 °C, the surface friction
coefficient was 0.27. At a given injection molding temperature, the irradiated samples
exhibited lower friction coefficients than their unirradiated counterparts. This is because
irradiation-induced cross-linking and the formation of a transfer film predominantly reduce
interfacial shear [26]; however, any adverse mechanical after-effects (such as embrittlement)
are more pronounced in the wear rate rather than in the steady-state friction coefficient [27].
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Figure 2. Comparison of friction coefficients of PEEK composites at different injection temperatures
before and after irradiation.

3.2. Analysis of the Wear Resistance of PEEK Composites

A material’s wear resistance refers to its ability to resist material loss due to friction
and is governed by the prevailing wear mechanisms [28]. A lower wear rate indicates
superior wear resistance. This study evaluates the wear resistance of PEEK composite
samples in terms of wear rate and wear volume. Figure 3 shows the wear track cross-
sectional profiles and three-dimensional topography of PEEK composite samples produced
at different injection molding temperatures before and after irradiation, under identical test
conditions. The data reveal that, prior to irradiation, at an injection molding temperature
of 150 °C, the post-test sample exhibited a wear track width of 900 um and a depth of
2.2 um, indicating a relatively wide track with pronounced grooves; at an injection molding
temperature of 175 °C, the post-test wear track width was 700 pm, and the track depth was
2.5 um, exhibiting a narrower track and less pronounced marks; at 200 °C, the post-test
wear track width was 800 um, and the track depth was 2.6 um, with both track width
and depth being relatively large and the grooves being pronounced. Post-irradiation, at
an injection molding temperature of 150 °C, the wear track width of the tested sample
was 700 um, with a track depth of 2.6 pm. The track width was relatively large, and the
marks were clearly visible. At an injection molding temperature of 175 °C, the post-test
sample exhibited a wear track width of 760 um and a track depth of 2.4 um. The track
width was reduced, and the depth was shallower. At an injection molding temperature of
200 °C, the post-test sample exhibited a wear track width of 840 um and a depth of 2.5 um,
with both width and depth being substantial and the grooves being pronounced. Analysis
of the wear-track cross-sectional profile data indicates that, in both the unirradiated and
irradiated states, both width and depth first decrease and then subsequently increase with
rising injection molding temperature.
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Figure 3. Comparison of cross-sections and 3D morphologies of wear marks before and after
irradiation at different injection temperatures: (a) not irradiated at 150 °C; (b) irradiated at 150 °C;
(c) not irradiated at 175 °C; (d) irradiated at 175 °C; (e) not irradiated at 200 °C; and (f) irradiated
at 200 °C.

Based on the above data and Equation (1), the wear volume and wear rate of PEEK
composite specimens molded at different injection molding temperatures were calculated
as follows: Prior to irradiation, at an injection molding temperature of 150 °C, the wear
rate was 1.100 x 10~ m3/N.m; at 175 °C, it was 9.722 x 107® mm3/(N-m); at 200 °C,
the wear rate was 1.156 x 10~ mm?3/(N-m). Post-irradiation, at an injection molding
temperature of 150 °C, the wear rate was 1.112 X 10~ mm3/(N-m); at 175 °C, it was
1.013 x 107° mm3/(N-m); at 200 °C, it was 1.167 x 10~° mm?3/(N-m). From 150 °C to
175 °C, the wear rate decreased with increasing temperature for both unirradiated and
irradiated samples; from 175 °C to 200 °C, it increased with temperature.

Figure 4 shows the wear amount with error bars and Figure 5 illustrates the wear rates
with error bars. Contrary to the significant reduction in friction coefficient, the changes
in wear rate before and after irradiation are less distinct, with overlapping error bars in
some conditions. For samples at the same injection molding temperature, the average wear
rate prior to irradiation was slightly lower than or comparable to that after irradiation.
As indicated by the slope of the trend lines in the figure, the temperature sensitivity
of the average wear rate before irradiation is smaller than that after irradiation as the
injection molding temperature varied [29]. Although only three temperature points were
tested, these points effectively bracket the critical glass transition region and the optimal
processing window, sufficiently capturing the non-linear “U-shaped” trend of the material’s
tribological behavior.



Lubricants 2025, 13, 546

8of 17

Wear amount (mm®)

0.012

0.010

(=]
(=]
(=]
(]

(=}
[=3
(=)
(o3}

(=}
S
S
=

0.002

0.000

Not irradiated
Irradiated

T

150C

175°C
Different conditions

200°C

Figure 4. Comparison of wear amount before and after irradiation at different injection temperatures.

0. 000014 Not irradiated
Irradiated

0. 000012 F T T T T
ey — _,/_;TL st ﬁ/ J_
= 0. 000010 F l \‘ik\\\x““ﬂ\» :?Tif?‘“;[i:?r
Z i
o
£ 0. 000008 -
s
+
© 0. 000006 -
~
©
= 0. 000004 -

0. 000002 |

0. 000000

150°C 175°C
Different conditions

200°C

Figure 5. Comparison of wear rate before and after irradiation at different injection temperatures.

Figure 5 presents a comparison of wear rates for PEEK composite samples at different
injection molding temperatures. This trend can be explained as follows: (1) Before and
after irradiation, between 150 °C and 175 °C, increased molding temperatures enhance
melt flowability while reducing adhesion. This elevates the crystallinity of the molded
samples, resulting in higher strength and improved wear resistance and hence a lower
wear rate with increasing injection molding temperature [30]. (2) For injection molding
temperatures between 175 °C and 200 °C, both before and after irradiation, the process
temperature surpasses PEEK’s glass transition temperature. As the temperature rises,
localized cross-linking and glass transition occur within the polymer matrix during cooling.
Consequently, the mechanical properties deteriorate, reducing wear resistance. Thus, the
wear rate increases with rising injection molding temperature [31]. (3) For samples at
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identical injection temperatures, the wear rate after irradiation is slightly higher than that
before irradiation. This occurs because electron beam irradiation produces competing
effects: while some cross-linking and the formation of a uniform, dense transfer film can
reduce interfacial shear and lower the friction coefficient, chain scission and irradiation-
induced embrittlement can dominate the wear response, promoting brittle fracture and
fatigue crack propagation [32]. (4) The temperature sensitivity of the wear rate prior to
irradiation is lower than that after irradiation as injection molding temperatures change.
Excessive irradiation intensifies molecular chain scission, making the material brittle and
reducing its toughness. As a result, wear primarily appears as brittle fracture and rapid
fatigue crack propagation, causing a significant rise in the wear rate [33]. Nevertheless,
the substantial overlap of error bars in Figures 4 and 5 indicates that the influence of
irradiation on wear volume and specific wear rate is moderate rather than dramatic, and
the conclusions regarding irradiation effects should therefore be regarded as trends rather
than as statistically large differences.

3.3. SEM Analysis of Composite Worn Surfaces

Figure 6 shows the SEM shape of surface wear marks on PEEK composite samples
before and after electron beam irradiation. Figure 6a,c,e show the surface wear scar shape
at injection molding temperatures of 150 °C, 175 °C, and 200 °C before and after irradiation.
Figure 6b,d,f show the surface wear scar shape after irradiation. In all the images, the sliding
direction is from up to down, and white arrows in the figure indicate the sliding direction.

Scan area

(b)

Figure 6. Cont.
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Figure 6. Comparison of SEM surface topography before and after irradiation at different in-
jection temperatures: (a) not irradiated at 150 °C; (b) irradiated at 150 °C; (c) not irradiated at
175 °C; (d) irradiated at 175 °C; (e) not irradiated at 200 °C; and (f) irradiated at 200 °C.

At 150 °C, the unirradiated specimen (Figure 6a) exhibits a relatively wide and deep
wear scar with pronounced furrow-like scratches and microcracks along the sliding direc-
tion. This morphology indicates severe material removal and a combination of abrasive
and fatigue wear. The presence of exposed fibers and local delamination suggests poor
interfacial bonding between the CF and the PEEK matrix, consistent with the low melt
fluidity and insufficient impregnation at this molding temperature [34,35]. After irradia-
tion (Figure 6b), the wear track still shows deep grooves and cracks, and the number of
microcracks appears slightly increased. These features imply that electron beam irradiation
introduces additional embrittlement into an already weak matrix, which promotes crack
initiation and propagation under high contact stress [36,37].

At 175 °C, the unirradiated specimen (Figure 6c) displays a much smoother wear
track compared with Figure 6a. The width and depth of the wear scar are smaller, and
only minor cracks are visible. The worn surface exhibits areas of smeared material and
relatively continuous transfer films, indicating a more stable sliding contact and improved
load-bearing capacity. After irradiation (Figure 6d), the wear scar remains narrow and
shallow, and the surface shows a more uniform transfer film with fewer large spalling
pits. This suggests that the combination of optimal injection molding temperature and
irradiation leads to a denser microstructure and a more coherent transfer film, thereby
suppressing severe adhesive delamination and reducing friction [38]. At this temperature,
higher crystallinity and stronger physical cross-linking enhance the mechanical strength,
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so that a moderate irradiation dose predominantly improves surface hardness and transfer
film stability rather than causing catastrophic embrittlement.

At 200 °C, the unirradiated specimen (Figure 6e) again exhibits a wider and deeper
wear scar than at 175 °C, accompanied by pronounced grooves and local peeling. This
morphology implies that an excessive molding temperature leads to the development of
residual stresses and a less favorable crystalline structure, which decrease the material’s
resistance to repeated loading. After irradiation (Figure 6f), deeper peeling pits and more-
fragmented surface features can be observed. This is attributed to the combined effects of
thermal history and irradiation: when the injection molding temperature exceeds the glass
transition temperature of PEEK, localized cross-linking and glass transition during cooling
can induce internal stresses and structural heterogeneity, which are further aggravated by
irradiation-induced chain scission, resulting in brittle fatigue wear [39].

Overall, the SEM observations confirm that the injection molding temperature plays
a crucial role in determining melt flow, fiber wetting, crystallization behavior, and final
microstructure and that electron beam irradiation superimposes additional cross-linking
and chain scission effects on this initial microstructure. At the optimal temperature of
175 °C, irradiation improves surface integrity and promotes the formation of a stable
transfer film, whereas at 150 °C and 200 °C, the dominant effect of irradiation is to enhance
embrittlement and microcrack formation, slightly deteriorating wear resistance despite
some reduction in the friction coefficient.

Figure 7 shows the SEM images of the cross-sectional morphology of PEEK composite
splines at different injection molding temperatures before and after electron beam irra-
diation. In Figure 7a, obvious pores and exposed fibers can be seen in the cross-section;
the CF distribution is uneven, and the interface bonding between the fibers and the resin
matrix appears weak. Although it can be seen in Figure 7b that CF provides a certain
skeletal support in the matrix, its wetting and coating effects are still not good, and there
are still some areas with voids that have not been filled by resin. This is because, under
the low-temperature injection molding conditions of 150 °C, the melt viscosity of PEEK
is high and its fluidity is poor, making it difficult to fully penetrate and encapsulate the
CF, resulting in insufficient interfacial bonding strength [40]. Under these conditions, the
effect of electron beam irradiation on improving this inherent structural defect caused by
insufficient fluidity is limited. The cross-sectional structure in Figure 7c is the densest, with
almost no obvious pores observed. The CF is closely combined with the PEEK matrix,
achieving excellent interfacial compatibility and stress transfer. In Figure 7d, as the content
of functional components increases or their dispersion state changes, local agglomeration
may occur, thereby introducing new micro-defects within the matrix. This is because, when
the injection molding temperature is 175 °C, good fiber infiltration and matrix densification
can be achieved. On this basis, moderate irradiation is expected to further consolidate this
dense structure. However, if the additives are unevenly dispersed, irradiation may also fail
to effectively eliminate the stress concentration points resulting from this [41]. In Figure 7e,
the cross-section once again shows unevenness and a large number of pores. Figure 7f
shows the presence of CF, but the completeness of the substrate coating seems to be in be-
tween that in other conditions. The higher injection molding temperature (200 °C) appears
to induce additional voids and imperfect fiber wetting, likely due to excessive thermal
motion and shrinkage during cooling. Electron beam irradiation at this stage can interact
with the pre-existing defects and promote damage accumulation, leading to a less uniform
cross-sectional morphology compared with that in the optimized 175 °C condition [41].

These SEM images show that the injection molding temperature plays an important
role in melt flow, fiber wetting, crystallization behavior, and final microstructure. Elec-
tron beam irradiation, as a post-treatment modification, depends strongly on the initial
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microstructure substrate formed during injection molding. At a suitable injection molding
temperature (say 175 °C), the irradiation can play a positive role and further improve the
tribological properties of the material [42].

Figure 7. Cont.
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Figure 7. Cross-sectional SEM morphology comparison before and after electron beam irradiation at

various injection temperatures: (a) not irradiated at 150 °C; (b) irradiated at 150 °C; (c) not irradiated
at 175 °C; (d) irradiated at 175 °C; (e) not irradiated at 200 °C; and (f) irradiated at 200 °C.

Figure 8 shows XRD patterns of PEEK samples molded at different temperatures
before and after electron beam irradiation. The characteristic diffraction peaks of PEEK
occur at around 20° (20) in all samples, with additional weaker peaks possibly present
at higher angles (e.g., 23°) depending on crystallite orientation. At the same molding
temperature, irradiated samples exhibit significantly higher peak intensities than their
unirradiated counterparts. For example, the peak intensity of the 150 °C-irradiated sample
is nearly three times that of the unirradiated sample at the same temperature. Irradiated
samples at 175 °C and 200 °C also show higher peak intensities than their unirradiated
counterparts, though the difference is less pronounced than at 150 °C.

As the molding temperature increases from 150 °C to 200 °C, the intensity of these
characteristic peaks gradually decreases for both unirradiated and irradiated samples, indi-
cating very low crystallinity at higher temperatures (especially for 200 °C samples). The
reason is that electron beam irradiation induces many free radicals on the PEEK molecular
chain, which promote cross-linking and molecular rearrangement, increasing the number
of crystallization centers and thus the crystallinity [43]. Higher molding temperatures cause
excessive thermal motion in the PEEK molecular chain, disrupting the ordered crystal-
lization structure and possibly inducing slight degradation, which inhibits crystallization.
At 150 °C, irradiation effectively drives molecular chain rearrangement and enhances
crystallinity. At 200 °C, however, irradiation may cause more-significant molecular chain
degradation, which partially compensates for the crystallization enhancement induced
by cross-linking [44].
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Figure 8. Comparison of XRD curves for different injection temperatures before and after electron
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beam irradiation.

4. Conclusions

The present study on CF-reinforced PEEK composites prepared under different in-
jection molding temperatures and electron beam irradiation shows that both factors
have a significant influence on the tribological properties of the composite. The ex-
periments show that, at an injection molding temperature of 175 °C, the lowest fric-
tion coefficient (0.12 before irradiation and 0.10 after) and lowest specific wear rate
(9.722 x 10~ mm3/(N-m) before irradiation and 1.013 x 10> mm?3/(N-m) after irradia-
tion are obtained, showing superior wear resistance and surface integrity compared with
those at 150 °C and 200 °C. This performance is due to the melt fluidity at this temperature,
which allows uniform fiber wetting and dense crystallization. Electron beam irradiation in-
duces molecular chain cross-linking, improves the hardness and lubrication of the transfer
film, and optimizes the friction mechanism. Within the experimental scatter, irradiation
produces a clear decrease in steady-state friction coefficient, while its effect on the specific
wear rate is relatively modest. In some cases, the specific wear rate after irradiation is
slightly higher than that before irradiation, which can be attributed to irradiation-induced
chain scission and embrittlement that promote brittle fracture and fatigue wear. At 150 °C
and 200 °C, the material properties suffer: low temperature fluidity leads to weak bonding,
microcracks, and spalling, and high temperatures result in excessive thermal motion and
residual stress that decrease crystallinity and increase wear sensitivity. Although irradiation
lowers the friction coefficient, it may lead to brittleness or defects at non-optimal molding
temperatures, thereby limiting its beneficial influence on wear resistance.

The results confirm the effect of injection molding process parameters and irradiation
modification on the friction properties of PEEK and also provide guidance for engineering
applications. For example, in aerospace or the heavy-duty machinery industry, an injection
molding temperature of about 175 °C combined with appropriate irradiation can increase
the durability of materials and reduce thermal failure risk. This work distinctively advances



Lubricants 2025, 13, 546 15 of 17

the current understanding by providing a mechanistic framework that links the initial
thermal processing history to the efficacy of subsequent irradiation modification, demon-
strating that the optimal irradiation benefit is strictly dependent on the initial crystalline
morphology. Future research could investigate different irradiation doses, alternative fiber
or nanoparticle reinforcements, and a wider range of loads and sliding conditions to further
clarify the relationship between microstructure and tribological behavior.

Limitations of this study should also be noted. First, only a single irradiation dose
(200 kGy) and a limited range of molding temperatures (150-200 °C) were considered, so
the conclusions are restricted to these processing windows. Second, all friction and wear
tests were performed under one normal load and sliding speed without lubrication, and no
detailed statistical hypothesis tests were conducted beyond the use of mean values and
standard deviations. Finally, only SEM and XRD were used for microstructural character-
ization; additional techniques such as DSC or Raman spectroscopy could provide more
quantitative information on crystallinity evolution. These limitations will be addressed in
subsequent work.
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