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Abstract: To improve the tribological performance of poly(ether ether ketone) (PEEK), a
potassium titanate whisker/graphene multi-dimensional hybrid filler was proposed. Hy-
brid fillers with one-dimensional (1D) potassium titanate whiskers and two-dimensional
(2D) graphene nanosheets in different ratios were fabricated using direct mixing and graft-
ing methods. The potassium titanate whiskers and graphene nanosheets are an excellent
combination, as confirmed by SEM and FTIR. Furthermore, PEEK/hybrid filler composites
with different mass percentages of fillers were prepared and investigated systematically.
It was found that introducing multi-dimensional hybrid PTWs–GNPs (volume ratio 1:3)
fillers led to the wear rate being as low as 3.214 × 10−6 mm3N−1m−1, reduced by 60%
compared with pure PEEK. In addition, the wear mechanism of PEEK composites was
also investigated. The results demonstrate the superior tribological properties of the PEEK
composites with multi-dimensional hybrid PTWs–GNPs fillers.

Keywords: potassium titanate whisker; graphene; composites materials; tribological
performance; wear mechanism

1. Introduction
With rapid progress in the field of polymer composites, poly(ether ether ketone)

(PEEK) has attracted more and more attention due to its excellent high-temperature resis-
tance, corrosion resistance, and self-lubricating properties [1]. At present, PEEK polymers
are widely used in the mechanical industry, medical facilities, and marine equipment [2,3].
However, pure PEEK exhibits relatively low wear resistance in several cases, and thus it
can no longer satisfy wear resistance requirements. With extreme operating conditions
encountered in many applications, PEEK is required to have improved and stable tribologi-
cal performance. In order to improve the tribological properties of PEEK, many methods
have been developed; the following four methods are the most common: polymer blending
modification [4–6], fiber filling modification [7], inorganic filler filling modification [8–10],
and lubrication filler modification [11–13]. In addition, the effect of exposure to extreme
environments on the tribological properties of PEEK will inevitably lead to premature
wear and early failure [14]. Introducing different types of fillers into polymers is the most
common method of improving or modifying the tribological properties of PEEK polymers.

Many two-dimensional (2D) layered materials are widely employed as additives, such
as graphene [15], MoS2 [16,17], h-BN [18], transition metal carbide/nitride [19], and phos-
phorene [20,21], because of their excellent tribological performance. Among these various
types of fillers, graphene nanosheets (GNPs) are particularly preferable. Previous papers
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are devoted to the addition of graphene into polymers and the examination of the tribologi-
cal behaviors of these composites [22]. Furthermore, potassium titanate whiskers (PTW)
are a class of promising reinforcement fillers that significantly improve the mechanical,
thermal, and tribological properties of various polymer composites, due to their high NIR
reflectivity, low thermal conductivity, abrasion resistance, and excellent mechanical proper-
ties [23]. The unique crystal structure of PTW, making it have outstanding performance,
has been revealed in a previous study. However, it is difficult to directly obtain composites
with whiskers due to its smooth surface. To further improve the tribological properties of
composites, an effective strategy to avoid aggregation is to form hybrid fillers and then
add them to the polymer matrix. In recent years, a series of hybrid fillers were fabricated,
and the hybrid fillers have previously been shown to reinforce polymers [24–26]. Hua et al.
found that grafting graphene oxide on glass fiber as an additive can effectively improve the
frictional stability of composites [27]. Feng et al. investigated the tribological properties of
PEEK composite reinforced by MoS2-modified carbon fiber. The results showed that the
wear resistance was greatly improved by MoS2-modified carbon fiber [28]. Compared with
modifying the surface of the fillers and adding a single filler in polymer matrices, introduc-
ing hybrid fillers presents more potential applications and better performance [29–32]. Both
PTWs and GNPs are ideal candidates for improving the tribological performances of the
polymer composites. Furthermore, multidimensional hybrid fillers, which are composed of
one-dimensional (1D) fillers and two-dimensional (2D) fillers, display great potential as
high-performance polymer composites [33]. Therefore, exploring a PTWs(1D)–GNPs(2D)
multidimensional hybrid filler is highly significant for obtaining anti-friction and anti-wear
PEEK composites.

In this study, a facile and novel strategy was proposed for improving the tribological
properties of PEEK composites through multidimensional hybrid PTWs–GNPs fillers and
the strengthening of their interfacial interaction. Scanning electron microscopy, Fourier
transform infrared spectroscopy, and friction tester were used to evaluate microstructures
and tribological properties.

2. Experimental Details
2.1. Materials

PEEK powders (300-mesh size) were purchased from Jilin University High-Technology
Co., Ltd. (Changchun, China). Graphene was purchased from XF Nano, Inc. (Nanjing,
China), and PTW was obtained from Nantong Aoxin Electronic Technology Co., Ltd. (Haian,
China) Potassium silicate and γ-aminopropyl triethoxysilane (KH550) were supplied by
Tianjin Kaitong Chemical Reagent Co., Ltd. (Tianjin, China) and Sahn Chemical Technology
(Shanghai) Co., Ltd. (Shanghai, China), respectively.

2.2. Synthesis of Multi-Dimensional Fillers
2.2.1. PTW-Graphene Blend Fillers (P-G)

First, the potassium titanate whisker and graphene were mixed at a certain volume
ratio with ethanol solvent, and then ultrasonically dispersed for 30 min and magnetic
stirring at 600 r/min for 15 min to acquire a homogenous suspension. The P-G composite
fillers were obtained by drying the suspension at 100 ◦C in a vacuum oven. The different
volume ratios (potassium titanate whisker/graphene) of 1:1 and 1:3 were named P-G1 and
P-G2, respectively.

2.2.2. PTW–Graphene Multi-Dimensional Compound Fillers (PGMFs)

The PTW–graphene multi-dimensional compound fillers were synthesized via graft
route as follows. Firstly, 0.9 g sodium silicate and 6 g potassium titanate whiskers were
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added to deionized water and ultrasonically dispersed for 30 min, and then magnetically
stirred with an additional 2 mL ethyl acetate, before being dropped into at 700 r/min for
4 h. The samples were washed with deionized water and dried to obtain silica coated
whiskers. Subsequently, the silica coated whiskers were modified by using silane coupling
agent KH550. In detail, 0.18 g KH550 was dissolved in a mixture of ethanol/deionized
water (the mass ratio of ethanol to water is 1:9), and the mixture was homogenized by
magnetic stirring for 10 min. Then, the silica-coated whiskers were mixed into the solution
and magnetically stirred at a speed of 700 r/min at 60 ◦C for 1 h. The samples were
washed with absolute ethyl alcohol three times and dried to obtain whiskers grafted KH550.
Finally, the whiskers and graphene were successively dispersed in ethanol solvent for
ultrasonic treatment for 30 min and magnetic stirring at 700 r/min for 1 h. The PGMFs
were obtained after thoroughly washing with ethanol and drying. According to different
volume ratios (potassium titanate whisker/graphene) of 1:1 and 1:3, they were named
PGMF1 and PGMF2, respectively.

2.3. Fabrication of PEEK Composites

The preparation process of the PEEK composites is illustrated in Figure 1. With PEEK
powder as a matrix and the filler prepared by the above two methods as reinforcement
material, PTW–GNP/PEEK composites with different adding concentrations were fabri-
cated. The weighted filler and PEEK were stirred by magnetic force for 1 h to obtain a
homogenous suspension, and the PTW–GNP/PEEK mixed powder was dried by vacuum
drying oven at 100 ◦C. The PTW–GNP/PEEK mixed powder was pressed into the mold at
10 MPa, and then sintered at 350 ◦C for 2 h and cooled for 6 h with the sintering furnace
to obtain PEEK composites. Different quantities of PTW–GNP fillers were added in order
to achieve final concentrations of 5 and 10 wt% in the PTW–GNP/PEEK composites. The
resultant composite designations are shown in Table 1.
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Table 1. Composition of PEEK composites.

Sample No. PEEK (wt%) P-G1 (wt%) P-G2 (wt%) PGMF1 (wt%) PGMF2 (wt%)

Neat PEEK 100
PEEK/P-G1–5% 95 5
PEEK/P-G1–10% 90 10
PEEK/P-G2–5% 95 5
PEEK/P-G2–10% 90 10

PEEK/PGMF1–5% 95 5
PEEK/PGMF1–10% 90 10
PEEK/PGMF2–5% 95 5
PEEK/PGMF2–10% 90 10

2.4. Characterization

The tribological properties of the composites were determined using a reciprocating
test rig (CFT-I). The PEEK composite disk with a diameter of 20 mm and a thickness of
5 mm is the lower sample. The steel ball (GCr15) with a diameter of 6 mm is the upper
sample. The normal load is 10 N, the sliding velocity is 0.09 m/s, and the reciprocating
stroke is 7 mm during the friction process. To ensure the accuracy of the test results, each
sample was tested twice in the same condition. The wear rate of PEEK composites was
calculated according to the following:

W =
V
FL

(1)

where W (mm3/Nm) is the wear rate, which is the wear volume of PEEK composite
(V) per unit load per unit sliding distance. F and L are the applied load and the total
sliding distance, respectively. Scanning electron microscopy (SEM) was conducted to
analyze the morphologies of the fillers and the worn surface of the PEEK composites.
A three-dimensional white light interference microscope (ZYGO NewView 5000, ZYGO,
Middlefield, CT, USA) was used to observe the surface topography of the PEEK composites.
Fourier transform infrared (FTIR) spectra were recorded with a Bruker Vertex 70 instrument
(Bruker, Billerica, MA, USA) in a range between approximately 400 and 4000 cm−1.

3. Results and Discussion
3.1. Microstructure Analysis of the Multi-Dimensional Hybrid Fillers

The morphologies of four types of fillers were studied by SEM analysis. As shown in
Figure 2a, the SEM images showed that the surface of PTW was relatively smooth. When
the volume ratio of PTW and graphene is 1:3 (Figure 2b), wrinkled graphene nanosheets
can be clearly observed. Different from P-G1 and P-G2, which are prepared using a simple
mixture, the PTW possessed a slightly rough surface and interconnected with graphene
nanosheets to form a multidimensional structure in the PGMF1 (Figure 2c) and PGMF2
(Figure 2d). The silica layer and KH550 on the whisker surface could therefore offer groups
and active sites, providing a critical bridging role between the whisker and graphene.
Furthermore, it could be found that both the whiskers and graphene nanosheets are highly
dispersed uniformly. The SEM results show the successful construction of the potassium
titanate whisker/graphene multi-dimensional fillers via the grafting process.
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Figure 2. SEM images of P-G1 (a), P-G2 (b), PGMF1 (c), and PGMF2 (d) and FTIR spectra of the
fillers (e,f).

To obtain more insight into the fillers, FTIR characterization was performed. The FTIR
spectra of P-G1, P-G2, PGMF1, and PGMF2 are displayed in Figure 2e,f. The results proved
the presence of O-H (at 3430 cm−1), C=C (at 1641 cm−1), and Ti-O (at 470 cm−1) groups in
all filler samples. Almost all the characteristic peaks in PTW and graphene can be observed
in prepared fillers. Compared with P-G1 and P-G2, PGMF1 and PGMF2 exhibited a new
absorption peak at 1080 cm−1, which is assigned to the stretching vibration of Si-O in the
silica and KH550. The silica in the surface of PTW is beneficial to grafting KH550 and
further combining graphene. In particular, all the absorption peaks of PGMF2 become
weak when the content of graphene increases, as shown in Figure 2f, indicating that the
PTW was further wrapped by the graphene nanosheets and the interaction with each other
enhanced. The FTIR results suggest the successful incorporation of PTW and graphene
through the grafting of KH550, which is consistent with the SEM analysis.

3.2. Tribological Behaviors

The tribological properties of the PEEK composites are influenced by the filler structure
and filler content [34]. Figure 3a shows the typical friction coefficient curves of PEEK com-
posites with various fillers. It can be seen that the curves become smooth after adding fillers,
indicating a more stable friction coefficient. This is mainly because the stick–slip behavior of
the pure PEEK is eliminated by the addition of the fillers. Moreover, PEEK/PGMF2–10% ex-
hibited the lowest friction coefficient and the average friction coefficient is 0.316 (Figure 3b).
This is mainly due to the lubricating effect of graphene during friction, which has been
proven by J.A. Puértolas et al. [12]. For PGMF2, the whiskers were wrapped in a large
amount of graphene. Meanwhile, the results for wear tests are presented in Figure 3c,d.
As shown in Figure 3c, the depth and width of the wear scar decrease significantly with
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the addition of the filler. In particular, the depth of PEEK/PGMF2–10% was only 4 µm. It
indicates that the multi-dimensional fillers prevent the enlargement of wear scars effectively.
Figure 3d shows the wear rates of PEEK composites. With the increase in filler content, the
wear rate of all PEEK composites decreases just marginally. In addition, the wear rate of
PEEK decreases by 54%, 44%, 58%, and 60% with the incorporation of 10 wt% P-G1, 10 wt%
P-G2, 10 wt% PGMF1, and 10 wt% PGMF2, indicating a significantly positive influence of
the multi-dimensional fillers on the resistance wear of PEEK matrix. It is also noted that
the wear rates of PEEK/P-G exceeded that of PEEK/PGMF. This may be attributed to two
reasons: one reason is the high interface bonding strength between the PTW and graphene
via the grafting process, and the other reason is the synergistic effect of the load-carrying
capacity of PTW and the lubrication capability of graphene. The PEEK/PGMF2–10%
composite shows the best friction and wear performances, indicating that the excellent
performances of PGMF2 made it an ideal potential filler for the PEEK composite.

Lubricants 2025, 13, x FOR PEER REVIEW 6 of 11 
 

 

PEEK/PGMF2–10% was only 4 µm. It indicates that the multi-dimensional fillers prevent 
the enlargement of wear scars effectively. Figure 3d shows the wear rates of PEEK com-
posites. With the increase in filler content, the wear rate of all PEEK composites decreases 
just marginally. In addition, the wear rate of PEEK decreases by 54%, 44%, 58%, and 60% 
with the incorporation of 10 wt% P-G1, 10 wt% P-G2, 10 wt% PGMF1, and 10 wt% PGMF2, 
indicating a significantly positive influence of the multi-dimensional fillers on the re-
sistance wear of PEEK matrix. It is also noted that the wear rates of PEEK/P-G exceeded 
that of PEEK/PGMF. This may be attributed to two reasons: one reason is the high inter-
face bonding strength between the PTW and graphene via the grafting process, and the 
other reason is the synergistic effect of the load-carrying capacity of PTW and the lubrica-
tion capability of graphene. The PEEK/PGMF2–10% composite shows the best friction and 
wear performances, indicating that the excellent performances of PGMF2 made it an ideal 
potential filler for the PEEK composite. 

 

Figure 3. The friction coefficients versus time (a), the average friction coefficients (b), the profile of 
wear track (c), and the wear rates (d) of PEEK composites. 

3.3. Wear Mechanism 

To further elucidate the wear mechanism, the worn surfaces of PEEK composites af-
ter the friction process were analyzed using SEM. As shown in Figure 4, PEEK/P-G1–5% 
and PEEK/P-G1–10% show similar wear features, many clear holes and wear debris ap-
pear on the surface. The lower left corner of Figure 4a,b shows the high magnification of 
the wear area. The worn surface of PEEK/P-G1–10% presents slight furrows. It is sug-
gested that the dominant wear mechanism is fatigue wear, accompanied by abrasive wear. 
With the increase in the graphene content in the filler, the furrows progressively disappear 
for PEEK/P-G2–5% (Figure 4c) and PEEK/P-G2–10% (Figure 4d), implying that the abra-
sive wear is suppressed. For PEEK/PGMF1–5% (Figure 4e) and PEEK/PGMF1–10% (Fig-
ure 4f), the amounts of furrows clearly increase, and the worn surfaces become rougher. 
This is principally because the PDMF1 filler, with strong mechanical strength and load-
bearing capacity, was exposed to the worn surface. A small amount of graphene in the 
PDMF1 filler is not enough to provide lubrication. As shown in Figure 4g,h, the worn 
surfaces of PEEK/PGMF2–5% and PEEK/PGMF2–10% are clearly smooth without holes 
and wear debris. It is worth pointing out that the wear track of PEEK/PGMF2–10% is 

Figure 3. The friction coefficients versus time (a), the average friction coefficients (b), the profile of
wear track (c), and the wear rates (d) of PEEK composites.

3.3. Wear Mechanism

To further elucidate the wear mechanism, the worn surfaces of PEEK composites after
the friction process were analyzed using SEM. As shown in Figure 4, PEEK/P-G1–5% and
PEEK/P-G1–10% show similar wear features, many clear holes and wear debris appear
on the surface. The lower left corner of Figure 4a,b shows the high magnification of the
wear area. The worn surface of PEEK/P-G1–10% presents slight furrows. It is suggested
that the dominant wear mechanism is fatigue wear, accompanied by abrasive wear. With
the increase in the graphene content in the filler, the furrows progressively disappear for
PEEK/P-G2–5% (Figure 4c) and PEEK/P-G2–10% (Figure 4d), implying that the abrasive
wear is suppressed. For PEEK/PGMF1–5% (Figure 4e) and PEEK/PGMF1–10% (Figure 4f),
the amounts of furrows clearly increase, and the worn surfaces become rougher. This is
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principally because the PDMF1 filler, with strong mechanical strength and load-bearing
capacity, was exposed to the worn surface. A small amount of graphene in the PDMF1
filler is not enough to provide lubrication. As shown in Figure 4g,h, the worn surfaces of
PEEK/PGMF2–5% and PEEK/PGMF2–10% are clearly smooth without holes and wear
debris. It is worth pointing out that the wear track of PEEK/PGMF2–10% is clearly narrow
and shallow, which is consistent with the profile of the wear track. It is mainly attributed
to the synergistic effect between PTW and graphene and excellent interfacial bonding
between filler and matrix. On the one hand, the interlayer sliding of graphene and the
strong load-bearing capability of the whisker take place at the contact interface, resulting
in a significant decline in friction coefficient and wear rate. On the other hand, the 2D
graphene nanosheet with a rough surface provides a larger contact area for the hybrid filler
and matrix, as confirmed in previous studies [15,27,35].
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According to the results in Figure 4, the silica layer and KH550 play an important role
in the connection between the whisker and graphene, thereby significantly improving the
resistant wear of the PEEK composite.

Figure 5 shows the white light interferometry images of the neat PEEK and
PEEK/PGMF composites after the friction test. The width and depth of the wear track of
neat PEEK composites are greater than those of PEEK/PGMF1–5%, PEEK/PGMF1–10%,
PEEK/PGMF2–5%, and PEEK/PGMF2–10%, indicating that the addition of the multi-
dimensional hybrid fillers to the polymer matrix achieves a superior anti-wear perfor-
mance. The main reasons for the low wear rate are the protection effect of graphene and the
strong interaction between the fillers and PEEK matrix [36]. The protection effect alleviates
pulling out of the whiskers from the matrix and the resultant distraction, contributing to
the reduction in wear debris and the formation of a thin and stable transfer film. The neat
PEEK presents an obvious pile-up of material at the sides of the wear tracks. The sizes of
the chips in this region are relatively large. The pile-up at indent sides slightly decreased
after adding fillers.
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Based on the analyses of the worn surface, the wear mechanism for the neat PEEK and
PEEK composites is further investigated in the study. The schematic illustration of the wear
mechanism is shown in Figure 6. After the friction, the PGMF exhibited good dispersibility,
distributed uniformly PEEK matrix. It also reduced the abrasive wear to a certain extent. In
comparison with neat matrix and P-G fillers, PGMFs with a significantly synergistic effect
have greater load-bearing capability and form a uniform transfer film. The transfer film
can play a crucial role in reducing the wear of the composite [37–39]. Moreover, the strong
interaction between the graphene nanosheets and whiskers could restrain the increase in
wear debris. Therefore, it could be concluded that the potassium titanate whisker/graphene
multi-dimensional fillers effectively improve the wear resistance of PEEK composites.
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4. Conclusions
In the present work, four types of fillers were successfully fabricated and intro-

duced into the PEEK composite. By combining the one-dimensional (1D) potassium
titanate whiskers and two-dimensional (2D) graphene nanosheets, the dispersion of fillers
in the PEEK matrix was significantly improved and the synergistic effect was success-
fully achieved. It can be found that compared to direct mixing, PTW–graphene multi-
dimensional compound fillers significantly enhanced the wear resistance of PEEK. In addi-
tion, the wear rate of PEEK/PGMF2–10% composite was 3.214 × 10−6 mm3N−1m−1, ap-
proximately 60% lower than that of neat PEEK. The main wear mechanism observed in the
PEEK/PGMF composites was fatigue wear. Benefitting from considerable interface binding
force and the multi-dimensional structure of the filler, it can effectively stabilize the friction
coefficient and improve resistance wear. In addition, the optimized whisker/graphene vol-
ume ratio was 1:3. Therefore, this potassium titanate whisker/graphene multi-dimensional
hybrid filler is expected to be a promising additive and to fabricate excellent wear resistance
PEEK composite.
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version of the manuscript.

Funding: This research was funded by the Natural Science Foundation of Qinghai Province (Grant
No. 2022-ZJ-946Q).



Lubricants 2025, 13, 211 10 of 11

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, P.; Ma, R.; Wang, Y.; Cao, W.; Liu, C.; Shen, C. Comparative study of fullerenes and graphene nanoplatelets on the

mechanical and thermomechanical properties of poly (ether ether ketone). Mater. Lett. 2019, 249, 180–184. [CrossRef]
2. Maslavi, A.; Unal, H.; Olabi, M.N. Determination of “tribological performance working fields” for pure PEEK and PEEK

composites under dry sliding conditions. Wear 2024, 554, 205464. [CrossRef]
3. Xu, Y.; Zhang, K.; Wu, H.; Yao, L.; Mahapatra, M. Optimization and tribological performance of PEEK based composite coatings

reinforced with PTFE for friction pairs of aviation hydraulic pumps. Tribol. Int. 2024, 195, 109661. [CrossRef]
4. Onodera, T.; Nunoshige, J.; Kawasaki, K.; Adachi, K.; Kurihara, K.; Kubo, M. Structure and function of transfer film formed from

PTFE/PEEK polymer blend. J. Phys. Chem. C 2017, 121, 14589–14596. [CrossRef]
5. McLaughlin, J.W.; Tobin, E.; O’Higgins, R.M. An investigation of Polyether Imide (PEI) toughening of carbon fibre-reinforced

Polyether Ether Ketone (PEEK) laminates. Mater. Design. 2021, 212, 110189. [CrossRef]
6. Yu, S.; Zhu, C.; Wu, H.; Yao, L.; Mahapatra, M.; Xu, Y. Graphite-Enhanced PTFE/PEEK composite coating for improved friction

and wear resistance. Appl. Surf. Sci. 2025, 700, 163214. [CrossRef]
7. Li, Y.; Xu, N.; Lyu, H.; Jiang, N.; Zhang, H.; Zhou, N.; Zhang, D. Enhanced mechanical and tribological properties of carbon

fiber/PEEK composites by hydroxylated boron nitride nanosheets and polyetherimide sizing agents. Comp. Sci. Tech. 2023,
232, 109851. [CrossRef]

8. Li, M.; Yang, J.; Ma, S.; Liu, G.; Yang, H.; Yao, J. Effect of h-BN and Nano-SiO2 Fillers on the High-Temperature Tribological
Properties of PEEK/PI-Based Composites. Lubricants 2023, 11, 416. [CrossRef]

9. Huang, S.; Duan, H.; Zhan, S.; Zhou, Y.; Duan, L.; Ma, L.; Yang, T.; Cheng, B.; Jia, D. Peculiarities of tribological behavior of
composites based on polyether ether ketone (PEEK) and whisker carbon nanotubes. Tribol. Int. 2024, 197, 109793. [CrossRef]

10. Delbé, K.; Doumeng, M.; Denape, J.; Mérian, T.; Berthet, F.; Marsan, O.; Chabert, F. Contribution of Raman analysis on tribological
study of PEEK reinforced with micro or nano SiC particles. Wear 2025, 205927. [CrossRef]

11. Kalin, M.; Zalaznik, M.; Novak, S. Wear and friction behaviour of poly-ether-ether-ketone (PEEK) filled with graphene, WS2 and
CNT nanoparticles. Wear 2015, 332, 855–862. [CrossRef]

12. Puértolas, J.; Castro, M.; Morris, J.; Ríos, R.; Ansón-Casaos, A. Tribological and mechanical properties of graphene
nanoplatelet/PEEK composites. Carbon 2019, 141, 107–122. [CrossRef]

13. Padhan, M.; Marathe, U.; Bijwe, J. Tribology of Poly (etherketone) composites based on nano-particles of solid lubricants. Compos.
Part B Eng. 2020, 201, 108323. [CrossRef]

14. Nikonovich, M.; Ramalho, A.; Emami, N. Cryogenic cyclic aging effect on thermal, mechanical and tribological performance of
PEEK-based materials. Wear 2025, 564, 205709. [CrossRef]

15. Arif, M.F.; Alhashmi, H.; Varadarajan, K.; Koo, J.H.; Hart, A.; Kumar, S. Multifunctional performance of carbon nanotubes
and graphene nanoplatelets reinforced PEEK composites enabled via FFF additive manufacturing. Compos. Part B Eng. 2020,
184, 107625. [CrossRef]

16. Hou, X.; Bai, P.; Li, J.; Li, Y.; Cao, H.; Wen, X.; Meng, Y.; Ma, L.; Tian, Y. MoS2 reinforced PEEK composite for improved aqueous
boundary lubrication. Friction 2023, 11, 1660–1672. [CrossRef]

17. Zhen, J.; Han, Y.; Zhu, L.; Hou, W.; Liu, Y.; Huang, W.; Yang, L.; Yuan, L.; Jia, Z.; Zhang, R. MoS2/CF synergistic enhancement to
improve the friction and wear properties of UHMWPE composites. Tribol. Int. 2023, 179, 108097. [CrossRef]

18. Wu, Y.; Dong, C.; Bai, X.; Yuan, C. Enhancing friction and vibration reduction properties of a polymer using h-BN particles. Wear
2024, 536, 205142. [CrossRef]

19. Xue, L.; Xu, Q.; Meng, C.; Lei, S.; Zhang, G.; Tang, M.; Zhai, W.; Yu, H.; Liu, X.; Du, C.F. Achieving the ultra-low friction and wear
rate of PEEK-PTFE composites by Ti3C2Tx MXene reinforcement. Tribol. Inter. 2024, 199, 110030. [CrossRef]

20. Gao, Y.; Shu, C.; Zhao, S.; Wang, W. Effect of black phosphorus modified by fullerene C60 on the self-lubricating properties of
PEEK-based composite coatings. Surf. Coat. Tech. 2023, 474, 130090. [CrossRef]

21. Peng, S.; Guo, Y.; Xie, G.; Luo, J. Tribological behavior of polytetrafluoroethylene coating reinforced with black phosphorus
nanoparticles. Appl. Surf. Sci. 2018, 441, 670–677. [CrossRef]

22. Ji, Z.; Zhang, L.; Xie, G.; Xu, W.; Guo, D.; Luo, J.; Prakash, B. Mechanical and tribological properties of nanocomposites
incorporated with two-dimensional materials. Friction 2020, 8, 813–846. [CrossRef]

23. Chen, Z.; Zhou, K.; Ji, Z.; Hou, S.; Jin, H. Study of the Tribological Properties of Modified Potassium Titanate Whisker-Reinforced
Resin-Based Friction Composites. Tribol. Trans. 2024, 67, 348–358. [CrossRef]

https://doi.org/10.1016/j.matlet.2019.04.092
https://doi.org/10.1016/j.wear.2024.205464
https://doi.org/10.1016/j.triboint.2024.109661
https://doi.org/10.1021/acs.jpcc.7b02860
https://doi.org/10.1016/j.matdes.2021.110189
https://doi.org/10.1016/j.apsusc.2025.163214
https://doi.org/10.1016/j.compscitech.2022.109851
https://doi.org/10.3390/lubricants11100416
https://doi.org/10.1016/j.triboint.2024.109793
https://doi.org/10.1016/j.wear.2025.205927
https://doi.org/10.1016/j.wear.2014.12.036
https://doi.org/10.1016/j.carbon.2018.09.036
https://doi.org/10.1016/j.compositesb.2020.108323
https://doi.org/10.1016/j.wear.2024.205709
https://doi.org/10.1016/j.compositesb.2019.107625
https://doi.org/10.1007/s40544-022-0673-y
https://doi.org/10.1016/j.triboint.2022.108097
https://doi.org/10.1016/j.wear.2023.205142
https://doi.org/10.1016/j.triboint.2024.110030
https://doi.org/10.1016/j.surfcoat.2023.130090
https://doi.org/10.1016/j.apsusc.2018.02.084
https://doi.org/10.1007/s40544-020-0401-4
https://doi.org/10.1080/10402004.2024.2313605


Lubricants 2025, 13, 211 11 of 11

24. Azizl, M.J.; Barghamadi, M.; Rezaeeparto, K.; Mokhtary, M.; Parham, S. Graphene oxide and graphene hybrid nanocomposites
based on compatibilized PP/PTW/EVA: Effect of nanofiller and compatibilizer on the modeling of viscoplastic behavior. J. Polym.
Res. 2021, 28, 1–21. [CrossRef]

25. Yang, F.; Li, J.; Han, S.; Ma, N.; Li, Q.; Liu, D.; Sui, G. Wear resistant PEEK composites with great mechanical properties and high
thermal conductivity synergized with carbon fibers and h-BN nanosheets. Polym. Adv. Tech. 2023, 34, 2224–2234. [CrossRef]

26. Zhang, K.; Lin, Z.; Ma, S.; Pan, S.; Chen, W.; Wang, D.; Chen, C.; Zhao, X. Silver with tribo-chemistry facilitation synergized with
graphite particles for enhancing the tribo-performance of PEEK composites. Compos. Part A Appl. Sci. Manuf. 2024, 187, 108456.
[CrossRef]

27. Hua, Y.; Li, F.; Hu, N.; Fu, S.-Y. Frictional characteristics of graphene oxide-modified continuous glass fiber reinforced epoxy
composite. Compos. Sci. Tech. 2022, 223, 109446. [CrossRef]

28. Feng, C.; Guo, Y.; Yu, Z.; Chen, K.; Wang, D.; Li, X.; Luo, Y.; Wang, Q.; Zhang, D. Tribological properties of PEEK composites
reinforced by MoS2 modified carbon fiber and nano SiO2. Tribol. Int. 2023, 181, 108315. [CrossRef]

29. Xu, N.; Chen, S.; Li, Y.; Jiang, N.; Zheng, T.; Goossens, N.; Vleugels, J.; Zhang, D.; Seveno, D. A hybrid 1D/2D coating strategy
with MXene and CNT towards the interfacial reinforcement of carbon fiber/poly (ether ether ketone) composite. Compos. Part B
Eng. 2022, 246, 110278. [CrossRef]

30. Chen, Z.; Zhang, M.; Ren, P.; Lan, Z.; Guo, Z.; Yan, H.; Jin, Y.; Ren, F. Enhanced mechanical and tribological properties of
epoxy composites reinforced by novel hyperbranched polysiloxane functionalized graphene/MXene hybrid. Chem. Eng. J. 2023,
466, 143086. [CrossRef]

31. Wang, Y.; Wu, M.; Wang, J.; Huang, J.; Yang, K.; Miao, X.; Zhang, L. The addition of SiO2-GO hybrid material enhanced the
tribological properties of fluorocarbon resin in marine corrosive environments. Mater. Today Commun. 2024, 39, 108676. [CrossRef]

32. Lan, Z.; Chen, Z.; Zhang, M.; Huang, W.; Ding, D.; Fan, B.; Ren, P. Improved mechanical and tribological properties of epoxy
resin with new hyperbranched polysiloxane grafted MXene/Ag hybrids. Tribol. Int. 2025, 204, 110515. [CrossRef]

33. Badgayan, N.D.; Samanta, S.; Sahu, S.K.; Siva, S.V.; Sadasivuni, K.K.; Sahu, D.; Sreekanth, P.R. Tribological behaviour of 1D and
2D nanofiller based high densitypoly-ethylene hybrid nanocomposites: A run-in and steady state phase analysis. Wear 2017,
376, 1379–1390. [CrossRef]

34. Lin, Z.; Zhang, K.; Ye, J.; Li, X.; Zhao, X.; Qu, T.; Liu, Q.; Gao, B. The effects of filler type on the friction and wear performance of
PEEK and PTFE composites under hybrid wear conditions. Wear 2022, 490, 204178. [CrossRef]

35. Li, S.; Li, W.; Nie, J.; Liu, D.; Sui, G. Synergistic effect of graphene nanoplate and carbonized loofah fiber on the electromagnetic
shielding effectiveness of PEEK-based composites. Carbon 2019, 143, 154–161. [CrossRef]

36. Mindivan, F.; Dere, H. Wear-resistant layers containing graphene derivatives. Polym. Compos. 2024, 45, 4138–4150. [CrossRef]
37. Chen, Z.; Zhang, M.; Guo, Z.; Chen, H.; Yan, H.; Ren, F.; Jin, Y.; Sun, Z.; Ren, P. Synergistic effect of novel hyperbranched

polysiloxane and Ti3C2Tx MXene/MoS2 hybrid filler towards desirable mechanical and tribological performance of bismaleimide
composites. Compos. Part. B Eng. 2023, 248, 110374. [CrossRef]

38. Wan, C.; Jia, D.; Li, J.; Zhan, S.; Zhang, W.; Yang, T.; Li, Y.; Duan, H. Synergism lubrication of graphene and carbon nanotube in
polymeric composites under drying sliding condition. Appl. Surf. Sci. 2023, 630, 157430. [CrossRef]

39. Karatas, E.; Gul, O.; Karsli, N.G.; Yilmaz, T. Synergetic effect of graphene nanoplatelet, carbon fiber and coupling agent addition
on the tribological, mechanical and thermal properties of polyamide 6, 6 composites. Compos. Part B Eng. 2019, 163, 730–739.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10965-021-02647-2
https://doi.org/10.1002/pat.6043
https://doi.org/10.1016/j.compositesa.2024.108456
https://doi.org/10.1016/j.compscitech.2022.109446
https://doi.org/10.1016/j.triboint.2023.108315
https://doi.org/10.1016/j.compositesb.2022.110278
https://doi.org/10.1016/j.cej.2023.143086
https://doi.org/10.1016/j.mtcomm.2024.108676
https://doi.org/10.1016/j.triboint.2025.110515
https://doi.org/10.1016/j.wear.2016.12.037
https://doi.org/10.1016/j.wear.2021.204178
https://doi.org/10.1016/j.carbon.2018.11.015
https://doi.org/10.1002/pc.28048
https://doi.org/10.1016/j.compositesb.2022.110374
https://doi.org/10.1016/j.apsusc.2023.157430
https://doi.org/10.1016/j.compositesb.2019.01.014

	Introduction 
	Experimental Details 
	Materials 
	Synthesis of Multi-Dimensional Fillers 
	PTW-Graphene Blend Fillers (P-G) 
	PTW–Graphene Multi-Dimensional Compound Fillers (PGMFs) 

	Fabrication of PEEK Composites 
	Characterization 

	Results and Discussion 
	Microstructure Analysis of the Multi-Dimensional Hybrid Fillers 
	Tribological Behaviors 
	Wear Mechanism 

	Conclusions 
	References

