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Abstract: With the aim of promoting the qualities for total hip joint replacement, the wettability
and tribological behaviors of PEEK composites pins with two sets of different fillers (PEEK/CF
or PEEK/CF/PTFE/graphite) against Co-Cr alloy discs with five categories of surface textures
(polished, orthogonal, spiral, r-0, and orthogonal combined with spiral) were explored. It is revealed
that the existence of CF in PEEK matrix increases the hydrophilicity in addition to the strength of
PEEK, while the addition of PTFE increases the hydrophobicity of PEEK. The Co-Cr alloy discs with
hydrophilic properties can be adjusted as hydrophobic, with the depth of textured grooves exceeding
the critical sag height determined by the contact angle and the groove width. It can be concluded
that PEEK/CF/PTFE/graphite composite has a lower wear rate than PEEK only reinforced with CF
against Co-Cr alloy, both without surface texture and with shallow or deep grooves. The existence of
shallow grooves on the disc surface could help the PEEK blends to achieve a steady friction against
Co-Cr alloy in addition to collecting the worn debris. PEEK blend pins with 10 vol% CF, 10 vol%
PTFE and 10 vol% graphite can achieve a lower friction coefficient of no more than 0.2 against Co-Cr
alloy discs with shallow grooves around 3.5 pm in orthogonal or spiral textures.

Keywords: PEEK blends; Co-Cr alloy; laser textured surface; friction; wear; wettability

1. Introduction

With the development of total hip joint replacement for artificial implants, the service
life of prosthetic joints has exceeded 20 years; hence, an increasing number of young patients
undergo joint orthopedic surgeries [1]. During total hip joint replacement, an artificial
femur head made of CoCrMo alloys or ceramics is implanted into the hip joint together
with a polymer insert liner made of ultrahigh molecular weight polyethylene (UHMWDPE)
or polyether ether ketone (PEEK) blends in acetabular bone [2]. The materials of the
counterparts, the design parameters and the processing technologies play an important
role in the friction behaviors and the wear performances of artificial hip joints [3].

In addition to the interface materials and their combinations, the design of artificial hip
joint implants on structures and feature parameters as well as the surface morphologies of
the counterparts have a crucial influence on prosthesis qualities. With the development of
bionics and investigations of the tribological characteristics of artificial textured structures,
surface textures could capture wear debris, decrease the actual contact area and form lubri-
cating films to reduce friction and wear in different friction regimes [4-6]. The tribological
results showed that a lotus leaf-like micro-nano hierarchical structure generated through
chemical deposition on a copper substrate displays drag-reducing attributes [7]. Biomimetic
shark skin textures were successfully fabricated by laser processing on a ZrO, /WS, coating
obtained through sol-gel technology, and dry friction reciprocating experiments showed
that the average steady-state friction coefficient decreased by nearly 66% and the ball wear
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rate declined by approximately 82% compared with pure coatings [8]. Surface textures
can be achieved through a variety of different processes and diverse manufacturing prin-
ciples, such as cutting, abrasive machining, electrodischarge machining, electrochemical
machining, ultrasonic-aided machining, lithography processing and laser beam machin-
ing [9-11].The hierarchical microdimples were conducted on a cylindrical surface using a
dual-frequency surface texturing technology, and rotating cylinder-on-pin tribological tests
exhibited that both the shape and variation in the length of the microdimple affect tribolog-
ical performance under starved lubrication conditions [12]. Hara et al. [13] proposed an
ultrasonic vibration-assisted turning (UVAT) technique to achieve periodic microtextures
on various materials by adjusting the cutting and ultrasonic vibration parameters, and
frictional tests demonstrated that the textured surface could enhance lubrication perfor-
mance and reduce surface wear. Groove textures were performed on 40CrNiMoA via laser
processing, and the ball-on-disc friction results showed that a larger width of the groove
led to higher contact stress; thus, storing lubricant capacity and increasing contact stress
should be balanced to obtain better tribological performance [14]. Textured surfaces with
different densities, dimensions and depths were produced on chrome-bearing steels via
laser processing, and pin-on-disc experiments showed that elliptical dimples with optimum
geometrical parameters acted as a collector area for wear debris and wear reduction [15].

PEEK has been widely used as biomaterial due to its high mechanical strength,
high melting temperature, excellent chemical resistance, self-lubrication, high wear re-
sistance [16,17], good biocompatibility [18], and radiolucency [19]. Metal-on-polymer
(CoCrMo-on-PEEK) tribological couples have been investigated for prosthesis applications
owing to the mechanical properties of the metal and the abrasion resistance of the polymer
counterpart. However, the submicron debris might induce the failure of joint replace-
ment during the sliding contact interface [2]. Great research efforts have been made to
improve metal-on-polymer tribological properties with PEEK blends. The introduction of
graphite and polytetrafluoroethylene (PTFE) fillers significantly reduces the wear rates and
coefficient of friction (COF) of PEEK composite coating in artificially implanted joints [1].
Experimental investigations have reported that the friction coefficient of PEEK reinforced
with carbon fiber (CF) against Co-Cr-Mo alloy was effectively reduced and the wear rate
was reduced compared with pure PEEK because CF could reduce shearing and bear the
load preferentially [20,21]. Cao and Dong [22,23] found that a continuous and relatively
uniform CF-PEEK transfer film on a textured WC—Co surface was produced via the micro-
cutting effect of dimple texture edges on the material removal of the counterpart CF-PEEK
pin, and the stable reduction in the friction coefficient was nearly 38.3% compared to the
nontextured surface. Onodera and Haidar et al. [24,25] elucidated the mechanism of the
excellent tribological performance of a PEEK polymer composed of PTFE by investigating
the microstructure and function of the transfer film via XPS analysis with the argon etching
technique, and the results showed that the transfer film to metallic surfaces was probably a
gradient structure accompanied by a PTFE film on the topmost surface and a PEEK film
mainly on the inside to reduce the friction. PEEK-MAX (Ti35iC2, Ti3AlC2, and Cr2AIC) and
PEEK-MoAIB composites were synthesized via hot pressing with ternary nanolaminates
to explore the wettability, mechanical behavior, tribological behavior and antimicrobial
behavior of PEEK matrix composites [26]. Experiments have demonstrated that PEEK
composites with 0.25 wt% MoS; added via ball milling and spark plasma sintering (SPS)
had better lubricity and anti-wear performance in aqueous lubrication than PEEK/CF [27].

In this study, surface textures with different shapes and scales on L605 Co-Cr alloy
discs were achieved using a femtosecond laser. PEEK blend pins were reinforced with
30 vol% CF or filled with 10 vol% CF, 10 vol% PTFE and 10 vol% graphite. The tribological
behaviors of L605 discs against PEEK blend pins were investigated under dry sliding
friction. With the aim of revealing the role of surface texture on the wear mode of a
metallic femur head against artificial acetabular bone made of polymer and the film transfer
mechanism between PEEK blends and L605 Co-Cr alloy, the tribological characteristics
were assessed in terms of friction coefficients and wear rate.
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2. Materials and Methods
2.1. Materials of PEEK Blend Pin and Co-Cr Alloy Disc

Previous studies indicate that PEEK/CF composites exhibit the best anti-wear per-
formance when the mass fraction of CF is in the range of 20-30% [28]. To examine the
influences of fillers with mechanical and tribological advantages on the PEEK matrix, two
kinds of PEEK blends (Ensinger Co., Ltd., Nufringen, Germany) with a diameter of 6 mm
were employed as the pin, and the physical and mechanical properties of the PEEK blends
are listed in Table 1. PEEK_A was reinforced with 30 vol% CF into the PEEK matrix, which
was utilized to enhance the hardness, rigidity and dimensional stability of the composite
material, while PEEK_B was composed of 10 vol% CEF, 10 vol% PTFE, and 10 vol% graphite
to improve the wear resistance with self-lubrication. The end face of each PEEK blend
pin was precisely turned by INDEX G200 (Index Co., Ltd., Esslingen, Germany) with a
surface roughness of approximately 0.40 um. The SEM images and EDS inspection results
for different PEEK blends are exhibited in Figure 1, in which the CF fillers were dispersed
in the PEEK matrix like stripes, compared with the PTFE and graphite dispersed as flakes.
The mass fractions of carbon and oxygen are higher in PEEK_A than in PEEK_B as there
are more CF additives in PEEK_A.

SEM HV: 20.0 kV WD: 10.32 mm | VEGA3 TESCAN|
SEM MAG: 1.00 kx View field: 277 ym 50 pm
Det: SE SEM HV: 20.0 kV IAC of SJTU

SEM HV: 20.0 kV WD: 10.03 mm VEGAS TESCAN|
SEM MAG: 1.00 kx View field: 277 ym 50 pm

Det: SE SEM HV: 20,0 kV IAC of SJTU

alolel ==
e

element | wt% | wt% Sigma clement | wi% | wi% Sigma
C 85.12 | 0.24

0 14.71 | 0.24 C 82.24 | 0.25

Si 0.03 [ 0.01 0 12.31 ] 0.19

S 0.14 | 0.01 F 545 10.20

(a) PEEK_A (b) PEEK_B

Figure 1. SEM images and EDS detection results of different PEEK blends: (a) PEEK_A and
(b) PEEK_B.
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Table 1. Physical and mechanical properties of different PEEK composites claimed by the manufacturer.

Parameters Standard [29] PEEK_A PEEK_B
Density (g/cm?) 1SO 1183 1.4 1.44
Melting point (°C) ISO 11357 341 341
Thermal conductivity (W/mK) (23 °C) 1SO 22007-4 0.66 0.82
Tensile strength (MPa) 1SO 527 260 140
Bending strength (MPa) ISO 178 380 190
Elastic modulus (MPa) ISO 527 6000 5500
Ball indentation Hardness (MPa) ISO 2039-1 298 250

L605 Co-Cr alloy (Leihua Alloy Co., Ltd., Shanghai, China) with a diameter of 40 mm
was utilized as the disc with physical and mechanical properties shown in Table 2, which
is mainly used in the manufacture of gas turbine engine components, high-temperature
ball bearings, heart valves and stents in the medical industry owing to its high temperature
resistance, corrosion resistance, abrasion resistance, and good biocompatibility. Before laser
surface texturing, the L605 substrates were processed using waterproof abrasive papers and
then polished using a polishing machine (MECATECH 250 SPI, PRESI, Eybens, France) to
obtain a surface roughness Ra of approximately 0.04 um. All disc samples were thoroughly
dried after ultrasonic cleaning for 30 min in acetone and alcohol.

Table 2. Physical and mechanical properties of the L605 Co-Cr alloy (ISO 5832-5 [30]).

Parameters L605
Density (g/ cmd) 9.10
Melting point (°C) 1330~1410
Thermal conductivity (W/mK) (100 °C) 10.5
Tensile strength (MPa) 1000
Bending strength (MPa) 500
Elastic modulus (GPa) 243
Brinell hardness (MPa) 282

2.2. Femtosecond Laser Processing on Disc Surfaces with Single and Multiple Patterns

To investigate the contact and frictional behaviors of PEEK blends against Co-Cr alloys
with various surface textures, different patterns were prepared on alloy surfaces with
femtosecond laser processing, while the PEEK composites retained smooth profiles due to
their lower hardness.

As shown in Figure 2, the orthogonal grid, spiral line, r-0 radioactivity pattern and
combined textures of orthogonal grid overlaid with spiral line are designed to investigate
the influence of texture shape and scale on tribological properties under dry friction with
textured area ratios of 25%, 23%, 56% and 57%, respectively. A femtosecond laser power
supply (Carbide-40 W, Light Conversion, Vilnius, Lithuania) with a maximum pulsed laser
power of 40 W, base pulse frequency of 1 MHz, minimal laser spot diameter of 12 um, laser
wavelength of 1030 nm, pulse duration of 218 fs and pulse scanning speed of 1000 mm/s
was selected to fabricate surface textures. The femtosecond laser processing parameters
required to achieve single and combined textures on the L605 disc surface are listed in
Table 3. At the same pulsed laser power of 20 W, single orthogonal and spiral textures were
produced with laser scanning for 10 cycles, and r-0 textures were processed via scanning
20 times. Furthermore, the combined textures (orthogonally overlaid with spiral) were
obtained with the combination of 20 W laser power with 100 scans and 5 W laser power
with 10 scans. The laser processing path and parameters were scheduled and implemented
through the computer control program. The profiles and topographies of surface textures
were examined using a three-dimensional (3D) profilometer (VK-X3000, Keyence, Osaka,
Japan) and a scanning electron microscope (SEM, VEGA3TESCAN, Brno, Czech Republic).
The surface roughness was measured with the cut-off values of As and A, being 2.5 um and
0.8 mm, respectively.
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Figure 2. Schematic diagram of different surface textures scanned with femtosecond laser: (a) orthog-

onal grid, (b) spiral line, (c) r-6 and (d) orthogonal + spiral.

Table 3. The processing parameters with the femtosecond laser for surface textures.

Surface Textures

Laser Parameter Values

Orthogonal Spiral r-0 Orthogonal + Spiral
Wavelength (nm) 1030 1030 1030 1030
Pulse duration (fs) 218 218 218 218
Pulse frequency (kHz) 1000 1000 1000 1000
Laser spot diameter (um) 12 12 12 12
Scanning speed (mm/s) 1000 1000 1000 1000
Pulsed laser power (W) 20 20 20 20 (grid), 5 (spiral)
Processing cycles 10 10 20 100 (grid), 10 (spiral)
Area density ratio (%) 25 23 56 57

2.3. Dry Friction Experiments

The dry friction tests were carried out at room temperature using a tribometer (MFI-
5000, RTEC, San Jose, Silicon Valley, California, USA) to analyze the frictional behaviors
of textured and smooth disc surfaces against PEEK blend pins, where a normal load was
applied to the pin for rotation along the disc, as illustrated in Figure 3. The friction test
parameters of the pin-on-disc are listed in Table 4 with a rotational speed of 200 rpm and
dry friction test time of 1800 s for all test settings. The specific pressure, p, was adjusted
from 1.768 MPa to 2.476 MPa by varying the applied normal load from 50 N to 70 N, and
the sliding velocity, v, was regulated from 0.209 m/s to 0.314 m/s along with the test track
diameter changing from 20 mm to 30 mm. Therefore, the total pv value was controlled from
0.370 MPa-m/s to 0.777 MPa-m/s. Three repeated frictional experiments were prepared for
each set of trials to calculate the average friction coefficients.
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Normal load
PEEK blends
pin
L605 disc
Figure 3. Schematic diagram of the pin-on-disc dry friction test.
Table 4. Dry friction test parameters between the PEEK blend pins and L605 disc.
Pin Material PEEK_A PEEK_A PEEK_B PEEK_B
Friction test number 1 2 3 4
Diameter of the pin, dy (mm) 6 6 6 6
Diameter of the track, d (mm) 20 30 20 30
Rotational speed, n (rpm) 200 200 200 200
Friction test time, ¢ (s) 1800 1800 1800 1800
Sliding velocity, v (m/s) 0.209 0.314 0.209 0.314
Sliding distance, I (m) 376.2 565.2 376.2 565.2
Applied normal load, Fy (N) 50 70 50 70
Specific press, p (MPa) 1.768 2.476 1.768 2.476
pv value (MPa-m/s) 0.370 0.777 0.370 0.777

2.4. Wear Characteristics of PEEK Blends

The wear resistance of the PEEK composites not only reflects the toughness of the
developed composites but also helps to determine their usage in biomedical applications.
The specific wear rate, ws, referring to the worn volume over frictional work, is utilized to
evaluate the wear properties of PEEK blends via the following equation [28,30]:

AV Am

= — = — 1
Ws Wf oFyI 1)
where AV represents the worn volume, Wy is proportional to the frictional work, p is the
density of PEEK blends, Fy denotes the applied normal load, [ is the sliding distance and
Am means the mass reduction, which was obtained by weighing the PEEK blends on a
balance.

3. Results and Discussion
3.1. Topographic Characteristics of Laser-Textured Surfaces on Discs

The pattern and groove profiles of the laser processing textures on Co-Cr alloy discs
are characterized by the material ratio, groove depth, and surface roughness. The 3D
dimensional topographies and 2D cross-section profiles of different shapes and scales for
textures obtained via femtosecond laser processing on the L605 disc are shown in Figure 4.
The depth variations of single and multiple textures generated with different combinations
of laser machining parameters are exhibited in Figure 5a, where single orthogonal and
spiral textures with a similar depth of 3.5 pm were achieved, r-0 textures with a depth of
5.65 um were processed, and multiscale textures with a deep orthogonal depth of 22.24 um
overlaid with a shallow spiral depth of 0.75 pm were obtained. The average values and
variations in surface roughness (Ra) of single textured surfaces range between 0.126 and
0.152 pum, whereas the surface roughness value of the multiple textured surface reaches
to 1.844 pm, as shown in Figure 5b. In Figure 6, the vertical axis represents the profile



Polymers 2023, 15, 4006

7 of 19

height, the blue curve represents the distribution ratio of the profile height, and the red
curve along the horizonal axis denotes the real material ratio at different profile heights.
The surfaces with different morphologies display different material ratio curves, indicating
the ratio of the real contacting area over the nominal contacting area from peak to valley
along the surface roughness depth. Figure 6 shows that the peak—valley value varies from
0.547 pm to 33.138 um with the combined texture having the largest peak-valley value and
root-mean-square (RMS) value.
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Figure 4. Three-dimensional topographies and 2D cross-section profiles of the single and multiscale
textures: (a) orthogonal grid, (b) spiral line, (c) r-6 and (d) orthogonal + spiral.
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Figure 5. The depth variations and surface roughness values of the original polished and laser
textured surfaces on the L605 disc: (a) depth variations of the laser textured surfaces and (b) surface
roughness values of the original polished and textured surfaces.
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Figure 6. Material ratio curves (profile height-real material ratio) of the original polished and textured
surfaces: (a) polished, (b) orthogonal grid, (c) spiral line, (d) r-6 and (e) orthogonal + spiral.

The SEM micrographs of single and multiple textured surfaces are displayed in
Figure 7. It can clearly be seen that laser-induced periodic surface structures (LIPSS)
appeared at the edge of the groove textures, which may be due to the Gaussian energy dis-
tribution, leading to lower laser energy accumulating at the margin of the groove textures.
However, bulges can be observed on the edge of the deep orthogonal textures, resulting
in poor surface roughness. This is attributed to more heat deposition at the edge of the
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deep grooves with layer-by-layer scanning 100 times, as well as the accumulation of molten
metal ejected from the ablation pit during laser processing. The bottoms of grooves with
different shapes and scales are not smooth but are distributed with microholes, which
is due to the chaotic ablation process resulting from light reflection and refraction and
structural self-assembly.

3 LA

“ ) A
5 g

; ] 3 3 3 x L~ 4 ) C dot G
WD: 9.95 mm e VEGAS TESCAN SEM HV: 20.0 kV WD: 9.95 mm | VEGA3 TESCAN
View field: 554 um | 100 ym SEM MAG: 3.00 kx  View field: 92.3 pm | 20 pm
SEM HV: 20.0 kV IAC of SJTU Det: SE SEM HV: 20.0 kV IAC of SJTU

(b) Multiple orthogonal grid overlaid with spiral textures

Figure 7. SEM images of single and multiple textures with LIPSS: (a) single orthogonal textures and
(b) multiple orthogonal overlaid with spiral textures.

3.2. Wettability of PEEK Blend Pins and Co-Cr Alloy Discs

Since the geometry of artificial hip joints and the bearing duty cycle (load and kinemat-
ics) of the human gait cycle do not always encourage hydrodynamic lubricated contact [31],
the wettability of artificial joint surfaces with different textures should be taken into consid-
eration. The contact angle (CA) was measured utilizing the tangent method at the endpoint
of the droplet with a drop contact angle meter (DSA100, KRUSS, Hamburg, Germany) to
explore the wettability of the PEEK blend pins and the textured surfaces of Co-Cr alloy
discs. Deionized water droplets of 0.5 uL. were deposited at 10 locations on each surface,
and the static contact angles were calculated, as shown in Figure 8.
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Figure 8. Static contact angle of PEEK pins and Co-Cr alloy discs as well as wettability model:
(a) static contact angle of PEEK pins, (b) static contact angle of Co-Cr alloy discs and (c) wettability
model for textured surface in Cassie—Baxter state.
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It can be seen from Figure 8a that pure PEEK had a CA of approximately 86.03°. The
fillers of 30 vol% CF in the PEEK matrix (PEEK_A) decreased the CA to about 66.40°.
The modification of hydrophilicity is due to the static CA of approximately 65.8° of CF
in deionized water [32]. For PEEK_B, the addition of 10 vol% CF, 10 vol% PTFE and
10 vol% graphite in the PEEK matrix increased the CA to about 93.97°, which can be mainly
attributed to the hydrophobic property of PTFE with a contact angle around 116° [33]
whereas the CA of graphite is about 83.0° [34] close to that of pure PEEK. The addition of
different fillers into the PEEK matrix can adjust the wettability of PEEK blends.

For the Co-Cr alloy discs, as shown in Figure 8b, the original polished surface exhibits
hydrophilicity with a CA of 59.45°, and there is no significant difference in hydrophilicity
between the polished surfaces and the single textured surface, where the CAs of the
orthogonal, spiral, and r-0 textures were 55.05°, 64.35° and 59.85°, respectively. However,
the multiple-textured surface with deep orthogonal grooves overlaying shallow spiral
grooves displays hydrophobicity with a CA of 116.42°. Compared with Figure 5a, the
textured surfaces with hydrophilicity have a shallow groove depth of no more than 6 pum,
while the hydrophobic textured surface has a relatively deep groove depth of more than
22 um. This can be explained by the Cassie-Baxter state [35] model, as shown in Figure 8c,
where R is the radius from the center of the water droplet to the boundary edge of the
water and Co-Cr alloy disc, the spherical radius 7 is the sag of the water droplet above the
groove, d represents the depth of the textured groove, and / denotes the sag in the height
of the droplet in the grooves. The contact angle of the textured disc surface with water is
6cp, while the contact angle of the polished disc surface with water is 6. At point P, where
the groove and the pillar meet the water droplet, the surface tension parameters 1, Ysg
and 7, agree with Young’s equation. Based on the geometric relationship, the sag of water
droplet /1 can be determined by contact angle 8 and groove width c as follows:

()

1—sin@
h=c——
C’ —cosf ’
When the groove depth d exceeds h, the Cassie-Baxter state can be achieved to remain
hydrophobic. This accounts for the wettability diversity of Co-Cr alloy discs with different
depths of surface textures. Figure 4 shows that ¢ is 37.5 pm and 6 is 59.45°; hence, the
critical value of /& should be 10.24 pm. To achieve a textured hydrophobic surface on a

Co-Cr alloy disc with 6cp over 90°, the groove depth must surpass 10.24 pm.

3.3. Effects of Textured Surfaces on Frictional Properties

The frictional properties of PEEK blend pins against Co-Cr alloy discs are demon-
strated in Figures 9 and 10 in terms of two sets of pv values (0.370 MPa-m/s and
0.777 MPa-m/s) and five surface morphologies. It can be seen from Figure 9 that the
friction coefficient of all textured disc surfaces initially increased and then basically reached
a steady state with prolonged time, while the friction coefficient increased slowly for the
original polished disc surface with sliding length, indicating a longer running-in period
than that of textured discs. This can be attributed to the textured surfaces helping to reach a
fast running-in procedure. It can be noticed from Figure 10 that discs against PEEK_B pins
can achieve a lower friction coefficient than those against PEEK_A pins, apart from the disc
with the combined texture. The friction coefficient from polished disc to spiral textured
disc against PEEK_B brings about a relative reduction rate of 37.9% (0.370 MPa-m/s) and
47.3% (0.777 MPa-m/s).

This is attributed to the solid lubrication of PTFE and graphite in the PEEK matrix,
as well as the hydrophobicity due to the deep groove effect on the disc with a combined
texture. The discs with shallow single orthogonal or spiral textured surfaces helping to
retain the hydrophilic property against PEEK_B blends with a solid lubrication effect can
achieve the lowest friction coefficient of no more than 0.2.
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Figure 9. The evolution curves of the friction coefficient with sliding time for different PEEK pins and
different pv values: (a) PEEK_A with 0.370 MPa-m/s, (b) PEEK_A with 0.777 MPa-m/s, (c) PEEK_B
with 0.370 MPa-m/s and (d) PEEK_B with 0.777 MPa-m/s.
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Figure 10. Average friction coefficient values of original polished and textured surfaces for different

PEEK pins: (a) PEEK_A and (b) PEEK_B.

It is well known from the binomial theorem of friction that the sliding friction force
is composed of adhesion effects produced by molecular forces and ploughing effects
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generated by mechanical forces; therefore, the friction coefficient, f, can be expressed as
follows [36]:

f=Fo P ®

where A is the real contact surface of the friction pairs, Fy represents the applied normal
load, and « and f are the molecular and mechanical force factors, respectively. The friction
coefficient can also be characterized by the following formula [37]:

f=fatfpt+fr (4)

where f, represents the adhesive effect related to the real contact area, f, denotes plastic
deformation of ploughing and fracturing, and f, refers to the surface roughness associated
with asperity interaction.

The polished surface could be considered a continuous surface leading to a large actual
contact area, as well as an inability to capture wear debris. Consequently, the scraped
particles embed into the contact surface between the PEEK blends against the L605 disc
during dry sliding friction, leading to three-body wear [30] and a higher abrasive wear
on the contact surface accompanied by a higher friction coefficient. This can be further
validated by Figure 6a, in which the surface asperities are worn down at a high rate with
the increase in material contacting area, indicating a high f,, value.

The reasons for the multiple textured surfaces having a larger friction coefficient can be
attributed on the one hand to the surface roughness sharply increasing due to the existence
of protrusions associated with multiple laser ablations with as many as 100 scanning cycles
with a higher f, value, and on the other hand to the difficulty in forming oxidation and
adsorption films due to hydrophobicity (see Figure 8b), leading to aggravated adhesive
wear effects with more CF debris and a higher f; value. In addition, Figure 6e shows a high
worn down rate of the surface asperities as the material contacting area increase, indicating
a high f,, value.

The single orthogonal, spiral and r-6 textured surfaces have a positive effect on friction
reduction due to their diverse groove structures, considered to be noncontinuous surfaces,
which will reduce the real contact area and enhance the storage capacity of wear debris.
In addition, the hydrophilicity of single textured surfaces more easily adsorbs water and
oil in the air to form surface films, reducing the friction coefficient. It can be seen from
Figure 6b—d that the single orthogonal and spiral textured surfaces have a rather low worn
down rate of the surface asperities compared to r-0 textured surfaces. As the material
contact area increases, they exhibit better influence on reducing the friction coefficient.

3.4. Wear Rate of PEEK Blends against Co-Cr Alloy Discs

Based on the frictional experiments shown in Figure 10, where discs with orthogonal,
spiral, and r-6 surface textures exhibit nearly the same frictional behaviors against PEEK
blend pins, the wear performances of two kinds of PEEK pins against Co-Cr alloy discs
with three categories of surface textures (polished, spiral, orthogonal combined with spiral)
under the same pv value of 0.777 MPa-m/s are depicted in Figure 11. It can be concluded
that PEEK_B has a lower wear rate than PEEK_A, which verifies that the PEEK reinforced
with PTFE and graphite fillers is beneficial for lubrication compared to the CF fillers. It
can also be determined from Figure 11 that the wear rate has little difference, regardless of
the PEEK_B pins against original polished or textured surfaces. The contributions of solid
lubrication in the PEEK matrix are more important than the influence of surface textures
on Co-Cr alloy discs. On the other hand, the PEEK_A pins against the textured surfaces
have a higher wear rate than that of the original polished surface, especially the orthogonal
overlaid with spiral textured surface, which has the highest wear rate. This is due to the
existence of surface textures helping to enhance the formation of transferred film from
PEEK blends to the discs, which is beneficial when it comes to achieving steady friction, as
shown in Figure 9, but harmful to the wear of the PEEK blends.
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Figure 11. Specific wear rate of PEEK blend pins against discs with original polished and textured
surfaces under the same pv value of 0.777 MPa-m/s.

3.5. Effects of Textural Morphology and Transferred Film

As the evolution curves of the friction coefficient with prolonged time are similar
for the L605 disc against the PEEK_A and PEEK_B pins, and PEEK_B has a better effect
for friction reduction, consequently, the SEM morphologies and EDS for element content
detection on the L605 Co-Cr alloy discs against the PEEK_B pin surfaces were examined to
investigate the surface wear characteristics, as shown in Figure 12.
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Figure 12. SEM images and EDS results of worn L605 polished and textured surfaces against PEEK_B:
(a) polished, (b) orthogonal grid, (c) spiral line, (d) r-6 and (e) orthogonal + spiral.
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It can be seen from Figure 12a that the wear tracks of the polished nontextured surface
have obvious scratches, wear debris accumulation and deformation, and there is very little
carbon (6.24 w %) distributed on the L605 surface. Trapping wear debris during the friction
process was very difficult for the nontextured surface, so the wear debris accumulation
on the nontextured surface verified the three-body wear; that is, the hard L605 asperities
were scraped off by the PEEK blends and embedded into the PEEK polymer, which can
further cause severe scratches and microcutting on the smoothed surface. In turn, the edge
bulges caused by scratches have the potential to scratch off the PEEK matrix material to the
sliding interface, resulting in a thin and noncontinuous tribo-film. In addition, due to the
real contact area of the smooth surface being larger than that of the textured surface, the
friction force increased between the pin and polished disc surface and led to deformation
on the nontextured surface. Therefore, the main wear mechanism of the smoothed surface
may be severe abrasive wear followed by slight adhesive wear.

There are almost no scratches on the single orthogonal, spiral and r-6 textured surfaces,
and the wear debris was trapped in the grooves, as shown in Figure 12b—d, which means
that the good wear debris capacity of the different groove textures could obviously reduce
the abrasive wear compared to the polished surface. Furthermore, the mass fractions of
carbon and oxygen covered on the single orthogonal, spiral and r-0 are 19.5%, 21.22%
and 26.62%, respectively, inferring that the PTFE, graphite and PEEK particles could
be transferred to the disc surface to form a tribo-film near the grooves serving as solid
lubricants, thereby aggravating the adhesive wear on the PEEK blend counterpart with
more CF debris simultaneously. The great number of transferred films formed on the r-6
textured surface than on the single orthogonal and spiral textured surfaces also accounts for
the higher friction coefficient of the r-6 textured surface than that on the single orthogonal
and spiral textured surfaces.

Scratches and wear debris can be observed on the worn surface of the multiscale
textured surface, as shown in Figure 12e, and the grooves are partly covered by wear debris.
This may be because protrusions formed by laser heat deposition at the edge of the deep
groove acted as a cutting tool to scratch more PEEK blend particles forming tribo-film,
and the inference is also verified by the carbon and oxygen enrichment mass fraction of
35% covered on the surface. Furthermore, the protrusions experienced plastic fracture
with reciprocating sliding, and then part of the fractured protrusions embedded into the
PEEK blends, producing surface scratches, and part of the wear debris covered the grooves
during sliding friction. Thus, the wear mechanism of the multiscale textured surface may
be dominated by plastic deformation, adhesive wear and abrasive wear.

4. Conclusions

PEEK blends with different fillers are investigated in terms of their wettability and
tribological performance against L605 Co-Cr alloy with laser processed surface textures.
The conclusions are as follows:

(1) The wettability of PEEK blends can be tuned with different additives. Pure PEEK
has a contact angle of approximately 86.03°, which can be decreased to approximately 66.40°
by filling 30 vol% CF in the PEEK matrix and can be increased to approximately 93.97°
with the addition of 10 vol% CF, 10 vol% PTFE and 10 vol% graphite in the PEEK matrix.

(2) The wettability of the L605 Co-Cr alloy can be adjusted with various surface
textures. As the groove depth exceeds the critical sag height, which is determined by the
groove width and contact angle, the Cassie-Baxter state can be achieved to maintain its
hydrophobic state.

(3) PEEK blend pins with 10 vol% CF, 10 vol% PTFE and 10 vol% graphite can achieve
a lower friction coefficient of no more than 0.2 against Co-Cr alloy discs with single
orthogonal or spiral textures. The solid lubrication of PTFE and graphite as well as the
hydrophilicity of the shallow groove depth account for the steady friction behavior.
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(4) The addition of solid lubrication, including PTFE and graphite, into the PEEK
matrix will decrease the adhesive wear. The combination of PEEK reinforced with PTFE
and graphite and Co-Cr alloy discs with shallow surface textures will achieve better
tribological characteristics.
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