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With the development of surface treatment technology, an increasing number of bearings, seals, dynamic
friction drive or even biomedical devices involve a textured surface to improve lubrication and anti-wear.
The present investigation has been conducted in order to evaluate the friction and wear behaviours
of textured polyaryl-ether-ether-ketone (PEEK) coated with a graphite-like carbon (GLC) film sliding
against stainless steel pin in biological medium. Compared with pure PEEK, the PEEK coated with GLC
film shows excellent tribological performance with a low friction of 0.08 and long lifetime (wear volumes
are about 3.78 x 10~* mm? for un-textured one and 2.60 x 10~4 mm? for textured GLC film after 36,000 s
of sliding) under physiological saline solution. In particular, the GLC film with appropriate dimple area
density is effective to improve friction reduction and wear resistance properties of PEEK substrate under
biological solution, which is attributed to the entrapment of wear debris in the dimples to inhibit the
graphitization and the fluid dynamic pressure effect derived from the texture surface to increase the
thickness in elastohydrodynamic lubrication (EHL) film during sliding motions. Moreover, the friction
coefficient of GLC film under physiological saline solution decreases with the increase in the applied
load. With the increasing applied load, the texture surface is responsible for accounting the improved

wear resistance and a much lower graphitization of the GLC film during whole test.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Biological synovial joints, e.g., hip, knee or shoulder joints, are
complex and delicate structures capable of lubrication, damping,
wear resistance and some other functions [1,2]. The excellent per-
formance is due to the optimized combination of articular cartilage,
aload-bearing connective tissue covering the bones involved in the
joint and synovial fluid to protect bone-injury [3]. Unfortunately,
osteoarthritis or degenerative joint diseases are caused by aging or
repetitive injury, which can lead to damage of cartilage and bone
[4]. Hence, transplantating prosthetic joint into bone can achieve
a relief of pain and improve the joint mobility. However, the bio-
compatibility between living tissues and non-living materials is the
critical factor that limits the lifetime of implant materials [5]. In a
historical and a practical perspective, a broad range of interactive
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behaviour occurs between tissues and prosthesis (metal or alloy)
for substitution of hip and knee joints, and some wear debris par-
ticles may be generated in the human body to trigger a series of
adverse biological reactions during this process, thus leading to the
premature failure of the prosthesis [6,7].
Polyaryl-ether-ether-ketone (PEEK), one of the polymers as sub-
stitute for metal alloy in implant replacement [8], exhibits the
desirable mechanical properties, high thermal stability, wear and
chemical resistance, no toxicity as well as high resistance to gamma
irradiation [9-11]. In particular, PEEK has an advantage that the
stiffness is much closer to the cortical bone in contrast to met-
als, ceramics or other polymers, thus reducing the effects of stress
shielding afterimplantation [12,13]. Recent research has also inves-
tigated the bio-tribology of PEEK composites as bearing materials
and flexible implants used for joint arthroplasty and spine patients
[14,15]. Wang et al. have investigated carbon fiber reinforced PEEK
composites as bearing surfaces for total joint replacements [14].
It is found that those composites offer a far superior wear resis-
tance compared with ultrahigh molecular weight polyethylene
(UHMWPE). Moreover, Kurtz and Devine review the history of how
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PEEK biomaterials come to be increasingly accepted for spine and
orthopaedic implants over other high-performance thermoplastics
[16]. Nevertheless, reduction of wear is still a major challenge in
PEEK research as wear particles are responsible for early loosening
of prosthetic devices [8,17]. Currently, graphite-like carbon (GLC)
films have been applied in biomedicine due to its low friction and
specific wear rate as well as good chemical inertness [ 18,19]. More-
over, it is well known that medical implants not only experienced
the wear from relative motion between bone joints but also sub-
jected to the degradation through the physiological fluids [20,21].
While many authors have addressed that the GLC film has a good
compatibility with different types of cells like macrophages, fibrob-
lasts, human myeloblasts, osteoblasts, and so on [13,22]. Thus, GLC
film would be one of the optimum candidates for the modification
of PEEK.

To improve the prevention of inflammatory and allergic reac-
tions of the GLC film, many researchers have adopted doping metal
or non-metal elements in amorphous carbon matrix [23,24]. In
this paper, we deposit GLC film on the textured PEEK surface to
improve the bio-tribological performance, since the regularly dis-
tributed texture surface can generate fluid dynamic pressure effect
to increase the carrying capacity of film [25], store lubricating
medium to prevent interlocking between contact surfaces [26], and
capture the wear debris to reduce abrasive wear [27], thus effec-
tively improving the lifetime and reliability of GLC film. Moreover,
laser surface texturing (LST) has been applied to the PEEK surface
treatment for bio-tribological applications owing to its versatility,
fast adaptability, high precision and cleanness of environment [28].
Kovalchenko et al. have reported that the tribological properties can
be significantly improved by LST technology textured steel surfaces
[29]. He et al. also verify that appropriate dimple area density by
LST technology is effective in enhancing reducing-friction property
of titanium alloys substrate under air friction and liquid lubrica-
tion conditions [30]. However, the synergistic effect of GLC film and
surface texturing on the tribological properties of PEEK under bio-
logical medium has not received enough attention and extensive
research.

In previous works [21,31], our team has systematically inves-
tigated the bio-tribological performance and friction mechanism
of PEEK coated with metal or non-metal doping GLC films under
biological media. A fundamental aspect of this work is to utilize
the texturing design to optimize the bio-tribological performance
of GLC film in biological lubricant. The possible friction reduction
and wear resistance mechanisms are discussed by probing into the
effect of dimple density and applied load on the bio-tribological
behaviour of un-textured and textured GLC films. The present paper
takes the first step of a wide program and the final objective is to
apply the textured GLC film on human joint.

2. Experimental section
2.1. LST of PEEK substrates

The specimens, with a dimension of ¥25 mm x 3 mm, were cut
from bulk semi-crystalline PEEK rod and subsequently polished
with different grades of diamond paste to obtain a surface rough-
ness of R; <140 nm. Micro-dimple patterns were then created on
the surfaces of PEEK substrates through a neodymiumyttrium alu-
minum garnet laser with a wavelength of 1064 nm, pulse width of
4ns, spot diameter about 40 wm, using a frequency of 10 kHz and
90% overlapping rate of laser spot, and the specimens were pro-
cessed with an average power of 10 W at a 5mm/s traverse speed.
After laser texturing, a gentle polishing process was used to remove
bulges or burrs around the rim of the dimples. Two dimple area den-

sities were fabricated with the same dimple geometric parameters
and labeled as PEEK-T15% and PEEK-T30%, respectively.

2.2. Deposition of GLC film

Prior to deposition, all specimens were ultrasonically cleaned
in acetone and alcohol for 20 min and then cleaned with Ar+ ions
at a substrate pulsed bias of —500V in sequence before. The GLC
films on the textured and smooth PEEK substrates were obtained
by unbalanced magnetron sputtering technique in a multi-target
PVD system. Before the deposition of GLC film, Si interlayer was
deposited with a Sitargetin order to enhance the adhesion between
the substrate and film. Subsequently, one graphite target (purity
99.95%) with dimensions of 6 x 76 x 153 mm? for sputtering car-
bon was used. A base pressure of 2.0 x 103 Pa in the chamber
was attained with a turbomolecular pumping system, and then the
total pressure was set at a pressure of 0.6 Pa by Ar inflation with a
flow rate of 120 sccm. As the pressure of the vacuum chamber was
reached, PEEK substrates were sputtered in situ for 15 min with
argon plasma at a DC bias voltage of —1000V and a duty cycle of
50%. Meanwhile, the rotation speed of PEEK substrate was 5 rpm
during the deposition process. Finally, GLC film was deposited at
a DC current of 1.2A and a bias voltage of —300V. Two dimple
area densities of 15% and 30% were achieved. The corresponding
specimens were labeled as GLC-T15% and GLC-T30%, respectively.
The total deposition process lasted for 100 min. The process flow
diagram of textured GLC film was shown in Fig. S1 in Supporting
information.

2.3. Characterization

The surface topography and cross-sectional micrograph of the
as-deposited GLC films were examined by field emission scanning
electron microscopy (FESEM, JSM-6701F). Atomic force microscopy
(AFM, Benyuan CSPM 4000) with contact mode was used to mea-

sure the surface roughness of the GLC film. The nanohardness (H)
and Young’s modulus (E) of PEEK and as-deposited GLC film were
determined by the Nanotest600 nanoindenter apparatus (Micro
Materials Ltd.), the indentation depth was about 10% of the film
thickness for GLC and 100nm for PEEK substrate. The chemi-
cal states of as-deposited GLC film were analyzed by a PHI-5702
multifunctional X-ray photoelectron spectroscope (XPS) made by
American Institute of Physics Electronics Company using K-Alpha
irradiation as the excitation source. The binding energies of the tar-
get elements were determined at a pass energy of 29.3 eV, with a
resolution of about +0.3 eV, using the binding energy of contami-
nated carbon (C1s: 284.8 eV) as the reference. The morphology and
depth of textured GLC film were measured using a MicroXAM 3D
surface profiler. The microstructure of as-deposited GLC-smooth
and textured GLC films were characterized by Raman spectroscopy
equipped with a 532 nm argon ion laser (Raman, HR800 Raman
spectroscopic measurement). The wear tracks of GLC films were
checked by scanning electron miscroscopy (SEM, EVO18, ZEISS,
Germany).

2.4. Tribological test

A CSM tribometer in the pin-on-plate reciprocating sliding was
used for preliminary materials evaluation by friction and wear test-
ing. The amplitude was 5 mm, and sliding frequency was 6.37 Hz
corresponding to a velocity of 10 cm s~1. The load of 3 N was applied
through a stationary loading system. A 316L stainless steel pin with
ball head (6 mm in diameter and surface roughness (R,) value of
0.02 pm) was employed as counterpart, and the sliding direction
was parallel to the LST patterns. The ambient temperature and
relative humidity were 23 +2°C and 23 + 5%, respectively. Two
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series of tribological tests, including those in air friction and lig-
uid lubrication conditions, were run for 120 min with the same
test parameters. The dry friction was tested in ambient air, and
the liquid friction was performed in physiological saline (PS) or
fetal bovine serum (FBS) biological lubricant. Commercial FBS lubri-
cating medium (protein concentration was about 4.3% w/v) was
used to simulate body fluid. During the wet friction process, two
droplets of the biological solution were spreaded on the contact
surface before the mating steel pin was brought in contact. The fric-
tion coefficient was continuously recorded during testing, and the
mentioned friction coefficient in this paper was the mean friction
coefficient. The average friction was measured at three times under
the same tested condition to calculate the average value and the
error bar was calculated from the standard deviation. After friction
test, the depth of wear track was measured using a surface profiler
(Alpha-step D-100) and each wear track was measured three to five
measurements to insure the repeatability of results.

3. Results and discussion

3.1. Film structure analysis

GLC film displays a uniformly dense surface with nanometer-
sized particles as shown in Fig. 1a. Fig. 1b shows a cross-sectional
SEM image of GLC film on PEEK substrate, in which the thickness
of GLC film and Si interlayer is about 1.76 wm and 275 nm, respec-
tively. As shown in the cross-sectional image, the GLC film has a
homogeneous and dense microstructure. The AFM image of GLC
film shown in Fig. 1c indicates that the film composed of small
spheres has a relatively rough and compact surface (R; =113 nm)
which is related to the rough surface of PEEK substrate. The chem-
ical composition and bonding identification of as-deposited GLC
film are investigated by XPS analysis, as shown in Fig. 2. Full-scale
XPS spectra of GLC give a composition of 82.78 at.% C and 17.22
at.% 0. In order to further analyze the chemical states, C 1s spec-
trum is fitted by Guassian-Lorentian function. The C 1s spectrum
can be fitted into three distinct carbon species: C=C species (sp?)
at 284.4 eV, C—C species (sp?) at 285.3 eV, C—0O or C=0 species at
286.5 eV, respectively [32-34]. Based on the fitted results of C 1s
spectrum, the ratio of sp3 to sp? is around 0.75, which indicates the
film has a high fraction of sp2-C constituents. It confirms that the as-
deposited GLC film is dominated by the amorphous graphite-like
structure.

The morphology and depth of textured GLC film are measured
using a MicroXAM 3D surface profiler. As shown in Fig. 3, the tex-
tured GLC film has a homogeneous and dense microstructure, and
no obvious defects. The micro-dimple of GLC-T15% and GLC-T30%
are about 300 pm in diameter with an average depth of 100 pm.
Fig. 4 shows the Raman spectra of GLC-T30% film outside and inside
the dimple. A broad asymmetric Raman scattering band is observed
from 800 to 2000 cm~!. Results of Raman analysis show that the
film in different locations (including the outside and inside dim-
ple) has similar structure, typical of graphite-like structure [35,36].
Moreover, the fitted Raman spectra gives the strong confirmation of
amorphous graphite-like structure in as-deposited GLC film, which
is supported by an Ip/I; intensity ratio of 2.82 for outside and 2.85
for the inside dimple. And a narrowing G peak with a FWHM (full
widths at half maximum) is about 137.5 and 139.2cm™! for the
outside and inside of dimple. The G-band for the outside and inside
dimple is located at 1570 and 1572 cm™!, respectively.

3.2. Friction and wear behaviours of textured and un-textured
PEEK

Fig. 5 shows the friction curves and average coefficient of friction
(COF) for un-textured and textured PEEK against the stainless steel

pin in three lubrication conditions. In the air (Fig. 5a), the friction
curves of PEEK with texture density of 30% and 15% are relatively
steady, whereas the PEEK without texture presents a tendency that
the increases with the sliding time and eventually the value of
COF is higher than that of textured PEEK. This higher COF may be
attributed to the adhesion effect between the polymer surface and
stainless steel pin during friction process [37]. In case of the tex-
tured PEEK, wear debris can be captured to alleviate the adhesion
effect. In PS medium, COF is fluctuant over the whole experimen-
tal process (Fig. 5b), especially for the un-textured PEEK: the COF
increases dramatically after sliding time of 3600 s; whereas in the
FBS (Fig. 5¢), the friction curves of textured PEEK have a similar
trend to air environment that the COF is relatively stable and lower
than that of the specimen without lubricating condition (Fig. 5a
and d). Moreover, the value of COF for un-textured PEEK in the FBS
solution is located between those of the textured PEEK density of
15% and 30%, which increases first and decreases afterward with
increase in sliding time. From the mentioned average COF (Fig. 5d),
it is interesting that the COF of PEEK with texture density of 15% is
lower than that of 30%. The results illustrate the appropriate texture
density can effectively reduce the COF, whereas the high texture
density will cause the increased COF due to the increased surface
roughness.

Fig. 6 shows the wear tracks and cross-section profiles of tex-
tured and un-textured PEEK in different medium. In air condition,
the wear track is narrow, and severe adhesion behaviour occurs
due to the increasing temperature of local area during sliding cycle.
However, the adhesive wear can be alleviated for the textured PEEK
because the micro-dimples can capture the wear debris during slid-
ing cycle. The wear track of PEEK with deep groove in PS solution
is wider than that in air condition, and the adhesion behaviour of
polymer does not occur. This is because the surface roughness of
PEEK is high and the viscosity of PS is low, which causes it difficult
to form the effective and continuous elastohydrodynamic lubrica-
tion (EHL) film to cover the asperity of contact surface. Thus, the
friction state in PS solution is a mixing state. From the microscopic
scale angle, the contact surfaces at instantaneous moment exist
both of solid-solid contact zone and fluid lubricated zone. When
the tribopair is immersed in FBS solution, the wear track of PEEK
is relatively shallower and narrower than that in PS solution. More
importantly, there is a sharp contrast for the depth of wear tracks
shown in Fig. 6b, where serious plough and wear grooves are dis-
tinguishable from biological solutions but absent in air condition.
Since the biological solution hinders the modification of the coun-
terpart by the transfer film from polymer debris, leading to a higher
wear of PEEK than that in air condition [13,38]. However, PEEK
has a comparatively shallow wear track in air condition, where a
thermally induced mobile layer on the contact interface acts as a
lubricant and reduces the wear of PEEK [39].

3.3. Friction and wear behaviours of textured and un-textured
GLC films

Fig. 7 presents the friction curves and average COF of GLC film
with different texture density in different medium. In general, there
is a distinct decrease for the COF of GLC coated PEEK as a compari-
son with uncoated PEEK (Fig. 5d) at the same condition, regardless
of with or without texture structure. For instance, the COF is fluctu-
ant dramatically from 0.08 to 0.45 for the PEEK-T30% whereas it is
fluctuant slightly from 0.08 to 0.12 for the GLC-T30% in PS solution.
In air condition (Fig. 7a), the COF of textured GLC film increases
sharply after 2000 of sliding and then tends to be relatively sta-
ble after 35005, which indicates the film has been worn off locally.
On the contrary, the un-textured GLC film plays a significant role
in lubrication before 3500s and then the COF increases with the
increasing sliding time. When the specimen is tested in the biolog-
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Fig. 1. (a) Surface, (b) cross-sectional and (c) AFM images of GLC films, the inset image in Fig. 1b is the magnified photos of cross-sectional image.

Fig. 2. (a) XPS spectra and (b) C 1s spectrum of as-deposited GLC film on the un-textured substrates.

Fig. 3. The morphology and depth of textured GLC film with the pattern of micro-dimples, (a) GLC-T15% and (b) GLC-T30%.

ical medium, the COF of all specimens is low at the initial stage,
then rises slowly with increasing sliding time and stabilizes even-
tually. In case of PS solution (Fig. 7b), the friction curves of GLC
film exhibit the fluctuation during the whole sliding test, which is
similar to that of PEEK (Fig. 5b). The fluctuant friction curve can be
attributed to the combined effect of the chemicals in PS solution,
friction force and possible rise of temperature [31]. For FBS solu-
tion (Fig. 7¢), viscous protein sticks to the sliding surface of the film,
and thus, the initial COF is relatively low. But with the increasing
sliding cycle, the lubricating proteinaceous film gradually becomes
thin and dense so that the COF rises at first and then becomes sta-
ble. The variations of friction curves are almost identical for both

GLC-T15% and GLC-T30% films. Moreover, the COF of un-textured
GLC film is much higher than that of the textured GLC film in PS
and FBS solutions, as shown in Fig. 7d, suggesting that the texture
structure plays a vital role in the solid-liquid composite lubricating
effect.

Fig. 8 shows the wear tracks and cross-section profiles of
textured and un-textured GLC films in different medium. Some
grooves and spalling appear at the wear track of specimen in
air condition, and the un-textured GLC film exhibits the highest
spalling and widest wear track than that of others. Compared to
uncoated PEEK in air condition (Fig. 6b), the wear track of GLC
coated PEEK becomes wider and deeper, where the wear track
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Fig. 4. Raman spectra of GLC-T30% obtained from (a) outside and (b) inside dimple.

Fig. 5. COF curves and average COF of textured and un-textured PEEK in different medium: (a) in air, (b) in PS, (c) in FBS and (d) the corresponding of average COF.

suffers severe abrasion wear at the GLC/steel pin contact inter-
face. The wear depth of un-textured GLC film is about 6 um in
air condition, which indicates the film has failed (combined with
the thickness of GLC film in Fig. 1b). While the textured GLC film
has narrower wear track and lower wear than that of un-textured
one because micro-dimples can trap of wear debris at the contact
interface to reduce abrasion wear of film. The element distribu-
tion of wear track is analyzed by energy dispersive X-ray (EDX)
spectroscopy, as shown in Fig. S2 in Supporting information. The
results demonstrate that silicon content (deriving from interlayer
of film) of un-textured GLC film is very little, which verify the fact
that un-textured GLC film is failed after 7200 s sliding time. While
the textured GLC film has much silicon content in some regions,
illustrating textured GLC film has a better wear resistance in air

condition than that of un-textured one. In PS solution, the wear
track of GLC coated PEEK is so shallow that the wear region is diffi-
cult to find (Fig. 8a). This is attributed to the synergistic effect of the
fluid lubrication and surface passivation of water. In the FBS solu-
tion, the increasing temperature of contact surface will result in
the thermal denaturation of protein, elongate the molecular chain
of protein and increase the kinematic viscosity of relative motion
[31]. In general, the thermal denaturation is an irreversible pro-
cess. Even if the temperature is lowered again, the protein does not
return to its original structure. However, the denatured protein at
the interface as the lubrication layer can be effective to reduce the
material wear. Thus, the morphology of wear track in FBS solution
is very narrow, and the boundary line of wear track is not obvi-
ous. Therefore, GLC film can significantly improve the tribological
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Fig. 6. (a) SEM images and (b) cross-section profiles of wear tracks for the textured and un-textured PEEK under different medium.

adaptive capability of PEEK in biological medium, and especially it
greatly improves the wear-resistance of PEEK substrate. The wear
is mainly seen as a smoothening effect of the outermost peaks of
the surface roughness, which makes the determination of the wear
volume extremely difficult (Fig. 8b). Moreover, titanium alloy and
stainless steel substrate commonly used for orthopaedic applica-
tions are also tested in PS solution as a comparison with the wear
resistance of GLC film. The results in Fig. S3 in Supporting informa-
tion show that GLC film exhibits lower COF, and the wear resistance
of GLC film is 1-2 orders of magnitude higher than that of titanium
alloy and stainless steel.

Based on the above results, the friction and wear behaviours
of the GLC film can be further explained. In air condition, most of
strong dangling covalent o-bonds from the GLC film and steel pin at
the contact interface are terminated by C—H, C=0 and COOH [40],
which is attributed to the adsorption and dissociation effect of H,O
and O, from air. However, the relatively lack of water molecules in
some contact areas leads to the formation of strong C—C covalent
bonds, which increases the adhesion interaction between the GLC
film and steel pin, thus resulting in a relatively higher COF and wear
in air. When the specimen is tested in PS solution, the fluid lubricant
provides plenty of water molecules and dissolved oxygen so that
all of the dangling o-bonds are almost terminated by C—H, C=0 and
COOH. Moreover, tribopair is not easy to contact each other owing
to the existence of effective lubrication film. Therefore, the friction
force is mainly derived from the interactions of hydrogen bonding
and van der Waals force between tribopair and water, which is

the main reason for the low friction and wear of GLC film in PS
lubrication [31,41]. In FBS solution, the steady COF is higher than
that in air and PS conditions (Fig. 7) whereas the wear is relative
low (Fig. 8b), which is attributed to the fact that viscous protein
easily sticks to the contact surface to form a continuous lubricated
film. Fig. S4 in Supporting information shows the Raman spectra of
the FBS solution and the transferred film on the wear scar against
GLC-T30% in FBS solution. It confirms that much protein molecules
are enriched in the wear scar region, which can protect the contact
surface from rubbing each other. Moreover, friction force in FBS
solution is not only from the interaction of hydrogen bonding and
Van der Waals’ force between the tribopair, but also derived from
the viscous protein that has large molecular weight. Viscous protein
with many interaction sites can form hydrogen bonding and van der
Waals force with GLC film and its counterpart, which can increase
the friction force between the tribopair [41]. Hence, in order to
conquer the interaction sites between the sliding interface, a higher
friction force must be applied at the sliding interface. Therefore, the
COF in FBS solution is higher than that in PS solution.

According to the well-known Hamrock-Dowson formula for
isoviscous-elastic lubrication in Eq. (1) [42], the corresponding
lubrication regime can be approximately predicted according to
the A ratio in Eq. (2):

0.65 -0.21
(ke Wy
hmin =2.8R (E/R/) (E/R/Z) (1)
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Fig. 7. COF curves and average COF of textured and un-textured GLC films in different medium: (a) in air, (b) in PS, (c) in FBS and (d) the corresponding of average COF.

Table 1
Mechanical properties of materials and typical roughness values for pin-on-plate
configuration.

material H (GPa) E (GPa) v Ry (pm)
pin: 316L 7.0 193.1 0.3 0.02
plane: PEEK 0.2 3.6 0.25 0.14
plane: GLC 3.8 26.4 0.25 0.12
hmin
A="m (2)
a

Ry=1\/R% +R%, (3)

where hy,;, corresponds to the minimum film thickness, 7 is the
lubricant viscosity, e is the sliding velocity, W) is the normal load,
R, is the composite roughness, R’ is the effective radius and E' is the
elastic modulus.

R =RiRy/(R; —Ry) (4)

1-—v?

1 11— 2
E_Z(E1+ E, )

where, Ry, E1, V1 and Ry, E,, vy, are the radii, Young’s modulus and
Poisson ratio of the pin and film, respectively. The specific parame-
ters are reported in Table 1. According to the relevant parameters,
hmin is figured out based on of Eq. (3), around 0.3 and 0.39 wm cor-
responding PS and FBS for PEEK substrate; around 0.13 and 0.17 pm
corresponding PS and FBS for GLC film. Furthermore, Eq. (2) gives
the A ratio of 2.13 and 2.766 corresponding PS and FBS for PEEK sub-
strate; gives the A ratio of 1.065 and 1.393 corresponding PS and
FBS for GLC film. It is commonly believed that the boundary lubri-
cation mainly occur when the 0.1 <A <1, mixed lubrication mainly

occur when the 1 <\ <3 and A > 3 is full film lubrication. Combined
with the A ratio meaning mixed lubrication may occur under these
conditions. It's worth noting that tribochemical reactions are essen-
tial factor to determine the tribosystems running under boundary
or mixed lubrication condition. Namely, the contact surface is in
a mixed lubrication state that included hydrodynamic lubrication
and asperity contacts simultaneously, and the corresponding COF
can be expressed as [43]:

f = feke + fiki (6)

where fe is the COF and k. is the load carrying ratio of EHL film, f;
is the COF and k; is the load carrying ratio of boundary lubrication
film. In our experiments, when the texture density of PEEK is 15%,
texture structure is helpful to reduce the COF of the specimen. It
indicates that appropriate texture density can increase the rough-
ness of PEEK to some extent, which is beneficial to form the EHL film
and increases the thickness of EHL film, resulting in the decrease of
the ratio k. between the contact peak points [43]. And eventually,
the integrated COF is also decreased. In contrast, when the texture
density of PEEK is up to 30%, the ratio of minimum film thickness
to the surface roughness is so small that the friction test is almost
totally dominated by boundary lubrication regime. Consequently,
the hydrodynamic effect from texture structure does not work and
the contact pressure is almost loaded by the contact peak points,
which leads the integrated COF of PEEK with 15% of texture den-
sity is lower than that of 30% (Fig. 5). However, the texture density
has a little influence on GLC films under different medium. Only
in PS solution, GLC-T30% exhibits a relatively lower COF than that
of GLC-T15%. This finding can be explained by the function of the
fluid/wear debris reservoirs of the dimples [30].
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Fig. 8. (a) SEM images and (b) cross-section profiles of wear tracks for the textured and un-textured GLC films under different medium.

3.4. Evaluation of long lifetime for GLC film

With the developing of implant materials, careful considera-
tion has been given to the longevity of the materials following
many years implantation and the bioactivity of wear debris that
may be generated from articulation. Fig. 9 shows the friction and
wear behaviours of the GLC-T30% and un-textured GLC film against
steel pins with the applied load of 3N and 36,000s of sliding
(~229,320 cycles) in PS solution. Note that the un-textured GLC
exhibits erratic COF while the COF of GLC-T30% stabilizes at a value
between 0.09 and 0.11(Fig. 9a). Moreover, the COF of un-textured
GLC film increases first and then decreases periodically to a sta-
ble value since the frictional heat consumes the solution gradually
and causes the lack of solution, thus weakening hydrodynamic
effects. When the fresh solution is added (two fresh droplets of the
PS solution are brought in contact surface for each 7200 s sliding
time), the COF stabilizes at a somewhat lower value of 0.12-0.13.
While the GLC-T30% maintains a stable value at a whole test
because the texturing surface can store more biological solution
to provide hydrodynamic effects and result in low COF. Addition-
ally, GLC films present an exceptional wear performance that the
wear volumes are about 3.78 x 10~4 mm? for un-textured one and

2.60 x 10~4 mm?3 for GLC-T30% film (Fig. 9b). According to the liter-
ature [16], 10 million cycles represent approximately one decade of
use for a typical elderly patient. Based on this result, it can be pre-
dicted that the wear volume of GLC-T30% after 10 million cycles
is only about 0.011 mm?3, which is of great significant for devel-
oping textured GLC films as the long-period implant biomaterials.
In terms of joint application, abrasive wear can produce relatively
hard wear debris, which is undesirable [44]. Fortunately, GLC films
present a smooth wear track and no groove can be found in Fig. 9c—f
when these films experience ~229,320 sliding cycles. Meanwhile,
the periphery of micro-dimples aggregates much of salt from PS
solution (Fig. 9d and f) and the corresponding evidence of compo-
nent analysis is shown in Fig. S5 in Supporting information, which
confirms the presence of texture pattern can improve the capabil-
ity of feeding PS solution into the sliding contact interface, thus
isolating the wear particle.

3.5. Effect of load on the friction behaviour of textured GLC film

In human body, synovial joints are often subjected to exter-
nal force, such as walking, running, and strenuous exercise. So,
the effect of load on the friction behaviour of artificial implants
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Fig. 9. Friction and wear behaviours of steel pin against textured and un-textured GLC films in PS solution: (a) Friction coefficient variation with time. (b) Cross-section
profiles of wear track for GLC film after 36,000 s sliding time (~229,320 cycles). (c) The SEM image of wear track for the un-textured GLC film and (e) the corresponding to
magnified image of selected area. (d) The SEM image of wear track for the textured GLC film and (f) the corresponding to magnified image of selected area.

Fig. 10. COF curves and average COF of the graphite-like carbon film under different applied load: (a) un-textured GLC, (b) textured GLC, and (c) the corresponding of average
COF.

is an essential factor to evaluate the lifetime of GLC film. In this tively. Fig. 10 shows the friction curves and the average COF of the
study, the load of 1, 3, 5, 7 and 10N is applied through a stationary un-textured GLC and GLC-T30% against the steel pin in PS solu-
loading system, and the corresponding initial maximum Hertzian tion under different applied load. Meanwhile, the average friction

contact pressure is about 0.15,0.21,0.25,0.28 and 0.31 GPa, respec- is measured for three times under the same load to calculate the
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Fig. 11. (a-f) SEM images and (g, h) cross-section profiles of wear tracks for the un-textured GLC film at different applied load.

average value. The error bar is calculated from the standard devia-
tion. As shown in Fig. 10, the applied load has a great influence on
the tribological behaviour of un-textured and textured GLC films.
For the un-textured GLC film (Fig. 10a), COF fluctuates with the
increasing siding cycle under 1N of applied load and the maxi-
mum value of COF reaches to the 0.27. With the increasing applied
load, COF decreases to the minimum value of 0.09 and the fric-
tion curve is stable. The effect of load on the friction behaviour of
un-textured GLC film can be divided into two stages. COF decreases
with the increase in applied load obviously from 1 N to 5 N, which is
described as the first stage. Subsequently, the decreasing tendency
of COFis not obvious from 5 N to 10 N, which is described as the sec-
ond stage. In addition, the COF of all un-textured GLC films is high at
the initial sliding stage and decreases gradually with the increase in
sliding cycle, and eventually attains the stable value. This is because
mechanical interlocking, polishing micro-roughness and the estab-
lishment of transfer layer at running-in stage exist in the surface
asperities between GLC film and counterpart steel pin, thus result-
ing in a high COF at this stage. With the increasing sliding cycle,
asperities at the contact surface are polished, and the film material
is transferred to counterpart surface to form a transfer layer. When
a dense and continuous transfer layer is formed on the counterpart
surface, COFreaches to the stable stage. For the GLC-T30% (Fig. 10b),
COF is relatively high and fluctuant under 1N of applied load, and
the average COF reaches about 0.12. When the applied load rises to
5N, COF is very stable and the average COF is about 0.08. However,
when the load is up to 10N, COF increases to 0.1, which indicates
the high load is detrimental to form the EHL film. Moreover, the
average COF of textured GLC is lower than that of un-textured GLC

film (Fig. 10c), suggesting that surface texturing on the GLC film is
beneficial to slow down the friction of human joint.

Generally speaking, the role of the single asperity can be ignored
when the elastic deformation occurs at the contact surface. Thus
the contact condition can be approximated as a sphere contacting
with the plane. Based on the empirical formula: f=CW~" (where f
is the friction coefficient, W is the normal load, 0 <n<1/3) [45], if
the contact region is no plastic deformation, the contact area of a
single asperity is proportional to W2/3, and the COF is proportional
to W~1/3, When the contact region is in plastic deformation, the
contact area of asperity is proportional to W. However, the elasto-
plastic deformation coexists on the actual contact area and the
corresponding COF is proportional to W—". Namely, COF decreases
with the increase in applied load. The conclusion is in accord with
the experiment for un-textured GLC film (Fig. 10a and c). But for tex-
tured GLC film, COF decreased first and increased afterward with
the increase in applied load (Fig. 10b and c). According to Eq. (3),
hmin is inversely proportional to the applied load W), while the tex-
ture surface of GLC film under a certain scope of loads can increase
the thickness of fluid hydrodynamic film to avoid the direct contact
of the asperities between the tribopair, thereby reducing the COF.
When the applied load exceeds the critical value, the fluid hydrody-
namic effect deriving from the texture structure can be weakened
and the corresponding minimum film thickness (h,y;,) decreased,
resulting in the increasing COF.

In order to further understand the tribological behaviour and
wear mechanism of the textured GLC film in PS solution, the
SEM morphologies and cross-section profiles of wear track of un-
textured GLC film at different applied load are observed, as shown
in Fig. 11. Under 1N of applied load, the wear track is relatively
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smooth and narrow, and the wear track line is difficulty to identify
(Fig. 11a). The depth of wear track is not obvious and only scratched
little micro-bugle of contact surface (Fig. 11f). With the increasing
applied load, the wear track is still relatively smooth whereas the
width of wear track increases and the shallow groove forms on the
wear track. When the applied load rises to 10 N, the width of wear
track increases to the maximum value and amounts of micro-bugle
atthe contact surface is grinded smoothly (Fig. 11e and h). As shown
in Fig. 11f (marked region A in Fig. 11e), the wear track is mainly
composed of alternation of “bright” and “dark” region, where the
bright is the valley bottom and dark is the grinded peaks. This indi-
cates that the wear mechanism of GLC film is mainly dominated by
the plastic deformation.

Fig. 12 shows the SEM images and cross-section profiles of wear
track of GLC-T30% at different applied load. As shown in Fig. 12,
the wear track is relatively smooth and no evidence of wear or sur-
face damage is observed under 1N of applied load (Fig. 12a). With
the increase in the applied load, the wear track is still relatively
smooth whereas the width of wear track increased. Compared
with un-textured GLC film (Fig. 11), the textured GLC film suffers
a much lower wear under the same applied load. Indeed, in all the
applied loads, the wear track line is hard to identify and the appear-
ance of wear track does not change obviously as a comparison
of fresh region. Therefore, we can safety conclude that the tex-
tured GLC film exhibits excellent tribological performance under
biological environment. However, when we look over the mor-
phology of wear track for GLC-T30%, an interesting phenomenon
is found that the wear of textured GLC film mainly occurs on the
edge of micro-dimples and terminated on the central between two
adjacent micro-dimples. This phenomenon is more evident at the
10N of applied load. Based on cross-section profile of wear track
(Fig. 12g), there is no obvious difference on the depth of wear track
on the central regions (just like region A in Fig. 12a) before and after
sliding tests, which confirms that wear mainly occurs on the edge of
micro-dimples because ofits higher roughness than central regions.
This higher roughness results from the plastic deformation during
laser texturing. Moreover, Ding et al. [43] consider that the cen-
tral region between micro-dimples is unenhanced electrical fields
area where the film has a low sp? content and high hardness. But
the edge of micro-dimples is the reinforcement of local electrical
fields where the sp? content increases and the hardness decreases
with the decrease in the distance between micro-dimples. Namely,
the textured GLC film possesses a soft-hard alternating structure
and hardness gradient at the lateral direction. This structure is
beneficial to release the internal stress of film and then prevents
the stress concentration and the crack generation. So, the edge of
micro-dimples on the wear track is only slight plastic deformation
without grooves or crack, as shown in Fig. 12f.

To take a closer look at the contact state between the pin and
GLC film, we calculate plasticity indices to estimate the deformation
extent of micro asperities and qualitatively predict the contact is
elastic or plastic. The plasticity index is given by GW model in Eq.
(7)[43,46]:

@= (Ex/H)(osks)!/? (7)
1/Ex = (1 -v})/E1 + (1 - v3)/Ea (8)

where H is the hardness of softer material for tribopair, E* is reduced
Young’s modulus, o is the composite roughness that calculates by
Eq. (3), and ks is the curvature constant that obtains by optical pro-
filer (ks~1.2 x 1074 nm~1). Combining the mechanical properties
of the steel pin and un-textured GLC film in Table 1 as well as the
surface morphology parameters, the plasticity index is calculated
about 0.75 according to above equations. The contact state is com-
monly identified by the following ranges: ¢ <0.6 is classified into
elastic deformation whereas ¢ > 1 is classified into plastic deforma-

tion. This indicates the contact state between steel pin and GLC is
mainly elastic deformation mixed with a small portion of plastic
deformation, which confirms the present experimental results in
Figs. 11 and 12.

Fig. 13 shows the optical observation of wear scars on the mating
pins against GLC-T30% film in PS solution at 1 N and 10 N of applied
load. As shown in Fig. 13a, the wear scar is surrounded by a number
of loose debris but no transfer layer is formed under 1 N of applied
load, which can be used to explain the fluctuant COF (Fig. 10b).
With the increasing applied load, the central region of wear scar
aggregates some transfer layer and amounts of debris is gathered
around the edge of wear scar. The formed transfer layer avoids the
direct contact of GLC film and steel pin, effectively reducing the
shear force at the contact interface.

In order to investigate the GLC phase transformation during fric-
tion, Raman spectroscopy is performed (Fig. 14). Compared with G
peak (1570 cm™1) of as-deposited GLC film (Fig. 4), G peak of wear
scar against GLC-T30% under low load (1 N) and high load (10N)
shifts 1575cm~! and 1585 cm™1, respectively, as shown in Fig. 14a
and b. Meanwhile, D band becomes more evident and the inten-
sity ratio Ip /I for low load and high load goes up from 2.82 to 2.90
and 3.23, respectively. As proposed by Ferrari and Robertson [47],
it can conclude that the as-deposited GLC film has been graphi-
tized during the friction. Moreover, the Raman shift of G-band and
the Ip/Ig ratio under the heavy load is higher than that under light
load, suggesting that the contact pressure is an important factor
in inducing graphitization. However, the Ip/I; ratio of un-textured
GLC film (Fig. 14c and d, Ip/Ig ~2.92 for 1N and ~3.92 for 10N) is
higher than that of GLC-T30% under the same load, indicating that
the texture structure is an important factor in inhibiting graphiti-
zation. Therefore, the higher wear of un-textured GLC film can be
attributed to the formation of graphite layer on the contact surface
[48]. Particularly, the relatively soft graphite layers are more prone
to reduce the COF due to the low shear-strength of itself. It explains
why the COF decreases with the increase in the applied load.

In combination with the above analysis, the friction and wear
mechanism of GLC film under PS solution can be described in Fig. 15.
The surface of GLC has amounts of micro-asperities. When the lig-
uid lubricant spreads uniformly on the surface of film, the large
asperities in some place can be protruded the outside of lubri-
cant film where the liquid film is thinner than others. Therefore,
two lubricating regions involving partial fluid-lubricated regions
and solid-solid contact regions in micro-scale may coexist on the
contact surface. Under the low load, only small amounts of asper-
ities are worn away by mechanical abrasive at the initial friction
stage due to the high hardness of GLC film. It is not easy to form
a continuous transfer layer but only accompanied with a fluid film
under the low contact pressure. With the increase in the applied
load, contact area increases with the increase in sliding cycle, and
amounts of wear debris are generated to form a transfer layer which
is caused by the fact that high contact pressure accelerates the
chemical reactivity between tribopair. The formed transfer layer
is thin and not continuous at the initial stage but it also can play a
role inreducing friction [49]. With the increasing sliding distance, a
continuous, uniform and dense transfer film is formed on the steel
pin, further reducing COF. Meanwhile, a wear induced graphitiza-
tion process takes place which facilitates low friction, leading to
the COF decreases with the increase in applied load. However, for
the textured GLC film, the texture structure can capture more liq-
uid lubricant, which is beneficial to increase the thickness of EHL
film. The EHL film can reduce the COF, improve the resistance to
plastic deformation for the GLC film and decrease the indentation
deformation for the counterpart pin, thus improving wear resis-
tance of film. In contrast with un-textured GLC film, textured GLC
film experiences a much lower graphitization owing to the trapping
wear debrisof micro-dimples, which is helpful for the maintenance
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Fig. 12. (a-f) SEM images and (g) cross-section profiles of wear tracks for the GLC-T30% at different applied load.

Fig. 13. Optical observation of wear scars of the mating pins against GLC-T30% film in PS solution at (a) 1N and (b) 10N of applied load.

of film hardness during whole test [43]. Therefore, the textured
GLC film has a better wear resistance than the film with smooth
structure. When the applied load rises to 10 N, the COF of textured
GLC film is higher than that of un-textured GLC film, which can be
attributed to the fact that the extra hydrodynamic effect caused
by surface texture is diminished. Above all, the textured GLC-based
solid-liquid synergistic lubrication films are required for the poten-
tial application in implant replacements.

4. Conclusions

In summary, we have studied the effects of the texturing sur-
face on the friction and wear behaviours of PEEK with GLC film in
ambient air and biochemical fluid, and discussed the relationship
of friction and wear with contact pressure. The findings indicated
that the GLC film modified PEEK substrate could exhibit remark-

able friction reduction and antiwear performance in PS and FBS
conditions, suggesting the GLC film had more advantages for the
surface protection of PEEK. Particularly, no groove was observed
at the wear track of GLC coated PEEK in PS solution, which was
only accompanied with slight plastic deformation. Moreover, 15%
of texture density for PEEK had a lower COF than those with 30%
under simulated body fluid conditions. The texture density for GLC
film had a little influence for friction performance. Only in case of
PS solution, the GLC-T30% exhibited a relatively lower COF than
that of GLC-T15%. Furthermore, the applied load had a great influ-
ence on the tribological behaviour of un-textured and textured GLC
films in PS solution. The COF of un-textured and textured GLC films
decreased with the increase in applied load. And the textured GLC
film had a better friction reduction performance than that of un-
textured GLC under different applied load, which was attributed
to the fact that the texture surface could induce the hydrodynamic
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Fig. 14. Raman spectra of the transferred films on the wear scar against GLC-T30% in PS solution at (a) 1N and (b) 10N of applied load as well as against un-textured GLC
film at (c) 1N and (d) 10N of applied load.

Fig. 15. Schematic diagram of the effects of surface texturing on phase transformation during friction for: (a) low load, (b) high load.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apsusc.2016.12.
159.
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