Available online at www.sciencedirect.com
L 4

“e.* ScienceDirect

Trans. Nonferrous Met. Soc. China 32(2022) 3334-3348

Transactions of
Nonferrous Metals
Society of China

i s Science
ELSEVIER Press

www.tnmsc.cn

Effects of TaN nanoparticles on microstructure, mechanical properties and
tribological performance of PEEK coating prepared by
electrophoretic deposition

Lin CAQO!, Peng ZHANG"?, Shuang-jian LI'?, Qi-wei WANG',
Da-hai ZENG!, Chuan-yong YU!, Qing-yang LI', Yu-wen LIAQ!, Zhi-dan LIN!, Wei LI!

1. Institute of Advanced Wear & Corrosion Resistant and Functional Materials,
Jinan University, Guangzhou 510632, China;
2. Shaoguan Research Institute of Jinan University, Shaoguan 512027, China

Received 25 August 2021; accepted 30 December 2021

Abstract: In order to solve the friction, wear and lubrication problems of titanium, a series of TaN/ployether—
ether—ketone (PEEK) coatings were developed by electrophoretic deposition, and the effects of TaN nanoparticles on
the microstructure, mechanical properties and tribological performance of coatings were explored. Results manifest that
the introduction of TaN nanoparticles into PEEK coatings could improve the deposition efficiency, enhance the resistant
deform capacity, increase the hardness, elastic modulus and adhesive bonding strength. Compared with the pure PEEK
coating, the friction coefficient of P-TN-3 was greatly reduced by 31.25%. The wear resistance of P-TN-3 was also
improved in huge boost, and its specific wear rate was decreased from 9.42x1075 to 1.62x107> mm* N "-m™!. The
homogeneous composite TaN/PEEK coatings prepared by electrophoretic deposition were well-adhered to the titanium
alloy substrate, TaN nanoparticles could improve the strength of PEEK coating, and provide wear-resistance protection
for titanium alloys.

Key words: ployether—ether—ketone coating; tantalum nitride; particle reinforcement; microstructure; mechanical
properties; biotribology

implants surface damage would interact with the

1 Introduction

of their remarkable mechanical
properties, corrosion resistance, passivity, and
biomedical properties, titanium alloys have
been the focus implant materials for load-bearing
applications, hard tissue replacement, and fracture
healing [1—4]. Despite the advantages of titanium
implantable materials, their poor tribological
performance is still a significant cause of concern
for materials scientists and biomedical engineers.
The principal reason for this concern is that plenty
of wear debris due to relative movement of

Because

surrounding aggressive environment and cause the
immunological responses of surrounding tissues,
eventually resulting in infection and aseptic
loosening [5].

Extensive efforts have been made to solve
the problem. The poor tribological properties of
titanium implant could be improved by a efficiently
protective coating via proper surface engineering
technologies [6—8]. Conventionally, the ‘“hard”
coatings could enhance the wear resistance by
surface strengthening and the “soft” coatings could
reduce the wear by self-lubricating. Among hard
coatings, TiN hard coating is thought to be effective
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in relieving abrasive and adhesive wear [9], TiO»
coating is another hard one for better tribological
performance [10,11], and WC coatings combine
advantages of the excellent wear resistance and low
friction coefficient [12]. These hard coatings could
reduce scratching and offer good load-carrying
capacity for protecting the titanium. Nevertheless,
hard coatings are always relatively expensive and
difficult to prepare, whose high roughness may also
cause decreasing adhesive strength [13]. Moreover,
because of ultra-high hardness of hard coatings, the
improvement of tribological performance may be at
the expense of increasing wear damage to their
friction pairs. Besides, the hard coatings contain
inherent brittleness and low fracture toughness,
which are significantly limited for load-bearing
applications [14]. Therefore, developing coating
with low shear strength, strong adhesion and high
bearing capacity has become one of the focuses of
protecting titanium implantable materials from
overwearing [15].

With relatively low friction coefficient, good
biomedical properties, inexpensive and easy to
fabricate, polyether—ether—ketone (PEEK) and
PEEK-based composite coatings have been highly
focused on recently [16—18]. But for biomaterials
candidates, the poor strength of PEEK needs to be
improved for cyclic load bone implant application.
Therefore, many strategies have been developed
to optimize the PEEK material composition to
improve its mechanical performance [19-21].
Extensive research has shown that particle
reinforcement PEEK could improve the properties
of the titanium alloys effectively. Among these
enhancing particles, TaN has more outstanding
characteristics and can be used in the medical field.
LENG et al [22] reported a TaN coating with
excellent blood compatibility. Besides, ZHANG et
al [23] found that TaN coating was beneficial to
improving the hardness and elastic modulus of pure
titanium, and could also improve the resistance of
titanium alloys to microbial induced corrosion,
which indicate that TaN could be used to modify
hard tissue implants.

Bearing the above perspective in mind, herein,
a series of TaN/PEEK coatings were designed. The
advantages of electrophoretic deposition (EPD)
treatment (TiN, SizN4, AlO3) on titanium and
titanium alloys have been widely reported in the
last years, but few studies declared the TaN

reinforcement PEEK composite coating [24—26].
The coatings thoroughly analyzed to
understand the tribological mechanisms from the
nanoparticles, the enhancement effect, the structure,
the nanohardness, the elastic modulus, the H/E (H
is the hardness, and E is the elastic modulus), and
the H°/E* ratio. The main objectives of this work
were to investigate the possible roles of the
TaN/PEEK composite coatings on micro-structure,
mechanical properties and tribological performance
of titanium-based alloys, and explore a potential
design route of titanium-based medical materials
surface modification for longer lifespan and better
safety issues.

were

2 Experimental

2.1 Processing

Titanium plate (purity >99.999%, Dongguan
Yanxin Metal Products Co., Ltd., China) with
dimensions of d27 mm x 3 mm was used as the
substrate. PEEK powder (purity > 99.99%, particle
size: ~25 um, 550UPF, Jilin Zhongyan Polymer
Material Co., Ltd., China), and TaN powder
(purity >99.5%, particle size: ~260 nm, Aladdin
Industrial Corporation, Shanghai, China) were
chosen as the raw materials for preparing the
composite coating. The morphologies of PEEK
and TaN particles are shown in Fig. 1. The PEEK

Fig. 1 SEM images of PEEK (a) and TaN (b) particles
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particles show an irregularly flattened morphology.
And the size of TaN particles was in nanoscale,
which owned large specific surface area and
high surface energy, and were easy to agglomerate.
The suspensions consisted of as-prepared PEEK
powders in 100 mL electrophoretic deposition
solution (50 mL ethanol, and 50 mL chitosan
solution containing 5 mL acetic acid and 0.1 wt.%
chitosan). The surface potentials of the PEEK and
TaN particles were modified with chitosan as
dispersants. These particles would be modified
positively charged, and improve the deposition
efficiency. The solutions would finally be mixed
with different mass fractions of TaN nanoparticles
(0, 1.31, 3.23, and 6.25 wt.%), stirring until well
combined as four kinds of electrolytes. Table 1
shows abbreviations and detailed compositions of
the coating specimens.

The EPD solution was sonicated for 30 min,
and magnetically stirred for 30 min, respectively. To
avoid the settlement of particles, the mixture was
continually stirred during the deposition process.
The electrophoretic deposition power source was
IT6720 (ITECH Electronic Co., Ltd., Nanjing,
China). The deposition process was carried out by
utilizing two-electrode system, of which a platinum
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Table 1 Abbreviations and compositions of PEEK
specimens investigated

No. Abbreviation PEEK TaN
content/wt.%  content/wt.%
1 PEEK 100 0
2 P-TN-1 98.69 1.31
3 P-TN-3 96.77 3.23
4 P-TN-6 93.75 6.25

(Pt) slice acted as an anode and the titanium (Ti)
matrix as a cathode. The spacing between the
cathode and anode fixation distance was 1 cm. Then,
electrophoresis was conducted for 30—-180s at
1525 V. The electrodes were weighed before and
after the deposition in order to calculate the mass of
the nanocomposite coating. And the relationships
among deposition mass, time and voltage are shown

in Fig. 2.
All heat treatments were conducted in a
tubular furnace. The titanium matrices with

different composition coatings were heated to
390 °C at a rate of 4.5°C/min, and remained
images of
different coatings before and after sintering are
shown in Fig. 3. The color of the sample surface

constant for 60 min. Macroscopic
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Fig. 2 Deposition mass per area of PEEK (a, c¢) and P-TN-3 (b, d) coatings under different conditions
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Fig. 3 Macroscopic images of Ti (a), PEEK (b, b"), P-TN-1 (¢, ¢"), P-TN-3 (d, d"), and P-TN-6 (e, ') coatings before and

after heat treatment, respectively

became darker, with the TaN content increased
(Figs. 3(c—e)). The crystallized PEEK showed a
brownish-yellow color and rough appearance
(Fig. 3(b"), after heat treatment at 390 °C. After
introducing the TaN particles into the matrix,
the surface of the sample was black-brown and
had some lusters. P-TN-1 (Fig. 3(c’)) and P-TN-3
(Fig. 3(d")) samples with TaN contents of 1.31 wt.%
and 3.23 wt.%, respectively, had a much smoother
surface than P-TN-6 (Fig.3(e')) which was
composed of 6.25wt.% TaN, which may all
attribute to the agglomeration of large numbers of
TaN particles without good dispersion.

2.2 Characterization of powders and coatings

The morphology and microstructure of the raw
materials, coatings, and wear counterpart were
analyzed with a field-emission scanning electron
microscope (FE-SEM, Zeiss, ULTRATM 55,
Germany). Field-emission transmission electron
microscope (FE-TEM, JEOL JEM-2100F, Japan)
with an energy dispersive X-ray spectrometer
was used to investigate the compositions. The
crystalline structures of the coatings were
evaluated by X-ray diffraction (XRD, Rigaku
Ultima IV instrument, Japan) at 40 kV with Cu K,
radiation.

The adhesion strength of the composite
coatings was measured by using an automated
scratch tracer (WS—2005, Lanzhou Zhongke
Kaihua Technology Development Co., Ltd., China).
Test load varied from 0 to 80 N, loading speed was
80 N/min, scratch length was 5 mm, and the taper
angle of the diamond indenter was 120°.

Nanoindentation tests were adopted to evaluate
the hardness (H) and elastic modulus (£) of the
coatings, and performed with a Berkovich tip by a
nanoindenter (G200, Agilent, Santa Clara, CA,
USA). The indentations were arranged in arrays
of 4x4 (i.e. 16 indentations per sample) with a
maximum penetration depth of 2 pm by using a
depth control mode. The Poisson’s ratio of the
material was tested and set to be 0.18. The
indentations were positioned sufficiently far from
each other (50 um) to neglect the influence of the
residual stress field of adjacent indents. And the
elastic recovery rate of coating was calculated by

Eq. (1) [27]:
R:(dmax_dres)/dmalx>< 1 OO% ( 1 )

where R is the elastic recovery rate of the coating,
dmax 1 the displacement of the maximum load, and
dres 1s the residual displacement of the coating after
unloading.

2.3 Tribological tests

The tribological performance of coating
was characterized by a reciprocating ball-on-disc
tester (MFT—5000, Rtec Instruments Inc., USA).
The wear resistance tests of coatings were
carried out using the reciprocating-type method
in accordance with the ASTM G133—2005 (2016)
standard with sliding wear of linear reciprocating
ball. ZrO, balls with a diameter of 5 mm were used
as ceramic counterparts. The average roughness of
the ZrO, balls was about 0.04 um. All tests were
conducted for 2h at a room temperature of
20-25°C and relative humidity of 50%—70%,



3338 Lin CAO, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3334-3348

under a line contact load of 5N at a sliding
speed of 5Hz. A Micro-XAM—-3D non-contact
surface profiler (ADE Corporation, USA) was used
to detect 3D topographies and volume loss. The
specific wear rate (W, mm’>-N"'-m™") was calculated
by the following equation [28]:

W=V/(PL) )

where V is the wear volume loss of the coating in
mm?®, P is the applied load in N, and L is the sliding
distance in m. Under each condition, three repeated
tests were performed to eliminate the occasionality
of the reported results.

3 Results and discussion

3.1 Characterization of coatings

Figure 4 shows the TEM images of PEEK and
TaN particles modified with chitosan. As can be
seen from Figs.4(a, b), TaN nanoparticles and
chitosan agglomerates were adsorbed to PEEK
micro-particles in the suspension. Ta and N
elements (Figs. 4(e, g)) may come from TaN, while
C and O elements (Figs. 4(f, h)) are from PEEK and
chitosan. The distribution of N elements further
demonstrated that chitosan was homogeneously
dispersed on the PEEK and TaN surfaces. A
successful EPD process of TaN/PEEK coating
depends greatly on the colloidal procedure. A stable
suspension was necessary, and PEEK and TaN
particles were dispersed in the suitable medium.
PEEK and TaN particles were suitably modified,

which effectively prevented flocculation and
agglomeration of the particles in this EPD system
as shown in Fig. 4.

If a much higher applied electric field is
adopted, the particles could not get enough time to
find the best position to form a close-packed
microstructure. It is also hard to form a uniform
and homogeneous coating [29]. Uniform and
homogeneous TaN/PEEK coatings (PEEK, P-TN-1,
P-TN-3, P-TN-6) were obtained from alcohol-based
suspension with a voltage of 20 V during 180 s
(Figs. 5(a—d)). The dispersion analysis results of C
and Ta elements were shown in Figs. 5(a—d’). In
order to densify the deposited coating, a heat
treatment was carried out at 390 °C, and the
morphologies were shown in Figs. 5(a"—d").

Figures 5(a, a’) present the micromorphology
and element mapping detail of as-deposited pure
PEEK coating. The surfaces of the P-TN-1 and
P-TN-3 were much smoother than that of pure
PEEK, and TaN was evenly dispersed throughout
the surface (Figs. 5(b’, b", ¢’, ¢")). When the amount
of TaN was increased to 6.25 wt.% (P-TN-6)
(Fig. 5(d)), obvious agglomeration of TaN particles
occurred on the coating surface (Fig. 5(d")). There
is a general thumb rule about suitable specific
particle sizes for electrophoretic deposition, and
good deposition for a variety of particles has been
reported to occur in a range of less than 10 pm [30].
For large particles, the main problem is that they
tend to settle due to gravity, the mobility of large

- % Chitosan

§’

Fig. 4 TEM (a—c) and HAADF-STEM (d) images of PEEK and TaN particles dispersed in solution, and EDX maps of

Ta (e), C (f), N (g) and O (h)
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treatment, respectively, and elemental mappings of C (a’) and Ta (b'—d")

particles is also lower than that of the small ones,
and it is difficult to for large particles to get uniform
deposition from a sediment suspension. A large
PEEK particle (25 um) was successfully modified
and strongly charged by polycation chitosan, and a
uniform coating was obtained.

The cross-section SEM images of the coatings
(Figs. 6(a, c)) show that the coating thickness can
be increased by introducing TaN nanoparticles
under the same deposition condition. The coating
thickness increased from 56.8 to 86.8 um. From the
cross-section of P-TN-3, Ta element distribution
was relatively uniform in the coating (Figs. 6(c, d,
e)). The PEEK and P-TN-3 coatings were all
combined well with the titanium matrix. And the
heat treatment led to uniform and dense coatings.
There was a good bonding between the coating and
the substrate, and no obvious cracks were found at
the interface.

The X-ray diffraction (XRD) results reveal that
heat treatment could improve the crystallinity of the
TaN/PEEK coatings. The relative intensity and the
peak position of the XRD patterns did shift with the
change of TaN amount, which reflected different
crystallization behaviors of PEEK (Fig. 7). While
the hardness, elastic modulus, adhesion to the
substrate, and friction properties of the coating were
all up to the crystallization properties of PEEK [31].
Moreover, the crystal peak intensity of PEEK
decreased while the TaN particles were introduced
under the same heat treatment condition. According
to the research of LAI et al [32], the small
enhancement could suppress the growth of PEEK
crystallites and bring much finer and higher density
of crystallites. When the modified nanofillers are
incorporated, the spatial suppressing seems to be
responsible for the decrease in the inter-planer
spacing of the PEEK crystal lattice [33].
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Fig. 6 Cross-section SEM images (a, ¢) and corresponding EDX elemental mappings (b, d, ¢) of PEEK (a, b) and

P-TN-3 (c—e) coatings

15 20 25 30 35 40 4517

200(°)

YIRS R YN e < YRR Y R
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Fig. 7 XRD patterns of different coatings (a) and enlarged views of XRD patterns in 26 range of 17°—25° (b)

The hardness and elastic modulus properties of
coatings were analyzed by a G200 nano-indentation,
as shown in Fig. 8. Different contents of TaN
nano-particles reinforcement coatings displayed
different load/unload—displacement curves, as
shown in Fig. 8(a). The elastic recovery rate of the
coating was calculated by Eq. (1). The results were
organized as follows: P-TN-3 (40.73%) > P-TN-1
(38.32%) > P-TN-6 (36.61%) > PEEK (35.41%).
TaN was beneficial to improving the elastic
recovery rate of PEEK coating. Among other
coatings, the hardness of P-TN-3 was found to
increase by 34% to (0.35+0.01) GPa compared to

the pure PEEK ((0.26+0.01) GPa). An average
hardness of (0.31+£0.02) GPa with P-TN-6 was
achieved, while that of the P-TN-1 reduced to
(0.25+0.02) GPa (close to that of PEEK). TaN as a
hard particle plays a strengthening role, thus, the
TaN/PEEK hardness was improved. However,
excessive TaN would agglomerate and decrease the
hardness of the coating (Fig. 8(b)).

Previous studies found that to great impact of
the friction coefficient and wear resistance of
composite coatings, the ratio of hardness to elastic
modulus (H/E) plays an essential role [34]. The
structures with a high ratio of H/E can achieve a
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Fig. 8 Load/unload—displacement curves (a), hardness and elastic modulus (b), H/E and H’/E? ratios of different
coatings (c), and scratch adhesion test results of different coatings (d)

low friction coefficient and high wear resistance [35].
According to the value obtained by nano-indention,
the H/E ratios of different coatings are organized as
follows: P-TN-3 (5.39x107%) > P-TN-1 (5.04x107) >
P-TN-6 (4.54x107%) > PEEK (4.34x107%) (Fig. 8(c)).
Particularly, P-TN-3 owns the highest H/E ratio
among these four coatings. The P-TN-6 obtained
the lowest hardness, but a still higher H/E ratio than
that of PEEK.

From measured hardness and elastic modulus
values, the H°/E* ratio of coatings were calculated,
which exhibited the same ranking law as H/E. The
HP/E* ratio of composite coatings spread over an
extensive range from 0.49x107° to 1.02x10° GPa.
In general, P-TN-3 got the highest H*/E* ratio
(Fig. 8(c)) as it could distribute the load spreading
over a wider area, which reflects the resistance of
the coating to plastic deformation [36].

The micro-scratch tests showed that the
anti-scratch performance of P-TN-3 was improved
by introducing TaN nanoparticles (Fig. 8(d)). The
PEEK coating failed under a load of 52.96 N, while
the P-TN-3 coating showed a better scratch
resistance and failed under a load of 64.79 N.

Therefore, P-TN-3 obtained higher H/E and H*/E*
ratios, better resistance of plastic deformation,
enhanced cracking resistance, and improved scratch
resistance. A proper amount of well distributed TaN
hard phase could improve the mechanical
characteristics of the TaN/PEEK coating, which was
expected to own an excellent friction property.

3.2 Tribological properties

The friction coefficient and wear rates, as the
two crucial factors for tribological performance,
were evaluated. Figure 9(a) illustrates the friction
coefficient curves as a function of sliding time. In
the initial stage, the titanium suffered from a direct
asperity—asperity contact, leading to adherent wear.
Initial sliding would cause the fracture of micro-
protruded parts between the contacting bodies. The
friction coefficient of the titanium was about 0.69.
The uneven surface of the coating was smoothened
until it matched and balanced, and the friction
coefficient increased rapidly to 0.98. The
continuous surface wear damage resulted in serious
friction and worn conditions, which was consistent
with the strong fluctuations in the curve (Fig. 9(a)).
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The friction coefficient of PEEK coating was
significantly reduced (0.64). Unlike the plots of
other samples, P-TN-1 presented a run-in period.
The addition of the TaN nanoparticles decreased the
friction coefficient obviously (0.45).

Furthermore, with further increase of the TaN
amount in PEEK (P-TN-3), the friction coefficient
decreases continuously. The friction coefficient of
P-TN-3 was significantly reduced by 48.24% (0.85
to 0.44) compared to that of pure titanium, 31.25%
(0.64 to 0.44) compared to that of pure PEEK. It is
worth noting that P-TN-3 exhibits the lowest
friction coefficient among the composite coatings.
The initial friction coefficient of P-TN-3 was
similar to that of P-TN-6. After sliding for 60 min,
the friction coefficient of P-TN-6 began to increase,
while P-TN-3 was stable at 0.44. In a word, the
addition of TaN was beneficial to the friction, but
the content has little effect on the friction
coefficient.

Figure 9(b) shows the specific wear rate of
titanium, PEEK, and different TaN/PEEK coatings
under the same load. It can be found that the
specific wear rate of the TaN/PEEK coating

significantly decreased with the addition of TaN.
P-TN-3 got the specific wear rate
(1.62x10°mm*>-N""\m™"), which was significantly
reduced by 96.42% and 82.80%, compared with
titanium and pure PEEK, respectively. What was
unusual, P-TN-6 obtained a similar friction
coefficient with other composite coatings, but its
the specific wear rate increased to 2.68x107°
mm*-N""-m™!. Namely, there is an optimum value
of the TaN amount, too much just as bad as too little,
further discussion is in the next section.

To understand the tribological performance,
we investigated the morphology and roughness of
worn surface. Figure 10 gives the wear tracks SEM
and 3D topographies of the titanium, PEEK,
P-TN-1, P-TN-3 and P-TN-6 coatings, and Fig. 11
shows the width, depth, and roughness of the wear
scar. As can be seen from Figs. 10 and 11, the width,
depth, and roughness of the wear scar were sorted
by size in descending: Ti > PEEK > P-TN-1 >
P-TN-6 > P-TN-3. This trend of declining was as
same as the specific wear rate shown in Fig. 9.

The observations of the titanium worn surface
were typical furrows and peelings tracks, and
abrasive wear is the main wear mechanism. Plenty
of wear debris covered the whole titanium surface
(Figs. 10(a, a)), which led to the highest roughness,
with a measured value of R,=(1.32+0.10) um.
The high roughness can be responsible for the
fluctuation in friction coefficient plots. The repeated
sliding caused severe wear, a 1746.10 pm wide and
156.70 um deep scar was generated after sliding for
2h (Fig. 11), and abrasive wear dominated the
process.

The depth of wear scar on pure PEEK coating
is much shallower (65.10 pm) than that of titanium,
with a measured value of R,=(0.84+0.12) um
(Figs. 10(b") and 11). There were a few splats of
PEEK peeled off, and they were mainly adhesive
wear. The irregular furrows indicated that the wear
was accompanied by a certain of abrasive wear
(Fig. 10(b)). P-TN-1 had a similar worn surface
morphology as PEEK, but the depth and width of
furrows were significantly reduced, and the surface
was relatively flat (Figs. 10(c) and 11). There were
few splats peeled off on P-TN-1 surface, coating the
surface smoother. The TaN particles supported the
surface and improved the bearing capacity of the
coating. Meanwhile, the friction contact area and
furrows force were reduced.

lowest
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Fig. 10 SEM images (a—e) and three-dimensional (3D) surface topographys (a'—e") of wear track for different coatings:
(a, a") Ti; (b, b") PEEK; (¢, ¢') P-TN-1; (d, d") P-TN-3; (e, ¢’) P-TN-6

According to the theory of adhesive friction, where T is the shear force, and 7=A4 1. A represents
the friction force (F) consisted of shear force and the adhesive area, namely the actual contact area,
furrow force, which could be illustrated by Eq. (3): and 1, is the shear strength of the adhesive junction
F=T+P.=Aty+Spe 3) limit of the soft phase PEEK. P is the furrow force,
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Fig. 11 Wear depth, width, and roughness of different
coatings

and P.=Sp.. S is the area of furrows, and p. is the
furrow force per unit area [37]. Compared with
PEEK, the depth and the furrows amount of P-TN-1
decreased, the corresponding areas of adhesive and
furrows were also reduced. The friction force and
the friction coefficient of P-TN-1 decreased
obviously, which was consistent with the analysis of
Fig. 9.

The minimum width (449.40 um) and the
depth (12.20 um) were obtained for P-TN-3, due to
the load bearing capacity improved by the increase
of TaN amount. TaN particles could be observed on
the worn surface, and high adhesive bonding
strength led to less peeling. Minimum friction force
resulted in the slightest scratching, keeping with the
nanoindentation analysis. P-TN-3 possesses the
highest H/E and H°/E* ratios (Fig. 8(c)), which
directly reflect the resistance of the coating crack
and fracture. The soft PEEK and hard TaN
nanoparticles did a synergistic effect to the wear
resistance.

As mentioned above, TaN nanoparticles
provided a support effect to the coating. However,
there was sudden growth in the width, the depth,
and the roughness of P-TN-6 wear scar. Obvious
cracks could be found on the worn surface, the
phenomena of the increased agglomeration of TaN
and the reduced furrow numbers all meant that the
wear mechanism changed. To further investigate
the real wear mechanism, an EDS analysis was
performed according to magnified SEM image
(Fig. 12).

A group of cracks with the same orientation
presented a bamboo-like look, which were
perpendicular to the friction direction. As the second

and N elements (c) of P-TN-6 wear scar

phase, the agglomeration of TaN particles would
reduce the bond strength of the coating, and crack
initiation was also easy to be induced by these hard
particles. Under the repeated loading of the friction,
the crack grew and propagated. Figure 12(c)
illustrates EDS analysis results of the bamboo
section, in which the agglomeration of TaN
particles was verified.

It is proved that TaN significantly decreased
the shear force and furrow force, and the depth of
furrows was also reduced. A proper amount of
enhancement particles are necessary, and excessive
hard particles would cause a scratching effect and
worsen the friction condition. The friction force
between P-TN-1 and P-TN-3 was decreased, but
excessive TaN hard particle agglomeration in
P-TN-6 promoted crack initiation and growth.

Besides the low wear rate, an ideal coating
should not be over the damage the surface of the
matched pair. So, the worn morphologies of friction
pairs were also investigated (Fig. 13). An obvious
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Fig. 13 SEM images of ZrO, ball friction pair of different coatings ((a) Ti; (b) PEEK; (c) P-TN-1; (d) P-TN-3;
(e) P-TN-6)) and elemental mappings of Ti (a’) and C (b'—e’) elements
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wear scar appeared in Fig. 13(a), and a considerable
part of titanium was adhesive on the friction pair.
A dark area also appeared, which meant that the
match ball suffered severe wear.

Because of the low strength, part of PEEK was
transferred to the pair ball as shown in Fig. 13(b).
Due to the particle reinforcement, the transferred
amounts of P-TN-1 and P-TN-3 were less than the
that of PEEK (Figs. 13(c, d)). However, there still
existed a transfer film, which segregated the direct
contact between the two matching pairs, and the
abrasion was obviously decreased. This transfer
film might be induced by a thermal effect during
the friction. When the TaN amount is further
increased (P-TN-6), the size and amount of abrasive
particles will increase, which goes against the
reduction of the friction coefficient of coating, and
even damages the surface of pair ball (Fig. 13(e)).

4 Conclusions

(1) TaN/PEEK coating was prepared by EPD,
which possessed better adhesion strength and
scratch resistance. The PEEK coating failed under a
load of 52.96 N, while P-TN-3 coating showed a
better scratch resistance and failed under 64.79 N.

(2) TaN nanoparticles reinforced PEEK
composite coatings significantly improved the
properties of hardness, H/E and H°/E*. Particularly,
P-TN-3 obtained the highest H/E (5.39x107%) and
H*/E*(1.02x107° GPa) ratios.

(3) The hybrid tribological coating exhibited
excellent wear and lubrication effects. Particularly,
P-TN-3 was in the huge boost to the wear
resistance. The wear rate was reduced from
9.42x107° to 1.62x10°mm*N 'm™'. TaN and
PEEK synergistically improved the tribological
performance of both titanium and friction pairs, and
proper amount of TaN enabled the friction
coefficient to be greatly reduced by 31.25% to 0.44.
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