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growth at a PEEK-steel interface in simulated body
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Corrosion and wear products of metallic implants can lead to severe adverse tissue reactions. However,
there is an absence of effective means to reduce the tribocorrosion of metal. The main purpose of this
study is to reveal a mechanism of engineering a barrier layer on metal surfaces via adding functional
particles B4C into
a polyetheretherketone (PEEK) matrix and their tribological performance of PEEK-based composites

into the polymer counterpart. and BN particles were compounded

sliding against stainless steel was compared in simulated body fluid. Results demonstrate that the

addition of B4C reduces significantly friction and wear. In particular, the addition of only 1 vol% B,C

Received 15th July 2021 o ) . . . . .
Accepted 23rd September 2021 reduces wear of PEEK by up to 94.8%, and tribocorrosion of steel is also obviously mitigated. It is
discovered that hydrolysis of B4C particles triggered by friction and deposition of Ca®* and phosphate

DOI: 10.1035/d1ra05447¢ ions dominate formation of the barrier layer at the friction interface. The barrier layer endows the PEEK-
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1. Introduction

In the past few decades, the incidence rate of osteoarthritis has
been increasing year by year with the growing incidence of
obesity and aging of the population. Artificial joint replacement
has been commonly regarded as the most effective clinical
method in the treatment of advanced joint diseases. To pursue
a higher quality of life, total joint arthroplasty procedures have
been conducted to restore the function of joints and resume
normal daily activities for people. In 2018, the number of
patients receiving an artificial joint replacement reached
698 583 in China," and by 2030, TKA demand in the United
States is predicted to increase by 673% compared with 2015.>
The number of surgeries of joint replacement will maintain
rapid growth in the foreseeable future. Therefore, it is of great
significance to develop joint prosthesis materials with higher
performance and reliability since the failure of implants often
leads to revision surgery which carries a higher risk of
complications.

Most implants are usually made of ceramics, polymers, or
metals. Ceramic components possess good wear resistance and
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metal sliding pair simultaneously enhanced anti-wear and anti-corrosion performance.

chemical inertness, nevertheless, the fracture and the squeak-
ing of ceramic joints have gained much attention.>* Moreover,
the high elastic modulus of ceramics can also be an issue,
a consequent stress shielding effect may weaken the underlying
bone and cause fracture.>® Polyethylene has been the most
widely used polymeric material since 1960 when Charnley first
utilized it as an acetabular liner."” However, mismatching
between UHMWPE components and its counterpart owing to
the creep can cause a lot of wear.'* Besides, stimulated adverse
tissue reactions due to UHMWPE wear debris are proved to be
an important factor leading to osteolysis.”> Poly-
etheretherketone (PEEK) based materials have been regarded as
promising bone substitute materials, for example, PEEK based
spinal implants have been widely applied in the clinical field for
their excellent mechanical properties, chemical stability, and
biocompatibility.'*** Besides, the elastic modulus comparable
to cortical bone and design flexibility taking advantage of 3D
printing also may bring PEEK a broad application prospect.’>*”

Inert metal is widely employed in joint implants as femoral
heads and conjunction parts. A passive layer formed on the
inert metal surface serves as a barrier to separate metal under
the passive layer from electrolytes. Sliding or fretting between
inert metal and hard counterparts immersed in electrolyte
breaks up the dynamic electrochemical equilibrium at the
metal/electrolyte interface.'®* Damage to the passive layer on the
inert metal surface results in a severely synergetic effect of wear
and corrosion, ie. tribocorrosion,* which releases a large
number of metal ions and debris. Metal ions and debris lead to
an inflammatory reaction, tissue necrosis, systemic toxicity, and
finally failure of joint replacement.***
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Tribofilm growth has been identified in previous works at
the interface of artificial joints tested in vivo and in vitro. Actu-
ally, the concept of tribofilm has become the development of
the earlier models related to the friction transfer layers resulting
in formation of third body between two rubbing solids. Brief
historical review of such phenomena in application to boundary
lubrication is presented by Myshkin.** Tribofilms generated
owing to complex tribochemical reactions comprise a variety of
compositions ranging from oxide films to organic, carbona-
ceous, or graphitic layers.>*** Hesketh et al* investigated
nanostructures of the tribofilm on a cobalt-chromium (CoCr)
alloys surface tested in a hip simulator and proposed that the
tribochemical layer could act as a solid lubricant layer to reduce
friction. Liao et al? have suggested that promoting the
formation of tribofilm could be a promising strategy to improve
corrosion performance. Mathew et al.*® studied the influence of
the tribofilm on the electrochemical properties of implants and
found that the tribofilm covering the metal surface alleviate
significantly corrosion.

Our recent work,** demonstrates that adding low-loading
tribo-hydrolyzable silicon carbide nanoparticles into PEEK
significantly improves wear resistance of PEEK when being slid
against stainless steel immersed in simulated body fluid (SBF).
More interestingly, corrosion and wear of the steel are alleviated
due to the formation of a tribofilm. The work provides a hint for
optimizing tribocorrosion performance of polymer-metal joints
by controlling tribofilm growth at the friction interface. Tribo-
film growth is governed by complex tribo-physical and chemical
actions triggered by frictional heat and stress.**** Although
pioneering works have been conducted for gaining insight into
tribofilm growth in engineering surfaces, mechanisms govern-
ing tribofilm growth at a joint interface in body fluid is not
understood yet.

Hexagonal boron nitride (h-BN) and boron carbide (B,C) are
both considered to have good biocompatibility.>**® H-BN has
a layer structure and has been widely used as a solid lubri-
cant.’”?® B,C has a cubic structure and exhibits high wear
resistance.”® More interestingly, when h-BN and B,C are
exposed to friction interface, hydrolysis reactions of the boron
compounds can take place, and thus play a role in following
friction procedure.* In this study, h-BN and B,C particles are
compounded into PEEK matrices, respectively. Tribological
performance of neat PEEK, PEEK/B,C, and PEEK/BN when
sliding against stainless steel in SBF were comparatively
studied. In order to identify possible effect of electrolyte's
ingredients on tribofilm growth, normal saline, Hank's solution
and modified Hank's solution were utilized as lubricating
mediums. Nanostructures of tribofilms growing on the steel
surface were thoroughly characterized. To deeply understand
the role of tribofilm on tribocorrosion behavior of the steel
counterpart, tribo-electrochemical tests were conducted. Main
aim of the present work is to deepen understanding of forma-
tion and function mechanisms of tribofilm at the interface of
polymer-metal pair in electrolytes. It is the objective of this
work to explore possible strategies for engineering a protective
barrier layer at the friction interface of artificial joints. Note that
further simulating tests are required in future work for
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validating more influential factors. It is expected the output of
this work will open an avenue for developing polymer joint
implanting materials of enhanced performance.

2. Experimental

2.1 Materials preparation

PEEK powders were purchased from Victrex (PF 450G, UK) with
an average diameter of 45 um. B,C and h-BN were obtained
from Beijing Deke Daojin Science and Technology Co., Ltd. The
average diameters of B,C (135 nm) and h-BN (167 nm) particles
were determined by measuring diameters of over 100 particles,
respectively. The morphology of particles was observed using
scanning electron microscopy (SEM) as shown in Fig. 1. All raw
materials were washed by petroleum ether and ethanol, then
dried in an oven at 80 °C. 1 vol% B,C and 1 vol% BN were
compounded into PEEK, respectively, using a lab-scale internal
mixer (Rheomix PolylabQC, Haake, Thermo Fisher Scientific,
USA) at 380 °C with a rotor speed of 80 rpm, and the mixtures
were compression molded into plates with a dimension of 80 x
80 x 5 mm®. Finally, they were shaped into plates with
a dimension of 50 x 10 x 4 mm?® for a tribological test. The
PEEK composites were denominated as PEEK/B,C and PEEK/
BN. Neat PEEK was used as a control.

2.2 Tribological tests

Plate-on-ring (MRH-3, Jinan Yihua Tribology Testing Tech-
nology Co., Ltd., China) tests were conducted for evaluating the
tribological performance of the PEEK-based materials while

Fig.1 SEM morphologies of B4C and h-BN particles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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sliding against a 316L (AISI) stainless steel ring in SBF. The
outer diameter of the steel ring was 60 mm. The mean rough-
ness R, of the steel ring and the polymer plates were 0.04 pm
and 0.10 um, respectively. The schematic of the contact
configuration of the plate-on-ring test is illustrated in Fig. 2a All
tests were performed at 25 °C (£2 °C) and with a humidity of
about 55% (4+5%). With plate-on-ring tests, it is convenient to
control the lubrication regime by varying the applied load and
the sliding speed. The sliding speed was decreased in steps
from 0.8 m s to 0.02 m s ' to evaluate the tribological
behaviors in different lubrication regimes. In follow-up tests,
the load was still maintained at 400 N and the sliding speed was
fixed at 0.05 m s~ " since artificial knee joints mainly operate in
mixed and boundary regimes.*" As calculated according to the
Hamrock-Dowson formula,** the Lamda ratio was 0.07 and,
thus the sliding pairs concerned lied in the boundary lubrica-
tion regime.

As demonstrated in our previous work,** the tribofilm
growing at the interface of polymer-on-metal friction pair
immersed in Hank's solution contains significant Ca and P
elements. To identify crucial ingredients in the electrolytes
determining tribofilm formation, three kinds of electrolytes, i.e.
normal saline solution (referenced as 0.9% NacCl), saline solu-
tion doped with Ca®" and phosphate ions (referenced as NaCl/
Ca/P), and Hank's solution, were compared. Detailed compo-
sitions of the three electrolytes are listed in Table 1. Wear
volumes of the PEEK plates were calculated according to wear

(a)

Tribofilm
316L steel

y

Polymer

Applied force
(b) —_— Potentiostat
I CE RE W
Counter R
electrode ]
Reference |~
electrode
Workin
electrode™

Fig. 2 Schematic diagrams of (a) plate-on ring tests and (b) tribo-
electrochemical tests.
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Table 1 Nominal ion concentrations of electrolytes utilized

Ion concentrations (mM)

Ton 0.9% NacCl NaCl/Ca/P Hank's
Na* 153.85 151.33 138
cl- 153.85 152.29 144.8
Ca* 1.26 1.26
Phosphate ions 0.78 0.78
K 6.14
HCO;~ 4.2
mg?* 0.81
S0, 0.81

scar widths, as described in detail in our previous work.** Each
test was repeated three times, after the test the steel rings and
polymer pins were carefully washed with deionized water and
dried up for further characterizations.

2.3 Tribo-electrochemical tests

A tribo-electrochemical testing system was employed to inves-
tigate the electrochemical behaviors of the metal when sliding
against the PEEK composites. A UMT tribometer (TriboLab,
Bruker, USA) was used for realizing reciprocating oscillation
between a polymer pin and a 316L stainless steel. Electro-
chemical signals were recorded using an electrochemical
workstation (CHI660e, Shanghai Chenhua Instrument Co., Ltd.,
China). The potentials were recorded against Ag/AgCl (SSE)
reference electrode in Hank's solution at 37 °C, and a platinum
wire (about 8 cm) was used as the counter electrode. Metallic
sheets of 316L stainless steel were shaped with a dimension of
25 x 25 x 2.5 mm® and finished with SiC abrasive paper to gain
a surface roughness (R,) of 0.04 nm. Polymer pins were given
alength of 12 mm and square cross-section with the side length
of 4 mm and the R, of 0.1 pm. All tests were performed with the
amplitude of 4 mm and a frequency of 3 Hz. The schematic of
the tribo-electrochemical tests was illustrated in Fig. 2b.

Open circuit potential (OCP) tests. Metal disks reciprocated
intermittently with polymer pins for 30 min under increasing
loads varying from 30 N to 150 N. During each step, specimens
were kept reciprocating without contact for 12 min to obtain
a stabilized chemical condition of the surface before the
beginning of friction.

Potentiodynamic tests. Before tests, metal disks reciprocated
with polymer pins for 30 min under 60 N. Then potentiody-
namic tests were started at —0.4 V and moved to +0.3 V, the
sweep rate was 1 mV s . A contactless oscillation was con-
ducted for the comparison purpose.

Potentiostastic tests. Potentiostastic tests began after a pre-
immersed procedure of 5 min. After that, metal disks slid
reciprocated with polymer pins under the constant potential of
+0.3 V. The applied load was set as 60 N.

2.4 Surface characterization

Roughness of the steel ring and the polymer plates were
checked using 3D Optical Surface Profiler (MicroXAM-800, KLA-

RSC Adv, 2021, N, 32717-32729 | 32719
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Tenor, USA). After friction, surfaces of the steel rings were
inspected using an optical microscope (Olympus BX41, Japan)
and a Field Emission Scanning Electron Microscope (FE-SEM,
Merlin Compact, Carl Zeiss, Germany). The worn surface of
the PEEK samples was inspected with the 3D Optical Surface
Profiler as well. Element distribution on worn surfaces of the
metallic rings was carried out using an Energy Dispersive X-ray
Spectroscopy (EDS) instrumented onto the FE-SEM. Chemical
states of the metallic worn surface were analyzed by using an X-
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ray Photoelectron Spectrometer (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, USA), the data were obtained using a mono-
chromatic Al Ko radiation. A cross-sectional lamella of the steel
surface layer was machined using Focused Ion Beam (FIB) in
a Dual Beam SEM/FIB instrument (FEI, Netherlands) and
a High-Resolution Transmission Electron Microscope (HR-
TEM, Tecnai G2 TF30 S-TWIN, FEI, Netherlands) was used
characterizing nanostructures of the tribofilm.
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(@) COF evolution tendencies of PEEK, PEEK/BN and PEEK/B4C in Hank's with stepwise decreasing the sliding speed from 0.8 to

0.02 m s™%; (b) Stribeck curves based on average COFs at various speed steps; (c) average COFs of the three PEEK-based materials when sliding
against 316L stainless steel in 0.9% NaCl at sliding speed of 0.05 m s%, NaCl/Ca/P and Hank's; (d) COF evolutions of PEEK-based materials when
rubbing with 316L stainless steel in Hank's solution at sliding speed of 0.05 m s™% (e) COF evolutions of PEEK/B4C when rubbing with 316L
stainless steel in 0.9% NaCl, NaCl/Ca/P and Hank's at sliding speed of 0.05 m s,
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Fig. 4 Wear volumes of PEEK, PEEK/BN and PEEK/B4C when sliding
against 316L stainless steel in 0.9% NaCl, NaCl/Ca/P and Hank's.
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3. Results and discussions

3.1 Friction coefficient (COF) and wear volume

Fig. 3a shows COF tendencies of the three PEEK-based mate-
rials in Hank's while stepwise decreasing the sliding speed from
0.8 ms " t0 0.02 m s~ ". Fig. 3b illustrates Stribeck curves of the
sliding pairs based on average COF obtained from each step. As
seen from Fig. 3a and b, COF of PEEK increases significantly
with decreasing the speed from 0.8 m s to 0.2 m s~ * due to
reduced hydrodynamic pressure of the liquid film. Neverthe-
less, further decrement of the sliding speed from 0.2 m s~ to
0.02 m s " does not lead to obvious COF variation, giving a hint
that the system shifts from mixed to boundary lubrication
regime. With respect to the sliding of PEEK/BN and PEEK/B,C,
the COF does not increase significantly while decreasing the
speed from 0.8 m s~ t0 0.02 m s~ . In the speed range from 0.6
t0 0.02 m s~ ', PEEK/BN and PEEK/B,C exhibits lower COFs than
pure PEEK. As described below, BN and B,C particles exposed to
sliding interface helps to form a lubricating tribofilm. It is thus
surmised that when sliding takes place under harsh lubricating

nk’s

Fig.5 Optical micrographs of 316L stainless steel surfaces after rubbing with (a—c) neat PEEK, (d) PEEK/BN, (g—i) PEEK/B4C in 0.9% NaCl (a, d and

g), NaCl/Ca/P (b, e and h), and Hank's (c, f and i).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conditions, the tribofilm can compensate for lubricating
insufficiency of the liquid film.

Fig. 3c compares average COFs of PEEK, PEEK/BN, and
PEEK/B,C when sliding with 316L stainless steel in 0.9% NacCl,
NaCl/Ca/P, and Hank's solution, respectively. When sliding
takes place in the two solutions containing Ca** and phosphate
ions, i.e. NaCl/Ca/P and Hank's, the COFs of all the PEEK-based
materials are always lower than those obtained in 0.9% NaCl.
Moreover, the PEEK-based materials exhibit similar COFs when
sliding takes place in NaCl/Ca/P and Hank's. Therefore, it is
demonstrated that the presence of Ca>" and phosphate ions in
the electrolytes play an important role in friction reduction.
When sliding with 316L stainless steel in NaCl/Ca/P and Hank's,
PEEK/B,C and PEEK/BN exhibits lower COFs than PEEK. Fig. 3d
illustrates COF evolutions of PEEK, PEEK/BN, and PEEK/B,C in
Hank's. In contrast to sliding of PEEK and PEEK/BN, the COF of
PEEK/B,C shows significantly suppressed fluctuation. This can
give a hint that the friction interface between PEEK/B,C and
metal is more stable probably due to the formation of a stable
tribofilm. As seen from Fig. 3e, when PEEK/B,C slides with 316L
stainless steel in NaCl/Ca/P and Hank's, fluctuation of COFs is
obviously suppressed in comparison to that obtained in 0.9%
NaCl. As described below, B,C particles and Ca>", phosphate
ions at a friction interface helps to form the high performance
tribofilm.

Fig. 4 illustrates wear volumes of PEEK, PEEK/BN, and PEEK/
B,C when sliding in 0.9% NaCl, NaCl/Ca/P, and Hank's. The

in 0.9%NacCl

in NaCl/Ca/P
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addition of B,C or BN particles decreases significantly the wear
of PEEK when sliding in all three electrolytes. Among the three
PEEK-based materials, PEEK/B,C shows the lowest wear. For
example, when sliding occurs in Hank's, the addition of BN
reduces the wear of PEEK by 73.3%. What's more interesting,
adding only 1 vol% B,C reduces the wear of PEEK by 94.8%.
That is, the addition of B,C improves the wear resistance of
PEEK by nearly 20 times. Similar to the tendency of COF, the
three PEEK-based materials exhibit lower wear when sliding in
the two electrolytes containing Ca** and phosphate ions than
that in 0.9% NacCl, indicating pronounced wear reduction role
of the Ca®" and phosphate ions. With respect to sliding of PEEK/
B,C, the wear loss in Hank's is reduced by 73.8% when
compared to that in 0.9% NaCl. Whereas, the PEEK-based
materials have similar wear loss when sliding in NaCl/Ca/P
and Hank's. It is hence inferred Ca®>" and phosphate ions in
SBF plays a crucial lubrication role. It seems that the lubrication
effect of K" HCO;~ Mg”* SO,>~ ions is not pronounced.

3.2 Surface analyses

Fig. 5 and 6 illustrate optical micrographs and 3D topographies
of the metal surfaces rubbed respectively with neat PEEK, PEEK/
BN, and PEEK/B,C in 0.9% NaCl, NaCl/Ca/P, and Hank's. Deep
grooves are noticed on the metal surface rubbed with PEEK in
the three electrolytes (cf. Fig. 5a-c and 6a-c). Generation of the
deep abrasion grooves on metal surface is ascribed to contin-
uous damage of the passive layer, for which mechanical

in Hank’s

Fig.6 3D surface topographies of the metal surfaces after rubbing with (a—c) neat PEEK, (d—f) PEEK/BN, (g—i) PEEK/B4C in 0.9% NaCl (a, d and g),

NaCl/Ca/P (b, e and h), and Hank's (c, f and i).
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in 0.9%NacCl in NaCl/Ca/P in Hank’s

PEEK

PEEK
/BN

PEEK
/B,C

Fig. 7 SEM micrographs of worn surfaces of (a—c) neat PEEK; (d—f) PEEK/BN; (g—i) PEEK/B4C rubbed with 316L stainless steel in 0.9% NaCl (a,
d and g), NaCl/Ca/P (b, e and h), and Hank’s solution (c, f and i).

abrasion and corrosion accelerate mutually.*® However, when Being consistent with the above friction and wear results, the
sliding takes place in the two electrolytes containing Ca** and lubricating effect of Ca®>" and phosphate ions in the electrolytes
phosphate ions, abrasion marks on the metal surface rubbed is thus corroborated.

with neat PEEK is mitigated in comparison to that in 0.9% NaCl.

against PEEK against PEEK/BN against PEEK/B,C

Fig. 8 SEM micrographs of 316L steel surface after being slid against (a) neat PEEK, (b) PEEK/BN, and (c) PEEK/B4C in Hank's solution, EDS
mapping images of B, C, O, Fe, Ca, and P elemental distribution corresponding to the zones squared in (a), (b), and (c), respectively.
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The addition of BN into PEEK mitigates abrasion marks on
the metal surface, as noticed from Fig. 5d-f and 6d-f. As shown
below, the transfer of BN from the PEEK composite onto the
metal surface occurs, which is assumed to be the main reason
for the lower friction and wear. As seen from Fig. 5h, i, 6h and i,
only very mild abrasion marks are noticed from the metal
surfaces rubbed with PEEK/B,C in electrolytes containing Ca>*
and phosphate ions. As consistent with the COF and wear
results (Fig. 3 and 4), the excellent lubricating effect of B,C
particles is verified. Additionally, a synergistic role between B,C
particles and Ca**, phosphate ions is identified.

Fig. 7 illustrates SEM micrographs of worn surfaces of neat
PEEK, PEEK/BN, and PEEK/B,C rubbed with 316L stainless steel
in 0.9% NaCl, NaCl/Ca/P, and Hank's solution, respectively.
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Obvious abrasion grooves are noticed from Fig. 7a-c on neat
PEEK surfaces. It is surmised that the abrasion grooves were
caused by the protruding asperities on the metal surface and
wear particles generated due to the tribocorrosion process.
Moreover, when sliding takes place in 0.9% NacCl, obvious
abrasion grooves are always observed on the surfaces of PEEK,
PEEK/BN, and PEEK/B,C (¢f. Fig. 7a, d, and g). Among them,
there are the least grooves on the surface of PEEK/B,C. However,
when sliding takes place in the electrolytes containing Ca®>" and
phosphate ions, mechanical abrasion of the PEEK-based
materials is much mitigated (Fig. 7e, f, h, and i). In particular,
the worn surfaces of PEEK/B,C after sliding in NaCl/Ca/P and
Hank's are rather smooth and no severe abrasion marks are
noticed from Fig. 6h and i.
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(a) XPS survey spectrum of the steel surface slid against PEEK/B4C. Insert table illustrates atomic ratios of various elements on the steel

surface; high-resolution XPS spectra of (b) C 1s, (c) Ca 2p, (d) P 2p, and (e) B 1s on the steel surface slid against PEEK/B4C in Hank's; (f) high-
resolution XPS spectrum of B 1s on the metal surface slid against PEEK/BN in Hank's.
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From Fig. 8, significant Ca, and P elements are identified on
the metal surfaces rubbed with neat PEEK, PEEK/BN, and PEEK/
B,C. What's more, distribution of P, Ca and O elements coin-
cide well with each other on the metal surfaces. Hence, it is
inferred that precipitation of Ca** and phosphate ions occurs
and as a result plays a protective role on the metal surface
against mechanical abrasion and corrosion. Besides, C element
is detected on the metal surfaces rubbed with the three PEEK-
based materials, indicating transfer of polymer matrix. Never-
theless, in spite of precipitation of Ca*>" and phosphate ions,
abrasion marks are noticed on the metal surface after being slid
against neat PEEK. In contrast, abrasion marks on the metal
surfaces slid against PEEK/BN and PEEK/B,C are milder than
those slid against neat PEEK (¢f. Fig. 8a, b and c). Moreover, the
B element is identified from both surfaces rubbed with PEEK/
BN and PEEK/B,C. Closer inspections on the EDS maps show
that Ca and P elements are not present in the abrasion grooves
on the metal surface rubbed with PEEK/BN. Whereas, Ca and P
elements distribute uniformly on the metal surface rubbed with

Polymer
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PEEK/B,4C. This can give a hint that the tribofilm on the metal
surface rubbed with PEEK/B,C is more resilient than that
formed on the metal surface rubbed with PEEK/BN.

Fig. 9 illustrates XPS spectra of the steel surfaces rubbed in
Hank's with PEEK/B,C and PEEK/BN, respectively. From the
XPS survey spectrum of the steel surface rubbed PEEK/B,C, the
peaks at around 133, 190, 284, 347, 531, and 711 eV correspond
to the P 2p, B 1s, C 1s, Ca 2p, O 1s, and Fe 2p, as illustrated in
Fig. 9a. Proportions of the main elements in the tribofilm were
calculated according to areas of the peaks in high-resolution
XPS spectra and are inserted in Fig. 9a. It is seen that the tri-
bofilm contains significant fraction of element C, deriving from
transfer of the polymer matrix. Moreover, abundant O, Ca and P
elements are identified.

Fig. 9b illustrates the C 1s XPS spectrum on the metal surface
rubbed with PEEK/B,C in Hank's. The peak at 287.5 eV corre-
sponds to C=0 indicating the existence of a ketone structure.
The peak at 285.7 eV corresponds to C-O, which indicates the
presence of an ether structure. The peak at 284.8 eV refers to the

o Metal

Crack I

ey

l' |

e e

316L steel

Fig. 10

(a) Schematic to illustrate the formation of tribofilm; (b) TEM graphs of the metal surface's cross-section rubbed with PEEK/B4C in Hank's;

(c—f) EDS maps of Fe, O, Ca, and P elements in the zone squared by dotted line in (b); (g) and (h) HRTEM graphs of the tribofilm's cross-section.
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carbon skeleton. The above results corroborate transfer of PEEK
matrix onto the metal counterface. From the B 1s spectrum
illustrated in Fig. 9b, the peak at 193 eV is the characteristic
peak of boric acid (H3;BO3), indicating an occurrence of hydro-
lysis of B,C. That is, H;BO; is generated due to the hydrolysis
reaction of B,C particles exposed or/and released onto the
friction interface. Besides, the peak at 186.4 eV is the fingerprint
of B,C, indicating entrapment of B,C in the tribofilm.

From Fig. 9c and d, strong peaks at 351 eV and 347.5 eV in
the Ca 2p spectrum and the strong peak at 133.5 eV in the P 2p
spectrum manifest the presence of significant calcium phos-
phates, referred hereafter as CaP. It should be pointed out that
the notation “CaP” given here refers to multiple potential
compounds of calcium phosphates since the accurate stoi-
chiometric ratio and compositions of calcium phosphates
cannot be determined. During the friction process, the ions in
the electrolytes can be absorbed in the friction interface due to
micro-galvanic cells which can attract the ions in the electro-
lytes.** From the above results, among the various ions in
Hank's, Ca*" and phosphate ions play a crucial role in friction-
and wear-reduction. It is assumed that the deposition of Ca**
and phosphate ions on the metal surface improves the resil-
ience of the tribofilm.

From the B 1s spectrum illustrated in Fig. 9e, the peak at
193 eV is the characteristic peak of boric acid (H;BOj3), indi-
cating an occurrence of hydrolysis of B,C. That is, H3BO; is
generated due to the hydrolysis reaction of B,C particles
exposed or/and released onto the friction interface. Besides, the
peak at 186.4 eV is the fingerprint of B,C, indicating entrapment
of B,C in the tribofilm. Fig. 9f depicts the B 1s XPS spectrum of
the metal surface rubbed with PEEK/BN in Hank's. The peak at
190.5 eV corresponds to B-N, verifying the transfer of BN onto
the metal surface. Whereas, unlike PEEK/B,C, H3;BO; is not
identified from the metal surface rubbed with PEEK/BN. It
seems that the different tribological performance of PEEK/BN
and PEEK/B,C can be related to possibly different hydrolysis
efficiencies of BN and B,C. We assume that possibly higher
hydrolysis efficiency of B,C than that of BN can account for the
better tribological performance of PEEK/B,C being lubricated
with aqueous mediums.

Hydrolysis occurs from the surface of B,C particles, and in
consequence H;BO; is generated at the friction interface under
the action of rubbing stress. What's more, H3;BO; is easy to
capture OH™ to form [B(OH),]  (ref. 45) according to eqn (1):

H3BO; + H,O = [B(OH)4]” + H" 1)

Owing to the phosphate buffer pair in Hank's solution, the
pH value of local area remains stable. Then, [B(OH),]” groups
attract Ca** ions through electrostatic force. At pH 7.4, phos-
phate ions are present as H,PO, and HPOﬁ’species. ca**
ions, combined with the surface [B(OH),]” groups, attract
negatively charged phosphate ions, i.e., H,PO,~ and HPO,>~
from the solution. As a result, CaP is deposited on the steel
surface with an anchoring effect of the [B(OH),]™ groups, as can
be beneficial for the resilience of the tribofilm. Oyane et al.*®
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and Hayakawa et al.*” reported a similar deposition process of
CaP onto metallic surfaces immersed in SBF.

Fig. 10a illustrates the formation of the tribofilm with the
participation of ions in the electrolytes. First, B,C is hydrolyzed
triggered by the mechanical action. Meanwhile, Ca** and
phosphate ions are absorbed into the friction interface. Finally,
precipitated CaP mixed with PEEK fragments, the hydrolysate of
B,C, and corrosion products of metal formed a tribofilm during
the friction process. In order to shed light on nanostructures of
the tribofilm growing on the metal surface rubbed with PEEK/
B,C in Hank's, FIB-TEM analyses were conducted. As seen in
Fig. 10b, a continuous tribofilm with an average thickness of
about 80 nm grows from the metal surface. As indicated by the
large white arrow in Fig. 10b, grooves formed probably due to
corrosion were repaired by the tribofilm. EDS maps of Fe, O, Ca,
and P elements of the squared zone in Fig. 10b are illustrated in
Fig. 10c-f. It is apparent that the top layer of the tribofilm does
not contain significant Fe. This gives a hint that after the
running-in process the tribofilm separates direct rubbing
between the friction pair and strengthens passivation of the
metal. Nevertheless, under the top layer, a significant fraction of
iron oxide is present in the tribofilm (¢f. Fig. 10c and d). This
indicates that before the formation of a stable tribofilm, the
initial oxide film on the steel surface is damaged and corrosion
of the metal surface occurs. Debris of the oxide film and the
corrosion products were mixed and compacted with other
ingredients of the tribofilm. EDS maps of P and Ca elements, as
illustrated in Fig. 10e and f, gives direct evidence that Ca®>" and
phosphate ions deposit from Hank's onto the metal surface,
and thus plays an important role in tribofilm growth. It is
reasonably assumed that the tribofilm containing the signifi-
cant fraction of CaP possesses good biocompatibility.*® Fast
Fourier transform (FFT) analyses corroborate presence of Cr,03,
B,C, Fe,03, and H3;BO; in the tribofilm, which correspond
respectively to lattice fringes of 0.205, 0.232, 0.192, and
0.319 nm. Close inspections demonstrate that the sizes of
respective domains lie in the range of 2-20 nm.

3.3 Tribo-electrochemical performance

Fig. 11a depicts OCP of 316L stainless steel versus time recorded
during intermittent sliding with neat PEEK and PEEK/B,C after
10 min stabilization in Hank's under loads ranging from 30 N to
150 N. It is clearly seen that with the onset of sliding, the OCP
shifts to the cathodic direction abruptly due to damage of the
passivation layer.* During rubbing, the measured corrosion
potential reflects the galvanic coupling of passive area and worn
area. When the sliding was terminated after 30 min sliding, the
OCP increased rapidly due to a re-passivation process of the
worn area. An increment of the applied load shifts the OCP
towards the cathodic direction. Under all loads concerned, OCP
of 316L steel when being rubbed with PEEK/B,C is higher than
that obtained when being rubbed with neat PEEK. These find-
ings suggest that when being slid against PEEK/B,C, the passive
film on the steel surface is less damaged in comparison to that
on the steel surface slid against neat PEEK, and the steel shows

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) OCP of 316L stainless steel versus time recorded during intermittent oscillation with neat PEEK and PEEK/B,4C after 10 min stabilization

in Hank's solution under various loads; (b) potentiodynamic polarization curves of 316L stainless steel recorded under static corrosion condition
(no contact) and during sliding with neat PEEK, PEEK/B4C under 60 N; (c) and (d) current transients of 316L stainless steel recorded before and
during sliding with neat PEEK and PEEK/B4C under constant applied potential of +0.3 V and —0.4 V. All tests were conducted at a frequency of

3 Hz.

a lower tendency to undergo tribo-corrosion. It is surmised that
the addition of B,C into PEEK reduces wear of the steel surface.

Fig. 11b compares potentiodynamic polarization curves of
the stainless steel. Under contactless oscillation condition, the
zero-current potential is about —0.25 V. When sliding takes
place, the zero-current potential of the metal shifts cathodically
due to mechanical abrasion on the metal surface. Nevertheless,
in contrast to neat PEEK (—0.36 V), the zero-current potential of
the metal is higher when being slid against PEEK/B,C (—0.28 V).
Owing to the growth of a resilient tribofilm at the interface
between the metal and PEEK/B,C, the metal shows lower
susceptibility to corrosion when compared to that rubbed with
neat PEEK.

Fig. 11c displays current transients of metal rubbed polymers
under +0.3 V after 5 min stabilization. When metal is rubbed with
neat PEEK, the onset of the sliding leads to the dramatic rise of
the current. Then, the current increases over time due to cumu-
lative damage of the passive film. In this case, fresh metal is
exposed to the electrolyte and consequently, the metal is dis-
solved by anodic polarization, combined with increased rough-
ness, causing aggravated corrosion and wear, Lie.,
tribocorrosion.** With respect to the sliding against PEEK/B,C,
the current increases moderately at the beginning of the sliding,
and then it gradually decreases over time most probably due to
the growth of a resilient tribofilm. Tribofilm formed on the steel
surface rubbed with PEEK/B,C serves as a barrier between metal
and electrolyte, and thus strengthens passivation.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 11d compares the currents of the steel slid against neat
PEEK and PEEK/B,C under cathodic polarization. Similar to the
tendency obtained under anodic polarization, currents of the
steel being slid against PEEK-based materials rise sharply when
the sliding takes place. Nevertheless, it is surprising that at the
beginning stage of the sliding, the current is even higher than
that obtained under anodic polarization. It is assumed that the
oxide layer is reduced and thinned by cathodic polarization in
the 5 min stabilization stage, thus the current rises very sharply
once the sliding starts. However, the current decreases very
rapidly, especially for the sliding with PEEK/B,C. On the one
hand, adsorption of cations like Ca®>" in electrolyte on the
cathode can decrease the current. On the other hand, growth of
a tribofilm as a shielding layer decreases gradually the current.
This is true especially for the sliding of PEEK/B,C because B,C
exposed to the friction interface benefits tribofilm formation as
described above. The protecting effect of the tribofilms forming
in situ at the friction interface is thus corroborated.

Owing to the protection role of the tribofilm, direct rubbing
between the PEEK/B,C with the steel surface is significantly miti-
gated. Thus, abrasion of the steel is reduced. What's more,
passivation of the steel is strengthened thanks to the protection
role of the tribo-products and hence corrosion of the steel is alle-
viated as well. Therefore, tribocorrosion of the steel rubbed with
PEEK/B,C is reduced in comparison to that rubbed with PEEK.

To sum up, growth of a resilient tribofilm is important for
improving at the same time wear and corrosion resistance
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polymer-on-metal pairs. Above results provides new ideas for
greatly improving lifespan and reliability of not only polymer-
on-metal artificial joints and but also engineering tribo-pairs
via optimizing tribofilms' nanostructures. It should be noted
that tribofilm growth is a rather complex process and is
constantly fed by tribo-corrosion products of the friction pairs
and by the corrosive mediums. We believe that it is a feasible to
“tailor” tribofilm's structures and functionalities by formulating
multifunctional polymer composites. When the functional
species are released from the polymer matrices, they can
influence physical and chemical actions at the friction interface
and thus affect tribofilm formation.

4. Conclusions

In this work, tribocorrosion behaviors of PEEK-based materials
rubbing with a stainless steel in NaCl, NaCl/Ca/P, and Hanks'
solutions were comparatively studied. In particular, the tribo-
films growing at friction interface were thoroughly character-
ized. Following conclusions can be drawn:

@ Adding a small amount of BN or B,C particles into PEEK
reduces significantly the friction and wear. When sliding takes
place in Hank's solution, the addition of only 1 vol% B,C
improves the wear resistance of PEEK by nearly 20 times.

® In comparison to the sliding in 0.9% NaCl, the PEEK-
based materials, i.e. neat PEEK, PEEK/BN, and PEEK/B,C,
exhibit significantly lower wear when sliding takes place in
NaCl/Ca/P and Hank's solutions.

@ It is inferred that Ca®" and PO, ions in SBF plays
a crucial lubrication role. Deposition of Ca** and PO,*>~ ions
from the electrolytes onto the steel surface helps formation of
a protective tribofilm. It seems that interaction between the
hydrolysis product of B,C, i.e. H3BO3, and CaP deposition is
beneficial for enhancing the resilience of the tribofilm.

® The addition of B,C into PEEK significantly alleviates
corrosion of the steel counterpart. The tribofilm formed on the
steel surface rubbed with PEEK/B,C serves as a barrier between
the metal and the electrolyte, and thus strengthens passivation.
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