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Abstract

Corrosion of the metal component and polymer wear debris in hip joint prostheses is a major problem for many patients.
The aim of this study was two-fold: first, to assess the potential of mollusc shells (MS) as reinforcements for polymers and
second, to gain a better understanding of the corrosion phenomenon occurring at composite—metal interfaces in dry and
bovine serum solution, which mimics the lubricating and nourishing properties of synovial fluid. To achieve this aim, a tribo-
corrosion study was carried out using a reciprocating pin-on-disk tribocorrosimeter coupled with a potensiostat galvanostat.
MS-HDPE biocomposites, filled with 0, 5, 10, and 15 wt% of MS, were elaborated by hot compressing molding process.
The open-circuit potential of the Ti6Al4V pin in contact with the biocomposite was examined and the impact of MS filler
on the coefficient of friction and wear behavior was analyzed. The study proposed a damage mode and wear scenario for the
MS-HDPE composite when exposed to bovine serum solution. In particular, the effect of bovine serum protein adsorption
was analyzed. The results showed that the addition of MS particles affected the corrosion behavior of the Ti6Al4V pin.
The results indicated that the optimum MS content was approximately 5 wt% with 50% reduction in the specific wear rate
in bovine serum solution. SEM images showed that the morphology of the worn surface of 5-wt% MS-HDPE presents a
better surface morphology compared to 10-wt% MS-HDPE. Finally, 5 wt% of MS-HDPE may be an interesting candidate
for orthopedic applications.
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Abbreviations 1 Introduction

MS Mollusc shell

MoP  Metal-on-polymer Tribocorrosion research has gained momentum and is
MoM  Metal-on-metal becoming an active field of study owing to its prevalence in
HAP  Hydroxyapatite various scientific fields, including automotive, petroleum,
HDPE High-density polyethylene and biomedical applications [1, 2]. It merges the disciplines
SEM  Scanning electron microscope of tribology and corrosion [3] and cannot be predicted solely
WE Working electrode on the basis of isolated material wear and corrosion behav-
RE Reference electrode iors. In fact, the combined effects of these processes can lead
CE Counter electrode to accelerated wear in tribocorrosion tests [4, 5].

SCE Saturated calomel electrode The tribocorrosion process has become increasingly
OCP  Open-circuit potential important in biomedical applications. Hip joint prostheses
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experience repetitive loading, friction, and corrosive envi-
ronments within the body. The tribocorrosion behavior of
the components can significantly affect their wear resistance,
mechanical stability, and overall performance [5-7]. Two
types of material pairs are commonly used in hip implants,
namely Metal-on-Polymer (MoP) and Metal-on-Metal
(MoM) friction torques [5, 8]. In France, MoP pairs are the
most frequently used for hip prosthesis implants, accounting

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-023-00798-x&domain=pdf

77 Page2of12

Journal of Bio- and Tribo-Corrosion (2023) 9:77

for 45% of global implantations [9]. This study focused on
examining the MoP friction torque. Patients with a MoP
hip prosthesis can suffer from a number of implant-related
problems and complications, including implant wear and
degradation; over time, friction and wear on the articula-
tion surfaces of metal and polymer components can lead to
the release of debris from wear particles. This later results
in local inflammation, tissue reaction, bone loss (osteoly-
sis), accelerated localized corrosion, and ultimately implant
failure [10]. Moreover, aseptic loosening of the implant is
mainly caused by polymer wear debris and metallic corro-
sion in the hip joint prosthesis component [11-13]. In fact,
when polymer and metal materials come into contact, elec-
trochemical reactions can occur, generating corrosion prod-
ucts or potentially toxic substances [14]. These reactions
can trigger inflammatory reactions and undesirable immune
responses in the patient [3]. This highlights the need for a
better understanding of the electrochemical behavior of the
metallic implant component in an environment that closely
resembles the living environment of the implant. Addition-
ally, improving the wear resistance of the polymeric com-
ponent is crucial for enhancing the longevity of the implant.
Previous research has investigated the electrochemical
behavior of metal implants in various electrolytes, includ-
ing physiological Ringer’s solution [6], saline solution [15],
and bovine serum [2]. The development of new biomaterials
with improved tribological properties has been a challenge
for many years, with materials such as cuttle bone [16], chi-
tosan [17], sea coral [17], and snail shell [18] being studied.
As biomaterial, mollusc shell (MS) represents a promising
biomaterial, known for its favorable biocompatibility and
ability to facilitate the efficient activation of osteogenic cells
in animal models [19].

Buciumeanu et al. [20] recently examined the tribocorro-
sion behavior of biocomposites made of Ti6Al4V charged
with hydroxyapatite (HAP), while Zai et al. [21] aimed to
improve the wear resistance of the polymer and corrosion
resistance of the metallic parts of the CoCrMo/UHMWPE
pair by incorporating multilayer graphene particles into the
UHMWPE matrix and depositing a zirconia coating on the
CoCrMo alloy. Salem et al. [22] investigated the tribocor-
rosion behavior of high-density polyethylene reinforced by
molybdenum disulfide particles (MoS,-HDPE) against a
stainless-steel pin in diluted bovine serum, with different
contents of MoS, (2, 4, 6, 10, and 25 wt%) being used. The
research results show that the Ti6Al4V-HAP biocompos-
ite has relatively low wear and high corrosion resistance
compared to pure Ti6Al4V, while the addition of graphene
particles to UHMWPE improves its wear resistance. The
OCP measurement indicates that the corrosion resistance
of CoCrMo-Zr0, is better than that of uncoated CoCrMo.
However, a significant increase in the wear rate was observed
for 4 wt% of MoS,-HDPE compared to pure HDPE. The
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OCP of the stainless-steel pin shifted to more positive poten-
tials due to the generation of a protective passive layer on the
pin when immersed in bovine serum solution [22].

To the best of our knowledge, no previous research has
been conducted into the tribocorrosion characteristics of bio-
composites composed of high-density polyethylene (HDPE)
reinforced with mollusc shell (MS) particles when they
come into contact with Ti6Al4V in the presence of a bovine
serum solution. The main aim of this study was first to inves-
tigate the impact of incorporating MS particles as a biofiller
in HDPE on the polymer’s wear resistance and second to
gain a better understanding of the corrosion phenomenon
occurring at the composite—metal interfaces in the presence
of a bovine serum solution. For that, studying the tribocorro-
sion of composites in contact with metal in the context of hip
prostheses enables us to better understand the interactions
between these materials, assess implant durability, prevent
undesirable effects, and optimize prosthesis performance to
ensure a better quality of life for patients.

This study investigates the tribocorrosion behavior of
MS-HDPE biocomposites in dry and bovine serum condi-
tions against Ti6Al4V pins. The biocomposites are made by
incorporating varying amounts of MS into the HDPE matrix
(0, 5, 10, and 15 wt%). The free potential of Ti6Al4V is
analyzed electrochemically during the tribocorrosion tests.
Additionally, the effect of MS particles on the coefficient of
friction and the specific wear rate under both dry and bovine
serum conditions is investigated. After wear tests, the wear
surface morphology of different biocomposites is examined
to determine the optimal MS content. Finally, damage mode
and wear scenario of the biocomposite during tribocorrosion
testing in the presence of bovine serum is proposed.

2 Materials and Methods

In this study, tribocorrosion behavior of unfilled HDPE
and MS-HDPE biocomposite discs was evaluated against
Ti6Al4V pin, in the presence of serum bovine solution.
Figure 1a presents the cylindrical shape adopted for the
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Fig. 1 a Ti6Al4V and b MS-HDPE biocomposite
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Ti6Al4V pins and the chemical composition of Ti6Al4V is
given in Table 1.

MS-HDPE biocomposite was prepared with different
weight percentage (0, 5, 10, and 15 wt% of MS added to
HDPE). The biocomposites are prepared by hot compression
molding process as described in our previous work [23]. The
obtained composite was, then, machined into target shape as
shown in Fig. 1b, giving a linear contact between the metal
and the composite.

2.1 Morphological Characteristics

After tribocorrosion tests, wear tracks on the biocomposite
disks were investigated using both 3D optical profilometers
and scanning electron microscope (SEM). Bruker nasoscope
TM, VEECO WyKo NT9100 3D optical profilometer was
employed to determine the topographic relief of the wear
tracks. This 3D profilometer was coupled with an image
processing Viso version 4.20-2002-Scanning Interferome-
try software. The wear volume (V) was measured using the
Bruker nasoscope TM, VEECO WyKo NT9100 3D optical
profilometer, analyzing the wear profiles. Using Archard’s
wear law [Eq. (1)], the specific wear rate (k) was estimated.
Equation (1) takes into account the normal load [Fy (N)],

total sliding distance [L (m)], and average volumetric wear
[AV (mm®)] [24, 25].

AV
T FoL @)

ZEISS Supra 55 VP SEM was equally used to examine
the wear tracks of the biocomposite.

2.2 Tribocorrosimeter

Tribocorrosion tests were carried out using a tribocorrosim-
eter (Fig. 2). This device is animated by a reciprocating lin-
ear sliding movement. For an imposed micro-displacement
of +400 pm and for 15,000 cycles of sliding, a total slip
regime was achieved. During the test, a frequency of 1 Hz
corresponding to the gait cycle was adopted [26]. The tri-
bocorrosion tests were carried out under normal force of
85 N which is equivalent to 60 MPa of linear contact pres-
sure between the biocomposite disk and the Ti6Al4V pin
[23]. The biocomposite sample was immerged in 1:2 aque-
ous solution of bovine serum as lubricant. The used bovine
serum is provided by PAA Laboratory GmbH, (Australia)
with 30-g/L protein concentration. Therefore, the biocom-
posite disk was made to slide against Ti6Al4V pin. During

Table 1 Chemical composition

. . Ti6Al4V
of Ti6Al4V pin
Element Al \'% Fe C N H (0] Ti
Composition (Wt%) 6.1 4.1 0.15 0.02 0.02 0.006 0.12 Rest

Fig.2 Tribocorrosimeter

Load

Holding sample

Composite

Capacitive displacement
sensor
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tests, this pin was electrically isolated. For that, zircaloy
platelets with undergone heat treatments are glued on the
three faces of the Ti6Al4V pin. Additionally, the pin is
varnished by specific varnish to ensure good isolation. The
tribocorrosimeter is coupled to a load cell. The load cell is
a piezoelectric transducer, and the displacement meter is a
capacitive sensor. The record of the mechanical data was
acquired via Wintest™ and TA Instruments™ software, ena-
bling the coefficient of friction to be calculated.

PARSTAT 2263 potensiostat galvanostat was used to con-
duct electrochemical measurement. Three electrodes were
connected to the potensiostat, namely

— Ti6Al4V pin as working electrode (WE): a copper wire
is soldered by point to the pin and then connected to the
potensiostat;

— A saturated calomel electrode (SCE, E=+246 mV
(SHE) at T=22°C) as reference electrode (RE);

— A platinum plate electrode as counter electrode (CE).

Electrochemical measurements were carried out accord-
ing to four steps (Table 2):

Table 2 Electrochemical measurement steps

Electrochemical steps

Step 1 Cathodic polarization: — 1 V/SCE
during 5 min

Step 2 OCEP after polarization during 1 h

Step 3 OCP during 4 h of sliding

Step 4 OCP after sliding during 2 h

3 Results and Discussion

3.1 Open-Circuit Potential (OCP)

Figure 3 shows the evolution of open-circuit potential, OCP,
as a function of time during a tribocorrosion test where the
cylindrical Ti6Al4V pin is in contact with the MS-HDPE
biocomposite in the presence of bovine serum solution.

After a cathodic polarization imposed at—1 V, the OCP
was measured before, during, and after friction.

Before friction, OCP increases rapidly toward more posi-
tive potentials until reaching quasi-stationary values for the
different biocomposites (0, 5, 10, and 15 wt% of MS). This
increase in potential is related to the formation of a passive
protective film on Ti6Al4V pin. This result correlates with
previous study [27]. This layer is essentially formed by an
oxide film and organic molecules of bovine serum adsorbed
on the surface of the pin [20, 28, 29].

During 15,000 friction cycles, OCP of the different tri-
bological pairs shows a varied pattern (Fig. 3). For unfilled
HDPE, Fig. 3 shows that a slight drop in OCP was measured
after 3 h of rubbing. A similar observation has been reported
in the literature by Royhman et al. [30], where they suggest
that this finding may be related to the damage mechanism of
HDPE. In addition, Masdek et al. [31] in their study showed
that both 316L and Ti6AlI4V in contact with a polymer show
stable corrosion resistance in the presence of bovine serum
albumin.

For 5, 10, and 15 wt% of MS-HDPE (Fig. 3), a sudden
drop in OCP toward more negative values is observed from
the beginning of the friction. This abrupt decrease in OCP
corresponds to the disturbance and/or destruction of the

Fig.3 Evolution of OCP before, Time (s)
during, and after friction of
the Ti6Al4V pins against MS— 0 3600 7200 10800 14400 18000 21600 25200
HDPE biocomposites in bovine -0.05 ;
serum solution J 15000 cycles of friction :
. ——
-0.15 =

-0.25

-0.35

-0.45

Open Circuit Potential (V/ECS)

Before

friction
055 le— 3
-0.65

@ Springer

— 0 wt. % MS-HDPE
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passive layer on the surface of the Ti6Al4V pin, as reported
in the literature [27, 32, 33].

After 30 min of friction, the OCP of Ti6Al4V pins rub-
bing against 5 and 10 wt% of MS—-HDPE biocomposites
stabilizes. Indeed, the passive layer on the surface of the pins
is partially destroyed by friction under the effect of abrasive
MS particles at the interface. This constant potential may
be due to the alternation created between electrochemical
repassivation (construction of the passive film) and mechani-
cal depassivation (damage of the passive film) [34].

On the other hand, with friction, an intense drop in OCP
has been recorded for the case of 15 wt% of MS-HDPE
biocomposite (Fig. 3). In fact, the protective layer formed on
the Ti6Al4V pin was destroyed under reciprocating sliding
against the 15-wt% MS—HDPE biocomposite. This phenom-
enon can be attributed to the presence of more MS debris at
the friction interface.

After friction for 15 wt% of MS—-HDPE, the OCP has
again increased toward more positive values (E, 4 =~
-0.33 V/ECS) and stabilizes toward values close to those
measured against the other biocomposites (5 and 10 wt%
of MS-HDPE) (Fig. 3). This increase in OCP toward more
noble values reveals the repassivation of the Ti6Al4V pin.
The same observations have been mentioned in the literature
[15, 32, 33, 35, 36].

3.2 Coefficient of Friction

Figure 4 shows the variation of the coefficient of friction of
0-, 5-, 10-, and 15-wt% MS-HDPE, sliding against Ti6Al4V
pins in dry condition, as a function of the number of cycles.

As can be seen in Fig. 4, the coefficients of friction
of the different MS-HDPE biocomposites show similar

Fig.4 Evolution of the coef-
ficient of friction of the different
biocomposites as a function

of the number of cycles in dry 0.25 1
condition

0.2 1

0.15 A

Coefficient of friction

—5 wt. % MS-HDPE
—0 wt. % MS-HDPE

appearances. In fact, from the first number of cycles, the
coefficients of friction increase continually until reaching a
steady state after 3000 cycles of sliding. In fact, a short run-
ning-in period is observed at the initial stage of friction test-
ing. During this period, the asperities of the composite-metal
surfaces gradually adapt and wear away, generally resulting
in an increase in COF [24]. The friction coefficient of the
0-wt% MS-HDPE biocomposite increased slightly until it
reached a value of 0.21 after 15,000 cycles. During friction,
HDPE wear debris are generated on the surface of the mate-
rials in contact. As the accumulation of debris increases,
the COF may also increase, until an equilibrium is reached
[24]. It is important to mention that the addition of the MS
to HDPE reduces the friction coefficient in dry condition.
Indeed, the increase in MS content leads to a greater reduc-
tion in the friction coefficient. Moreover, the addition of 5 to
15 wt% of MS-HDPE reduced the friction coefficient by 38,
51, and 75% compared to 0 wt% of MS-HDPE, respectively
(Fig. 4). The observed decrease in the frictional behaviors
of the biocomposites may be related to the increase in the
hardness of the MS—HDPE biocomposite as discussed in our
previous work [23].

Figure 5 shows the evolution of the friction coefficient as
a function of the number of cycles of the retained biocom-
posites (0, 5, 10, and 15 wt% of MS-HDPE) rubbing against
Ti6Al4V pins in the presence of bovine serum solution.

It can be seen that the different biocomposites show
similar patterns in terms of coefficient of friction (Fig. 5).
Indeed, at the beginning of the friction, a sudden decrease
in the coefficient of friction was observed, followed by an
increase and then a tendency toward stabilization.

It is important to mention that, compared to the results
obtained under dry condition (Fig. 4), a decrease in the

10 wt. % MS-HDPE
—15 wt. % MS-HDPE

T e o
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Number of cycles
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friction coefficient of the biocomposites was observed
in the presence of the bovine serum solution (Fig. 5).
Indeed, the protein present in the base lubricant of the
bovine serum solution has an important effect on the fric-
tion behavior of the polymer [37, 38]. For unfilled HDPE
(0-wt% MS-HDPE), the coefficient of friction reached a
value of 0.083 at the end of the tribocorrosion test, in
bovine serum solution. With the addition of 5 wt% of MS,
44% increase in the coefficient of friction was obtained
(Fig. 5).

On the other hand, by further increasing the filler rate (10
and 15 wt% of MS—HDPE), the coefficient of friction tends
to decrease compared to the 5-wt% MS-HDPE (Fig. 5).
These results are consistent with those in the literature [39]
and have been linked to the corrosion phenomena of the
Ti6Al4V pins in the presence of bovine serum.

Fig.6 Variation of the specific
wear rate generated on the 16
different MS—-HDPE biocom-
posites after sliding against
Ti6Al4V pins, in dry and
bovine serum solution

14

12
10

Specific wear rate (10 mm3/Nm)
[o2e]

S o -~ (o)
I

ODry condition

6000 9000 12000 15000

Number of cycles

In fact, as discussed previously, the addition of MS par-
ticles caused the total or partial destruction of the passive
protective film on the surface of the pin (Fig. 3). Thereafter,
the development of corrosion phenomena causes a progres-
sive roughness of the pin surface, hence the increase in the
coefficient of friction [32].

3.3 Wear Behavior

Figure 6 shows the variation of specific wear rate as a func-
tion of the different biocomposites (0-, 5-, 10-, and 15-wt%
MS-HDPE), after 15,000 cycles of friction against Ti6Al4V
pin, in dry condition and in the presence of bovine serum
solution.

In dry condition, similar to the friction coefficient, the
addition of the MS to HDPE has a positive effect on its

m Bovine serum solution

—
—_—

—t

0 wt. % MS-

HDPE
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specific wear rate. In fact, the specific wear rate of the
0-wt% MS-HDPE was approximatively around 12.34 x 1076
mm?>/N m. Moreover, a 44, 13, and 11% reduction in the
specific wear rate was obtained with the MS—HDPE biocom-
posite reinforced by 5, 10, and 15 wt%, respectively (Fig. 6).
Similar result was obtained when MS—HDPE biocomposite
slides against M3ONW pin in our previous study [23]. This
improvement in the resistance of the biocomposite is prob-
ably related to the increase in its hardness [23].

After tribocorrosion tests in the presence of bovine serum
solution, the specific wear rate measured on the wear track of
unfilled HDPE is equal to 8.46 X 10~® mm?*N mm.

The addition of MS particles shows a significant effect
on the wear rate in the presence of bovine serum solution.
In fact, for low filler contents (5 wt% of MS—HDPE), a 50%
reduction in the specific wear rate compared to the unfilled
HDPE was observed (Fig. 6).

However, the addition of more than 5 wt% of MS par-
ticles does not have a positive effect on the wear rate. For
10 and 15 wt% of MS, the measured specific wear rates are

um

(b)

equal to 7.6 x 107% mm?*N mm and 9.9 x 10~% mm?*/N mm,
respectively (Fig. 6).

It is important to mention that, compared to the results
obtained in dry conditions, an improvement in the wear
behavior of the biocomposites was observed in the presence
of bovine serum solution. In fact, bovine serum albumin
interacts with calcium carbonate of the MS particles to form
a tribofilm on the biocomposites surface. Consequently, this
tribofilm increases the wear resistance of the biocomposite
against metallic pin [23, 29].

3.4 Morphological Study

Figure 7 shows three-dimensional topographic relief of the
wear marks generated on the different MS—-HDPE biocom-
posites after tribocorrosion tests, in bovine serum solution.

As shown in Fig. 7a, the wear of unfilled HDPE (0 wt%
of MS-HDPE) is dominated by plastic deformation of the
material. Indeed, parallel grooves in the sliding direction
were observed.

(c) ad - 137

Fig. 7 Three-dimensional topographic relief observed on the wear track of the different biocomposites; a unfilled HDPE, b 5-wt% MS-HDPE,
and ¢ 10-wt% MS-HDPE after tribocorrosion tests in bovine serum solution
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The use of MS fillers strongly influenced the wear of
HDPE morphologies. In fact, the addition of 5 wt% of MS
(Fig. 7b) presents a smoother topographic relief compared
to unfilled HDPE.

However, with the addition of the 10 wt% of MS particles
(Fig. 7c—f), deep grooves accompanied by material pull-out
are observed in the wear track.

Figure 8 shows cross-sectional views of the wear profiles
developed on the different wear traces of composites, 0, 5,
and 10 wt% of MS-HDPE, after 15,000 sliding cycles in
bovine serum solution. A deeper wear profile, 12.2 um, is
observed for 0 wt% of MS-HDPE, in which the material
is displaced to the sides due to plastic flow, forming ridges
(Fig. 8a). For 5 and 10 wt% of MS—-HDPE, maximum wear
depths of 6.2 um and 11.6 ym were measured, respectively
(Fig. 8b, c). The reduction is explained by the higher surface
hardness of the composite material. In addition, with the
addition of the MS particles, the wear trace has an irregular
hemispherical shape (Fig. 8b, c). This reflects the removal
of reinforcement particles during friction.

The SEM images after tribocorrosion tests in the pres-
ence of bovine serum solution of various biocomposite wear
tracks are given in Fig. 9.

This figure shows that the wear tracks of unfilled HDPE
and its biocomposites have different wear morphologies.
The wear surface of unfilled HDPE (Fig. 9a, b) appears

(a)

to be smoother than that observed in dry conditions as
described in our previous study [23]. Indeed, Crockett et al.
[40] showed that albumin from bovine serum adsorbs to the
polymer in the form of a homogeneous layer. In addition,
as reported in the literature [17, 41] a hydrophobic surface,
such as HDPE, makes it easier to spread the albumin layer
on its surface than on a hydrophilic surface [41]. Conse-
quently, the smooth aspect observed on the wear track of
unfilled HDPE is probably due to the formation of an albu-
min layer on the surface of the polymer. The examination
of Fig. 9a shows that unfilled HDPE has been damaged
by material removal, where several cavities are present in
the wear track. As friction in bovine serum, a set of HDPE
wear debris were generated. At higher magnification, plastic
deformations and HDPE debris were observed in the wear
track (Fig. 9b). These phenomena were also observed by
Salem et al. [22].

With the addition of 5 wt% of MS (Fig. 9¢), the surface
of the wear track presents discontinuous, parallel, and shal-
low grooves in the sliding direction with moderate removal
material. In addition, Fig. 9c shows the presence of a rela-
tively large debris generated in the wear track with the pres-
ence of microcracks in the tribofilm. With 10 wt% of MS,
scratches parallel to the sliding direction are observed in
Fig. 9e. These scratches seem to be more pronounced than
those observed with 5 wt% of MS.

Depth (um)

—0 wt. % MS-HDPE

0 0.5

(b)
4

—5 wt. % MS-HDPE

Depth (um)
o

0 0.5 1 1.5
Width (mm)

Width (mm)

()

—10 wt. % MS-HDPE

Depth (um)

N R N S
A
t HHH t t

0 0.5 1 1.5
Width (mm)

Fig.8 Wear profiles of a 0-wt% MS-HDPE, b 5-wt% MS-HDPE, and ¢ 10-wt% MS-HDPE after linear reciprocating wear tests under bovine

serum solution
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Fig. 9 Morphology of the wear track after tribocorrosion tests of a, b unfilled HDPE, ¢, d 5-wt% MS-HDPE, and e, f 10-wt% MS-HDPE in

bovine serum solution

At higher magnification, parallel microcracks in the
sliding direction are observed (Fig. 9f). These microc-
racks appear to be the cause of polymer fatigue [17]. SEM
images confirm that 5-wt% MS—-HDPE presents a better
surface morphology compared to 10-wt% MS—-HDPE.
This result is probably related to the good distribution
of a small amount of filler in the matrix. This result cor-
relates with previous study of Li et al. [42].

3.5 Damage Modes and Wear Scenario

The adsorption of bovine serum proteins on the polymer and
metal surfaces, certainly, has an effect on the wear mecha-
nism. In the presence of bovine serum on the Ti6Al4V tita-
nium alloy, the passive film comprises a protein-rich inner
layer and an oxide outer layer. The proteins from the serum
adhere to the titanium surface, forming a protective barrier

@ Springer
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that prevents direct contact with the environment and con-
tributes to biocompatibility. The outer oxide layer, primarily
composed of titanium dioxide (TiO,), functions as an addi-
tional physical barrier [31, 41].

In addition, several studies in the literature have shown
that the hydrophobic surface of polyethylene promotes the
adsorption of albumin [26, 43, 44]. Therefore, before sliding,
an albumin layer is formed on the surface of the HDPE and
its biocomposite (Fig. 10).

However, Lee et al. [45] have shown that protein adsorp-
tion increases with the crystallinity of the polymer. As the
addition of MS to HDPE increases its crystallinity as dem-
onstrated in our previous study [23], a thick tribofilm layer
of albumin will be formed on the surface of the biocompos-
ite before friction (Fig. 10a).

displaced to the sides of the grooves due to plastic flow. In
addition, a thin layer of titanium dioxide (TiO,) forms on the
surface of the Ti6Al4V titanium alloy. This layer can be seen
in Fig. 10, where it is distinguished by the accumulation of
worn materials interacting with the bovine serum solution.
This wear corresponds to the tribo-oxidative wear mode.

Moreover, in the case of HDPE friction, it is well known
that the HDPE debris transfers and adheres as films to the
hard counter body [17]. Indeed, direct friction between the
metal and the biocomposite can lead to the generation of
MS-HDPE debris. Subsequently, other MS-HDPE debris
coated by albumin acts as a third body in the tribological
system, generating scratches and cavities on the biocom-
posite surface. This wear corresponds to the abrasive wear
of the composite surface.

The MS-HDPE composite exhibits a specific mode of Toward the end of the friction process, the albumin that

damage during sliding contact. In the first friction cycles,
the albumin layer formed on the metal rubs against that
formed on the biocomposite surface. By increasing the num-
ber of friction cycles, a peeling of the albumin layer will
take place on both the metal and the composite (Fig. 10b).
This detachment of the albumin layer can influence the wear
and morphology of the materials in contact [38]. Several
wear mechanisms have been identified, including grooving,
plastic deformation, and passive film formation. Grooving
is manifested by the presence of parallel grooves along the
wear zone, resulting from the removal of material during
abrasive wear. Plastic deformation occurs when material is

Fig. 10 Biocomposite wear
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coats the composite debris reacts with the metal, resulting in
the re-formation of a protective layer on the metal's surface.

4 Conclusion

The present study investigates the tribocorrosion behavior of
MS-HDPE biocomposite against Ti6Al4V pin in the pres-
ence of bovine serum solution.

The following conclusions can be drawn from the
obtained results:
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(i) Prior to friction, the open-circuit potential (OCP) of
the Ti6Al4V pin shifted toward positive potentials
due to the formation of a protective passive film trig-
gered by bovine serum. During friction, the presence
of MS particles influenced the mechanism of passive
film formation on the Ti6Al4V pin. Notably, when
the biocomposite contained 15 wt% of MS, the pas-
sive film on the pin degraded. This phenomenon has
been reported to the presence of more MS debris at
the friction interface.

(i1)) Under dry conditions, the inclusion of MS particles
in the HDPE matrix significantly reduced the fric-
tion coefficient and specific wear rate. However, in
the presence of bovine serum, the addition of MS
particles led to an increased coefficient of friction,
attributed to the formation of an albumin tribofilm
on the biocomposite surface.

(iii) Compared to dry conditions, the biocomposites con-
taining 5, 10, and 15 wt% of MS exhibited improved
wear behavior in the presence of bovine serum solu-
tion. Specifically, the inclusion of 5 wt% of MS
resulted in a 50% reduction in the specific wear rate
in the bovine serum solution.

(iv) The wear morphology of the biocomposite surfaces
differed in the presence of bovine serum solution.
Various wear mechanisms, including grooving, plas-
tic deformation, and passive film formation, were
identified. Notably, the 5-wt% MS—HDPE biocom-
posite exhibited superior wear morphology when
subjected to bovine serum.
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