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Abstract: A route to reducing the wear of the metal counterpart in the friction of meatal against
diamond-like carbon (DLC) is to form a lubricating tribofilm on the metal counterface. However,
in liquid lubricating conditions, the formation of tribofilm can be influenced by both the lubricating
medium and the counterpart material. Here we report the effect of lubricating biomolecule and
doping fluorine element on the formation of tribofilm in fluorinated DLC (FDLC)-Ti6Al4V friction
system. A group of ball-on-disc frictional experiments with different sliding speeds and normal
loads were performed in phosphate buffer solution (PBS) and bovine serum albumin (BSA) solution.
The results showed the formation of tribofilm was inhibited by the absorption of biomolecules on the
frictional surface, thus improving the friction coefficient and wear of Ti6Al4V counterpart. Doping
fluorine into DLC film also can restrain the formation of tribofilm on Ti6Al4V counterface. As a
result, tribofilm is difficult to form when Ti6Al4V counterface slides against FDLC in BSA solution.
Fluorinated DLC film should be considered carefully for the anti-wear use in body fluid containing
biomolecules because it might cause severe wear of the counterpart material.
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1. Introduction

Tribofilm is a thin solid film generated as a result of sliding contact, which is adhered on the
worn surface working as a “third body” with remarkable influence on both the friction behavior and
the wear performance. Tribofilm may come from lubricating medium. In Liao’s study, a graphitic
tribofilm formed on the surface of an explanted CrCrMo artificial hip joint, which was generated from
biomolecules in the lubricating body fluid and played a role in reducing wear and corrosion [1]. Erdemir
also reported a carbon-based tribofilm formed on MoN counterface through the dehydrogenation of
linear olefins in the lubricating oil [2]. Some particular counter material can generate tribofilm itself,
which is called self-lubricating material, such as diamond-like carbon (DLC) film. DLC film is widely
used in the engine industry, as well as for spacecraft and medical devices. The tribofilm generated
from DLC film, which is usually called transfer film, normally has a graphite like structure and acts as
a solid lubricant to reduce friction and wear [3]. Using the self-lubricating DLC film in a lubricating
medium is a promising way to minimize the wear. However, the interaction between DLC film and
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lubricating medium is complicated, the formation mechanism and function of tribofilm has not been
fully understood.

In our previous study, the composition of the tribofilm generated from DLC film was influenced
by the lubricating water. It seemed that water could inhibit the formation of brittle metal oxides in
the tribofilm, thus improving the lubrication effect [4]. Lafon-Placette investigated the tribological
behavior of DLC film in base oil, the results showed that the counterpart nature played a significant role
on the wear of tetrahedral amorphous carbon (ta-C) and suggested that elements with a carbophilic
character could promote the formation of a heterogeneous carbon-containing tribofilm on the steel
surface [5]. Except for the lubricating medium and counterface material, sliding speed, normal load,
etc. also has influence on the formation of tribofilm. Akihiro Tanaka suggested transfer film was easier
to form on SiC counterfaces at low speed and low load rather than at high speed and high load [6].
The above studies show that the formation of tribofilm is influenced by many factors and it must be
discussed separately in different tribo-systerms.

When the DLC film is used in medical devices, body fluids act as lubricating media, which contain
water, inorganic salts, biomolecules and so on. It has been proved that water can act as lubricant and
lower the friction coefficient [7]. In M. Suzuki’s study, water was reported to promote the formation
of transfer film [8]. Inorganic salt ions can not only absorb on the friction surface, but penetrate into
the film—substrate interface, which influences both friction and corrosion [9,10]. Biomolecules also
can absorb on the friction surface and play an important role in the friction and wear behavior of
DLC film in simulated body fluid [11,12]. Hang reported that biomolecules could increase the friction,
but reduce the wear for DLC surfaces [13]. Guo investigated the tribological behavior of DLC film in
simulated body fluid; it was found that biomolecules could absorb on the surface of DLC and inhibit
the formation of tribofilm [14].

Fluorinated DLC film has been investigated for medical use due to its low surface energy,
good blood compatibility and biocompatibility [15]. However, the tribological properties of fluorinated
DLC films in physiological environments have not been fully explored. In this paper, fluorinated DLC
film and undoped DLC film were prepared on Ti6Al4V substrates. The trbiological property of the
DLC films was studied in phosphate buffer solution (PBS) and bovine serum albumin (BSA) solution.
The effect of BSA on the formation and function of tribofilm from fluorinated DLC film was discussed.

2. Experiment

2.1. Film Preparation

Fluorinated DLC film and undoped DLC film were prepared on flat Ti6Al4V substrates by hollow
cathode plasma immersion ion implantation (HCPIII) method. The substrates were ground and
polished to a roughness of 2-10 nm and then ultrasonically cleaned in acetone and alcohol, respectively.
Before deposition, the substrates were sputter cleaned in Ar plasma under a pulsed voltage (-800 V,
1500 Hz, 30%) for 30 min to remove contaminants and oxide layers. A thin Si-containing layer was
prepared between DLC film and substrate using SiHy plasma at a bias voltage (1800 V, 1500 Hz,
30%) for 15 min to promote the adhesion. Fluorinated hydrogenated DLC films (FDLC) and undoped
hydrogenated DLC films (DLC) were deposited under a pulsed voltage (—900 V, 1500 Hz, 30%) to
a thickness of about 1.6 um and 1.7 um using C,H, + CFy plasma and CyHj; plasma, respectively.
The effective bias current is in the range of 0.5 to 0.9 A. The content of fluorine in FDLC is about 3.2%,
as determined by X-ray photoelectron spectroscopy (XPS, PHI-5700, ULVCA, Chanhassen, US) with
unmonochromatized Mg Ko radiation (hv = 1253.6 eV).

2.2. Friction and Wear

The friction and wear properties of DLC films were evaluated on a ball-on-disc reciprocating
tribometer (CSEM, Neuchatel, Switzerland). Ti6Al4V balls (6 mm) were used as counterfaces.
The applied loads were 0.5N, 1 N and 2 N, the sliding speeds were 2 cm/s, 3 cm/s and 4 cm/s. PBS (NaCl:
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8 g/L, KCl: 0.2 g/L, NapHPOy4: 1.44 g/L, KH,POy: 0.24 g/L) and BSA solution (10 g/L BSA dissolved
in PBS) were used as the lubricating media. The length of wear track was 5 mm and the number of
reciprocation cycles was 500. After the friction test, the wear scars on Ti6Al4V balls were observed
by an optical microscope (OM, Axio Lab.A1, ZEISS, Thiiringen Jena, Germany). The structure of the
transfer films on the Ti6Al4V balls were detected by Raman spectroscopy (inVia-reflex, Renishaw,
New Mills, UK). The laser wavelength of the Raman measurements was 532 nm. The wear loss of the
Ti6Al4V balls was estimated by the following Equation (1) [16]:

4
Ve ™ forb<<R, )

~ 64R
where V, b and R are the material loss, diameter of the wear scar and diameter of the Ti6Al4V
ball, respectively.

3. Results

3.1. Friction

The friction coefficients of DLC films sliding against Ti6Al4V balls in BSA and PBS were shown
in Figure 1. When Ti6Al4V slides against DLC in BSA (Figure 1a), the friction coefficients decreased
with the increase in sliding speed and normal load, which was consistent with the results in Kim’s
study [17]. When the friction was conducted in PBS (Figure 1b), without the influence of biomolecules,
the friction coefficient (Figure 1b) are lower than those in BSA (Figure 1a). The results correspond
with Wu’s study [18]. Compared to the friction coefficients in BSA solution, the friction coefficients
in PBS varied slightly under different test conditions. It seemed the friction was less affected by the
sliding speed and the normal load in PBS. When Ti6Al4V slides against FDLC, the same tendency can
be seen from Figure 1c,d, the friction coefficients are higher and more discrete in BSA than in PBS.
FDLC shows higher friction coefficient than DLC in BSA solution, especially under low load and low
speed, probably because low fluorine doping DLC can absorb more biomolecules than DLC [19].

3.2. Wear of Ti6 Al4V Counterfaces

3.2.1. Morphology of the Counterfaces

The OM images of the Ti6Al4V counterfaces are shown in Figure 2. It can be seen that when
Ti6Al4V balls slid against DLC samples in BSA solutions, clear wear scars were generated on the
worn surfaces with only little debris adhering along the grooves (Figure 2a). However, in PBS, all the
wear scars are covered with tribofilms (Figure 2b). It seems that the biomolecules in BSA solutions
are harmful to the formation of transfer film. When Ti6Al4V balls slide against FDLC samples, the
same phenomenon can be seen. Transfer films formed along the sliding direction in PBS (Figure 2d),
while no continuous transfer film could be observed after the friction experiment in BSA solution
(Figure 2c). Compared with the transfer films formed from DLC (Figure 2b), the ones from FDLC
(Figure 2d) cover less area of the wear scars.
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Figure 1. Friction coefficients of Ti6Al4V balls sliding against (a) DLC films in BSA solution, (b) DLC
films in PBS, (¢) FDLC films in BSA solution and (d) FDLC films in PBS under different normal loads

and sliding speeds.
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Figure 2. Optical microscope images of the wear scars onTi6Al4V balls generated by (a) DLC films in
BSA solution, (b) DLC films in PBS, (¢) FDLC films in BSA solution and (d) FDLC films in PBS under
different normal loads and sliding speeds.

3.2.2. Structure of Tribofilms

The amplifying images of the wear scars under 1 N, 2 cm/s conditions were shown in Figure 3.
From Figure 3b, it can be seen the transfer film formed against DLC in PBS covers almost all the area of



Coatings 2020, 10, 903 50f 8

wear scar, while the transfer film formed against FDLC in PBS (Figure 3d) only covers the middle of
the wear scar. It seems the transfer film is easier to form from DLC film than from fluorinated DLC
film. The Raman spectra of the transfer films are shown in Figure 4. When Ti6Al4V slides against DLC,
the transfer films formed in PBS and BSA solution show typical Raman curves of amorphous carbon,
which have a D peak at about 1350 cm™! and a G peak at about 1580 cm™! (Figure 4a). When Ti6Al4V
slides against FDLC, the transfer film formed in PBS has a structure of amorphous carbon, however,
the debris generated in BSA solution shows neither D peak nor G peak in the Raman curve (Figure 4b).
Compare with the tribofilm from DLC in BSA solution, the debris from FDLC in BSA solution does
not have an amorphous carbon structure. It seems that F element is harmful to the formation of
lubricating amorphous carbon. We must emphasize here that we have omitted the result of EDS.
The tiny peaks of carbon occurring in the EDS results could be attributed to contaminants or the
environment. Much more importantly is that EDS measurement is not accurate for light elements.
With limited analyses available, the reliable Raman measurement reported here is justifiable.
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Figure 3. Amplifying images of the wear scars generated by (a) DLC film in BSA solution, (b) DLC
film in PBS, (c) FDLC film in BSA solution and (d) FDLC film in PBS under 1 N, 2 cm/s condition.
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Figure 4. Raman spectra of tribofilms generated from (a) DLC films and (b) FDLC films under 1 N,
2cm/s condition in PBS and BSA solution.
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3.2.3. Bulk Wear Rates of Ti6Al4V Counter Balls

The bulk wear rates of Ti6Al4V balls estimated by Equation (1) are shown in Figure 5. In general,
the wear rates of Ti6Al4V balls are lower in PBS (Figure 5b,d) than in BSA solution (Figure 5a,c)
probably because the transfer films formed in PBS protected the counter surfaces from further wear.
In BSA solution (Figure 5a,c), FDLC caused a higher wear rate of Ti6Al4V than DLC, especially under
0.5N and 1 N load, the reason might be that the worn surface of Ti6Al4V cannot generate a lubricating
transfer film with a structure of amorphous carbon. In PBS (Figure 5b,d), FDLC also caused higher
wear rate of Ti6Al4V than DLC probably because the transfer film formed from FDLC cannot effectively
cover the wear scar.
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Figure 5. Wear rates of Ti6Al4V balls sliding against (a) DLC films in BSA solution, (b) DLC films
in PBS, (c) FDLC films in BSA solution and (d) FDLC films in PBS under different normal loads and
sliding speeds.

4. Discussion

Transfer film plays an important role in the tribological behavior of DLC film. Flexible transfer film,
with a structure of amorphous carbon, can effectively reduce the friction and protect the worn surface [4].
The formation of transfer film can be affected by many factors, especially the lubricating medium and
counter materials. In many studies, biomolecules can act as lubricating medium to slow down the
wear, especially in metal-metal frictional system [20]. Some reports revealed the protein molecules
can transform to lubricating tribofilm under load and friction [21]. However, in DLC-Ti6Al4V friction
system, the wear reduction effect of biomolecules is not applicable. In BSA solution, biomolecules
may absorb on the friction surfaces (both the Ti6Al4V surface and DLC surface), inhibit the transfer of
carbon from DLC to Ti6Al4V counterface, and thus restrain the formation of transfer film. As shown in
Figure 2, the transfer films formed in PBS are more sufficient than those formed in BSA solution. So in
BSA solutions, without the effective protection of transfer films, DLC and FDLC caused more wear of
Ti6Al4V than in PBS.

The F element in FDLC also has influence on the formation of transfer film. On one side the F
element can break the continuity of C-C bond and induce a low energy surface, this means that the F
containing wear debris is more difficult to adhere on the Ti6Al4V counterface [22,23]. On the other
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hand, FDLC surface was reported to absorb more proteins than undoped DLC surface, which may
restrain the transfer of carbon from FDLC to Ti6Al4V surface [19]. As a result, fluorinated DLC film
is more difficult to form transfer film on Ti6Al4V counterface than the undoped one in PBS. In BSA
solution, fluorinated DLC film cannot produce a transfer film with an amorphous carbon structure on
Ti6Al4V counterface due to the combined inhibition effect of absorbed biomolecules and F element.

5. Conclusions

The undoped DLC and fluorinated DLC films were deposited on Ti6Al4V substrates. The wear
behavior of Ti6Al4V counterface against DLC and fluorinated DLC in PBS and BSA solution was
studied. It is shown that the biomolecules cannot act as wear reduction medium in DLC-Ti6Al4V
friction system. The absorbed biomolecules can inhibit the formation of transfer film, and thus cause
severe wear of the Ti6Al4V counterface. The fluorine element is also adverse to the formation of transfer
films, as a result, fluorinated DLC film causes more wear of the Ti6Al4V counterface than undoped
DLC film. The fluorinated DLC film might be cautiously selected in the application of DLC-metal
friction systems, especially in a lubricating medium with biomolecules.
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