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Fluorine doped diamond-like carbon (F-DLC) coatings were deposited on Ti-6Al-4V alloy using a hollow cathode
plasma immersion ion implantation deposition system. The aim of this work is to investigate the influence of F
content on the surface morphology, structure, mechanical and tribological properties (under air and stroke-
physiological saline solution) of the F-DLC coatings. The results reveal that the ratio of H/fE instead of H/E can
be well predicting the anti-wear results when the F-DLC coatings have enough adhesion strength, where H is
hardness, E is Young's modulus and f is friction coefficient. The F-DLC coatings with high F content exhibit excel-
lent tribological property under air. The low F content F-DLC coatings present super-low friction coefficient and
wear rate in stroke-physiological saline solution. Reasons for the tribological property are proposed in combina-
tion with the films' morphology and mechanical property.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ti-6Al-4V alloy is the most commonly used alloy in the aerospace,
automotive, biomedical and other industries due to the excellent me-
chanical and physical properties, such as high strength to weight ratio,
excellent corrosion and biocompatibility. Especially, there are an in-
creasing number of devices being made of titanium alloys [1]. However,
in spite of these excellent properties it exhibits poor tribological behav-
ior, a high friction coefficient and large wear loss, limits its application in
above mentioned industries [1,2]. Therefore, a lot of attempts have been
made by several researchers to overcome the poor tribological behavior
in order to broaden its application fields. One of the most well-known
methods to improve the tribological behavior of Ti-6Al-4V alloy is to
provide a hard and wear resistant coating on the surface using modifica-
tion techniques [3-11], such as physical vapor deposition and chemical
vapor deposition (PVD/CVD), thermal oxidation (TO), ion implantation,
micro-arc oxidation.

Diamond-like carbon (DLC) coatings are excellent candidates for use
as anti-wear resistant and biocompatible films on biomedical implants
due to its extreme mechanical hardness, low coefficient of friction and
excellent biocompatibility [12,13]. Although carbon only DLC film is
used for a large of applications, the introduction of other elements
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such as Si, F, N and metals is quite common [14]. In particular, Fluorine
doped DLC coatings (F-DLC) have attracted extensive interest because
of their low surface energy, chemical inertness, low friction and biocom-
patibility [15-25]. The major causes for choosing Fluorine as doped ele-
ment is that incorporation of fluorine can reduce DLC film surface
energy, combined with its biocompatibility, it make F-DLC is a promis-
ing coating material for biomedical devices, e.g. reducing of bacterial at-
tachment, increasing of antithrombogenicity [ 16,17,19-21,26]. Another
primary reason for choosing Fluorine as doped element is that two F-
terminated diamond surfaces sliding against each other would exert
higher repulsive forces compared to two H-terminated surfaces, thus,
mutual interaction of two F-DLC surfaces would result in a lower COF
[27,28]. Even more important, F-DLC films show low COF at high rela-
tive humidity atmosphere [29]. However, existing studies rarely dealt
with the tribological properties of F-DLC films deposited on Ti-6Al-4V
alloy, which is expected to be applicable in the field of medicine.

In our previous work, a novel hollow cathode plasma immersion ion
implantation (HCPIII) method was developed. This method takes ad-
vantage of plasma ion immersion and high density hollow cathode plas-
ma generated between two parallel-plate electrodes plate, allowing
decomposition of precursor and subsequent deposition of Si-DLC films
[30,31]. In this work we report the synthesis of fluorine doped DLC
films by HCPIII technique. The influence of F content on the structure,
mechanical properties and surface morphology of DLC coatings was in-
vestigated systematically. Optimum deposition parameters for F-DLC
coatings with the excellent tribological properties under air and
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Table 1
Deposition conditions for F-DLC films.

Samples Ar (sccm) CF4(sccm) CoH, (scem)  Voltage (kV)  Duty cycle (%)
1 120 - 60 0.9 30
2 120 40 60 0.9 30
3 120 60 60 09 30
4 120 90 40 09 30

stroke-physiological saline solution (SPSS) were outlined. The findings
of this research are of significant reference value for F-DLC films applied
in clinical medicine.

2. Experimental details
2.1. Film deposition

Ti-6Al-4V substrates with dimensions 50 x 25 x 10 mm were
ground and polished down to Ra = 10 nm using typical metallographic
means, and then cleaned ultrasonically in ethanol and acetone baths in
succession for 20 min and dried with nitrogen. DLC coatings were de-
posited using a HCPIII technique. The setup and process with a schemat-
ic of HCPIII have been discussed previously [30]. Briefly, after loading
the substrates on substrate holder, the chamber was pumped down to
a low background pressure less than 2.0 x 10~* Pa. Before deposition,

Fig. 1. SEM cross section of the F-DLC film with 3.2 at.% F deposited on (a) Si substrate (b) Ti-6Al-4V substrate.

Fig. 2. AFM images of F-DLC films with different F atomic concentration. (a) 0 at.% (b) 3.2 at.% (c)8.3 at.% (d) 16.3 at.%.



24 J. Wang et al. / Surface & Coatings Technology 316 (2017) 22-29

Fig.3. C 1s XPS spectra of the deposited with different F atomic concentration. (a) 0 at.% (b) 3.2 at.% (¢)8.3 at.% (d) 16.3 at.%

the substrates were pre-sputtered to remove surface residual contami-
nants at a pressure of 1.5 Pa for 30 min with Ar plasma. The substrate
bias voltage was adjusted to a pulse amplitude of —800 V, a duty
cycle of 30%, and a repetition frequency of 1500 Hz. And then, silicon
ions were implanted into the substrate from the silane (SiH4) plasmas
for 15 min to increase their adhesion strength between film and sub-
strate, where the substrate bias voltage was changed to a pulse ampli-
tude of —1800 V, a duty cycle of 30%, and a repetition frequency of
1500 Hz. Finally, F-DLC films with varying F contents were deposited
by introducing a mix gas of C;H,, Ar and CF,4 in vacuum chamber
using the parameters listed in Table 1. Effective bias current is in the
range of 0.5 to 0.9 A. The total thickness of the F-DLC coatings was
about 1.4 um.

2.2. Film characterizations

The thicknesses of the films were measured by scanning electron
microcopy (SEM, Zeiss Sigma) and surface profilometer (Alpha-step
1Q, USA). In surface profilometer, a step on coated surfaces was created
in order to capture the step profile. The morphologies of specimens
were measured with atomic force microscopy (AFM, CSPM4000,
Benyuan, China). The chemical composition and bonding states of the
film were determined by X-ray photoelectron spectroscopy (XPS, PHI-
5700) with unmonochromatized Mg Ka radiation (hv = 1253.6 eV).
C1s and F1s XPS spectra of F-DLC film samples were recorded every
1 eV. Raman spectra were obtained using a Renishaw 2000 micro-
Raman system. Laser wavelength and grating is 532 nm and 1800

line/nm, respectively. The diameter of the laser spot was 2.5 pm. The
scanning range was 800-3000 cm™ . The internal stress measured by
FST-1000 type film stress tester. In specially, specimens were cut into
25 x 25 mm pieces and the curvature of the film/substrate before (Ry)
and after film deposition (R) was measured. The value of internal stress
was calculated from the curvature of film/substrate using the Stoney
equation [32].

1 E (1 1\t
O=-— |
61—vs \R RO te

where Eg is Young's modulus, v is Poisson's ratio and ts and t¢ is the
thickness of the substrate and the coated film, respectively. The hard-
ness and elastic modulus of the films were determined by the Oliver-
Pharr method using a calibrated Hysitron Triboindenter with a diamond
Berkovich tip. All nanoindentation tests were performed with the tip
penetration depth of around 10% of the film thickness. Six repeated
measurements were made for each specimen. The adhesion of the sam-
ple was tested by a scratch tester (CSEM Revetest) equipped with a di-
amond tip of radius 200 um. The normal load was increased from 0 to
30 N at a loading rate of 30 N/min and a scratching speed of
5 mm/min. During the scratch test friction force was continuously mon-
itored. The tribological performances of the specimen were investigated
with a ball on disc tester. The counterpart was hardened (HRC 60-62)
GCr 15 steel ball with a diameter of 6 mm. The tests were performed
at 1.6 mm/s speed under air (temperature of about 37 + 2 °C, and a rel-
ative humidity of 20%-30%) or SPSS (temperature of about 37 4 2 °C) in
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Fig. 4. Decomposition of Raman spectra for F-DLC films as a function of F content. (a) 0 at.% (b) 3.2 at.% (c)8.3 at.% (d) 16.3 at.%.

which a constant load (5 N) was applied for 60 min. A non-contact 3D
surface profiler (model MicroMAXTM, USA) was used to capture images
on a wear track for measuring the wear volume. The wear rate of the
films was defined as the volume of removed material at a unit load
and in a unit sliding distance. Five profilometry traces were taken on
each wear surface to measure wear depths and cross-sectional areas.

3. Results and discussion

Fig. 1 shows the cross-section of the F-DLC film deposited on Si and
Ti64 substrate. It is clear that the film presents multilayered structure
including a Si interlayer and a DLC top layer, the total thickness is
about 1.6 um. Moreover, the F-DLC is uniformed and it well adheres to

Fig. 5. (a) Hardness and elastic modulus and (b) H/E ratio of the F-DLC films as function of F contents. Reported values and error bars represent averages and standard deviations,

respectively, based on six different measurements on each of films.
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Fig. 6. (a) Compressive stress and (b) critical load of F-DLC as a function of the F content. Reported values and error bars represent averages and standard deviations, respectively, based on

three different measurements on each of prepared films.

substrate. AFM images of F-DLC films are given as shown in Fig.2. It is
found that no large particles and obvious defects are observed on all
as-prepared films. The surface roughness increase with increase in F
content (3.2 to 16.3 at.%). The root-mean-squared roughness (RMS) of
0,3.2,8.3and 16.3 at.% F-DLC film is 7.8, 7.0, 9.4 and 10.6 nm, respective-
ly. It is known that the growth of DLC films depend on the competition
between deposition and etching. As the CF, increases in the plasma, the
density of -CF, groups and F* increases. The F* is an efficient etching
agent which leads to a smoothed surface [33]. However, the kinetic en-
ergy of the ions decreases as the same time. As a result, low energy ion
doesn't have enough energy to remove certain asperities resulting in a
rougher film surface [34].

The chemical structure of the F-DLC films with different F content
was examined by XPS. The fluorine content was calculated by the fol-
lowing equation:

. o AYS

atomic concentration (%) S.(A/S)

where subscript is film element, A and S is the peak area and sensitivity
factor of the element (S = 0.78, 1 for C 1s and F 1s) [14]. The calculation
results show that the fluorine content increases from O to 16.3 at. % as
the ratio of CF,4 and C;H, increases. Fig. 2 shows the C1s XPS spectra
for each F-DLC film surface. At a relatively low F content, 3.2 and
8.3 at.% F in DLC, the Cls spectrum of the F-DLC film is well
deconvoluted into three Gaussian peaks corresponding to CF
(289.2 eV), C-CF (286.3 eV), and C-C/C-H (284.7 eV). However, another
bonding state, CF, (292.4 eV) appears in the F-DLC film when F content
increase to 16.3 at.%. The bond concentration according to the relevant
peak area divided by the sum of all the peaks area is also presented in
Fig. 3. It is clear that the bond concentration of C-C/C-H bonding state
decrease sharply. Concentration of C—C bonding for 0, 3.1, 8.3 and
16.3 at.% F-DLC is about 100, 83.6, 65.7 and 51.6%, respectively. While

the -C-CF and CF bonding state increase evidently with rising F content
in DLC film from 0 at.% to 16.3 at.%.

It is well known that a typical Raman spectrum of DLC is composed
of G and D bands, in which the G band centered approximately at
1550 cm™ ! is due to the symmetric E,, vibrational mode in graphite-
like materials and the D band at approximately 1330 cm™"' comes
from the limitations in the graphite domain size induced by grain
boundaries or imperfections [35]. For the sake of revealing the evolution
of microstructure of F-DLC with various F content, peak position of all
the Raman spectra were determined by Gaussian fitting in the 800-
1800 cm ™! region as shown in Fig. 4. It is evident that all the films
show typical characters of DLC. Quantitative analysis of Raman spec-
trum show that the intensity ratio of D and G band (Ip/Ig) increases
with increasing F content. The intensity ratio of D peak and G peak Ip/
Ig are 0.51, 0.56, 0.69 and 0.77, corresponding to F content of 0, 3.2,
8.3 and 16.3 at.%, respectively. The relevant G band peak central posi-
tions are located at 1534.9, 1539.6, 1542.6 and 1552.7 cm™ !, which
have an upshift tendency. This indicates the sp?/sp? ratio decreases
and films became more graphitic. A similar trend is reported also in
other studies [24,36,37]. In addition, increasing luminescence intensity
was observed for higher fluorine concentrations (16.3 at.%), which
could be assigned to a polymer like structural arrangement. Yao et al.
[37] suggested that the cross-linked C—C bond in DLC film would be
broken and the sp* diamond-like matrix would be collapsed when fluo-
rine was introduced in film, so and the sp? carbon domains increases in
the fluorinated films. Gueorguiev et al. [38] pointed out that F and C
could only form a single bond, the formed C—F stick out of the C—C net-
work and disrupted the local carbon microstructure by reducing the for-
mation of large rings and chains. As a result, the sp> transform to sp?.
With increasing F concentration, the large rings continue to grow up
and accelerated the interlocking of rings at the edge of the C—C net-
work, leading the formation of polymer-like structures. Therefore, we
can conclude that incorporation F into DLC film decrease the sp>/sp?

Fig. 7. Optical image of F-DLC films scratch track with different F content.
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Fig. 8. (a) Friction coefficient and (b) wear rate of F-DLC film with different F concentration in ambient air environment. Reported values and error bars of wear rate represent averages and
standard deviations, respectively, based on five different measurements on each of prepared films.

ratio and create more polymer like structural arrangement in the DLC
film.

The hardness and Young's modulus of the films as a function of the
fluorine content in the films are presented in Fig. 5 (a). Given that the
maximum penetration depth is less than 1/10 of film thickness avoiding
the effect of the substrate material. Reported values and error bars rep-
resent averages and standard deviations, respectively, based on five dif-
ferent measurements on each of prepared films. It is noted that both the
hardness and Young’ modulus of the films decreases with increasing F
content in films. The harness for 0, 3.2, 8.3 and 16.3 at.% F-DLC is 18.3,
15.4,13.8, 10.3 GPa, respectively. The Young's modulus of the film de-
creases from 163.2 GPa (0 at.% F-DLC) to 89.4 GPa (16.3 at.% F-DLC).
Yao et al. [37] attributed the decrease in the hardness and Young's mod-
ulus to the C—F formation, because the C—F bonds weaker than C=C
bonds. Jacobsohn et al. [39] suggest that the hardness of the DLC films
is given by C-C network, which will be locally interrupted by F. Introduc-
tion of F decreases cross-linking creates a new and more open structural
arrangement leading to lower hardness and Young's modulus. H/E ratio,
a helpful parameter for predicting wear resistance [40], is plotted in
Fig. 5 (b) as a function of F percentage in the F-DLC film. It is clear that
the H/E with the F content first decreases and then increases. The H/E
reaches the minimum 0.107 when the F percentage in film is 3.2 at.%.

Internal stress was compressive in all tested samples and the mea-
sured values are plotted in Fig. 6 (a) as a function of the fluorine per-
centage in the coating. Reported values and error bars represent
averages and standard deviations, respectively, based on three different
measurements on each of prepared films. It is note that the compressive
stress decreases monotonically with increasing F concentration. Com-
paring the stress values obtained for DLC without F (0.86 GPa) and F-
DLC with 13.2 at.% F, an internal stress reduction about 0.2 GPa is
achieved. The reduction of compressive stress is correlated with the
bonding structure. The incorporation of F atoms into the DLC gives rise
to the formation of HF volatile gas, which reduces the content of hydro-
gen, especially, the unbound hydrogen. It has been found that the reduc-
tion of unbound hydrogen leads to decreases in volume and strain, thus
decreasing the residual stress [41]. Furthermore, it is believe that the
sum of F and H contents is nearly constant in F-DLC film. Because F
atom has bigger dimensions than H atom, introduction F in DLC lower
the atomic density by replacing hydrogen, thus the stiffness of the car-
bon network decreases and the internal stress reduces [33,42]. Fig. 6
(b) shows the critical load as a function of F content. It is clear that the
higher F content film has a lower critical load than that of the lower F
content film. The maximum critical load for pure DLC film is about
24.1 N. The minimum critical load is about 14.0 N for 16.3 at.% F-DLC.
This is probably low F content DLC films have higher hardness, which

leads the difficulty of diamond stylus penetration in the film. The mor-
phologies of the scratch tracks are presented in Fig. 7.

The friction coefficient of F-DLC film with different F concentrating
measured by a ball on disk tribological tester under ambient air is
shown in Fig. 8 (a). The sliding speed and the loading are 1.6 mm/s
and 5 N, respectively. The temperature is about 37 °C and the relatively
humidity is 25-30%. By contrast, friction coefficient of substrate is also
presented. It is note that Ti6AI4V exhibits a high, fluctuating friction co-
efficient within the range of 0.16 and 0.5. For these F-DLC tests, the
tribometry results show that all films run in to a low friction value
(0.05-0.21). Moreover, the friction decreases with increasing F content.
The steady friction coefficient of 0, 3.2, 8.3 and 16.3 at.% F-DLC is about
0.18, 0.15,0.13 and 0.11, respectively. Fig. 8 (b) provides the wear rate
of F-DLC film with different F content. It can be seen that there are
clear correlations between the F content and the wear rate. The wear
rate decreases with increase in F in F-DLC film. The lowest wear rate
of 1.2 x 1077 mm?/N « m is achieved on the F-DLC film with 16.3 at.%
F content. This changing trend may relate to their mechanical property.
The ratio between H and E also called ‘plasticity index’ is widely quoted
as a valuable measure in determining the limit of elastic behavior in a
surface contact and is provided extremely close agreement to their
ranking in terms of wear. The higher the H/E ratio, the better the mate-
rials' wears resistance [40]. However, some contradiction is appeared in

Fig. 9. The H/(Ef) value of F-DLC films with different F content.
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Fig. 10. (a) Friction coefficient and (b) wear rate of F-DLC film in SPSS. The sliding speed, the loading and the temperature are 1.6 mmy/s, 5 N, and 37 °C, respectively. Reported values and
error bars of wear rate represent averages and standard deviations, respectively, based on at least three measurements on each of the films.

study. The H/E decrease first and then increase. It reaches the minimum
value of 0.107 when the F percentage in film is 3.2 at.%. But the corre-
sponding wear rate value is not the highest. Neuville et al. [43[suggested
that the H/E criterion would not predict the superior anti-wear results
of polished diamond and ta-C coatings, that the criterion H/Ef would
be well predicting the anti-wear results almost all coating materials,
where f is the steady state friction coefficient. In this view, surface
micro rugosity and the surface chemistry which influence the coating
friction coefficient are considered. Fig. 9 shows the H/(Ef) value of F-
DLC films with different F content. The H/(Ef) value increases with in-
creasing F content. Compared with the wear rate (Fig. 8(b)), it can be
seen that the wear rate of F-DLC film decrease with increasing H/(Ef).
So we can conclude that the criterion H/fE will be well predicting the
anti-wear results.

Fig. 10 (a) shows the dynamic evolution of coefficient of friction of F-
DLC films with different F content in SPSS. It can clear that the films
present low friction coefficient, within the range of 0.04 and 0.11. For
low F content F-DLC films, friction coefficient quickly decrease to a
low value at first, thereafter slowly grew is observed and a steady
state is reached at the end of test. The steady state value of friction coef-
ficient is around 0.11 and 0.07 for the 8.3 and 16.3 at.% F-DLC films, re-
spectively. However, it is observed that F-DLC films with high F content
fail easily during tests in spite of the low friction coefficient compared
with the low F films. Wearing life under this study imposed sliding con-
ditions is only 7 and 12 min for 8.3 and 16.3 at.% F-DLC films, respective-
ly. The wear rate of the F-DLC films in SPSS is summarized in Fig. 10 (b).
The wear rate of pure DLC film and 3.2 at.% F-DLC film are 1.9 x 10~
and 1.4 x 1077 mm>/N = m, respectively. F-DLC films with 8.3 and
16.3 at.% is worn out. Fig. 11 shows the wear track morphologies of 0

and 3.2 at.% F-DLC film. It is clear that several unexpected partial delam-
inations and cracking are observed within the film wear track without F.
However, the wear track of 3.2 at.% F-DLC just shows some NaCl parti-
cles (confirmed by EDS) and some small pieces of film being peeled
off of the substrate. Different tribological behavior is maybe attributed
to the roughness of F-DLC films. High RMS of F-DLC with high F content
allowing more saline solution into the gap between surface micro-
bulge. Addition contact stress is generated due to “wedge effect” at
the start of the tribological test, which leads to a rapid deterioration of
the contacting surfaces [15].

In this study, the F-DLC film with 3.2 at.% F exhibits excellent tribo-
logical property, especially in SPSS. However, in order to expand F-
DLC application in medical devices, further investigations on the bio-
compatibility and corrosion resistance needed to be conducted.

4. Conclusions

Fluorine doped DLC (F-DLC) coating was deposited on Ti-6Al-4V
alloy using a hollow cathode plasma immersion ion implantation depo-
sition system. The morphologies of specimens were measured with
AFM. The structures and chemical bonding was examined by Raman
and X-ray photoelectron spectroscopy techniques. Mechanical and tri-
bological properties were evaluated using nanoindentation, scratch
and ball-on-disk sliding friction testing. The major results are drawn
as follows:

(1) The surface roughness of the F-DLC film with high F content is
rougher than that of the undoped DLC film and RMS increases
with increase F percentage in the film.

Fig. 11. SEM surface morphologies on a worn track of F-DLC film with different F content in SPSS. (a) 0 at.% (b) 3.2 at.%
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(2) Both the hardness and Young’ modulus of the films decreases
with increasing F content in films The H/E reached the minimum
0.107 when the F percentage in film was 3.2 at.%.

(3) The friction decreases with increasing F content in air, the criteri-
on H/fE will be well predicting the anti-wear results when the F-
DLC films have enough adhesion strength.

(4) Lower F content F-DLC coating present super-low friction coeffi-
cient and wear rate in SPSS. The possible reasons are that it has
lowest RMS.
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