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ARTICLE INFO ABSTRACT

Keywords: (Si:N)-DLC, Si/(Si:N)-DLC, SizN4/(Si:N)-DLC and Si/SizN4/(Si:N)-DLC four films were deposited on the pure Ti
Pure Ti substrates, using a hybrid ion beam deposition system consisting of a DC magnetron sputtering and linear anode-
(8i:N)-DLC layer ion sources, to improve the adhesion and in vitro protective performance. The microstructures and
K‘;iﬂ;ﬁ? thicknesses of the (Si:N)-DLC film with different interlayers were investigated by Raman spectroscopy, X-ray

photoelectron spectroscopy, atomic force microscopy and scanning electron microscopy. The mechanical and
adhesion properties were evaluated by indentation and scratch tests. The corrosion resistance and wear re-
sistance of the coated pure Ti samples were characterized by electrochemical test and friction test in the SBF
solution, respectively. The results showed that the (Si:N)-DLC film containing SizN,4 structure was obtained. This
(Si:N)-DLC film interacted with the Si or Si3N, interlayer, showing an obvious transition boundary, which re-
sulted in an increasing binding force. As a result, the Si/SizN,4/(Si:N)-DLC film showed the highest critical loads.
Furthermore, it was found that the Si/(Si:N)-DLC film had excellent in vitro corrosion resistance and tribological
behavior in the SBF solution.

Microstructure and properties

1. Introduction

Titanium and its alloys provide good biocompatibility and corrosion
properties are commonly used as today fixation devices in orthodontics
as well as in the treatment of bone traumata [1,2]. Nonetheless, these
metal materials as dental and orthopedic implants are exposed to body
fluid, they undergo sliding wear and corrosion [3-5]. As a result, the
prolonged use of dental and orthopedic implants can result in failure
due to the wear particles, as products of wear and corrosion process,
leading to bone loss and loosening and failure of the implant [6].
Therefore, surface treatments have been extensively investigated for
titanium implants in order to improve their properties [7-10].

Diamond-like-carbon (DLC) films have been widely used in biome-
dical applications due to their biocompatibility, anti-corrosion, and
chemical inertness [11,12]. Many techniques, such as physical vapor
deposition (PVD) and chemical vapor deposition (CVD), are being de-
veloped to deposit DLC films. More importantly, Anca Mazare et al.
found that the silver doped DLC coatings exhibit an excellent anti-
bacterial activity [13]. The F and Si doped DLC coatings can also reduce
the surface energy and improved antibacterial ability of DLC coatings
[14]. Especially, our previous work shows that Si and N co-doping
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diamond-like-carbon ((Si:N)-DLC) film has excellent mechanical and
protective properties [15]. However, the poor adhesion of DLC thin
films to metal substrates, as a result of high intrinsic stress, is a chal-
lenge to industrial application [16]. To resolve the failure conditions of
DLC films on Ti substrates, an adhesive interlayer produced in different
ways as a single- or multi-component system is used. Seokil Kang et al.
report that the DLC-coated Ti-6Al-4 V with the TiCN interlayer has an
excellent wear resistance due to its high hardness, elastic modulus, and
interface bonding [17]. Stefan NiBen reveals that gradient Ti-a-C:H:Ti
interlayer can improve a-C:H adhesion to Ti6Al4V substrates [18]. An
amorphous carbon nitride (a-C:N) interlayer as a promising alternative
to the amorphous Si interlayer is also deposited on Ti6Al4V substrate to
improve the adhesion with DLC films [19]. M. C. Salvadori et al. dis-
cover that the formation of a broadened Si:C interface enhancing the
adhesion of DLC films to the underlying silicon substrate [20]. H.
Maruno and A. Nishimoto obtain that the Ti/Si-DLC multi-interlayered
sample exhibits excellent mechanical and tribological Properties [21].
N. Liu et al. presents the niobium (Nb) and nitrogen (N) co-doped
diamond-like carbon (DLC) film with fast apparent rate constant and
low charge transfer resistance can be applied to the determination of
dopamine (DA) [22].
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Table 1
Parameters of (Si:N)-DLC and interlayer process.
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Films Current (A) Gas flux (scem) Deposition time (min) Bias voltage (V)
Sputtering source Ion source Ar N, C,Hy
(Si:N)-DLC 1.2 0.15 70 5 10 40 -100
DLC 0.15 70 40
Si 1.2 70 5
SisN, 1.2 0.15 70 5 5
Table 2 different materials, avoiding premature delamination. Thirdly, the
Composition of SBF solution. components of interlayers do not produce biological toxicity, such as Cr
Order Reagent Amount Container Purity (%) and Ni inducing allergic reactions in some cases. So, in this paper, three
films, such as Si monolayer, SizN, monolayer or Si/SisN, bilayer were
1 NaCl 8.035g Weighing paper 99.5 deposited as the interlayer of (Si:N)-DLC film on the pure Ti substrate.
2 NaHCO, 03558 Weighing paper 99.5 The microstructure, adhesion, mechanical property, in vitro corrosion
3 KCl 0.225¢g Weighing paper 99.5 . . . . .
4 K,HPO,3H,0 0.231g Weighing paper 9.0 resistance and wear resistance in the SBF solution environment of DLC
5 MgCly6H,0 0311g Weighing paper 98.0 film with different chemical gradient Si, SizN4 or Si/Si3Ny4 interlayer
6 1.0 M-HC1 39ml Graduated cylinder - were comparatively investigated. Based on the comparison of these
7 CaCl, 0.292g Weighing paper 95.0 properties, a newly designed film/substrate system was proposed for a
8 Na;504 0.072¢ Weighing paper 99.0 pure Ti substrate in this study.
9 Tris 6.118¢g Weighing paper 99.0
10 1.0 M-HCl1 0-5ml Syringe -
2. Experimental
—=—(Si:N)-DLC TA2 pure titanium specimens had a diameter of 15mm and a
—e+—DLC thickness of 5mm. Si specimens were cut to a size of
50mm X 30mm X 1mm for the observation of cross-sectional
4 morphologies of films. The specimens were ultrasonically cleaned in
L acetone and ethanol, and dried in air before being put into the vacuum
—_ / z chamber. The Si monolayer, SizN4 monolayer or Si/SizN,4 bilayer as the
:3 \ interlayer of the (Si:N)-DLC films were deposited on the Si and TA2
s pure titanium substrates by a hybrid ion beam deposition system con-
,*? sisting of a DC magnetron sputtering with a 120 mm (W) X 380 mm (L)
é rectangular Si target (99.99%) and a 380 mm (L) linear anode-layer ion
= sources (LIS). Prior to deposition, the substrates were sputter-cleaned
- for 5 min using Ar ion with a bias voltage of —100 V. The base pressure
was evacuated to a vacuum of 2 X 10~ ° Torr. The varied deposition
process parameters for the interlayers, (Si:N)-DLC film and DLC film
were shown in Table 1.
L T The cross-sectional morphologies and thicknesses of the four films
800 1000 1200 1400 1600 1800 2000 were characterized by scanning electron microscopy (SEM). The ele-

Wave number(cm'])

Fig. 1. Raman spectra of (Si:N)-DLC and DLC films on Si substrates.

Table 3

Details of Raman spectra for (Si:N)-DLC and DLC films.

Films In/Ig Position of G peak/(cm ™)
DLC 0.620 1530
(Si:N)-DLC 1.159 1544

To account for the poor adhesion and biocompatibility of DLC films
for Ti substrates, the selection of interlayer should have the following
characteristics: Firstly, interlayer as “buffer layers” can provide suffi-
cient amounts of strong chemical bonds like Si—C, Ti—C, Si—N or Ti—N
at the interfaces, which are particularly beneficial for adherence to
metal substrates. Secondly, it is of importance to avoid abrupt me-
chanical or chemical changes in the interface region between two
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ment distribution of the wear scars of the four (Si:N)-DLC films with
different interlayers after the friction test was detected by energy dis-
persive spectrometer (EDS). Atomic force microscopy (AFM) was per-
formed to characterize surface morphologies of the four films. The
structures of the (Si:N)-DLC film and DLC film were analyzed by Raman
scattering spectroscopy in air at room temperature. The spectra were
deconvoluted into D and G bands using two Gaussian curves. The in-
tensity ratios of D and G peaks (Ip/Ig) and the shifts in the D and G
bands were obtained [23]. The bonding states of the (Si:N)-DLC film
were characterized by X-ray photoelectron spectroscopy (XPS) with Al
(mono) Ka irradiation at pass energy of 160 eV. The binding energies
were referenced to the C 1s line at 284.6 eV. The adhesion of the films
to the pure Ti substrates was evaluated by a scratch tester performed on
a Rockwell diamond indenter with a conical tip of 0.2 mm in radius.
The normal load of the indenter was linearly ramped from the
minimum value (1 N) to the maximum value (30 N) during scratching.
In the test, the scratch length was 3.00 mm and the scratch speed was
1.5 mm/min. The nano-hardnesses and elasticity modulus of the four
films on the top surface of the specimens were evaluated by using a
nanoindentation tester with a single crystal diamond Berkovich
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Fig. 2. (a) XPS survey spectra and (b) Si2p high resolution spectra of (Si:N)-DLC film.
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Fig. 3. AFM images of four films, (a) (Si:N)-DLC, (b) Si/(Si:N)-DLC, (c) Si3N4/(Si:N)-DLC and (d) Si/Si3N4/(Si:N)-DLC.

indenter. For each sample, more than 5 effective indentations were
carried out, with the maximum indentation depths kept under the va-
lues of 10% of the total thickness for each film. The corrosion resistance
of the coated pure Ti samples was evaluated by electrochemical test. All
electrochemical measurements were performed at room temperature in
the SBF solution. The compositions of the SBF solution were shown in
Table 2. During the process of electrochemical test, a three electrode
cell with the coated specimens as working electrode, the platinum sheet
as auxiliary electrode, the saturated calomel electrode as the reference
electrode was used. The working electrode, exposed to the electrolytic
solution, was covered with a holder with a circular window having a

surface area of 0.785 cm?®. Before each measurement, the open circuit
potential (OCP) of samples was monitored for 5min to stabilize the
surface condition. The scanning speed was 1 mV/s. A 64 bit system-
zview software was used to fit and calculate the characterization
parameters of electrochemical corrosion. The tribological behaviors of
the treated samples were measured on a UMT TriboLab friction tester in
the SBF solution environment at room temperature. During the tests, a
2N contact load, speed 150 mm/min and friction time 1200s were
applied on the samples against a Al,O3 ball. After the friction test, the
wear tracks of the four films were investigated using FESEM and EDS.
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Fig. 4. Cross-sectional SEM images of four films, (a) (Si:N)-DLC, (b) Si/(Si:N)-DLC, (c) Si3N4/(Si:N)-DLC and (d) Si/Si3N,/(Si:N)-DLC.
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Fig. 5. Critical loads of four films on pure Ti substrates.

3. Results and discussion

Raman spectra of (Si:N)-DLC and DLC films are shown in Fig. 1 and
Table 3. Usually, the Raman spectra of DLC films can be fitted using two
Gaussians peaks, the G peak at approximately 1540 cm ™' and the D
peak at approximately 1345cm™'. The G band is due to the bond
stretching of all pairs of sp® bond in both aromatic rings and carbon
chains, and D band is due to the breathing modes of sp> bond only in
rings [24]. According to the G peak position and the intensity ratio of D
peak to G peak (Ip/Ig), the sp?/sp> ratio of the DLC films can be
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characterized [25]. In spectrum of (Si:N)-DLC film, a G peak centered at
1544 cm ™', A G peak centered at 1530 cm ™! was found for DLC film. It
is noted that the G peak position shifted towards high wave number and
the Ip/Ig ratio also dramatically increased in the (Si:N)-DLC film com-
pared with the DLC film, implying the increased sp?/sp® ratio in this
(Si:N)-DLC film.

As Si was an element for the carbide forming, and it also had a
strong affinity with N and was easy to form a stable “network” mi-
crostructure of silicon nitride. This structure generally had super-
high hardness, excellent oxidation resistance and lubrication per-
formance [26,27]. So the bonding natures of (Si:N)-DLC coated
samples were investigated using XPS analysis. XPS survey spectra
and Si2p high resolution spectra are shown in Fig. 2(a) and (b), re-
spectively. It was found that the (Si:N)-DLC film mainly contained C,
Si and N elements, and the atomic ratio of C, Si and N was 95.61%,
0.41% and 3.81%. Fig. 2(b) showed the deconvolution of Si2p peak
of the (Si:N)-DLC top film, giving one peaks at 101.7 eV, which were
assigned to SizN4 bonds. So it could be deduced that the (Si:N)-DLC
nanocomposite film containing Si;N4 was obtained by the designed
deposition process [15].

The surface morphologies of the (Si:N)-DLC, Si/(Si:N)-DLC, SisN,/
(Si:N)-DLC and Si/SizN,4/(Si:N)-DLC four films on Ti substrates were
obtained by atomic force microscopy, shown in Fig. 3. The surface
roughness (Ra) of the (Si:N)-DLC, Si/(Si:N)-DLC, Si3N,4/(Si:N)-DLC
and Si/Si3N,4/(Si:N)-DLC films was calculated as 0.51 nm, 1.67 nm,
2.05nm and 1.58 nm, respectively. It was seen that all the four films
were uniform and compact. Moreover, the surface of the DLC films
was much rougher than that of DLC film without interlayer, which
resulted from the matrix change of (Si:N)-DLC caused by the interlayer
deposition [28].
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Fig. 6. Polarization curves of four coated samples in SBF solution.

Table 4
Electrochemical results obtained from the polarization curves of Fig. 6.

Film-substrate system Corrosion current density (A/ Corrosion potential

cm?) W)
Ti/(Si:N)-DLC 2.63 x 107° 0.117
Ti/Si/(Si:N)-DLC 5.43 x 1071 —0.091
Ti/SisN,/(Si:N)-DLC 1.98 x 107° —0.001
Ti/Si/SizN,4/(Si:N)- 3.15x 1078 —-0.123
DLC

—+— (SiN)DLC)

— «— Si/(Si:N)-DLC)
—+— SiN/(Si:N)-DLC)
—+— Si/Si,N,/(Si:N)-DLC)

0.14

0.13

0.12

0.09

Friction coefficient

0.08

0.07

1
600

1
800

1000 1200

Sliding time / s

Fig. 7. Coefficient of friction (COF) of four films on Ti substrates as a function
of sliding time.

Fig. 4 shows the cross-sectional SEM image of the boundary struc-
ture between the (Si:N)-DLC layer, interlayers and Si substrates. It was
found that the thicknesses of the four films was approximate 300 nm,
420 nm, 420 nm and 480 nm, respectively. Actually, it was observed
that the (Si:N)-DLC film interacted with the interlayer, and there was an
obvious transition boundary. But the boundary between the (Si:N)-DLC
monolayer and Si substrate was clear and uniform, with resulted in a
poor interface integration. As a result, a suitable interlayer design was
helpful to improve the binding performance of (Si:N)-DLC film with the
substrate.
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To obtain the high adhesion is one of the major purposes for the
(Si:N)-DLC protective films on the pure Ti substrates by preparing dif-
ferent interlayer. Fig. 5 shows the critical loads of the four coated
samples in the scratch test in this study. The results showed that all the
three (Si:N)-DLC coatings with interlayer exhibited higher critical loads
than the (Si:N)-DLC film without interlayer deposited on the pure Ti
substrate. Especially, the Si/Si3N,4/(Si:N)-DLC protective film showed
the highest critical loads (19.63 N) among the four films due to its in-
terface bonding microstructure and the stress release for the multilayer
structure. It was believed that high bonding force was very useful to
improve the tribological behavior of the coated samples.

The polarization curves of four (Si:N)-DLC coated Ti samples in the
SBF solution are shown in Fig. 6. Corrosion potential and corrosion
current density obtained from Fig. 6 by Tafel analysis are shown in
Table 4. Based on these electrochemical parameters, the corrosion
current density of Si/(Si:N)-DLC film was obviously lower than that of
the other three films, indicating the best corrosion resistance among the
four film-substrate. The reason might be that the corrosion resistance of
the film-substrate depended on the chemical inertness of (Si:N)-DLC
film and its adhesion with the substrate [29,30]. From the previous
analysis, it could be found that Si/(Si:N)-DLC film had the increased
adhesion with the substrate compared with the (Si:N)-DLC and Si3N,/
(Si:N)-DLC films. However, the Si/SizN,4/(Si:N)-DLC film with the
highest bonding force still had the highest corrosion current density,
showing the worst corrosion resistance. The results of the electro-
chemical corrosion test were quite different from the literature, and it
was found that the DLC:H/SiNx film had excellent corrosion resistance
due to combination of good barrier effect of the bilayer DLC:H/SiNx
film, the self-stabilized and self-sealed ability of SiNx [31]. The Si/
Si3N,4/(Si:N)-DLC film had bad corrosion resistance, which might be
due to the easy formation of galvanic cell model for the complexity of
the multilayer [32,33]. However, compared with the corrosion current
density (4.10 x 10" A/cm?) of Si-DLC film, the corrosion current
density of Si/(Si:N)-DLC film was still high, which could be attributed
to the formation of a dense and low-porosity coating of Si-DLC film,
which impede the penetration of water and ions [34].

Fig. 7 shows the variation of the friction coefficients with the sliding
time for four (Si:N)-DLC coated Ti samples against an Al203 ball, re-
spectively. The Si/(Si:N)-DLC film recorded a relatively low steady-state
friction coefficient of 0.085 and retained almost unchanged friction
coefficient even at a sliding duration (1200s). Although, the friction
coefficient of the Si/SizN4/(Si:N)-DLC film was similar with the Si/
(Si:N)-DLC film after 400s sliding duration, it sharply decreased to
about 0.85 from 0.9 at 400s, indicating a different friction behavior.
Under the same testing condition, the friction coefficients of (Si:N)-DLC
monolayer and SizN4/(Si:N)-DLC film increased significantly with the
increase of sliding time, and the friction coefficients of (Si:N)-DLC and
SizN4/(Si:N)-DLC films were close to 0.14 and 0.11 after 1200 s wear,
respectively. Thus, it could be obtained that the (Si:N)-DLC films with
the suitable interlayer on the Ti substrates had excellent friction-re-
duction and wear resistance behavior.

To investigate the tribological behavior of the obtained films on the
Ti substrate, the SEM morphologies of the wear scar are shown in Fig. 8
and the partially elaborated chemical composition by EDS is shown in
Table 5. The results showed that the width of wear scars of the (Si:N)-
DLC, Si/(Si:N)-DLC, SisN,4/(Si:N)-DLC and Si/SisN4/(Si:N)-DLC four films
was 322.5pum, 150.1 ym, 246.8 um, and 212.1 um, respectively. It was
observed that the wear scar of (Si:N)-DLC coated Ti substrate was broad
and deep. Some abrasive grains were found in the wear scar, resulting in
the increasing friction coefficient with sliding time, which presented the
features of adhesive wear. In the case of SisN,/(Si:N)-DLC film, the wear
scar was broad but not deep, presenting furrow wear characteristic. For
the Si/(Si:N)-DLC and Si/Si3N,/(Si:N)-DLC two films, their wear scar
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Fig. 8. SEM morphologies of four films after friction tests, (a) (Si:N)-DLC, (b) Si/(Si:N)-DLC, (c) Si3zN,/(Si:N)-DLC and (d) Si/Si3zN,/(Si:N)-DLC.

Table 5

Composition at wear tracks of four films in Fig. 8.
Films C N (6] Al Si Ti
(Si:N)-DLC 62.89 0.35 3.07 0.14 0.09 33.46
Si/(Si:N)-DLC 65.00 1.38 3.17 0.09 2.73 27.63
SizN4/(Si:N)-DLC 64.71 2.53 3.66 0.01 1.52 28.04
Si/SizN,/(Si:N)-DLC 57.83 0.30 8.37 0.09 2.86 30.54

width was relatively small, showing slight adhesive wear. It was inter-
esting that some local regions of the top (Si:N)-DLC film had been
stripped from the Si/SizN4/(Si:N)-DLC film, but it still showed small the
friction coefficient. Also, it was discovered that the friction coefficient
decreased significantly at 400 s sliding, which might be attributed to the
C peeled from the Si/SizN4/(Si:N)-DLC film played a good lubrication
role at the friction interface. Generally, a large number of C were de-
tected from the wear trace of the four coated substrates, indicating that
the (Si:N)-DLC film still survived. It was also confirmed that a little of O
was found from the wear trace of the four (Si:N)-DLC coated samples.
This revealed that the formation of oxide due to the temperature spikes
between the counter-body steel ball and the film during the friction was
strongly restrained for the lubrication of carbon film [35]. In conclusion,
the (Si:N)-DLC films with different interlayer could greatly improve the
wear resistance of the Ti substrates in this study.

Raman spectra, Ip/Ig values and position of G peak of (Si:N)-DLC
films with different interlayers before and after friction tests are shown
in Fig. 9 and Table 6, respectively. It was found that the G peak of
(Si:N)-DLC, Si/(Si:N)-DLC and Si3N,/(Si:N)-DLC films slightly shifted to
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the right after wear, but it slightly shifted to the left after wear for the
Si/Si3N4/(Si:N)-DLC film. Compared with the four (Si:N)-DLC films
with different interlayers before wear, the Ip/I value for the (Si:N)-DLC
film without interlayer significantly decreased and the Ip/Ig value for
Si/Si3Ny4/(Si:N)-DLC and Si3N,4/(Si:N)-DLC films slightly reduced after
friction test, indicating the increased sp?/sp> ratio and enhanced gra-
phitization. This result also revealed that the high temperature oxida-
tion phenomenon was obvious during the friction process. For the Si/
(Si:N)-DLC film, its Ip/Ig value increased after friction test, indicating
an enhanced degree of diamond. It indicated that the high temperature
oxidation phenomenon was effectively suppressed during friction pro-
cess, showing an excellent wear resistance. This result was consistent
with the results of friction curve and the analysis of wear scar.

4. Conclusions

1) The (Si:N)-DLC film with Si3N4 phase was obtained by using a hy-
brid ion beam deposition system consisting of a DC magnetron
sputtering and linear anode-layer ion sources. The Si/Si3N,/(Si:N)-
DLC protective film formed an obvious transition boundary showed
the highest critical loads (19.63 N).

2) The Si/(Si:N)-DLC film showed an excellent corrosion resistance in
the SBF solution for its increased adhesion with the substrate, and
the corrosion current density of this film was 5.43 x 10~ °A/cm?.
But the Si/Si3N4/(Si:N)-DLC film with highest bonding force
(19.63 N) had the worst corrosion resistance (3.15 x 10~ 8 A/cm?)
due to a formation of galvanic cell model for the complexity of the
multilayer.
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Fig. 9. Raman spectra of four films before and after friction tests, (a) (Si:N)-DLC, (b) Si/(Si:N)-DLC, (c) SizN4/(Si:N)-DLC and (d) Si/SizN4/(Si:N)-DLC.
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