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Abstract

The Zr–ZrC–ZrC/DLC gradient composite films were prepared on TiNi alloy by the techniques combined plasma immersion ion implantation
and deposition (PIIID) and plasma enhanced chemical vapor deposition (PECVD). With this method, the Zr–ZrC intermixed layers can be
obtained by the ion implantation and deposition before the deposition of the ZrC/DLC composite film. In our study, an optimal gradient composite
film has been deposited on the NiTi alloys by optimizing the process parameters for implantation and deposition. The surface topography was
observed through AFM and the influence of the deposition voltage on the surface topography of the film was investigated. XPS results indicate
that on the outmost layer, the Zr ions are mixed with the DLC film and form ZrC phase, the binding energy of C 1s and the composition
concentration of ZrC depend heavily on the bias voltage. With the increase of bias voltage, the content of ZrC and the ratio of sp3/sp2 firstly
increases, reaching a maximum value at 200 V, and then decreases. The nano-indentation and friction experiments indicate that the gradient
composite film at 200 V has a higher hardness and lower friction coefficient compared with that of the bare NiTi alloy. The microscratch curve
tests indicate that gradient composite films have an excellent bonding property comparing to undoped DLC film. Based on the electrochemical
measurement and ion releasing tests, we have found that the gradient composite films exhibit better corrosion resistance property and higher
depression ability for the Ni ion releasing from the NiTi substrate in the Hank's solution at 37°C.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

NiTi alloy combines the characteristics of shape memory
effect and superelasticity with a high recoverable strain up to
8% [1], which makes it as an ideal biological engineering
material, especially in the orthopaedic surgery and orthodontics
[2,3]. But it is bio-inert, and the releasing metal ions, such as
Ni2+ which are toxic to the body will release from the alloy in
the body fluid environment because of bio-corrosion or erosion.
Thus, it is necessary to modify the surface properties of NiTi
alloy before the biomedical usage.
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Diamond like carbon (DLC) film is well known for its
excellent properties such as low coefficient of friction, strong
wear resistance, excellent chemical inertness and biocompat-
ibility. These properties make it suitable for biomedical appli-
cation. However, the high hardness, intrinsic stresses, and poor
adhesion strength to the substrate limit its applications. To
prevent the cracking and delamination, the contact pressure
should be below 1 GPa and the film thickness should be less
than 0.5 μm [4]. These negative effects are especially pro-
nounced when the coatings are applied to the relatively soft
substrates, such as steels. These limitations were overcome by a
multilayer design to increase the load bearing capability, im-
prove the adhesion strength and the corrosion resistance pro-
perties. To our knowledge, no report has been given on the
deposition of Zr–ZrC–ZrC/DLC gradient composite films on
the surface of TiNi alloys by the technique combined the PIIID
and PECVD with the aim to improve its surface properties.
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Table 1
Technical parameters for preparation of the gradient nano-composite films and
related testing results

Implantation
bias

C2H2

flux
negative
bias
voltage

I(D)/I(G) ratio
derived from
the Raman
spectra

sp2/sp3 ratio
derived from
the XPS C1s
spectra

Concentration
of Ni ion
detected by
AAS (mg/L)

20 KV 30 sccm 100 V 4.2138 1.92 0.164
20 KV 30 sccm 200 V 3.0945 1.22 1.580
20 KV 30 sccm 300 V – – 5.932
20 KV 30 sccm 500 V 4.0986 1.28 2.052
Uncoated NiTi substrate – – 6.377
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2. Experimental

2.1. Deposition system

As shown in Fig. 1, the PIIID system with two MW-ECR
plasma sources and two mirror fields to generate a dense and
uniform plasma around the substrate were used, and a pulse and
a DC component were employed to supply a negative pulse and
DC bias for the substrate. A magnetron sputtering target was
also used to deposit the Zr on the substrate accompanying with
pulse and DC bias applying.

2.2. Film deposition

Ti-50.8at.% Ni alloy plate samples, with the geometric sizes
of 10 mm×10 mm×1 mm, were used as substrates for the
deposition of Zr–ZrC–ZrC/DLC gradient composite films.
Prior to deposition, the substrates were firstly ground and mirror
polished, then cleaned ultrasonically in acetone, methanol and
de-ionized water successively, finally transferred into the
deposition chamber after drying in clean cold air. The chamber
was then evacuated to a pressure below 3×10−3 Pa, and the
substrate were cleaned by Ar+ sputtering for 30 min with 600 V
DC bias voltage to remove all surface contaminants and oxide.
2A sputter target current and 20 kV pulse bias voltage were
applied to the sputtering target and the substrate individually to
implant Zr for 10 min. Acetylene was filled into the chamber
and different negative bias voltages were applied on substrates
to implant ZrC for 10 min. At last, the pulse bias voltage was
removed and the acetylene flux was increased to deposit ZrC/
DLC composite layer for 40 min. The detailed experimental
parameters are listed in Table 1.

2.3. Structure, composition and mechanical analysis

An Atomic Force Microscope (DI, model VEECO-4) was
used for surface observations of samples. A Raman spectro-
Fig. 1. Schematic diagram of the experimental apparatus.
meter (Renishaw, model RM2000: excitation wavelength;
514.5 nm) was used to characterize the structure of the films.
The chemical composition of the film was measured with a XPS
system (Kratos, model Axis Ultra). The hardness and elastic
Fig. 2. AFM morphologies of gradient composite films deposited at different
negative bias voltages. (a)100 V and (b)500 V.



Fig. 3. Raman spectra of the (a) Zr-doped and (b) Zr-undoped DLC films.

Fig. 4. Raman spectra of gradient composite films at different negative bias
voltages. (a) 100 V; (b) 200 V; (c) 500 V.
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modulus were measured with a nano-indentation tester (MTS,
model Nanoindenter XP). The friction coefficient test was
studied with a UMT-2 system in 5N load at room temperature
for 10 min. The micro-scratch curves of gradient nano-com-
posite films were measured with a WS-2002 system. The
maximal load is 80 N and the scratch distance is 5 mm.

2.4. Electrochemical tests

Anodic polarization curves in Hank's solution were gen-
erated by a model CHI650B electrochemical tests system con-
trolled by a computer at a sweep rate of 20 mV/min from
−0.6 V vs. Ecorr to 1.2 V vs. Ecorr after 1 h at the OCP to ensure
steady state. The nickel ion release was measured by an atomic
absorption spectrometry (AAS) (Hitachi, model Z-5000) after
anodic polarization experiments.

3. Results and discussion

3.1. Surface morphology

Fig. 2 exhibits the three-dimensional AFM morphology
(5 μm×5 μm area) of the gradient composite films at 100 Vand
500 V negative bias voltages, respectively. Seen from Fig. 2(a),
the appearance of gradient composite film at 100Vis smooth and
compact with the mean roughness being 3.421 nm. On the
contrary, as the negative bias voltage increases, the surface mor-
phology becomes more rough(mean roughness being 10.661 nm
for the −500 V deposited sample) and the corresponding film
is composed by the columnar microstructure aligned prefer-
entially in one direction, as shown in Fig. 2(b). This should be
attributed to the self-sputtering effect of the surface which is
getting stronger with the increasing the negative bias voltage.

3.2. Chemical composition

It is regarded as the characteristic of DLC films that have a
broad peak at 1530 cm−1 corresponding to the G-band and a
shoulder peak at 1350 cm−1 corresponding to the D-band in the
Raman spectra [5,6]. According to the reports, the G-peak
position and the I(D)/I(G) ratio give important information on the
chemical structure of the carbon films, while the I(D)/I(G) is
proportional to the ratio of sp2/sp3 bonds [7–9]. The Raman
spectra of the films with or without Zr-doping are shown in
Fig. 3 (a) and (b), respectively. It reveals that the Zr-doped DLC
film has a bigger ratio of sp2/sp3 than that of the pure DLC film.
It is obvious that the doping of Zr plays an important role on the
formation of DLC. There is an optimum energy favoring sp3

bonds formation and causing sp3 bonds to transform into sp2

bonds. When the high-energy Zr and active group atoms
bombard the growing surface, the temperature is increasing and
the mobility of C atoms on the growing surface are enhanced,
which may damage the sp3 bonds and cause them to transform
into sp2 bonds. Fig. 4 illustrates the Raman spectra of Zr-doped
DLC film deposited at different negative bias voltage, from
which can be seen is that the formation of sp3 bonds of the
diamond type is favored at 200 V negative bias voltage, since its
I(D)/I(G) is 3.0945, whereas the I(D)/I(G) value for 100 V and
500 V samples are 4.2138 and 4.0986, respectively as listed in
Table 1.

Fig. 5 presents the XPS C1s spectra of the doped films at
different negative bias voltages. The C1s spectra of the doped
films have two peaks. The first peak appears at 284.7 eV, which
is between the diamond peak (285.2 eV) and the graphite peak



Fig. 5. C 1s XPS spectra of gradient composite films deposited at different
negative bias voltages.

Fig. 6. Resolved C 1s XPS spectra of gradient composite films deposited at
different negative bias voltages. (a) 100 V; (b) 200 V; (c) 500 V.
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(284.3 eV) [10,11], and corresponds to the C–C bond of DLC.
The second peak appearing at about 282.3 eV corresponds to
the C–Zr bond, which indicates the formation of ZrC. It is clear
that the content of ZrC in the film firstly increases and then
decreases with the increase of negative bias voltage. Fig. 6
presents the deconvoluted binding energy spectra of C1s bond,
and the calculated sp2/sp3 ratio of DLC films deposited on
TiNi alloys at different negative bias voltages are illustrated in
Table 1. With the increase of the negative bias voltages, the sp2/
sp3 first decreases, reaching a minimum value of 1.22 at 200 V,
and then increases, which indicates that the C 1s peak depends
heavily on the negative bias voltage.

Obviously, our results are well consistent with those reported
in the literatures [8,12]. As stated in the literature, a greater
fraction of sp3 bonds can be obtained when the ion energy is
high enough for the displacement of low-energy sp2 bonds and
not enough for displacement of high-energy sp3 bonds. With the
increase of the negative bias voltage, the increased ion energy
will induce the formation of the disordering C structure,
resulting in the increase of sp3 bonds. However, when the ion
energy is too high, the ion will damage the sp3 bonds and cause
sp3 bonds to transform into sp2 bonds.

3.3. Mechanical properties

The nano-hardness and elastic modulus of the Zr–ZrC–ZrC/
DLC gradient composite films as a function of indenter dis-
placement at different negative bias voltages are shown in
Fig. 7 (a) and (b), respectively. The thicknesses of all experi-
mental films were estimated to between 350 nm and 500 nm.
With the increase of the penetration depth and negative bias
voltage, the hardness and elastic modulus of the films increase
at first, reaching a maximum value of 13 GPa and 200 GPa
at about 30 nm and 200 V, and then decrease gradually till
reaching a stable value 9 GPa and 100 GPa, respectively.
However, the finally stable value is higher than those of the bare
NiTi alloy. It indicates that the implantation phase of ZrC
increases the hardness of the interlayer, which reduces the
internal stress between the substrate and the DLC film.
Fig. 8 shows the friction coefficient of the film at 200 V
versus scratching time. It can be seen that with the increase of
scratching time, the friction coefficient of the film keeps a
stable value of 0.2 during the whole measuring time. It implies
that the film has a smooth surface and a good property of
wear-resistance, compared to the uncoated NiTi alloy sample
with a stable friction coefficient value of 0.6 and TiN coated
NiTi alloy sample with a stable friction coefficient value of 0.4
[13].



Fig. 7. (a) Nano-hardness and (b) Young's modulus of gradient composite films
deposited at different negative bias voltages as a function of penetration depth.

Fig. 9. Microscratching curves obtained from Zr-undoped DLC film and the
gradient films at different bias voltages.
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Fig. 9 is the microscratch curves obtained from the Zr-
undoped DLC coated NiTi alloy sample and gradient composite
film coated NiTi alloy samples at different negative voltages, in
which the Y-axis represents the friction force intensity of the
samples. The microscratch curve would exhibit a strong fluc-
tuation when the load surpasses the critical load, which demon-
Fig. 8. Friction coefficient versus scratching time for gradient composite film
deposited at 200 V.
strates that fracture occurred on the films. It is seen that the
critical load of undoped film is below 10 N. On the contrary, the
critical load of gradient composite films for all bias voltages are
more than 39 N, the films at 200 V and 500 V even do not
fracture until 60 N. It demonstrates that the gradient composite
technique improve the bonding property of the DLC film to the
substrate alloy greatly. This is due to the formation of Zr and
ZrC interlayer which are formed by the PIIID technique release
the internal stress between the DLC and TiNi alloy substrate and
the formation of ZrC/DLC composite structure increases the
suitability between the ZrC and SP3 bonds.

3.4. Electrochemical properties and Ni ion release

The protection ability of the gradient films against corrosion
was evaluated in Hank's solution with a pH value of 7.4 at
37 °C. The anode polarization curves of the uncoated and the
coated samples are depicted in Fig. 10. Compared to uncoated
NiTi sample, the open-circuit corrosion potential (Ecorr) of the
coated sample is higher and the current density (Icorr) is much
Fig. 10. Anodic polarization curves of the uncoated and Zr–ZrC–ZrC/DLC
gradient composite films coated sample in Hank's solution.
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lower especially when the potential is higher than 400 mV. For
the un-treated NiTi alloy, the current density increases monoto-
nously with potential raising, and the curve has a break-down
potential (Eb), which equals to 0.40 V (vs. SCE). However, no
obvious Eb exists in the curve of the coated sample. This
demonstrates that the corrosion resistance of the TiNi alloy
substrate is improved after surface modification by Zr–ZrC–
ZrC/DLC gradient composite films.

Table 1 lists the Ni ion concentration in the Hank's solution
measured by AAS test after polarization test. It can be seen that
the uncoated TiNi alloy subatrate releases much higher amount
of Ni ions than that of Zr–ZrC–ZrC/DLC gradient composite
film coated samples. This high suppression effect can be ex-
plained as follows. Firstly, the DLC is amorphous film of carbon
that has a high density and is uniform. Secondly, the gradient
structure of the Zr–ZrC–ZrC/DLC gradient composite films can
retard the release of Ni ions from the TiNi alloy substrate.

4. Conclusions

The plasma immersion ion implantation and deposition
combining with plasma enhanced chemical vapor deposition
techniques make it possible to increase the properties of TiNi
alloy substrate. The experiments demonstrate that the RMS
value of gradient composite Zr–ZrC–ZrC/DLC film increase
with the increasing the deposition voltage. The ratio of sp3/sp2

and the content of ZrC first increase with the increase of bias
voltage, reaching a maximum value and then decreases. The
results are consistent with the trend of nano-hardness. The film
prepared at 200 V has relatively high hardness of 13 GPa, high
elastic modulus of 200 GPa, low and stable coefficient friction
of 0.2 which are attributed to the ion bombardment and for-
matted condition of DLC and ZrC. The strong adhesive strength
of Zr–ZrC–ZrC/DLC gradient composite films to the substrate
suggests that the ZrC phase formed in the gradient composite
layers plays a very important role in the improvement of the
bonding property of DLC films. The anode polarization and ion
release measurement indicates that the Zr–ZrC–ZrC/DLC gra-
dient composite film have an excellent inertness and anti-cor-
rosion property.
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