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Abstract

Diamond-like carbon (DLC) films have been successfully deposited on Ti–50.8 at.% Ni alloys using plasma based ion

implantation (PBII) technique. The influence of the pulsed negative bias voltage applied to the substrate from 12 eV to 40 eV on the

surface characteristics and corrosion resistant property as well as hemocompatibility has been investigated. The results show that the

RMS values firstly decrease from 7.202 nm (12 kV) to 5.279 nm (20 kV), and then increase to 6.991 nm (30 kV) and 7.060 nm (40

kV). With the voltage increasing the value of I(D)/I(G) ratio firstly decreases, and reaches a minimum value at 20 kV, and then

increases. Combined with the Tafel measurement and SEM observation, we found that the uncoated TiNi alloy shows severe pitting

corrosion, which could be due to the presence of Cl� ions in the solution. On the contrary, the coated sample shows very little

pitting corrosion and behaves with better corrosion resistant property especially for the specimens deposited at 20 kV bias voltages.

The platelet adhesion test shows that the hemocompatibility of DLC coated TiNi alloy is much better than that of the bare TiNi

alloy, and the hemocompatibility performance of DLC coated TiNi alloy deposited at 20 kV is superior to that of the other coated

specimens.

D 2005 Elsevier B.V. All rights reserved.
Keywords: TiNi alloy; DLC; PBII
1. Introduction

The combination of shape memory effect (SME),

superelasticity and good biocompatibility has made TiNi

alloy an extensively used biomedical material for orthope-

dic implants, dental implant and medical devices in the last

several decades [1–4]. But the high Ni content has become

a crucial problem for the long-term implantation of TiNi

alloy device, as Ni is toxic and can cause allergic reaction

as a biomaterial [5,6], and it has been found that the

released Ni ions from TiNi alloy can accumulate in the

tissues surrounding the implants, or be transferred by body

fluids and then accumulate in the liver, spleen, etc. [7,8].

To further improve its biocompatibility and suppress the

Ni+ ion release, various studies have been reported on the
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surface modification of TiNi alloys, including ion implan-

tation, multi arc ion-plating as well as TiN and polymer

chemical vapor deposits [9–11].

It is well known that DLC is a candidate coating for

metal biomaterials, with the feature of better biocompat-

ibility, high wear resistance and chemical inertness

[12,13]. Coating the implants with DLC can extend the

lifetime of implants of the patients [14–16]. However,

good quality DLC films depend critically on the deposi-

tion technique and parameters. PBII, which is character-

ized by high dose rates, wide ion energy range, large

implant areas and treatment of complex shape workpieces,

appears to be an ideal technique for surface modification

[17,18].

Up to now, no report has been given on the deposition of

DLC coatings on the surface of TiNi alloys by PBII with the

aim to improve its biocompatibility. In this study, Ti–50.8

at.% Ni alloy samples are coated with DLC by PBII method.
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The aim of the present study is to investigate the corrosion

behavior and hemocompatibility of TiNi shape memory

alloy coated with DLC.
2. Experimental procedure

2.1. Substrate preparation

The experimental alloy has a composition of Ti–50.8

at.% Ni, and all samples were cut into sizes of 10 mm�10

mm�1 mm from the as-received heat rolled TiNi alloy

sheet. The Af phase transformation temperature was settled

to 17 -C through a series of heat treatment. For all

samples, one side of the 10 mm�10 mm surface was

ground and mirror polished, then cleaned ultrasonically in

acetone, methanol and distilled water, respectively, and

finally dried in clean cold air immediately prior to

transferring to the deposition unit.

2.2. Coatings preparation

Plasma based ion implantation (PBII) technique was

employed to deposit DLC on the surface of TiNi alloy. The

polished samples were fixed onto the substrate holder of the

deposition chamber. The chamber was then evacuated to a
12kV

30kV

Fig. 1. Three dimensional surface morpholog
base pressure of approximately 1�10�4 Pa. Prior to

deposition, argon gas was used to sputter clean the substrate

surface for 30 min. Subsequently, a negative pulsed bias

voltage was applied to the substrate, with a repetition

frequency about 60–100 Hz, and a pulse duration between

20 and 30 As. A mixture of C2H2 and H2 were used to

realize DLC coatings growth. The negative pulsed bias

voltage was controlled to be 12 kV, 20 kV, 30 kVand 40 kV,

with the deposition time being 120 min, respectively. For

each film, the thickness is always close to 200 nm.

2.3. Characterization of the deposited films

A Digital Instruments Nano-Scope III Atomic Force

Microscope (AFM) was used for surface observations of

the samples. The JY-T6400 laser Raman spectroscopy was

employed to analyze the chemical structure.

2.4. Electrochemical and hemocompatibility study

A conventional three-electrode system was used for the

electrochemical study. A saturated calomel electrode (SCE)

was used as the reference electrode with a platinum counter

electrode. The experiment was carried out using a

computer-controlled potentiostat (EG&G Princeton Applied

Research, model 273) in 0.9% NaCl solutions with a pH
20kV

40kV

y of DLC coated TiNi alloy by AFM.



Table 1

RMS values at different negative bias voltages

Bias voltage

12 kV 20 kV 30 kV 40 kV

RMS (nm) 7.202 5.279 6.991 7.060
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value of 7.4 at 37T0.5 -C. The Tafel plot technique is used
to determine the corrosion property. The specimens were

scanned from �600 mV vs. Ecorr to 600 mV vs. Ecorr at a

rate of 0.166 mV/s.

In vitro platelet adhesion test was subsequently per-

formed to identify the blood compatibility of the DLC

coatings according to the method previously reported by the

present author [19].
3. Results and discussion

3.1. Surface characterization

Fig. 1 shows the AFM results of DLC coatings at

different bias voltages. Clearly, the bias voltage has
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Fig. 2. Raman spectra for specimens c
remarkable effects on the surface morphology and the

root-mean-square roughness (RMS) of DLC coatings, as

listed in Table 1. The RMS values firstly decrease from

7.202 nm (12 kV) to 5.279 nm (20 kV), and then increase

to 6.991 nm (30 kV) and 7.060 nm (40 kV). At the

beginning, the decrease of RMS may attribute to the

increase of the mobility of atom on the growing surface

with the voltage increasing, while as the voltage continues

to increase, the self-sputtering of the surface becomes to be

the dominant factor and may lead to the increase of the

RMS.

The Raman spectroscopy shown in Fig. 2 exhibits the

typical character of diamond-like carbon. The bands

corresponding to graphite centered at 1552–1547 cm�1

and the diamonds centered at 1350–1416 cm�1 were

fitted by Gaussian curves. The two peaks can be

attributed to the graphitic D and G bands, respectively.

The I(D)/I(G) ratio for each specimen calculated from the

Raman spectra are listed in Table 2. Obviously, with the

voltage increasing the value of I(D)/I(G) ratios firstly

decreases, reaches a minimum value at 20 kV, and then

increases.
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Fig. 4. Tafel curves for coated specimens at different bias voltages.

Table 2

The positions of G band and D band and the area ratio of G peak and D

peak for spectra

Bias

voltage

G band

position/

cm�1

G band

half peak

width/cm�1

D band

position/

cm�1

D band

half peak

width/cm�1

I(D)/I(G)

12 kV 1552 147 1398 230 0.8219

20 kV 1545 138 1416 268 0.7986

30 kV 1552 160 1400 240 1.1890

40 kV 1547 140 1350 234 0.9654
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3.2. Electrochemical behavior

Figs. 3 and 4 show the Tafel curves for uncoated

specimen and the specimens coated at different negative

bias voltages, respectively. Table 3 summarizes the

corrosion current density and potential obtained by the

Tafel measurements. For the specimen deposited under 20

kV negative bias voltage for 120 min, the corrosion

current density is about 3.846�10�8 A/cm2, lower than

that of the other specimens. This indicates that the

corrosion resistance of specimen deposited under 20 kV

is superior to uncoated TiNi alloy slightly, and is the best

one among four samples.

In addition to the Tafel measurement, the surface

morphologies of the uncoated and coated TiNi alloy

specimens after Tafel tests were studied by SEM, as shown

in Fig. 5. The uncoated TiNi alloy specimen shows severe

pitting corrosion, which could be due to the presence of

Cl� ions in the solution[20]. On the contrary, the coated

sample shows very little pitting corrosion, which is an

indication of the chemical inertness of the DLC coatings to

the Cl� ions.

Based on the above results, we suggest that the

breakdown mechanism may be as follows: the presence

of open porosity and pinholes in the DLC coatings provides

paths between the corrosive environment and the TiNi
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Fig. 3. Tafel curves for uncoated and coated specimens.
substrate, the DLC coatings is cathodic to the TiNi

substrate. As the cathodic surface is significantly larger

than the anodic surface, a rapid localized galvanic attack

occurs.

3.3. Hemocompatibility

Fig. 6 shows the morphology of the platelet on the

surface of different samples. It can be seen in this figure

that the platelets on the uncoated surface are activated with

long pseudopodia extension, and a slightly tendency of

aggregation is also observed on this sample. While for the

sample deposited under 20 kV negative bias voltage for

120 min, no obviously shape change can be found for the

platelets.

Fig. 7 shows the statistical amount of platelets on the

surface of DLC coated and uncoated TiNi alloys. The

amount of platelets on the surface of the uncoated TiNi

alloy is higher than that of the coated samples, especially

for the specimen deposited at 20 kV bias voltage.

Clearly, the hemocompatibility of DLC coated TiNi alloy

is much better than that of bare TiNi alloy, and the

hemocompatibility performance of DLC coated TiNi alloy

deposited at 20 kV with smooth surface and low I(D)/I(G)

value is superior to that of other coated specimens. Our

experimental results indicate that the surface roughness and
Table 3

Corrosion parameters deposited at different negative pulse bias voltages

Bias voltage (kV) Icorr (A/cm
2) Ecorr (V)

12 7.461�10�8 �0.1259
20 3.846�10�8 �0.1197
30 3.234�10�7 �0.1450
40 1.985�10�7 �0.0878



a) b)

mwj-0049 20.0kV 12.5mm x3.00k SE(M) 5/17/2004 10.0um mwj-0007 10.0kV 12.4mm x3.00k SE(M) 5/17/2004 10.0um

Fig. 5. SEM morphology of TiNi alloy uncoated (a) and coated with DLC deposited at 20 kV bias voltage (b) after Tafel test.

Uncoated

40kV30kV

20kV12kV

Fig. 6. Amount of platelet adhered to specimens of uncoated and coated at different bias voltages.
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Fig. 7. Amount of platelet on the surface of DLC coated TiNi alloys at

different negative bias voltages.
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the I(D)/I(G) value of the film have great influence on the

hemocompatibility.
4. Conclusions
(1) Diamond-like carbon (DLC) films have been success-

fully deposited on Ti–50.8 at.% Ni using plasma

based ion implantation (PBII) technique.

(2) The AFM results show that the RMS values firstly

decrease and then increase. With the voltage increas-

ing the ratio of I(D)/I(G) value firstly decreases,

reaches a minimum value at 20 kV, and then

increases.

(3) The uncoated TiNi alloy show severe pitting corrosion

compared with the coated sample especially for the

specimens deposited at 20 kV bias voltages.

(4) The hemocompatibility of DLC coated TiNi alloy is

much better than that of TiNi alloy, and the
hemocompatibility performance of DLC coated TiNi

alloy deposited at 20 kV is superior to that of other

coated specimens.
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