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ABSTRACT 

Carbon plasma immersion ion implantation (PIII-C) has been performed on Ni�Ti alloy surface using 
methane as a precursor gas at low temperature and it has been followed by deposition of diamond-like 
carbon (DLC) coating. Untreated and coated alloys are characterized with field emission scanning electron 
microscopy, atomic force microscopy, Raman spectroscopy, and X-ray photoelectron spectroscopy. 
Electrochemical impedance spectroscopy, and corrosion testing in Hanks’ solution which is simulated 
body fluid show that corrosion resistance has been enhanced in PIII-C + DLC-coated alloy compared to 
untreated alloy. The in vitro studies of untreated and PIII-C + DLC-coated alloys have been evaluated using 
osteoblast-like cells (MG-63). Cellular behavior in terms of cell morphology along with the viability and cell 
spreading has been evaluated using scanning electron microscopy and in vitro cell culture assay, 
respectively. In comparison to Ni–Ti alloy, the coated alloy exhibits better cell viability indicating their 
biocompatibility. 
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Introduction 

In the past few decades, Ni�Ti alloy is the most widely 
investigated material in the biomedical industry because of 
its unique properties like shape memory effect, super elasticity, 
corrosion resistance, and good biocompatibility.[1,2] Ni�Ti 
alloy is used in numerous biomedical applications as an 
implant and in particular as orthodontic dental arch wires, 
orthopedic implants, and cardiovascular stent.[3–5] However, 
one of the disadvantages of the Ni�Ti alloy is the leaching 
of harmful Ni ions from the implants during corrosion 
and wear in physiological environment that can induce 
carcinogenic, toxic, and allergic responses.[6,7] In this sense, 
it is necessary to develop a barrier layer for impeding the 
out diffusion of Ni ions from implants. There are numerous 
techniques that have been used to modify the Ni�Ti alloy 
surface such as heat treatment,[8,9] sol-gel deposition,[10] 

electrochemical process,[11–13] etc. Plasma immersion ion 
implantation (PIII) technique is well-known and widely used 
method for surface modification of Ni�Ti alloy and also 
irregular shaped substrates.[14–17] Diamond-like carbon 
(DLC) coating has drawn much attention nowadays in both 
biomedical and engineering applications because of its low 
coefficient of friction, high hardness, wear resistance, chemical 
inertness, and good biocompatibility.[18–20] In the present 
work, DLC coating has been developed on Ni�Ti alloy using 
carbon plasma immersion ion implantation method. This 
coating has been investigated with field emission scanning 
electron microscopy (FESEM), atomic force microscopy 
(AFM), Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), electrochemical impedance spectroscopy 
(EIS), and potentiodynamic polarization studies in simulated 

body fluid (SBF). In addition, Ni�Ti alloy and PIII-C + 
DLC-coated alloys have been tested for their efficacy on 
osteoblast-like cells (MG-63) in in vitro cell culture assays 
along with cell morphology by scanning electron microscopy. 

Materials and Methods 

Silicon wafers (100) were cut into pieces with sizes of 
1.5 cm � 1.5 cm and were cleaned in acetone ultrasonically. 
These silicon substrates were used for thickness measurement 
and cross-sectional analysis. Ni�Ti alloy with 50% of Ni 
(Johnson Matthey Noble Metals) were cut in the form of sheet 
(20 mm � 30 mm � 1 mm) and were polished with 1200 grit 
emery paper and mirror finished with 0.3 µm alumina powder 
and then the substrates were ultrasonically cleaned with acetone 
and dried. 

Carbon plasma immersion ion implantation (PIII-C) was 
performed in a custom-designed plasma-enhanced chemical 
vapor deposition (PECVD) chamber. Chamber made of stain-
less steel (SS 304) was pumped down up to 5 � 10�6 mbar using 
turbo molecular pump backed with rotary pump. After the base 
pressure was reached, the chamber and the gas lines were 
purged with Ar and CH4. Before implantation, Ni�Ti substrate 
surface was cleaned by Ar+ sputtering at 5 kV for 20 min 
duration to remove undesirable contaminants. CH4 gas flow 
of 10 sccm was used for carbon implantation (PIII-C). The 
gas flow was controlled using a mass flow controller (MKS 
Instruments, USA) and throttle valve. Process pressure in the 
chamber was also monitored by a Baratron manometer (MKS 
Instruments, USA). Carbon plasma was generated using induc-
tive coupling of 50 W RF power (13.56 MHz) and the sample 
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was biased with negative pulsed bias voltage of 20 kV with 40 μs 
pulse. Pulse rate of 25 Hz was applied to the substrate and the 
implantation time was 60 min at a pressure of 4.5 μbar. The 
substrate temperature was maintained at less than 80 °C during 
deposition and it was continuously monitored using a 
thermocouple attached with the substrate holder. After carbon 
implantation, the samples were cooled down to room tempera-
ture under vacuum. Further, on the same sample, DLC coating 
was developed using 10 sccm of CH4 with constant 50 W RF 
power and substrate holder was biased with �150 V DC voltage 
and deposition time of 60 min at a pressure of 4.5 μbar. 

The microstructure of the coatings was obtained using 
FESEM (Carl Zeiss SUPRA 40VP) and elemental analysis was 
performed by INCAPentaFETx3 energy dispersive X-ray 
spectrometer from Oxford Instruments attached to FESEM 
facility. Surface topography was investigated by AFM with CSEM 
Instruments (Model SSI) operated in contact mode. ID/IG ratio 
was evaluated using micro Raman spectrometer (LABRAM 
010A) from DILOR-JOBIN-YVON SPEX having He�Ne laser 
source with wave length of 632.8 nm. XPS of untreated and 
PIII-C + DLC-coated Ni�Ti alloys were performed using SPECS 
spectrometer. Mild Ar+ ion sputter etching of PIII-C + DLC- 
coated alloy surface was performed to understand subsurface 
layer. Details of XPS experiments are described elsewhere.[12,13] 

Electrochemical studies were performed in 200 ml of SBF on 
untreated Ni�Ti and PIII-C + DLC-coated samples at 37 � 2 °C. 
A conventional three-electrode cell consisting of saturated calo-
mel electrode (SCE), Pt, and Ni�Ti as reference, counter, and 
working electrodes, respectively, was used to conduct the electro-
chemical studies using CH 604 D electrochemical workstation. 
For obtaining steady-state potential, samples were immersed in 
Hanks’ solution for 1 h and continuously monitored. EIS was 
carried over a frequency range of 10–100 Hz with sinusoidal per-
turbation potential amplitude of 10 mV on the EOCP. The 
detailed procedure has been reported elsewhere.[12,13,21] 

For in vitro studies an alpha-minimal essential medium was 
procured from GIBCO (CA, USA). Fetal bovine serum, 

antibiotic–antimycotic, trypsin-ethylenediamine tetra acetic 
acid, and L-glutamine were from Invitrogen, (CA, USA). 
3-(4,5 dimethyl thiazol-2yl)-2,5 diphenyltetrazolium bromide 
(MTT), glutaraldehyde, osmium tetroxide, paraformaldehyde, 
and dimethyl sulfoxide were purchased from Sigma Aldrich. 
All the cell culture plasticwares were procured from BD 
Falcon and Thermo Scientific Nunc1. All other chemicals 
and solvents used were of the highest available purity. The 
detailed procedure has been given elsewhere.[22] 

Results and Discussion 

Figure 1 shows FESEM images of the PIII-C + DLC coating on 
Ni�Ti alloy. Figure 1(a) presents the surface morphology of 

Figure 1. FESEM images of PIIIC + DLC coating: (a) top surface on Ni�Ti alloy 
and (b) cross-sectional image on Si substrate. Note: FESEM, field emission 
scanning electron microscopy; DLC, diamond-like carbon.   

Figure 3. Raman spectrum of PIII-C + DLC-coated Ni�Ti alloy. Note: DLC, 
diamond-like carbon.   

Figure 2. Surface topographies: (a) untreated Ni�Ti alloy and (b) PIII–C + DLC- 
coated Ni�Ti alloy. Note: DLC, diamond-like carbon.   
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the coating exhibiting some nanoroughness. Dense pore-free 
coating is observed on the top of the Ni�Ti alloy. Figure 1 
(b) presents the cross-sectional image of 240 nm-thick coating 
on silicon substrate and there is no delamination and cracks 
observed after exposing to atmosphere. 

The concentrations of Ni and Ti are 48.7 and 51.3 at.%, 
respectively, in untreated Ni�Ti alloy. However, concentra-
tions of C, Ni, and Ti are 63.9, 20.5, and 15.6 at.%, respectively, 
in PIII-C + DLC-coated alloy. It is clear from EDS data that 
predominant amount of carbon is formed in PIII-C + DLC- 
coated alloy. 

Surface topographic images of the untreated and PIII-C + 
DLC-coated alloys are shown in Fig 2(a and b). Rough and 
nonhomogeneous surface is found on the untreated alloy with 
average and RMS roughness values of 2.2 and 2.7 nm, 
respectively. However, in PIII-C + DLC-coated sample, similar 
surface features with average roughness of 2.7 nm are 
observed. 

Raman spectrum of PIII + DLC-coated Ni�Ti alloy is 
shown in Fig. 3. To get good fit, the spectrum has been 
deconvoluted by four Gaussian peaks after background 
subtraction.[23,24] The observed peaks at 1353 and 1592 cm�1 

Figure 4. XPS of (a) survey spectra of untreated Ni�Ti alloy and PIII–C + DLC-coated Ni�Ti alloy and (b) C1s core level spectrum of PIII-C + DLC-coated Ni�Ti alloy. 
Note: XPS, X-ray photoelectron spectroscopy; DLC, diamond-like carbon.   

Figure 5. Ni2p core level spectra of (a) untreated Ni�Ti alloy and (b) PIII-C + DLC-coated Ni�Ti alloy and Ti2p core level spectra of (c) untreated Ni�Ti alloy 
and (d) PIII-C + DLC-coated Ni�Ti alloy. Note: DLC, diamond-like carbon.   
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of the top DLC layer of the coating are denoted as D and G 
peaks, respectively. D peak is associated with the disordered 
breathing mode of sp2 site and G peak corresponds to the 
stretching vibrations of any pair of sp2 sites in chains or 
aromatic rings. ID/IG value is derived from peak fitting of 
Raman spectrum and the ratio of the integrated area under 
the D and G peaks. The evaluated ID/IG ratio is 0.99. 

X-ray photoelectron spectroscopy characterization has been 
performed in details to understand the surface nature of 
untreated and PIII-C + DLC-coated Ni�Ti alloys. Survey 
spectra of both Ni�Ti alloys are presented in Fig. 4(a). Survey 
spectrum of untreated alloy clearly shows the presence of 
nickel, titanium, carbon, and oxygen. There is a huge increase 
in C1s core level peak intensity after carbon implantation and 
DLC deposition on Ni�Ti alloy surface as observed in the 
respective survey spectrum. It is important to note that 
observed carbon in untreated alloy is adventitious carbon. 
The higher carbon intensity in the alloy surface after PIII-C 
and DLC deposition indicates the enrichment of the surface 
with carbon. C1s core level spectrum of PIII-C + DLC-coated 
alloy is asymmetrical and can be curve-fitted into several 
component peaks which is shown in Fig. 4(b). Accordingly, 
peaks at 284.6, 285.2, and 287.7 eV in PIII-C + DLC-coated 
alloy are attributed to sp2C (C=C), sp3C (C�C), and C=O 
species, respectively[24,25] indicating the formation of DLC coat-
ing on the surface. Formation of this type of DLC coating on Ti- 
β21S alloy has been demonstrated by Mohan et al.[26] In the 
present study, DLC layer has been formed over Ni�Ti alloy. 

Figure 5(a) shows XPS of Ni2p and Ti2p core levels from 
the untreated and PIII-C + DLC-coated alloys. The spectrum 
of untreated alloy has been decomposed to various compo-
nents of Ni by curve fitting. Accordingly, Ni2p3/2,1/2 peaks at 
852.8, 870.1 and 854.4, 872.5 eV along with corresponding 
satellite peaks are assigned for Ni0 and Ni2+ species, 
respectively.[12,13] The concentration of the oxide peak of Ni 
in the untreated alloy is very low and nickel is mostly present 
as Ni0. However, intensities of Ni2p3/2,1/2 peaks decrease 
drastically after carbon implantation of Ni�Ti alloy substrate 
as seen from Fig. 5(b) indicating that PIII-C + DLC layers 
cover the entire surface. Intensities of Ni2p3/2,1/2 peaks are 
observed to increase after mild sputter etching of the PIII-C-
+ DLC-coated alloy surface (Fig. 5(b)). Ti2p spectrum of the 
untreated alloy is broad and can be curve-fitted into compo-
nent peaks (Fig. 5(c)). Two sets of decomposed 2p3/2,1/2 peaks 
observed at 454.4, 460.6 and 458.6, 464.3 eV are related to Ti0 

and Ti4+ species, respectively.[12,13,26] There is no trace of Ti2p 
peaks after PIII-C + DLC deposition (Fig. 5(d)). They are not 
observed even after Ar+ sputter etching indicating the forma-
tion of carbon layer on the alloy surface after PIII-C + DLC 
deposition. 

Potentiodynamic polarization curves of untreated and 
PIII-C  + DLC-coated Ni�Ti alloy samples are depicted in 
Fig. 6(top). Corrosion current density is derived from polari-
zation curve by extrapolation of its anodic and cathodic 
branches. Corrosion potential (Ecorr) and corrosion current 
density (icorr) values of untreated Ni�Ti alloy are �0.354 V 
and 0.0665 µA cm�2, respectively. In PIII-C + DLC-coated 
sample, more positive Ecorr value of �0.175 V and lower icorr 

value of 0.0013 µA cm�2 are observed. The nobler shift and 

lower passivation current density clearly demonstrate the 
higher corrosion resistance of the PIII-C +DLC-coated alloy. 

Figure 6(bottom) also depicts the EIS plots of the untreated 
and PIII-C  + DLC-coated Ni�Ti alloy as Bode plots. The 
phase angle rapidly increases from higher frequency (100 kHz) 
to mid frequency (10 Hz) and attains a constant phase angle of 
�85° at the frequency range of 0.1–10 Hz and then decreases 
to �71°. In the case of PIII-C + DLC-coated alloy, phase angle 
rapidly increases from �50° at 100 to 1 kHz frequency range, 
reaching to a peak at around �70° and decreases again to 
around �45° at 10 Hz. At lower frequency range (10 to 0.01  
Hz), the phase angle gradually increases and attains nearly 
�85° which is less than �90°, the value for ideal capacitor. 

Equivalent circuit (EC) diagrams used to interpret the EIS 
data are also shown in Fig. 6(bottom). The EC diagram of 
untreated Ni�Ti alloy possesses two time constants that 

Figure 6. Tafel plots (top panel) and Bode plots and EC diagram (bottom panel) 
of (a) untreated Ni�Ti alloy and (b) PIII-C + DLC-coated Ni�Ti alloy in Hanks’ 
solution. Note: DLC, diamond-like carbon; EC, equivalent circuit.   
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consist of Rs, R1, and R2 representing the solution resistance, 
outer pores oxide layer resistance, and inner barrier layer 
resistance, respectively, which is in line with our previous 
works.[12,13,22] Q1 and Q2 represent the capacitance of the 
outer layer and inner layer, respectively. Obtained EIS para-
meter values of untreated alloy are shown in Table 1. R1 value 
is 21 Ω cm2 and that of R2 is 3.1 � 106 Ω cm2 which shows 
higher corrosion resistance value. The constant phase element 
(n) values for outer and inner barrier layers are 0.99 and 0.93, 
respectively. In the case of PIII-C + DLC-coated alloy, the 
bilayered structure has been fitted with three time constants. 

Rs, R1, and Q1 correspond to solution resistance, outer porous 
layer/pin holes resistance, and related capacitance, respect-
ively. R2 and Q2 represent dense DLC coating layer resistance 
and its capacitance and similarly, R3 and Q3 are associated 
with inner barrier of PIII-C layer resistance and its capaci-
tance. Obtained EIS parameter values of PIII-C + DLC-coated 
sample are also given in Table 1. The values of R1 and R2 are 
393.3 and 3.6 � 104 Ω cm2, respectively. Inner PIII-C layer 
exhibits high corrosion resistance (R3) of 3.6 � 106 Ω cm2. 
The values of n representing the outer layer, dense DLC 
coating layer, and inner PIII-C layer are 0.68, 0.95, and 0.92, 

Table 1. Electrochemical impedance parameters obtained by fitting equivalent circuit models for untreated Ni–Ti alloy and PIII-C + DLC-coated Ni�Ti alloy. 

Sample Rs (Ω cm2) Q1 (S sn cm�2) n1 R1 (Ω cm2) Q2 (S sn cm�2) n2 R2 (Ω cm2) Q3 (S sn cm�2) n3 R3 (Ω cm2)  

Untreated Ni�Ti alloy  15.4  7.34 � 10�8  0.99  21  1.98 � 10�5  0.93 3.1 � 106 
� � �

PIII-C + DLC-coated  
Ni�Ti alloy  

19.2  1.25 � 10�6  0.68  393  4.1 � 10�8  0.95 3.6 � 104 1.6 � 10�6  0.92  3.6 � 106 

DLC, diamond-like carbon.   

Figure 7. (Top panel) Evaluation of cell viability by MTT assays on Ni–Ti substrate and PIII-C + DLC samples. MG-63 cells (1.0 � 104) were seeded separately on Ni�Ti 
alloy and PIII-C  + DLC and cultured for 24, 48, and 72 h. Viability of cells were determined by MTT assay as described in Materials and Methods by measuring 
absorbance at OD550 shown by viable cells only. Cell only and Ni�Ti alloy were used as controls. The OD values of PIII-C + DLC were higher than controls indicating 
higher cell viability. Asterisk (*): Cell proliferation were significantly different from controls (p < 0.0001). Each bar represents an average of three replicates �SD. 
(Bottom panel) Detection of cell morphology by SEM: MG-63 cells seeded on Ni�Ti alloy (a, b, c) and PIII-C + DLC (d, e, f) and incubated for 24, 48, and 72 h, 
respectively. All the microstructures were taken at 300 � magnification. As seen in the images, cells were attached firmly on the samples and cell growth were higher 
on PIII-C + DLC than Ni�Ti alloy for all the three time periods as well as exhibited intimate attachment on the surface through filopodial extensions. Note: DLC, 
diamond-like carbon; MTT, 3-(4,5 dimethyl thiazol-2yl)-2,5 diphenyltetrazolium bromide.   
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respectively. Thus, better corrosion resistance property is 
observed in PIII-C + DLC-coated Ni�Ti alloy compared 
to untreated Ni�Ti alloy as evident from potentiodynamic 
polarization and EIS studies. 

3-(4,5 Dimethyl thiazol-2yl)-2,5 diphenyltetrazolium bro-
mide assay has been used to detect the cytotoxicity of Ni�Ti 
alloy and PIII-C + DLC-coated alloy on osteoblast-like cells 
(MG-63) [Fig. 7 (top)]. There are significant enhancement of 
viable cells adhered on both untreated and PIII-C + DLC- 
coated alloys as reflected in increased absorbance; optical 
density (OD550nm) being 0.245 � 0.007 vs. 0.446 � 0.035 after 
24 h of incubation compared to cell only (0.132 � 0.0005). 
OD values of PIII-C + DLC-coated alloy are much higher 
(∼1.8 fold) than that of untreated alloy.[22] The numbers of 
viable cells further increase after incubation for 48 and 72 h. 
No apparent cytotoxicity is observed even after longer 
incubation; OD being 0.243 � 0.001, 0.643 � 0.003, and 
0.721 � 0.0047 vs. 0.438 � 0.001, 0.767 � 0.003, and 0.847 �
0.001 for cell only, Ni�Ti alloy, and PIII-C + DLC-coated 
alloy after 48 and 72 h, respectively. 

Scanning electron microscopy images confirm the 
attachment of MG-63 cells on both the Ni�Ti alloy and 
PIII-C + DLC-coated alloy after the 24, 48, and 72 h of 
incubation [Fig. 7 (bottom)]. The cells have well-spread 
morphology indicating that they are firmly anchored on the 
surface of the substrate. The cell growth increases with an 
increase in incubation time compared to cell only. 

Conclusions 

In the present work, well-adhered DLC coating has been 
deposited on Ni�Ti alloy by combination of PIII-C and 
PECVD methods. Raman spectroscopy and XPS studies show 
the formation of dense PIII-C + DLC coating on the Ni�Ti 
alloy surface. Electrochemical studies have demonstrated that 
the coated Ni�Ti alloy has improved corrosion resistance 
properties in SBF. Ni�Ti alloy and PIII-C + DLC-coated alloy 
show no cytotoxicity on MG-63 cells which is supported by the 
morphological study of attached cells. 
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