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ABSTRACT: Titanium/titanium nitride (Ti/TiN) nanoscale multilayered films
were deposited onto 316L stainless steel substrates by reactive magnetron
sputtering using a Ti target. Coatings characterized by X-ray diffraction showed
that the stack possesses centered cubic structure. The X-ray photoelectron
spectroscopy survey spectra on the etched surfaces of the stack film on steel
exhibited the characteristic Ti2p, N1s, and Ols peaks at the corresponding
binding energies 454.5, 397.0, and 530.6eV, respectively. Platelet adhesion
experiments were carried out to examine the interaction between blood and the
materials in vitro. The results indicated that the smoothness and lower
isoelectric point contribute to better hemocompatibility of the Ti/TiN nanoscale
multilayered coating. The biomediated synthesis of calcium hydroxylapatite
(HA) was carried out on coated substrates using calcium-depositing bacteria.
The observation of low corrosion current density (I.,.) for the calcium
HA-coated Ti/TiN specimens in simulated body fluid confirmed their highly
resistive nature under the testing condition.
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INTRODUCTION

tainless steel (SS) is the most commonly used material for dental
implant applications. It possesses good corrosion resistance, but
releases toxic metal ions, which lead to cell damage or failure of
implants. This can be controlled by surface modification of implants by
coating it with titanium nitride (TiN) [1]. TiN possesses excellent
combination of properties, such as hardware performance, aesthetic
appearance and contamination safety, and are used in making surgical
tools and implants as well as food contact applications [2]. TiN coatings
provide new possibilities for producing nontoxic and human fibroblast-
compatible surface layer on Ti [3]. Fibroblast cells adhere more
intimately to the surface of a TiN-coated Ti substrate compared with
an uncoated Ti substrate [4]. TiN coatings, having good chemical
stability, high hardness, excellent wear resistance, and intrinsic
biocompatibility properties help avoid leaching of toxic elements. But
Ti coating on bone implants is a failure due to the fact that titanium is
much stiffer than bone and low level stress-shielded [5]. In recent years,
even the failure of Ti/TiN-coated orthopedic prostheses was noticed [5].
Hydroxylapatite (HA) is a biocompatible and bioactive material that can
be used to restore damaged calcified human tissues [6,7]. The major
factors involved in both implant fixation and long-term stability are the
coating resorption, bone in growth and mechanical fixation [7]. Several
methods such as dip coating—sintering [8,9], immersion coating [10,11],
electrophoretic deposition [12], solution deposition [13], ion-beam
sputter coating [14], dynamic mixing [15], plasma spraying [16,17],
flame spraying [18], and sol-gel have been involved in developing HA
coatings [19]. Nowadays, biometic methods are involved for depositing
calcium HA coating either on Ti or on TiN surfaces [20-23]. Calcium-
precipitating bacteria (CPB) play a major role in forming calcium- and
phosphate-accumulated cells in teeth pulp stones. Yong et al. [24]
reported the synthesis of nanophase HA on Serratia sp. using CaCl, and
inorganic phosphate. It is reported that the bacterial cell wall, contain-
ing more number of carboxylic groups, acts as the template for calcium
nucleation sites to produce calcium HA, which shows excellent
biocompatibility and is bioactive in the human body. It is highly
compatible with various tissues and can adhere directly to osseous,
soft, and muscular tissues without an intermediate layer of modified
tissues [25,26].
In this study, we have synthesized calcium HA coatings through a
biomediated method by using calcium-depositing bacteria. The corrosion
behaviors of these coatings deposited on TiN- and Ti/TiN-coated AISI
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316L SS substrates in simulated body solution by electrochemical
methods were studied and the results are presented.

EXPERIMENTAL
Substrate Pretreatment

The SS substrate was used as 316L. Coupons of the substrate were cut
to 50 x 25mm? in size and the surface was ground with SiC paper to
remove oxides and other contamination. The polished substrates were
degreased with acetone and then catholically electrocleaned in an
alkaline solution containing sodium hydroxide and sodium carbonate for
2min at 70°C, followed by rinsing with triple distilled water. These
substrates were subsequently dipped in 5 vol.% HySO, solution for 1 min
and thoroughly rinsed with distilled water.

Deposition of Ti/TiN and its Characterization

The layers of Ti and TiN were deposited on well-cleaned AISI 316L SS
substrates using a reactive DC magnetron sputtering HIND HIVAC
unit. The base vacuum of the chamber was below 1076 Torr (1.33 x
10~*Pa) and the substrate temperature was kept at 400°C. High purity
argon was fed into the vacuum chamber for the plasma generation.
High purity nitrogen was added as the reactive gas. The substrates were
etched for 5min using a DC power of 50W in an argon pressure of
102 Torr (1.33 Pa). A high purity (>99.99%) Ti target of 5 cm diameter
was used as the cathode. The multilayer films with controlled layer
thickness were deposited using a dwell time controller. The substrate
was moved back and forth between the two targets, using a stepper
motor connected to the substrate to achieve multilayer deposition.
The total number of layers was about 200 with bilayer thickness 80 A.
The total thickness of the film was 1.5 um. The chemical nature of the
outermost part of the film was obtained by X-ray photoelectron
spectroscopy (XPS) using Multilab 2000. The XPS measurements were
performed at a base pressure of 10~® Torr with MgKa (X-ray of
1253.6 eV source). X-ray diffraction (XRD) was used to examine the
changes in preferred grain orientation. XRD patterns were recorded
using an X’pert pro diffractometer using CuK,, (1.541 A) radiation from
a 40kV X-ray source running at 30 mA. The surface morphology of the
coating was characterized by a Hitachi S 3000H microscope and a mole-
cular imaging atomic force microscope (AFM). Transmission electron
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microscopic (TEM) images were obtained using a 200 kV Tecnai-20 G2.
For such measurements, the samples were suspended in acetone with
ultrasonic dispersion for 3min. Then a drop of this suspension was
deposited on a holey carbon grid and then allowed for drying. TEM
images of the samples were recorded both in the axial direction and in
the perpendicular direction using a Multiscan CCD camera (model 794,
Gatan) under low-dose conditions.

Biosynthesis of Calcium HA Film

Sample Collection

Fresh saliva samples were collected at 6.00 a.m. and calcified bacteria
were isolated. Sterilized water was used to dilute the saliva sample, with
the help of a sterile brush, in a well-cleaned sterilized container, stored
in an ice box and then sent for microbiological characterization.

Isolation of Calcium-precipitating Bacteria from an Orthodontic
Patient’s Saliva Sample

The saliva sample was serially diluted using 9 mL of sterile distilled
water. The total viable bacterial counts were enumerated by standard
pour plate method using modified Mueller Hinton agar medium [27].
The composition of the modified Mueller Hinton agar medium is as
follows: casein acid hydrolysate, 17.5 g/L; beef infusion, 2.0 g/L; starch
soluble, 1.5 g/L; calcium chloride, 1g/L; and agar, 20 g/L.. The samples
were mixed thoroughly and allowed to solidify. Then the inoculated
plates were incubated at 37°C. Triplicates were also maintained. Total
bacteria population was enumerated after 48-72h of incubation, which
was expressed as colony forming units per milliliter (CFU/mL).

Biomediated Synthesis of Calcium HA on TiN- and
Ti/TiN-coated Substrates

Three hundred milliliters of modified Mueller Hinton broth were
taken in a 500 mL clean conical flask. This broth was inoculated with
10 mL of CPB cultures. The coated coupons were immersed with broth
under sterile condition and then placed in the incubator for 48 h at 37°C.
After incubation, the coupons were removed from the medium. These
specimens were twice washed with autoclave-distilled water to remove
unattached bacteria, which were used for total viable count studies (to
measure bacterial load on the metal surface). Then they were gently
heated and air dried to get calcium HA (biofilm) formation on TiN and
Ti/TiN coatings.
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Epi-fluorescence Microscope Observation

The TiN- and Ti/TiN-coated specimens with biofilm were immersed
for 5min in 3% glutaraldehyde solution in order to fix the biofilm onto
the coating surface. Then, the coupons were gently rinsed with
autoclaved and sterilized distilled water and two drops of 0.01% aqueous
solution of acridine orange were added. These samples were kept in the
incubator for 15 min. The morphology of the biofilm was studied with a
Nikon epi-fluorescence microscope: Model E200, Nikon, Tokyo, Japan.

Hemocompatibility Studies

Platelet adhesion experiments were carried out to evaluate surface
thrombogenicity of the materials and to examine the interaction
between blood and the materials in vitro. The specimen was washed
and then incubated in human platelet-rich plasma (PRP) for 60 min at
37°C. After incubation, the specimens were fixed in glutaraldehyde and
critical point dried followed by gold sputtering for examination using a
scanning electron microscope.

Electrochemical Corrosion Studies

Conventional three-electrode cell assembly was used for polarization
studies as well as for impedance measurements. Bare SS substrate,
Ti/TiN-coated SS and biomediated synthesized calcium HA on Ti/TiN-
coated specimens were used for analysis.

Electrochemical polarization studies were carried out with a
PARSTAT electrochemical workstation. Experiments were conducted
using the standard three-electrode configuration, with a platinum foil as
the counter electrode, saturated calomel as the reference electrode and
the sample as the working electrode. Specimen (1.0 cm? exposed area)
was immersed in the test solution of modified Fusayama-simulated bodily
fluid [28]. Experiments were carried out at room temperature (28°C). The
system was allowed to attain a steady potential value for 10 min. The
steady state polarization was carried out between —550 mV versus SCE
from the open circuit potential (OCP) and +200mV versus SCE from the
OCP separately using distinct electrodes at a scan rate of 10 mV/s.

The specifications of electrodes were same for both polarization and
impedance studies. In order to establish the OCP, prior to measure-
ments, the sample was immersed in the solution for about 60 min. After
attaining steady state, an alternate current (AC) signal of 10mV
amplitude was applied and the impedance values were measured in the
frequency range between 0.01 Hz and 100 kHz.
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RESULTS AND DISCUSSION
Surface Composition and Structure Analyses

On the surface of the Ti/TiN nanoscale multilayered film, the presence
of nitride (TiN), oxynitride (TiO.N,), and oxide (TiO,) phases were
observed. The XPS survey spectra of 1 min etched surface of the Ti/TiN
coating (Figure 1(a)) on SS exhibited characteristic Ti2p and N1s peaks
at binding energies 454.5 and 397.0 eV, respectively. At 530.6 eV, a peak
is observed due to the presence of Ols on the surface of the coating
(Figure 1(b)) [29]. The Cls peak in the spectra (at 284.9eV) may be
attributed to the organic carbon, which is unavoidable while using an oil
diffusion pump for evacuating the deposition chamber and XPS sample
holding compartment [30]. Additionally, the Ar2p peak identified in the
spectra of the etched surface may be attributed to adsorbed argon during
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Figure 1. High resolution XPS spectra of Ti/TiN multilayers showing: (a) survey spectra,
(b) O1s, (¢) Ti2p scan, and (d) N1s scan.
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etching or Ar species incorporated into the coating during the growth
[31]. From high resolution XPS measurements of the normal surface of
the films, the spin orbit doublet Ti2p1/2 and Ti2p3/2 peaks at binding
energies 463.1 and 460.3 eV, respectively, were found in the Ti spectra as
shown in Figure 1(c). The Ti2p3/2 peak may be deconvoluted into three
components whose peaks are centered at 460.3 (I), 456.9 (II), and 454.5
(IIT) eV. In line with literature [32], we can easily associate these
components with the Ti species present in the TiOy, TiO,N,, and TiN
phases, respectively. N1s spectrum showed peaks centered at 397.0 eV
(Figure 1(d)). The low nitridation in the films may be attributed to high
surface oxidation. The source of oxidation may be the commercial
nitrogen gas, which might have contained considerable percentage of
impure oxygen [33].

Although the detection efficiency of elements with low atomic-mass
number such as nitrogen is low in energy dispersive spectroscopy (EDS)
analysis (Figure 2), the relative compositions of Ti/TiN films are found
to be 70.09 and 13.99 for Ti and N, respectively. In addition to
constituent elements, 13.30% of oxygen was also detected in the EDS
data. The presence of oxygen could be attributed to a very thin oxide
layer formed on the surface of the film. It may also be due to an incipient
corrosion process during handling of the sample. The presence of 2.62%
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Figure 2. EDAX spectrum of Ti/TiN multilayer film.
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Fe is due to substrate. The structure of the coatings was studied using
powder X-ray diffraction (PXRD) by mounting the samples directly on a
Philips Diffractometer, operated in reflection geometry (CuKa, 1.541 A).
The data were collected at a continuous 20 scan rate of 1°/min or less,
and were then rebinned into 26 with steps of 0.02°. All PXRD profiles
were fit by the Rietveld method (Topas), using published structure of
TiN (ICSD nos. 38-1420) in literature. The pattern shown in Figure 3
exhibits reflections corresponding to TiN and Ti and the fit by the
Rietveld refinement procedure to this diffraction profile confirmed the
face centered cubic (FCC) structure of the film with agreement factor
0.91%. The presence of TiOy with weak intensity was also noticed.
The selected area electron diffraction (SAED) pattern (Figure 4) is
indexed as a NaCl structure according to the observed diffraction rings.
Refined crystals grow along the (111) preferred orientation in these
coatings. The FCC structure of Ti/TiN shows other dotted ring patterns
corresponding to the (200), (311), (220), (222), (331), and (420)
reflections. The SAED pattern shows that the film is polycrystalline with
B1-NaCl structure. The average crystallite size was estimated from the
enlarged scanning electron micrographs (SEM) as well as from the X-ray
line broadening using Scherrer’s equation D =0.91/(Bcos6). The
average crystallite size was found to be in the range of ~20-40nm,
with discrepancy of less than 3% between the values obtained from both
the methods — SEM and X-ray. The dotted rings of the diffraction
pattern are the characteristics of well-crystallized TiN phases present in
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Figure 3. XRD profiles of the Ti/TiN multilayer films on mild steel: (a) observed (red),
(b) refined (blue), and (c) the difference profile (black).
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a polycrystalline film. This observation is in good agreement with that
observed by Ikeda et al. [34]. The presence of few rings with weak
intensity indicated the formation of TiO, phase, in addition.

Enumeration and Identification of CPB

The count of CPB amounted to 4.12 x 10°CFU/mL. CPB was
identified by a biochemical test which confirmed the presence of oral
microbes Lysini bacillus sp., Staphylococcus sp., Bacillus sp., and
Lactobacillus sp.

Observation of Epi-fluorescence Microscope

The epi-fluorescent images in Figure 5(a)—(c), show effect of different
incubation periods on the mixed culture of CPB over the TiN layer
coated on SS substrate. The result indicates that the CPB initially
adhere to the Ti/TiN-coated metal surface to facilitate an initial biofilm
formation within 2h. The calcium-precipitating bacterial counts were
found to be increasing as 2.75 x 10%, 9.0 x 10%, and 1.32 x 10® for
different incubation periods of 2, 24, and 48 h, respectively. It shows that
as the incubation time is increased, the formation of calcium-precipitat-
ing bacterial biofilm and coverage of the metal surface is increased. The
CPB play a major role in the accumulation of calcium phosphate within
the film by which a biofilm formed on the coating surface. There is no
marked difference in biofilm formation on TiN coating also, because
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Figure 4. SAED pattern obtained for Ti/TiN multilayer film.
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Figure 5. Epi-fluorescence micrograph of Ti/TiN multilayer with biofilm at different
immersion periods: (a) 2h, (b) 24 h, and (c) 48 h.

similar effect has been observed. SEM and AFM images taken for the
Ti/TiN specimen are shown in Figure 6(a) and (b), respectively. The
images clearly indicate the presence of rod-shaped CPB on the surface of
the coating. Figure 6(c) shows the presence of calcium HA on the surface
of the biofilm elucidated by energy dispersive X-ray analysis.
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Figure 6. (a) SEM image of bacteria present on the surface of the biofilm, (b) EDAX
spectrum of calcium hydroxyapatite on biofilm, and (c) AFM picture of bacteria present on
the surface of the biofilm.
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Hemocompatibility Studies

Platelet adhesion tests on the 316L SS surface at 60 min incubation
showed larger number of the adherent platelets, with a high degree of
spreading and mutual interaction (Figure 7(a)). There are only very few
platelets adherent on the surface of TiN single layer coating and with
Ti/TiN nanoscale multilayer specimen (Figure 7(b) and (c)), which may
be due to the presence of few pin holes in the TiN layers. The
disadvantage of physical vapor deposited coatings is that they inherently
possess columnar microstructures leading to a large number of pores in
the coatings. Platelets might have been trapped into the defective area
rather than adhesion with spreading. Several reports have pointed out
those surface-associated properties, such as structure, surface energy,
surface charge, and surface roughness, greatly influence on the
hemocompatibility of biomaterials. It is known that the isoelectric
point (IEP) is approximately pH 7.4 for blood. Because mixed oxynitride
phases exist at the surface of the Ti/TiN-multilayered film, the reported
IEP value of its hydrated surface in air is approximately pH 4.0 [35].
When the multilayered film is exposed to the blood, the film will be
negatively charged; thus, the blood elements such as blood platelets with
negative charge will not adhere to the negatively charged surface easily,
affecting the formation of thrombus on the surface. The lower IEP value
is attributed to the good hemocompatible nature of the deposited
Ti/TiN-multilayered coating in the present study.

RMS roughness value for the nanoscale multilayered Ti/TiN coating
is calculated to be 7.5nm and TiN film 42nm whereas for the
mechanically polished bare SS substrate it is very high in the order
of 200nm. A much smooth multilayer was obtained from the bare
and the TiN-coated specimen. However, there exist few defects as
observed from the micrograph of the Ti/TiN-multilayered coating,
such as micro-particles and pin-holes. These defects may contribute
to the hemolytic nature, and are of a size comparable to the red
blood cells. They could possibly damage the cell membranes leading
to the formation of thrombus [36]. Therefore, thrombus formation
on the localized area of Ti/TiN-multilayered coating may be ascribed
to its defects.

At higher magnification, it is observed that platelets were absent and
only features of the coated material are present on the surface of the
Ti/TiN-multilayered coatings. These results indicate that the Ti/TiN-
multilayered coating shows layer improvement in the hemocompatibility
more than the TiN single layer and the bare substrate.
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(a)

Figure 7. SEM micrograph showing the morphology of the adherent blood platelets on
(a) the substrate, (b) TiN coating, and (c) Ti/TiN coating.
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Electrochemical Corrosion Studies

Anodic cyclic voltammetry curves of uncoated SS substrate, Ti/TiN
nanoscale multilayered film and the Ti/TiN films with biosynthesized
calcium HA coating are shown in Figure 8. For the uncoated substrate, a
continuous increase of the current density for the entire range of
potential has been observed. A lesser rate of dissolution was shown by
the sample with biocoating as inferred from the figure indicating the
lowest current densities associated with the entire range of potentials
studied. Typical polarization curves obtained for the corrosion behavior
of the samples are shown in Figure 9. Table 1 shows the results
of corrosion testing for these specimens in a simulated body fluid. The
corrosion potential of the 316L SS substrate is about —0.380V. The
corrosion current I, of steel substrate is greater than those of Ti/TiN
with biofilm. For the Ti/TiN nanoscale multilayer coating with biofilm,
the corrosion current is reduced to 2.9 x 1077 A/em?, as indicated in
Table 1. Liu et al. [37], have reported that the multilayered Ti/TiN-
coated specimen showed higher resistance against pitting corrosion
failure with a higher breakdown potential than the TiN-coated
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Figure 8. Cyclic voltammetry of (a) blank substrate, (b) Ti/TiN, and (¢) Ti/TiN multilayer
with biofilm in simulated bodily fluid.
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Figure 9. Polarization studies of (a) blank substrate, (b) Ti/TiN, and (c) Ti/TiN
multilayer with biofilm in a simulated bodily fluid.

Table 1. Potentiodynamic polarization and electrochemical impendence data.

lCO" RC(
Ecorr ba be (x107® Corrosion (x10° Ca
Sample (mV) (vdec™") (vdec™') Acm™?) rate Qcm?) (x107°F/cm?)
Bare substrate  —0.380 2.4 —-0.2 4 1.9 07 1225
Ti/TiN/substrate —0.243 0.8 -0.2 09 1.4 24 720
Biofilm/Ti/TiN/  —0.191 0.22 —0.09 0.29 0.3 32 462

substrate
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specimen, which has been attributed to its higher compactness. Such an
improvement in corrosion resistance is attributed not only to the
compactness, but also to the internal microstructure. The porosity of
coatings is the main factor that affects the corrosion resistance. The
porosity is associated with the microstructure of the coating — the higher
the packing factor the lower the porosity. For the Ti/TiN nanoscale
multilayered coating, the Ti and TiN layers were deposited alternatively
wherein the growth of the columnar structure of the individual TiN
layer, which is detrimental to coatings used in severe corrosion
environments, has been suppressed markedly. Therefore, the formation
of through-coating pinhole channels is eliminated, which means that the
possibility of the corrosive solution contacting the SS substrate is highly
reduced.

Impedance measurements (Figure 10) were made at OCP by applying
an AC signal of 10mV in the frequency range between 0.01 Hz and
100 kHz. The double layer capacitance Cq value is obtained from the
frequency at which Z imaginary is maximum:

1
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w( lm max) Cd] X Rct ( )
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0 | |
0 1 2 3
Zpe( Q cm?)x10%

Figure 10. Nyquist plot of: (a) blank substrate, (b) Ti/TiN, and (c) Ti/TiN multilayer with
biofilm in a simulated body fluid.
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At higher frequencies, the interception of real axis in the Nyquist plot
is ascribed to the solution resistance (R;) and at the lower frequencies,
the real axis interception gives the charge transfer resistance (R.).

When the sample is immersed in the electrolyte, the defects in the
coating provide the direct diffusion path for the corrosive media.
Parameters R, and Cq are related to the charge-transfer reaction at the
electrolyte/substrate interface. R.; increases (Table 1) in the following
order: 316L SS substrate < Ti/TiN < Ti/TiN with biofilm. It shows that
the biofilm of calcium HA on Ti/TiN nanoscale multilayered coating has
superior corrosion resistance behavior.

CONCLUSIONS

Reactive DC magnetron sputtering technique has been successfully
used in depositing Ti/TiN nanoscale multilayers of thickness onto 1.5 um
316L SS substrates. From XPS analysis it is observed that oxidation is
predominant in the surface of the film. TEM SAED pattern shows the
presence of a dominant well-crystallized polycrystalline state. Biofilm of
calcium HA could be formed on the surface of TiN through the
biomediated synthesis route. Tafel plots in simulated bodily fluid show
that the corrosion rate for the specimens follows the order: 316L SS
substrate >Ti/TiN >Ti/TiN with biofilm. The nanoscale multilayered
Ti/TiN coating with biofilm of calcium HA has shown highly improved
corrosion resistance behavior, and possesses lower passivation current
density, which can be effectively used in dental implant applications.
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