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Abstract This study reports the deposition of TiN films
on Co—Cr substrates to improve the substrates’ mechanical
properties and biological properties. In particular, the argon
to nitrogen (Ar:N,) gas flow ratio was adjusted to control
the microstructure of the TiN films. A Ti interlayer was
also used to enhance the adhesion strength between the
Co—Cr substrate and TiN films. A series of TiN films,
which are denoted as TiN-(Ar/N,)1:1, Ti/TiN-(Ar/N,)1:1,
and Ti/TiN-(Ar:N,)1:3, were deposited by reactive DC
sputtering. All the deposited TiN films showed a dense,
columnar structure with a preferential orientation of the
(200) plane. These TiN films increased the mechanical
properties of Co—Cer, such as the critical load during scratch
testing, hardness, elastic modulus and plastic resistance. In
addition, the biological properties of the Co—Cr substrates,
i.e. initial attachment, proliferation, and cellular differen-
tiation of the MC3T3-El cells, were improved consider-
ably by deposition of the TiN films. These results suggest
that TiN films would effectively enhance both the
mechanical properties and biocompatibility of biomedical
Co—Cr alloys.
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1 Introduction

Co—Cr alloys are recognized as one of the most suitable
materials for biomedical applications, such as load-bearing
joint replacements (hip or knee), dental implants and stents,
on account of their outstanding chemical stability,
mechanical properties and biocompatibility [1-3]. Funda-
mentally, the biocompatibility of Co-Cr alloys can be
attributed to the surface oxide layer, which is formed nat-
urally in air [4]. However, these materials have relatively
low surface hardness and wear resistance [5, 6], which has
caused concern about the potential release of metal ions
after implantation [7-9].

Surface modification is used widely to improve the
biocompatibility of metallic implants, because it can tailor
the surface characteristics to be favorable for the growth,
proliferation and differentiation of osteoblasts in an easy
and economical manner [10—12]. One of the most prom-
ising surface modification techniques is to coat the surface
of metallic implants with biocompatible materials, includ-
ing microporous TiO, [13] and TiN films [14]. In partic-
ular, TiN films have been proven to be the effective
materials for improving the mechanical properties of rel-
atively soft metals and alloys, such as hardness, wear
resistance, and corrosion resistance [15-17]. In addition,
TiN films can enhance the biocompatibility of biomedical
metals significantly [18, 19] because of TiN’s biocompat-
ibility [20, 21]. More recently, it was reported that TiN
films with a controlled microstructure could be deposited
successfully on Co-Cr substrates by applying a negative
substrate bias during reactive DC sputtering, which could
lead to a significant increase in surface hardness [22].
However, little attention has been directed towards the
evaluation of the cell attachment, proliferation and differ-
entiation of osteoblasts cells on TiN-coated Co—Cr alloys.
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Therefore, in this study, TiN films were deposited on
Co—Cr substrates by reactive DC sputtering. The Ar:N, gas
flow ratio was adjusted to control the microstructure of the
TiN films. A series of TiN films were deposited on Co—Cr
substrates, which are denoted as TiN-(Ar/N,)1:1, Ti/TiN-
(Ar/N5)1:1, and Ti/TiN-(Ar:N,)1:3. The microstructure and
crystal structure of the TiN coatings were characterized by
field emission scanning electron microscopy (FE-SEM)
and X-ray diffraction (XRD), respectively. The mechanical
properties of the TiN films deposited Co—Cr substrates
were evaluated by scratch testing and ultra-low load
microhardness testing, respectively. Pre-osteoblast cells
(MC3T3-E1) were used for a biological evaluation in terms
of cell attachment, proliferation and differentiation.

2 Materials and methods
2.1 Deposition of TiN films

A series of TiN films were deposited onto Co—Cr substrates
by DC sputtering (Ultech, Daegu, Korea), where a Ar:N,
gas flow ratio, which is one of the most important pro-
cessing parameters was adjusted to control the microstruc-
ture of the TiN films. Prior to deposition, the Co-Cr
substrates (Bukang Coalloy, Korea) with dimensions of
10 mm x 10 mm x 1 mm or 25 mm X 25 mm x 1 mm
were ground with a 2000-grit SiC abrasive paper and cleaned
ultrasonically. The deposition chamber was pumped to
5 x 107" Pa using rotary and diffusion pumps. The sub-
strate was then subjected to ion bombardment in an argon
flow discharge under a negative bias voltage of 600 V for
30 min to remove any residual surface contamination. Sub-
sequently, the Ti and TiN films were deposited by reactive
DC sputtering of a Ti target (diameter 75 mm, thickness
5 mm, purity 99.9%, Kahee Metal, Korea). Pre-sputtering of
a thin titanium layer at a substrate temperature of 400°C was
performed for 15 min. This layer would be expected to act as
an interlayer to enhance the adhesion between the substrate
and TiN films [23]. Subsequently, high purity argon
(99.998% pure) and nitrogen (99.9995% pure) gases were
introduced at various flow ratios (1:1 and 1:3) for the depo-
sition of TiN films, denoted as Ti/TiN-(Ar:N,)1:1 and
Ti/TiN-(Ar:N,)1:3 films, respectively. For comparison, a
TiN film was deposited at an Ar:N, flow ratio of 1:1 without a
Ti interlayer (TiN-(Ar:N,)1:1 film). The substrate tempera-
ture was 400°C and the current was kept constant at 0.6 A for
the deposition of all the TiN films.

2.2 Structural characterization

The crystalline of the TiN films deposited on Co—Cr sub-
strates were examined by X-ray diffraction (XRD;
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MI18XHF-SRA, Mac Science Co, Yokohama, Japan) using
CuK, radiation. The scan rate used was 1°/min and the scan
range was from 30° to 80°. The microstructure and surface
morphology of TiN films deposited on Co—Cr substrates
were studied by field emission scanning electron micros-
copy (FE-SEM; JEOL, JSM-6330F, JEOL Techniques,
Tokyo, Japan) operated at 15 kV.

2.3 Mechanical properties

The adhesion strength was measured using a scratch tester
(CSEM Instruments, Revetest, Scratch-tester, Switzerland)
by employing the acoustic emission (AE) fluctuations and
optical microscopy. The coated surface was scratched with
a conical Rockwell C tip with a radius of 200 um. Scrat-
ches (5 mm in length) were made with a linear speed of
5 mm/min, where the applied loads ranged from 0 to 30 N.
It is essential to define two different critical loads in order
to give an accurate description of adhesion failure [24].
According to Gerth, the first critical load, L, is the load at
which the first sporadic isolated adhesion failure takes
place. The second critical load, L,, is the load at which
more continuously spread adhesion failure begins. Two
identical scratches were made in each sample. In this study,
AE signal intensity was continuously monitored and failure
modes L; and L, were clearly identified with the increase
in the AE signal during scratching. The results were veri-
fied by optical microscope at 40x magnification to deter-
mine the value of the critical load.

Microhardness tests were performed to measure the
mechanical properties of the TiN films. The microhardness
(H) and elastic modulus (E) were calculated from the load/
upload curves obtained using a computer controlled
microhardness tester. Ultra low microindentation
(Fischerscope H100, Germany) was performed under a
Vicker’s diamond indenter load, L = 15 mN. The total
penetration of the indenter into the film was set to 10% of
the films’ thickness. Each datum was an average of ten
indentations. The load-indentation depth profiles were
recorded automatically during indentation.

2.4 Biological properties

Pre-osteoblasts MC3T3-E1 (ATCC, CRL-2593) were used
to examine the interaction between the cell and specimens
(uncoated Co-Cr substrate, Ti/TiN-(Ar:N,)1:1 film,
Ti/TiN-(Ar:N,)1:3 film). The cells were maintained in
o-MEM containing 10% fetal bovine serum (FBS) and 1%
antibiotic at 37°C in humidified air and 5% CO,. The cell
attachment was visualized by confocal laser scanning
microscopy (CLMS, Zeiss-LSM510, Carl Zeiss Inc., NY,
USA). After culturing for 24 h, the cells on the tested
sample were fixed in 4% paraformaldehyde in PBS for
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10 min, washed in PBS, permeabilized with 0.1% Triton
X-100 in PBS in 7 min, washed in PBS and stained with
fluorescent phalloidin for 30 min. The cell nuclei were
counterstained with DAPI for 5 min. The stained samples
were placed on a cover slide, and the cell morphology was
observed.

The rate of proliferation was measured after culturing
for up to 5 days using 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxy-methoxyphenyl)-2-(-4-sulfophenyl)-2H-tetrazo-
lium (MTS, Promega, Madison, WI, USA) for mitochon-
drial reduction. The cells (1 x 10* cell/ml) were seeded
on the specimens (uncoated Co—Cr substrate, Ti/TiN-
(Ar:N,)1:1 film, Ti/TiN-(Ar:N,)1:3 film) and cultured for
5 days. They were then washed with PBS and placed in a
culture medium containing the MTS solution and returned
to the incubator at 37°C for 3 h. This assay is based on the
ability of metabolically active cells to reduce a tetrazolium-
based compound, MTS, to a purple formazan product. The
quantity of formazan product, which is measured by the
absorbance at 490 nm using a micro-reader (Biorad, Model
550, USA), is directly proportional to the number of living
cells in the culture.

The extent of cell differentiation was assessed by mea-
suring the alkaline phosphatase (ALP) activity of the cells
cultured on the specimens (uncoated Co—Cr substrate,
Ti/TiN-(Ar:N5)1:1 film, Ti/TiN-(Ar:N,)1:3 film). The cells
(1 x 10* cell/ml) were seeded on the specimens and cul-
tured for 7 days. They were then washed with PBS and
detached using trypsin-ethylene diamine tetraacetic acid.
The amount of protein in the cell lysates was quantified
using a protein assay kit (Biorad, Hercules, CA, USA) and
the ALP activity was assayed calorimetrically using p-
nitrophenyl phosphate (pNPP, Sigma-Aldrich, UK). This
colorimetric assay is based on the conversion of pNPP to p-
nitrophenol (pNP) in the presence of ALP, where the rate
of pNP production is proportional to the ALP activity. The
absorbance of the reaction product, pNP, was measured at
405 nm using a microplate reader.

The data is presented as the mean £ standard deviation.
Statistical analysis was performed using a ¢ test. A P value
<0.05 was considered significant.
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Fig. 1 XRD patterns of (a) TiN-(Ar:Ny)1:1 film, (b) Ti/TiN-
(Ar:N,)1:1 film, and (¢) Ti/TiN-(Ar:N,)1:3 film

3 Results and discussion
3.1 Structural characterization of TiN films

Figure la—c shows typical XRD patterns of the TiN-
(Ar:Ny)1:1, Ti/TiN-(Ar:Ny)1:1, and Ti/TiN-(Ar:N,)1:3
films deposited Co—Cr substrates. Without a Ti interlayer,
the TiN film showed three crystalline peaks corresponding
to the (200), (220), and (311) planes of the TiN structure
(JCPDS card No. 87-0628), as shown in Fig. la. On the
other hand, when the TiN interlayer was used, an additional
peak corresponding to the (111) plane of the crystalline
TiN structure was also observed, as shown in Fig. 1b, c.
However, all the deposited TiN films were preferentially
orientated along the (200) plane. This suggests that the TiN
films grew with a columnar structure with a growth
direction, (200), parallel to the flux of the incident ener-
getic particles during reactive DC sputtering [25].

Figure 2a—c shows typical cross-sectional SEM images
of the TiN-(Ar/N,)1:1, Ti/TiN-(Ar/N,)1:1, and Ti/TiN-
(Ar:N,)1:3 films deposited on the Co—Cr substrates. Basi-
cally, all the TiN films deposited had a dense columnar
structure with an overall thickness of ~2 pum, which was

Fig. 2 FE-SEM images showing cross-sections of (a) TiN-(Ar:N,)1:1 film, (b) Ti/TiN-(Ar:N,)1:1 film, and (¢) Ti/TiN-(Ar:N,)1:3 film
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Fig. 3 FE-SEM images showing the surface morphology of (a) TiN-(Ar:N,)1:1 film, (b) Ti/TiN-(Ar:N,)1:1 film, and (¢) Ti/TiN-(Ar:N)1:3 film

corresponded to the XRD results (Fig. 1a—c). In addition, a
dense, uniform Ti interlayer with a thickness of ~ 150 nm
was formed for the Ti/TiN-(Ar/N,)1:1 (Fig. 2b) and Ti/
TiN-(Ar:N,)1:3 films (Fig. 2c), which would be expected
to enhance the adhesion between the Co—Cr substrates and
TiN films.

Figure 3a— shows the surface morphology of the TiN-
(Ar:Np)1:1, Ti/TiN-(Ar:N,)1:1, and Ti/TiN-(Ar:N,)1:3 films.
Although all the TiN films showed a similar columnar
microstructure in the cross-sectional view (Fig. 2a—c), they
had very different surface morphologies. In other words, the
TiN film deposited without a Ti interlayer showed faceted
columnar grain morphology (Fig. 3a). On the other hand, a
large number of relatively rounded grains were also observed
on the Ti/TiN-(Ar:N,)1:1 film (Fig. 3b). This microstructural

Fig. 4 Optical

images of the
(a) TiN-(Ar:Ny)1:1 film, (b)
() Ti/TiN-(Ar:N,)1:3 film. The scratch direction is from left to right

scratch  tested specimens:
Ti/TiN-(Ar:N,)1:1  film, and
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change from a faceted to rounded morphology became more
widespread for the Ti/TiN-(Ar:N,)1:3 film (Fig. 3c). In
addition, the Ti/TiN-(Ar:N5)1:3 film showed denser micro-
structure than the TiN-(Ar/N,)1:1 and Ti/TiN-(Ar/N,)1:1
films. This suggests that the microstructure of the TiN films
can be controlled by adjusting the Ar:N, ratio, which is one of
the important processing parameters during reactive sputter-
ing processes [26].

3.2 Mechanical properties

Fundamentally, the lifetime and performance of the coated
component may be determined primarily by the adhesion
of the coating layer to the substrate [24]. A thin Ti inter-
layer with a thickness of ~ 150 nm was used to enhance

and scale bars indicate 100 pum. The short arrows and long arrows
indicate the critical load L; and L,, respectively
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Table 1 Critical load results on the specimens (TiN-(Ar:N,)1:1, Ti/
TiN-(Ar:N,)1:1, and Ti/TiN-(Ar:N,)1:3 films)

Critical Specimens
load - - o
TiN-(Ar:N,)1:1  Ti/TiN- Ti/TiN-
film (Ar:N,)1:1 film (Ar:N,)1:3 film
Ly (N) 10+ 1 23+ 4 26 + 1
L, (N) 16 £1 25 +1 29 £ 2

the adhesion between the TiN film and Co-Cr substrate.
This Ti interlayer was calculated from deposition rate
(10 nm/min) and the result was verified by cross-sectional
SEM images (Fig. 2b, c). Figure 4a—c shows typical opti-
cal images of the TiN-(Ar:Nj)I1:1, TiN-(Ar:N,)1:1, and
Ti/TiN-(Ar:N,)1:3 films after the scratch test, where a high
critical load was achieved without any obvious cracks on
the tested surface. Based on these observations, the critical
loads of the TiN films were verified, as summarized in
Table 1. The TiN films deposited with the Ti interlayer
showed much higher critical loads than that of the TiN film
deposited without a Ti interlayer (Table 1), which was
attributed mainly to a change in surface morphology
(Fig. 3a—c). The Ti/TiN-(Ar:N,)1:3 film showed the high-
est critical load owing to its denser microstructure.

Figure 5a—d shows the representative loading-indenta-
tion depth curves obtained from microindentation of the
uncoated Co—Cr alloy, TiN-(Ar:N,)1:1, TiN-(Ar:Np)1:1,
and Ti/TiN-(Ar:N,)1:3 films. Compared to the uncoated
Co—Cr, a smaller indentation depth was observed at the
same load for all TiN films deposited with or without the Ti
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Fig. 5 Typical load-indentation depth curves of the specimens
obtained using a microindenter: (a) Co—Cr, (b) TiN-(Ar:N)1:1 film,
(¢) Ti/TiN-(Ar:N,)1:1 film, and (d) Ti/TiN-(Ar:N,)1:3 film

Table 2 Hardness, elastic modulus and H*/E? results of the speci-
mens (uncoated Co—Cr, TiN-(Ar:N,)1:1, Ti/TiN-(Ar:N,)1:1, and Ti/
TiN-(Ar:N,)1:3 films

Specimen H (GPa) E (GPa)  HYE?

Co—Cr 40403 197 +15 0.001 £ 0.0001
TiN-(Ar:N,)1:1 film 2443 323422 0.149 + 0.05
TUTiN-(Ar:Ny)1:1 film 25 + 3 330 £ 19  0.151 £ 0.09
Ti/TIN-(A:No)1:3 film 30 £4 314428  0.263 + 0.08

interlayer. This suggests that intensive surface hardening
was induced successfully by the reactive DC sputtering of
TiN films in the Ar:N, gas mixture. The average hardness,
elastic modulus and the plastic resistance ratio H*/E? of the
TiN-(Ar:Ny)1:1, Ti/TiN-(Ar:N,)1:1, Ti/TiN-(Ar:N,)1:3
films and uncoated Co—Cr substrate were calculated from
the loading-indentation depth curves, as summarized in
Table 2. As expected, the deposition of the TiN films
increased the hardness and elastic modulus of the Co—Cr
significantly (by factors of >6 and >1.6, respectively). In
addition, the plastic resistance ratio increased remarkably.

3.3 Biocompatibility

The biological properties of the Ti/TiN-(Ar:N,)1:1 and Ti/
TiN-(Ar:N,)1:3 films were evaluated and compared with
those of the uncoated Co—Cr substrate. Figure 6a—c shows
representative CLMS images of the pre-osteoblast MC3T3-
El cells grown on an uncoated Co—Cr substrate, Ti/TiN-
(Ar:Ny)1:1, and Ti/TiN-(Ar:N,)1:3 films after culturing for
24 h. All the specimens showed cells that were attached and
spread well, suggesting good biocompatibility. However,
most of the cells cultured on the Ti/TiN-(Ar:N,)1:1 and
Ti/TiN-(Ar:N5)1:3 films had a flat morphology and appeared
to be adhered intimately to the surface, indicating excellent
initial attachment (Fig. 6b, c). In addition, the cellular growth
was denser than that on the uncoated Co—Cr substrate.

The change in morphology which is one of the leading
indicators of the cell phenotype, will affect the cell-
attachment and proliferation kinetics [27]. Figure 7 shows
the cell proliferation on the uncoated Co—Cr substrate,
Ti/TiN-(Ar:N,)1:1, and Ti/TiN-(Ar:N,)1:3 films. The rates of
proliferation of the cells cultured on the Ti/TiN-(Ar:N,)1:1
and Ti/TiN-(Ar:N,)1:3 films were much higher than that on
the uncoated Co—Cr substrate (P < 0.05). This suggests that
TiN films can facilitate cell proliferation significantly.

The pre-osteoblasts cells (MC3T3-El) grown in the
presence of serum and ascorbic acid differentiate into
osteoblasts and produce an extensive collagenous extra-
cellular matrix that can be mineralized by the addition of
p-glycerophosphate [28]. Therefore, the cells were cultured
in the medium to induce differentiation. The ALP activity
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Fig. 6 CLMS of cell attachment on the tested specimens after 24 h of culturing. (a) Uncoated Co—Cr, (b) Ti/TiN-(Ar:N,)1:1 film, and (¢) Ti/

TiN-(Ar:N,)1:3 film
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Fig. 7 Proliferation rate of osteoblasts on the specimens after 5 days
culture. The error bar indicates one standard deviation (n = 3).
Statistically significant: ***P < 0.001, **P < 0.01

was examined after culturing for 7 days to determine the
effect of the TiN films on the cell differentiation. The
deposition of TiN films increased the ALP activity signif-
icantly, which is a cell surface glycoprotein that is involved
in mineralization and is the most widely recognized marker
of osteoblastic differentiation [29], as shown in Fig. 8. This
suggests that the TiN films facilitated the differentiation of
MC3T3-El cells. These ALP expression levels, along with
the proliferation behavior, provide a good illustration of the
improved biocompatibility of the Co—Cr alloy deposited
with the TiN films by reactive DC sputtering.

4 Conclusions
Various TiN films (TiN-(Ar/N,)1:1, Ti/TiN-(Ar/N,)1:1,
and Ti/TiN-(Ar:N,)1:3) were deposited on Co—Cr sub-

strates using reactive DC sputtering, and their mechanical
properties and biocompatibility were evaluated. The use of

@ Springer

ALP Activity
[p-NP/mg protein/h]
3

CoCr TUTIN-(Ar:N2)1:1 film  TUTIN-(Ar:N2)1:3 film
Specimens

Fig. 8 ALP activity of MC3T3 cells cultured on the specimen for
7 days. The error bar indicates one standard deviation (n = 3).
Statistically significant: *P < 0.05

a Ti interlayer enhanced the adhesion between the Co—Cr
substrate and TiN film significantly. The Ti/TiN-(Ar/
N,)1:1 and Ti/TiN-(Ar:N,)1:3 films showed a dense,
columnar microstructure, which led to a considerable
increase in mechanical properties, such as critical load,
hardness, elastic modulus, and plastic resistance. In addi-
tion, deposition of the TiN films improved the biocom-
patibility of the Co—Cr, which was assessed by an in vitro
cell test using a pre-osteoblast cell line.
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