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Abstract. TiN thin films were deposited at room temperature on polished Ti samples
by PLD. GIXRD investigations showed that films were crystalline, with grain sizes
around 25 nm. Simulations of XRR curves indicated that the layers were dense and
only slightly rougher than Ti substrates. Nanoindentation results showed that TiN
films possessed a hardness of 26.8 GPa, much harder than Ti substrate, while scratch
and wear tests found that films were adherent and exhibited a low friction coefficient
of 0.16. Electrochemical tests performed in SBF indicated that the coated Ti samples
exhibited significantly better behavior against corrosion than bare Ti samples.
Key words: pulsed laser deposition; thin films; TiN; mechanical properties; corrosion
resistance.

1. INTRODUCTION

Biomaterials are nowadays widely used in the human body for various
prostheses and orthopaedic devices [1]. Such biomaterials should be
biocompatible, exhibit negligible dissolution rates in the body and have suitable
mechanical properties for specific uses [2]. Ti and Ti-based alloys are widely used
for metallic prosthesis and implants because they are biocompatible and possess
many attractive chemical and mechanical properties [3, 4]. Unfortunately, Ti and
its alloys also have several drawbacks. First, these materials have rather high
friction coefficients resulting is substantial wear and tear during many years’ time
duration that the prosthesis are used [5]. Some of the crystallites could be dislodged
from the prosthesis and cause an inflammatory reaction into the surrounding tissue
[6]. It has been also shown that Ti has a low but still measurable dissolution rate in
the body fluids [7, 8]. Since some prosthesis are quite big, possess a large area and
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stay in the body for many years, the organs are exposed to a constant level of Ti
ions that could accumulate in some parts and cause health problems [7, 9]. The
combination between the poor mechanical properties and the slow dissolution rate
limits the average life-time of prosthesis from 10 to max 25 years [10, 11]. Many
patients will need to undergo a surgical revision during their life-time, which is
both expensive and risky for older patients [11]. It is therefore critical to expand
the life of prosthesis and implants, reduce the risks of inflammation and slow down
the amount of released Ti ions into the body.
Since these problems are connected to the Ti surface the most effective way
to avoid them is to coat the prosthesis and implants with biomaterials possessing
better corrosion resistance, osseointegration, biocompatibility and reduced wear
rates and debris amount and size [12–17].
One of the most used materials for protective coatings is TiN, which possess
excellent physical and chemical properties, being also biocompatible [18–21].
Pulsed laser deposition (PLD) is an excellent technique to grow high quality films
and investigate their properties once the droplet problem has been minimized [22].
We obtained high quality TiN films exhibiting very good mechanical properties
using the PLD technique [23–25]. To decrease the grain size and avoid the
oxidation of the Ti substrate we deposited TiN films at room temperature on pure
Ti samples and investigated their mechanical and electrochemical properties in
simulated body fluid (SBF). The structural, mechanical and electrochemical results
are reported below.

2. EXPERIMENTAL DETAILS

Films were grown in a usual PLD experimental set up. A high purity TiN
target was ablated by a KrF excimer laser (λ = 248 nm, pulse duration τ = 25 ns,
6 J/cm2 fluence, 40 Hz repetition rate, 40,000 pulses) under 2×10-3 Pa N2
atmosphere [23–25]. The films were collected on (100) Si or mirror-like polished
Ti substrates kept at room temperature. To study the films structure, grazing
incidence and symmetrical X-ray diffraction (GIXRD and XRD) investigations
were performed on the films with an Empyrean instrument (Panalytical) set to
work in a parallel beam geometry with Cu Kα radiation. The films mass density and
surface roughness were obtained from simulations of the XRR curves, acquired
with the same instrument, using a commercially available software (X’Pert
Reflectivity). A model consisting of two layers, the deposited nitride or the Ti
substrate and a thin surface contamination layer (SCL) accounting for the
hydroxide/adventitious carbon layer present at the topmost surface when samples
were exposed to the ambient was used for simulations. The surface topographic
images were obtained by AFM with a Nanonics MultiView 4000 Microscope
(intermittent contact mode) working in phase feedback. A tuning fork coated with
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Cr having a 38 kHz resonance frequency and 1920 quality factor was used to scan
(5×5) μm2 area. Several scans were made on each sample in order to get an average
value of root mean square (RMS).
The mechanical properties of the TiN thin film (hardness, elastic modulus)
and of the titanium substrate were investigated using a nanoindentation device
produced by CSM Instruments (NHT-2) equipped with a Berkovich diamond tip.
To minimize substrate contributions, the indentation experiments were performed
controlling the depth penetration of the indenter. The optimal penetration depth
was determined after preliminary progressive multi-cycle mode (PMC) tests. This
type of measurement allows for multiple indentations in the same spot on the
sample, with increasing penetration depths/loads. The result is a series of hardness
values, which, when plotted as a function of the penetration depth, gives an
estimation of the optimal penetration depth for further fixed-depth nanoindentation
measurements. The PMC measurements were performed with the following
protocol: 25 cycles; the first penetration depth 10 nm; the last penetration depth
200 nm; loading rate 5 mN/min; unloading rate 50 mN/min. The fixed-depth
nanondentation measurements were performed with the same loading-unloading
rates, and a penetration depth of 80 nm. The hardness and reduced modulus were
determined following the model of Oliver and Pharr [18].
The adhesion of the TiN coating to the titanium substrates was determined
using a Micro Scratch Tester (CSM Instruments) using a 100Cr6 steel tipped
indenter with a Rockwell geometry (tip radius = 100 μm). The load was applied
progressively with a speed of ~5 N/min. The length of the tests was set at 3 mm.
Dry wear tests were carried out at room temperature, using a ball-on-disk
tribometer from CSM Instruments, in rotation mode. The variation of the dynamic
friction coefficient against a 6 mm diameter sapphire ball (point-on-flat contact),
was observed. Both the samples and the balls were ultrasonically cleaned in an
ethanol bath prior to the wear tests. The normal load applied on the sapphire ball
was 1 N. The stop condition was set at 20 m, in order to observe the friction
coefficient variation as function of distance.
The behavior against corrosion of the bare and coated Ti samples was
evaluated by sensitive electrochemical analyzes, in conditions which simulate the
interaction with human body. The corrosion rate of the samples were determined
by linear sweep voltammetry (LSV) in SBF using an Autolab PGSTAT100
Potentiostat (Eco Chemie), in a three electrodes configuration with a saturated
calomel reference electrode (SCE) and a platinum wire as counter electrode. SBF
has an ionic composition identical to blood plasma and was prepared by mixing the
reagents, respecting the order and the quantities as indicated by Kokubo formula
[27]. A batch of samples with 1 cm2 active surface were immersed in SBF at 25° C
and investigated after different immersion times. There is a linear relationship
between the metal dissolution rate or corrosion rate, and the density of corrosion
current icorr that was calculated using Tafel Slope Analysis and Butler-Volmer
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equation. Polarization Resistance, Rp, was also estimated and used to evaluate the
resistance of the metal under investigation against corrosion. The LSV data were
recorded with 0.008 V step potential, 0.04 V/s scan rate and the working potential
was varied from –0.65 V to +0.15 V vs SCE.

Intensity (cps)

3. RESULTS AND DISCUSSION

#
625
*
400

#

225

*

*
#

#

100

#

#

#

#

25

35

40

45

50

#
*

#

55

*

#

60

65

70

75
2Theta (°)

Fig. 1 – GIXRD patterns recorded from the bare Ti and TiN/Ti samples;
for the TiN/Ti samples two incidence angles of 2.0º (green pattern) and 0.2º (pink pattern) were used.

Fig. 1 presents GIXRD patterns acquired from the bare Ti substrate and from
TiN covered Ti samples, respectively. The diffraction peaks recorded from the bare
Ti substrate (denoted by # in Fig. 1) were identified as belonging to α-Ti (ICCD
ref. pattern 98-004-3733, space group P 63/mmc, a = 2.9510 Å, c = 4.6850 Å) and
a thin superficial TiO2 film that shares a very similar hexagonal lattice (ICCD ref.
pattern 00-004-4872, a = 2.9190 Å, c = 4.7130 Å). For the TiN/Ti sample, besides
the Ti peaks from the substrate, a cubic TiN having the lattice parameter a = 4.270
Å (denoted by * in Fig. 1, ICCD ref. pattern 00-065-8338, calculated density
5.28 g/cm3) was identified. For an incidence angle of 0.2º, only the TiN coating
was observed, without any interference from the substrate. The grain size and
microstress values estimated from Williamson Hall plots and line profile analysis
(using the High Score Plus software) for these samples are also presented in
Table 1. Results of the XRR curves simulations are shown in Table 1. The
estimated density values are lower than the tabulated values, probably due to the
roughness of the substrate, since the same films deposited on Si wafers showed
densities values close to the tabulated one.
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Fig. 2 – Comparison of XRR curves recorded from a bare Ti and TiN/Ti samples.
Table 1
XRR simulation results (SCL = surface contamination layer) and structural characteristics estimated
from the Williamson-Hall plots and line profile analysis
Sample
Ti

TiN/Ti

Structure

Density
(g/cm3)

Thickness
(nm)

Roughness
(nm)

SCL

3.21

3.3

1.1

Ti metal

3.84

NA

0.43

SCL

2.19

1.06

0.94

TiN

5.12

NA

2.2

Grain size
WH/LPA
[Å]

Micro-strain
WH/LPA
[%]

455/318

0.20/0.28

52/25

0.90/0.59

The AFM images recorded in the case of bare polished Ti substrate showed
morphological features characterized by hollows and hills while the average RMS
value was 4.1 nm (Fig. 3). Deposition of a thin TiN film on the surface of polished
Ti slightly increased the RMS values to 7 nm. Moreover, the TiN film copies the
substrate topography. In addition, random distributed spherical particulates with
nanometric sizes (300–400 nm) were observed on the surface of films most likely
generated during the laser ablation process [28].
Figure 4 presents the 25 loading-unloading curves from the PMC
measurement (25 cycles) recorded from the TiN/Ti sample, as function of the
penetration depth. Each hardness value from the PMC measurement was plotted as
function of the penetration depth. If one analyzes the graph in Fig. 4, one can
notice an increase in hardness up to a critical point, followed by a steady and
significant decrease, towards, but not equal to representative values for the Ti
substrate. The relatively low penetration depth and the hardening effect of the
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remaining film are responsible for the difference between the hardness values
(measured directly on the substrate and resultant from the PMC tests). For lower
penetration depths (< 50 nm), inconclusive hardness values could potentially be
obtained as a consequence of the indentation size effect (ISE). The ISE is caused in
general by the surface roughness, the presence of contamination layers on the
sample surface or by indenter tip blunting, rather than by a true material effect [29].
Furthermore, considering that the measurements during the PMC test are done in
the same spot, consecutive indentations would introduce tensions in the material,
due to grain deformation, resulting in higher hardness values. Consequently, we
concluded that an optimal penetration depth for the fixed-depth indentations would
be in the 60–80 nm range, avoiding this way both the effects of the ISE and the
tension-related hardening. The nanoindentation results for the TiN film and the
titanium substrate, along with the critical loads observed after the adhesion tests,
and the friction coefficient resultant from the wear tests, are presented in Table 2.
The TiN film is significantly harder, compared to the titanium substrate.

Fig. 3 – Typical AFM images of bare Ti substrate (RMS = 4.1 nm and Ra: 3.29 nm)
and TiN/Ti sample (RMS = 7 nm and Ra: 4.55 nm).
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Fig. 4 – Progressive multi-cycle mode nanoindentation loading-unloading curves and hardness,
both as function of the penetration depth, obtained from the TiN sample.
Table 2
Nanoindentation and adherence results for the TiN/Ti sample
Sample

Nanoindentation

Adherence

Friction
coefficient

Hit [GPa]

Eit [GPa]

Lc1 [mN]

Lc2 [mN]

Lc3 [mN]

TiN

26.81±1.92

236.81±19.18

–

404.12
±80.09

1420.16
±22.95

0.16

Ti
(substrate)

2.66±0.18

157.94±6.39

–

–

–

0.49

Fig. 5 – Film failure features, observed on the TiN coating deposited on titanium.

The adherence tests were confined to the samples’ area of relatively uniform
thickness. The critical load values were obtained after optical microscope analysis

1498

G. Popescu-Pelin et al.

8

of the wear tracks, and these are defined as follows: Lc2 – the load necessary for
the first film delamination (where the substrate is visible); Lc3 – the load necessary
for total film removal. Considering strictly the critical load values from Table 2,
the TiN film is exhibiting a relatively average adhesion to the titanium substrate.
This factor could be improved through several means: changing certain deposition
parameters; using an intermediary layer as adhesion promoter; increasing the
substrate roughness, etc.
The friction coefficient variation, as function of the distance, for the TiN
coating and the bare Ti substrate, is presented in Fig. 6. One can notice a low
friction regime for the entire test duration, in case of the TiN film, which would
suggest that the film is wear resistant in these conditions, while the friction
coefficient for the substrate, obtained in identical conditions, is significantly larger.
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Fig. 6 – The variation of the friction coefficient as a function of the distance, for the TiN coating and
the Ti substrate.

The degree of wear after 20 m can be observed in Fig. 7. The TiN coating
was exhibiting a relatively low friction coefficient (µ = 0.16 – Table 2) and it was
still present at the end of the test. This observation suggests that there is a clear
correlation between the low friction coefficient and the good wear behavior of the
TiN coating.
A material has a better resistance to corrosion if it has lower density of
corrosion current, higher polarisation resistance and higher corrosion potential. All
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these parameters for Ti and TiN/Ti samples were estimated by linear sweep
voltammetry (LSV) analyses.

Fig. 7 – Wear track for the TiN coating obtained against a sapphire ball.

LSV results showed a good corrosion resistance for both types of initial
samples, which exhibited similar values of corrosion parameters. After the initial
evaluation, the samples of bare Ti and Ti covered with TiN thin films were
introduced in SBF at room temperature and stored for 32 days. Afterwards, their
Tafel spectra were recorded again and the corresponding corrosion parameters
calculated (Table 3).
Table 3
Comparison between the initial corrosion parameters and those measured
after 32 days of immersion in SBF
Sample
Ti
TiN/Ti

Rp
(kΩ)

Ecorr
(mV)

icorr
(μA/cm2)
initial
32 days
5.90
12.81

initial
20.05

32 days
11.69

initial
– 253

4.35

21.86

16.94

– 218

6.35

32 days
– 447
– 384

After 32 days of immersion in SBF, the density of the corrosion current of Ti
sample reached a value significantly larger than that measured for TiN/Ti sample
while its polarization resistance decreased almost twice. As it is known, an
adherent, free of discontinuities Ti oxide film is formed on Ti surface when the
surface is exposed to the ambient, which acts as a kinetic barrier preventing further
oxidation and the loss of ions. When immersed in SBF the Ti passivation sharply
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decreased and the density of corrosion current increased several orders of
magnitude.
When Ti is immersed in SBF, chlorine ions are preferentially adsorbed on Ti
oxide surface. The formed oxychloride compound is characterized by defects in the
network and a greater solubility than the Ti oxide. So the chlorine ions promote
ionization of the metal and the density of corrosion current increases as expected.
For Ti samples covered with TiN thin films there are very small modifications of
corrosion parameters implying a good behaviour against corrosion. A similar
conclusion was reached after corrosion rate calculation; the bare Ti sample showed
a 158 µm/year corrosion rate, while by covering with TiN, the corrosion rate was
reduced to 80 µm/year, as displayed in Table 4.
Table 4
Corrosion rate of the samples after 32 days of immersion in SBF
Sample
Ti
TiN/Ti

Initial corrosion rate
(µm/year)
49.99
55.41

Corrosion rate after 32 days
(µm/year)
158.80
79.55

4. CONCLUSION

TiN films were synthesized on polished Ti substrates using the pulsed laser
deposition technique at room temperature. The TiN coatings were polycrystalline,
dense and smooth.
Nanoindentation tests indicated a hardness of around 27 GPa, significantly
higher than the corresponding value of 2.66 GPa measured for bare Ti samples.
Scratch and wear tests showed a relatively good adhesion, a friction coefficient of
0.16 (compared to 0.49 for the Ti substrate) and low wear rates. The TiN/Ti
samples were tested against corrosion in body simulated fluids for time durations
up to 32 days. The results showed that the covering of titanium implants with TiN
films is a good method to increase the corrosion resistance of Ti implants. The
presence of the films on Ti surface considerable diminished implants’ corrosion
and the release of metallic ions into the solution.
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