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A B S T R A C T

Ti and its alloys exhibit combination of unique properties for biomedical applications, however their poor tribo-
electrochemical behaviour is a major concern. Therefore, TiN coatings were deposited on cp-Ti (grade 4) by
sputtering technique aiming the improvement of its tribocorrosion behaviour. The properties of the coated
samples, using different TiN deposition times, were characterized by using grazing incidence X-ray diffraction,
FIB-SEM, and nanoindentation. The corrosion behaviour was studied by electrochemical impedance spectro-
scopy and potentiodynamic polarization in 9 g/L NaCl solution at body temperature. Tribocorrosion tests were
employed under open circuit potential by using a ball-on-plate tribometer with 1 N normal load, 3mm total
stroke length, 1 Hz frequency, and 1800 s sliding duration. The results suggested that the TiN coatings deposited
during 80min presented better corrosion and tribocorrosion behaviour as compared to the bare metal and TiN
coatings deposited during 30min.

1. Introduction

Titanium and its alloys are widely used in a variety of fields in-
cluding chemical, automotive, aerospace, ocean engineering, and bio-
medical industries due to their high strength, low Young's modulus,
excellent corrosion resistance, and biocompatibility [1–4]. However,
one of the major disadvantages of Ti and its alloys is their poor tribo-
logical properties [5,6] raising a particular concern for biomedical load
bearing implants since they are in contact with corrosive body fluids
and being subjected to relative movements resulting in the subsequent
release of metallic ions and wear debris to the body. In order to over-
come the low tribological resistance of titanium and its alloys, several
surface modification techniques have been applied such as organic and
inorganic coatings [7], thermal oxidation [8], acid etching [9], elec-
trochemical processes [10], plasma spraying [11] and laser nitriding
[12]. On the other hand, physical vapour deposition (PVD), especially
sputtering is an attractive method for coating biomedical implant sur-
faces with tailorable coating conditions giving properties such as high
hardness, high corrosion resistance, chemical stability, biocompat-
ibility, hemocompatibility, high wear and abrasion resistance [13–17].
Thus, TiN coatings have been tested on various implant materials such

as dental implants, orthopaedic implants (hip, knee, ankle joint), car-
diac and cardiovascular applications [18–21].

Although some studies are available on the corrosion and tribo-
corrosion behaviour of nitrided Ti or Ti alloy surfaces [10,22–28], in-
vestigations on the corrosion and tribocorrosion behaviour of TiN thin
films sputtered on Ti surfaces are still scarce. Rizwan et al. [29] studied
the electrochemical behaviour of nitrogen implanted cp-Ti in Ringer's
lactate solution and found that the corrosion behaviour is improved as
compared to untreated Ti. Savonov et al. [30] showed a better elec-
trochemical behaviour of plasma immersed nitrogen implanted Ti-6Al-
4 V alloy compared to the untreated alloy, as concluded from po-
tentiodynamic polarization and electrochemical impedance spectro-
scopy tests in a 35 g/L NaCl solution at room temperature. El-Hossary
et al. [31] observed an improved corrosion resistance of RF (radio
frequency) plasma nitrided cp-Ti in Ringer's solution, as well, an en-
hancement on wear resistance after dry sliding were tests performed
against 6 mm diameter alumina ball under a sliding speed of 2mm/s
and a normal load of 1 N. Pohrelyuk et al. [32] investigated the cor-
rosion behaviour of nitrided Ti-6Al-4 V alloy in Ringer's solution at 36
and 40 °C and indicated that nitrided alloy presented better behaviour,
and also the corrosion resistance of Ti-6Al-4 V was decreased with
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increased solution temperature. Galliano et al. [22] studied the tribo-
corrosion behaviour of plasma nitrided Ti-6Al-4 V alloy treated at 700
and 900 °C by performing tests under a normal load of 2 N, frequency of
2 Hz and stroke length of 3.2 mm during 30min in 52.6 g/L NaCl so-
lution. The authors reported better wear resistance, together with lower
change on open circuit potential (OCP) and lower galvanic current
under sliding for the nitrided alloy, particularly for the ones treated at
900 °C.

Furthermore, in the literature, most of TiN coatings have been
performed at high deposition temperatures (500–1100 °C)
[6,22,28,31,33–38], which may cause mechanical, microstructural and
chemical damage to the substrate [39–41]. Therefore, sputtering is a
promising route due to easy control of deposition rate, high ionization
rate, creation of high-density plasma, and preferable energy of de-
position material improving the adhesion of coating layer [42]. The
present study was aimed at studying the corrosion and tribocorrosion
behaviour of TiN thin films produced by RF sputtering on Ti grade 4 in
a 9 g/L NaCl solution at body temperature, as well as to have a pre-
liminary understanding to the influence of the deposition time on the
tribocorrosion mechanisms by characterizing worn surfaces and sub-
surfaces.

2. Experimental procedure

2.1. Materials and processing

ASTM F67 grade 4 pure titanium (ACNIS) was used as substrate
material and grinded with SiC paper down to 800 mesh size
(Ra= 0.20 ± 0.01 μm) by an automatic polishing machine. After
grinding, samples were cleaned in an ultrasonic bath in deionized
water, acetone and propanol for 10min, respectively. TiN hard ceramic
coatings were deposited on the substrate by RF sputtering technique
(13.6 MHz power supply). Before TiN deposition, the residual pressure
was below 10−6 Torr and substrate surface was sputtered in pure argon
plasma in order to minimize the surface impurities. A resistance heater
was used to keep the temperature at 400 °C and all samples were
sputtered under 240W RF power. The TiN layer was deposited with 40
sccm (standard cubic centimetres per minute) Ar and 4 sccm N2 flow at
constant total pressure of 5×10−3 Torr for 30 and 80min deposition
time and labeled as TiN-30min and TiN-80min, respectively.

2.2. Corrosion and tribocorrosion tests

Prior to the corrosion and tribocorrosion tests the samples were
cleaned ultrasonically in propanol and distilled water for 10 and 5min,
respectively. Uncoated samples were metallographically prepared
down to 1200 mesh SiC papers and kept in desiccator for 24 h before
being tested. Corrosion behaviour was evaluated by means of electro-
chemical impedance spectroscopy (EIS) and potentiodynamic polar-
ization in 9 g/L sodium chloride (NaCl) solution at body temperature
(37 ± 2 °C) using Gamry Potentiostat/Galvanostat/ZRA (Reference
600+). All corrosion tests were performed in a conventional three-
electrode electrochemical cell where samples were kept as a working
electrode with an exposed area of 0.2 cm2, a Pt and saturated calomel
electrode (SCE) were used as counter and reference electrode, respec-
tively. Before EIS measurements, the surfaces were stabilized at OCP till
ΔE was below 60mV h−1, EIS data were employed at OCP by scanning
a range of frequencies from 10−2 to 105 Hz with 7 points per frequency
decade where the amplitude of the sinusoidal was set as 10mV. After
the EIS measurements, potentiodynamic polarization measurements
were carried out after 10min of delay at OCP, with 0.5mV/s scan rate,
starting at −0.25 V vs. OCP and moving in the anodic direction up to
1.0 VSCE.

Tribocorrosion tests were performed using a pin-on-plate re-
ciprocating sliding configuration. The testing samples were used as the
working electrode with 0.8 cm2 exposed area against a hard and inert

counter-body, a 10mm diameter alumina ball (Ceratec), and a SCE was
used as the counter electrode, connected to a Gamry Potentiostat/
Galvanostat/ZRA (Reference 600). The sliding tests were performed at
a normal load of 1 N, a reciprocating sliding frequency of 1 Hz, and
linear displacement amplitude of 3mm using a tribometer (CETR-UMT-
2) coupled to the UMT test viewer software to monitor the coefficient of
friction (COF). Tribocorrosion tests carried out under OCP, in 30mL of
9 g/L NaCl solution at body temperature (37 ± 2 °C), and consisted of
three steps: (i) stabilization at OCP (ΔE < 60mV h−1) (ii) sliding for
30min; (ii) removing the load and recording the recovering of OCP
during 30min. All tests were repeated at least three times in order to
assure the reproducibility and the results were presented as the ar-
ithmetic mean ± standard deviation.

2.3. Characterization

The crystalline structure of the coatings were analysed using grazing
incidence X-ray diffraction (XRD, Bruker D8 Discover diffractometer
equipped with a Cu-Kα radiation (λ=0.1544 nm) at 40 kV and 20mA)
scanned from angle (2θ) 30o to 65o with a 0.03o/s step size by grazing
incidence mode at 3°. The phase percentage was calculated through
relative intensity of each peak by following Eq. (1).

=
∑

∑
phase

I
I

% α
α peaks

all peaks (1)

Nanoindentation studies were performed to obtain complementary
hardness data as well as information on Young's modulus (E). Data were
obtained from 8 indentations on different locations using a depth-
controlled test as maximum depth of 120 nm, 0.2mN/s loading/un-
loading rate, and 5 s dwell time. The average surface roughness (Ra)
were measured on three different sample by profilometry (Veeco,
Dektak 150). The Daimler-Benz Rockwell-C adhesion test has been used
in literature [43–46] as a fast and easy method to evaluate the adhesion
of various coatings. This test was performed by using a Rockwell ‘C'
indenter with a load of 150 kg for at least three indentions by using
Officine Galileo Mod. D200 tester.

After each tribocorrosion test, samples were ultrasonically cleaned
for 10min in propanol and 5min in distilled water, respectively. The
wear tracks and worn counter-body surfaces were characterized by SEM
using FEI Nova 200 field emission gun scanning electron microscope
(FEG-SEM) equipped with energy dispersive X-Ray spectroscopy (EDS).
All worn surface images were taken parallel to the sliding direction by
using backscattered (BSE) and secondary electron (SE) detector
whereas sub-worn surface images were taken perpendicular to the
sliding direction. The 2D wear track profiles were obtained by a surface
profiler (Veeco, Dektak 150), and total wear volume loss was de-
termined following the model and calculation procedure given else-
where [47].

The cross-sections of the TiN coatings and subsurface of wear tracks
were prepared and characterized by using FEI Helios NanoLab 450S
DualBeam – FIB (focused ion beam) with UHREM FEG-SEM. To protect
the films, first a few hundred nm of Pt protection was deposited on
15× 2 μm2 area with the electron beam using 6.4 nA current ac-
celerated at 3 kV. Afterwards, 1–3 μm of Pt protective strap was de-
posited with 80 pA Ga+ ion at 30 kV. Bulk milling was performed with
9.3 nA, and fine milling (polishing) was performed on the edge of the
trenches with 2.5 nA, both at 30 kV. Finally, cross-sectional images
were taken with SE mode at the accelerating voltage of 10 kV.

3. Results

3.1. Surface characterization

The XRD spectra obtained on the TiN-30min and TiN-80min sam-
ples are presented in Fig. 1. TiN-30min samples exhibited high-
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intensity peaks characteristics of the hexagonal α-Ti phase (ICDD
00–044-1294) from the substrate. Regarding the thin film, the tetra-
gonal Ti2N phase (ICDD 00–017-0386), and rhombohedral Ti4N2.33

phase (ICDD 01–089-5210) could be identified. The identified diffrac-
tion peaks were well matched to corresponding cards, however, a slight
shift occurred on Ti4N2.33 and Ti2N peaks for TiN-80min which may be
due to the residual stresses in the coating [38]. By increasing the de-
position time to 80min, the XRD pattern revealed the same phases,
however, the relative intensities of Ti4N2.33 and Ti2N phases were
higher, indicating that a thicker film was present, as expected from the
longer deposition time. Relative intensity of Ti2N phase was observed to
be increased on TiN-80min samples. Also, the phase percentages (phase
distribution) regarding TiN coatings were calculated by Eq. (1), and the
results showed that the coating film on TiN-30min was a combination
of 75% Ti4N2.33 and 25% Ti2N, while the coating film on TiN-80min
was a combination of 46% Ti4N2.33 and 54% Ti2N. Thus, in addition to
obtaining a relatively thicker and rougher surface, increased deposition
time also seems to promote the formation of Ti2N phase on the coating
layer, which may contribute to obtain harder and more mechanically-
resistant surfaces on TiN-80min samples [48].

Fig. 2 presents the cross-sectional FIB-SEM micrographs of TiN
coated samples showing the continuous coating layer. Thickness of the
films were estimated to be of 148 ± 13 nm and 209 ± 6 nm for TiN-
30min and TiN-80min, respectively.

The hardness and Young's modulus of uncoated Ti and TiN coated
samples calculated from the nanoindentation tests are given in Table 1
together with the average roughness (Ra) values. As can be seen in
Table 1, the hardness values were significantly higher on the coated
samples as compared to the values calculated for the bare metal. Be-
sides, average values of Young's modulus were close to those observed
in the substrate for the TiN-30min samples. However, a noticeable
increase was observed for the TiN-80min samples. On the other hand, it
was also observed that both hardness and Young's modulus increased
on the coated samples with increasing the deposition time. The Ra value
of TiN coated samples was higher than uncoated sample, while the Ra

values was significantly increased with increasing deposition time that
is known to be influenced by the atomic shadowing effect [49], struc-
tural orientation of the coating [50], and change of coating density
[49].

Fig. 3 shows Rockwell ‘C' indentations on the coating samples. There
was no evidence of coating delamination for both samples although
micro cracks were observed on TiN-30min samples (insert on Fig. 3a)
and relatively larger radial cracks were observed on TiN-80min

samples. According to the Daimler-Benz Rockwell-C method, the layer
damage adjacent to the boundary of the Rockwell indentation can be
evaluated by microscopy and classifying the adhesion as HF1 to HF6
according to the level of cracking and coating delamination around the
indentation. The indentations classified as HF1 and HF2 correspond to
sufficient adhesion where only cracks are observed, whereas both
cracks and deleminations are observed for HF3 to HF5, and finally, only
deleminations are observed for HF6 [51]. Thus, it can be stated that
TiN-30min and TiN-80min samples presented acceptable interfacial
adhesion corresponding to HF1 and HF2, respectively.

3.2. Corrosion behaviour

Fig. 4 shows representative potentiodynamic polarization curves of
the uncoated and TiN coated samples obtained in 9 g/L NaCl solution at
body temperature. The uncoated samples exhibited a well-defined
passivation plateau above around 150mV, whereas the TiN coated
samples did not present an evident passivation plateau, even though
they exhibited lower current densities on the anodic domain in the
potential range tested. Moreover, the current densities recorded for the
TiN coating deposited for 80min were always lower than the ones re-
corded for the coatings with shorter deposition time, indicating higher
corrosion resistance for TiN-80min samples. The corrosion potentials
(E(i=0)) and the passivation current densities (ipass) derived from the
polarization curves are given in Table 2, and ipass values for all samples
were taken at 0.5 V vs. SCE.

As can be seen in Table 2, E(i=0) values of TiN coated samples were
significantly higher than that of the uncoated samples, confirming a
lower tendency to corrosion for coated samples. On the other hand, ipass
of both TiN coated samples were significantly lower as compared to the
uncoated samples, while, the ipass value of the TiN-80min was observed
lower than the TiN-30min sample.

Representative electrochemical impedance spectra of the uncoated
and TiN coated samples are presented in Fig. 5 (Nyquist and Bode
diagrams). It can be observed from the Nyquist diagram (Fig. 5a) that
TiN coated samples presented a larger diameter of semi-circle in-
dicating a higher corrosion resistance when compared to the uncoated
samples. The improved corrosion resistance was also reflected by a
slight increase on total impedance values (|Z|) represented in the Bode
diagram (Fig. 5b). Comparing the TiN coated samples, it was possible to
observe that the semi-circle diameter was slightly larger for TiN-80min
as compared to TiN-30min. The constant values of |Z| observed in Bode
diagram (Fig. 5b) at high frequencies for all samples, where the phase

Fig. 1. XRD patterns of TiN coated samples.
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angle was near 0°, as the typical response of electrolyte resistance. In
low and middle frequency ranges, the phase angle values approached
values close to −90° for both substrate and coated samples. In the case
of the substrate, this behaviour indicates a typical capacitive response
of the native oxide film formed on the substrate surface. Regarding the
coated samples, the phase angle values were kept almost constant

(approaching −90°) till the lowest frequencies, indicating the protector
character of the TiN coatings.

The electrical equivalent circuits (EECs) presented in Fig. 6 were
used to fit experimental EIS data by using Gamry Echem Analyst soft-
ware (version 5.61). The EIS experimental data of the uncoated samples
was fitted by using a modified Randle's circuit (Fig. 6a) containing
elements representing the electrolyte resistance (Re), the native oxide
film resistance (Rnox) and constant phase element (CPE) considering a
non-ideal capacitance of the native oxide film (Qnox). In fact, the im-
pedance of the CPE is defined as:

= −Z Y jw[ ( ) ]CPE
n

0
1 (2)

where Y0 is a frequency-independent constant, = −j ( 1) , w is the
angular frequency, and n is the fractional exponent which is in the
−1≤ n≤ 1 range. When n=1, the CPE response is that of a pure

Fig. 2. Lower (a, b) and higher (c,d) magnification SEM cross-section images of TiN-30min and TiN-80min samples, respectively.

Table 1
Hardness, Young's modulus, and Ra values.

Sample Hardness
(GPa)

Young's Modulus
(GPa)

Average surface
roughness-Ra (μm)

Ti 2.9 ± 0.7 104.4 ± 18 0.19 ± 0.02
TiN-30min 5.0 ± 1.0 109.6 ± 17.5 0.22 ± 0.01
TiN-80min 7.1 ± 0.6 149.5 ± 9.8 0.58 ± 0.05

Fig. 3. BSE SEM images of Daimler-Benz adhesion test on (a) TiN-30min and (b) TiN-80min samples.
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capacitor, while n=0 and n=− 1 corresponds to a resistor and in-
ductor response, respectively. The n value is influenced by surface
heterogeneities and its roughness, thus this element may be described
as a non-ideal capacitor, when n value is close to 1 [52].

Fig. 6b represents the EEC used for TiN coated samples. Elements of
this circuit includes electrolyte resistance (Re), while a pair Rcoat/Qcoat

should be added to represent the contribution of the resistance and
capacitance of the TiN coating. However, since the Rcoat tends to be
extremely high due to the strong insulating properties of the TiN film,
this element was removed from the EEC. Furthermore, in order to re-
present the corrosion process that takes place inside the defects of the
TiN coating, a pair of Rbl/Qbl was added in series with the additional
electrolyte resistance inside those defects. The barrier layer resistance
(Rbl) represents the preferential sites for corrosion in the defects and the
Qbl regards the defect layer effect.

The quality of the equivalent circuits used for fitting was evaluated

by the goodness of fitting (χ2). All samples presented a good fitting to
the corresponded EECs exhibiting χ2 values below 10−3. Qcoat, Qnox and
Qbl values were converted to Ccoat (capacitance of TiN coating) and Cbl

(capacitance of the barrier layer) by using Eqs. (3) and (4), respectively,
derived from Brug's equation [53].

= −C Q R[ ]nox coat nox coat e
n

/ /
(1 ) n

1
(3)

= + ′
−C Q R R[ ( ) ]bl bl e e

n(1 ) n
1

(4)

3.3. Tribocorrosion behaviour

The evolution of OCP before, during and after sliding in 9 g/L NaCl
solution is shown in Fig. 7 together with the COF values recorded
during sliding. Before sliding, all samples presented stable OCP values
due to the presence of a passive film on the uncoated samples and a
stable nitride layer on the coated samples.

In case of uncoated Ti, when sliding started, a sudden decrease in
OCP was detected, that confirmed the removal of passive film due to
mechanical damage and pointing an increased tendency to corrosion in
the wear track region [54]. For the TiN-30min samples, after sliding
started, the OCP values gradually decreased till approximately −0.35
VSCE then suddenly dropped to lower values, around −0.7 VSCE, similar
to those observed on the uncoated samples at the beginning of sliding.
After this, local increments were recorded during sliding. The first
gradual drop in the OCP observed at the beginning of sliding can be
linked to a local damage of TiN coating, and the second sharp drop
shows the destruction of the TiN coating on the contact region with the
alumina ball resulting on the exposure of the bare Ti substrate to the
solution (indicated by arrows on Fig. 7). Regarding TiN-80min sam-
ples, a very small drop on the OCP values (around 40mV) was suddenly
recorded at the beginning of sliding. Then the OCP values gradually
decreased till approximately −0.30 VSCE and remained relatively con-
stant at this value till the end of sliding. After sliding, the OCP values of
all samples increased near to the values recorded before sliding due to
recovering of the passive oxide film on the damaged Ti area [22].

Evolution of COF can be also seen on Fig. 7. Once sliding started,
COF value of the uncoated samples reached values around 0.4, in a
short period. As sliding continued, COF of the uncoated samples kept
relatively constant till around 650 s and after that an increment was
recorded with a correspondence with a slight increase on OCP values.
Regarding the TiN-30min samples, the initial decrease of OCP corre-
sponded to an increase on COF values till around 0.7, after this, a sharp
drop to around 0.45 was observed that can be due to removal and/or
wear out of the TiN coating. Afterwards, local increments were ob-
served during sliding, similar to the behaviour observed on the

Fig. 4. Potentiodynamic polarization curves.

Table 2
Electrochemical parameters derived from the potentiodynamic polarization
curves.

E(i=0) (VSCE) ipass (μA cm−2)

Ti −0.371 ± 0.018 1.37 ± 0.04
TiN-30min −0.065 ± 0.022 0.11 ± 0.03
TiN-80min 0.009 ± 0.046 0.07 ± 0.02

Fig. 5. (a) Nyquist and (b) Bode diagrams of EIS spectra.
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uncoated samples. Regarding the TiN-80min samples, COF values in-
creased up to approximately 0.6 and then stayed relatively stable with
minor oscillations till the end of sliding.

Representative lower magnification SEM images of wear tracks are
shown in Fig. 8a-c. TiN-80min samples presented significantly lower
wear damage compared to the other samples. Worn surface features can
be seen in more detail on the representative higher magnification SEM
images given in Fig. 8d-f. The uncoated Ti and TiN-30min sample
surfaces exhibited typical worn surface features for Ti, namely parallel
sliding grooves, adhered/oxidized patches (verified by the presence of
oxygen on the EDS spectra presented in Fig. 8g and h), and plastic
deformation. However, the worn surfaces of TiN-80min samples were
dissimilar to other two samples. It can be seen that the damage of the
surface of the TiN-80min samples was much less severe, and denser

oxidized patches (black areas on Fig. 8f and corresponding EDS spec-
trum on Fig. 8i) were observed.

Hertzian contact pressures were calculated by using the measured
Young's modulus values for TiN-30min and TiN-80min. The Young's
modulus and Poisson ratio of cp Ti grade 4 [55] and alumina ball [56],
as well, the Poisson ratio of TiN [57] were taken from the literature.
The chosen normal load (1 N) corresponds to a maximum Hertzian
contact pressure of approx. 390MPa for Ti and TiN-30min, and approx.
460MPa for TiN-80min, being lower than the reported yield strength
of cp Ti grade 4, that is 480MPa [55].

In order to have a further understanding on the wear mechanism,
FIB prepared cross-sectional SEM images of the worn sub-surfaces,
taken as perpendicular to the sliding direction, were observed (Fig. 9).
As it can be seen in Fig. 9a and d, relatively thick adhered/oxidized

Fig. 6. EECs used for fitting EIS experimental data for a) the uncoated and b) TiN coated samples.

Fig. 7. The representative evolution of OCP before, during, and after sliding, together with evolution of COF under sliding for the uncoated and TiN coated samples in
9 g/L NaCl.
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patches were found on the uncoated Ti samples. As oppose to the other
samples, some cracks were observed on the worn areas of the TiN-
80min samples. The coating layer was not observed under most of the
patches, grooves (TiN-30min) or damaged areas (TiN-80 min, re-
presented by Z4 on Fig. 9f), due to the damage given by abrasive and
adhesive wear actions.

The SEM images and respective EDS spectra taken from the wear
scars on the alumina balls used as counter-material are presented in
Fig. 10. The wear scars on the balls that slid against the uncoated
samples were much larger than that observed on the balls used to test
the coated samples, which is in accordance with the dimensions of the
wear tracks shown in Fig. 8. Transference of Ti to the alumina counter-
body was detected in all surfaces by EDS analysis, indicating adhesive
wear. However, that phenomenon was much pronounced in the un-
coated samples.

The representative 2D wear track profiles taken from centre of the
wear tracks are presented in Fig. 11. The uncoated Ti and TiN-30min
samples presented similar wear track profiles, whereas much lower
volume loss was observed on the TiN-80min samples. The wear volume
loss values were calculated as (2.8 ± 0.5)× 10−3 mm3,
(3.3 ± 1.0)× 10−3 mm3, and (0.4 ± 0.2)× 10−3 mm3 for the un-
coated Ti, TiN-30min, and TiN-80min, respectively.

4. Discussion

4.1. Corrosion behaviour

TiN coatings are commonly used to increase the corrosion resistance
of metallic biomaterials [58]. Corrosion tests showed that the TiN
coated samples presented lower tendency to corrosion and lower cor-
rosion rate due to nobler potential and lower passive current density
(Figs. 3 and 4) as also previously been reported for TiN coated on Ti
[59], Ti-6Al-4 V [60], Ti-6Al-7Nb [61], Ti-35Nb-7Zr-5Ta [25], and Ti-
25Ta-25Nb alloy [62]. On the other hand, TiN-80min samples pre-
sented higher corrosion resistance as compared to TiN-30min. That
may be related to the differences on the TiN coating thickness, that was
not linearly proportional to the deposition time possibly due to the sub-
stoichiometric phase transformation resulted in changing of crystalline
structure and lattice parameters [63], together with the increase on the
amount of the Ti2N phase that is known for its more stable behaviour
and good electrochemical response [35,60]. Nevertheless, the increase
on the passive current densities of the TiN coated samples during the
potentiodynamic polarization tests (less pronounced for the TiN-80min
samples) might be attributed to the oxidation of the Ti2N and Ti4N2.33

phases [22,64], by a process similar to that reported by Pohrelyuk et al.

Fig. 8. Lower (a, b, c) and higher (d, e, f) magnification SEM images of the worn surfaces of Ti, TiN-30min, and TiN-80min, respectively, together with the EDS
spectrum of the Ti worn surface (g) and EDS spectra taken from the marked zones of the coated samples (h, i).
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[32] for the oxidation of the TiN phase, according to the reaction (1),

+ → + − + ++ −2TiN 2yH O 2TiN O (1 x)N 4yH 4ye2 x y 2 (1)

The EEC parameters deducted from the fitting of the EIS data for the
uncoated and TiN coated samples are presented in Table 3. The values
of the resistance and capacitance of native oxide film formed on the
uncoated samples were around 2.06MΩ cm2 and 7.73 μF cm−2, re-
spectively, suggesting a high corrosion resistance of the typical passive
films formed on Ti surfaces. Regarding the coated samples, when the
deposition time increased from 30min to 80min, a slight decrease on
the capacitance values of the TiN coatings (Ccoat) was observed, in-
dicating an improvement on the corrosion resistance. Furthermore, the
capacitance values of TiN coatings were lower when compared with the
capacitance of the native oxide film formed on the substrate, indicating
better corrosion protection characteristics of these coatings.

4.2. Tribocorrosion behaviour

Evolution of OCP and COF during sliding, as well, the analysis of the
worn surfaces after tribocorrosion tests revealed that the relative
amount of phases presented in the coatings together with the deposition

Fig. 9. Lower magnification SE/SEM images (a, b, c) showing FIB milling zones on the wear tracks, and higher (d, e, f) magnification SE/SEM images of the worn sub-
surfaces of Ti, TiN-30min, and TiN-80min, respectively.

Fig. 10. SE/SEM images of the wear scars on the counter-material surfaces slid against Ti (a), TiN-30min (b), and TiN-80min (c), together with EDS spectra taken
from each wear scar.

Fig. 11. Representative 2D wear track profiles.
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time significantly affected the tribocorrosion behaviour. The behaviour
of the uncoated samples was observed to be in accordance with the tests
made in the same conditions in the literature [65]. The relative increase
in the potential up to around 1600 s during sliding was due to the
thickening of the adhered/oxidized patches that may provide a limited
protection against corrosion, as also reported by Silva et al. [65] for cp-
Ti (grade 2) tested under similar conditions. After around 1600 s, the
thickened adhered/oxidized patches might be removed, thus a decrease
was observed on the potential values.

The evolution of OCP and COF was relatively similar on TiN-30min
and uncoated Ti, probably due to the damage of the TiN coating at the
beginning of the sliding (indicated by arrows on Fig. 7). After the
failure of the coating layer, oxidized patches were formed, and the
thickening and breaking of these patches caused increases and de-
creases both in OCP and COF values. The more positive increments on
the OCP values during sliding for TiN-30min samples compared to
uncoated Ti may be due to the incorporation of TiN debris in oxide
patches which may provide a relatively higher protection against tri-
bocorrosion. The samples coated with longer deposition time presented
a significantly different behaviour as compared to the uncoated and
TiN-30min samples where coating layer was not completely damaged
during tribocorrosion thus less negative OCP values were observed,
indicating lower tendency to corrosion under sliding.

Adhesive wear is characterized by elevated wear rates and larger,
unstable COF resulting with a severe wear damage. During adhesive
wear, strong adhesion formed between the asperities of the sliding
surfaces causes elevated frictional forces, and the asperities may be
removed leading to formation of wear debris, transfer layers, or ad-
hered/oxidized patches. On the other hand, sliding movement leads to
plastic deformation of the adhered asperities that may also result on
work hardening of the adhered and deformed metallic surfaces even-
tually resulting in formation of grooves and abrasion scratches on the
worn sample surface, which was clearly observed on the worn uncoated
Ti and TiN-30min surfaces (Figs. 8 and 9) [66]. During this action,
brittle materials produce less wear debris since they break easier than
the ductile materials. As a result, detached pieces from the sample
surfaces may attach to the counter material surface (insert on Fig. 10a),

may repeatedly move from one sliding surface to the other one, or may
attach to the worn sample surface in the form of a transfer film, or
adhered/oxidized patch (Figs. 8d-f and 9) being another typical feature
of adhesive wear [66] as also reported in the literature for Ti [65,67]
and Ti-6Al-4 V [47,68]. Besides, sub-surface cracks mainly observed
under the patches on TiN-80min samples can be related with both the
decreased ductility, as well, locally increased contact stresses due to
higher roughness. As a result, during reciprocating sliding, fatigue may
lead to nucleation and propagation of sub-surfaces cracks on the pro-
truded surfaces [66].

It is known that increasing surface roughness, hardness, and Young's
modulus, as well, the presence of contaminants such as oxides and ni-
trides reduces the influence of adhesive wear [66]. Accordingly, in-
creased hardness, Young's modulus and surface roughness from the
uncoated samples to the coated samples resulted with the decreased
damage given by adhesive wear to the coated samples, which was
confirmed by formation of relatively lesser and shallower adhered/
oxidized patches, sliding grooves (Figs. 8 and 9), and lesser amount of
transferred material on the counter material surface (Fig. 10), even-
tually affecting the material loss during tribocorrosion (Fig. 11).
Therefore, TiN-80min samples having the thickest TiN coating, highest
hardness and highest Young's modulus exhibited highest resistance to
abrasive wear, maintaining its barrier role between the substrate and
the counter material thus minimizing the influence of adhesive wear.

Fig. 12 shows schematically the wear mechanisms proposed for the
materials tested in this work. The uncoated and TiN-30min samples
presented mainly a combination of abrasive and adhesive wear gov-
erned by parallel grooves, discontinuous tribolayers (patches), plastic
deformation, and transferred material, whereas the features of abrasive
and adhesive was only occurred on the protruded surfaces on TiN-
80min samples. However, TiN-80min samples also suffered to fatigue
wear, that was evident on the worn sub-surfaces.

Although this work showed that the deposition time can have a
noticeable influence on the tribocorrosion mechanisms, the correlation
between the deposition time and tribocorrosion mechanism is worth to
be explored more in detail. Besides, since different implants, even in
different implant parts over same implants are required different sur-
face characteristics, further studies should consider the effect of the
topographical factors, together with the biological factors, on the tri-
bocorrosion mechanisms.

5. Conclusions

The corrosion and tribocorrosion behaviour of TiN coating on cp-Ti
(grade 4) obtained by reactive sputtering with longer deposition time
(80min) presented lower corrosion rate and better capacitive beha-
viour due to increased thickness of the coating layer and increased
percentage of Ti2N phase on the coating layer. Increased coating
thickness and promotion of the formation of Ti2N phase also gave a
resistance against abrasive wear, adhesive wear, and plastic

Table 3
Equivalent circuit parameters obtained from EIS data.

Ti TiN-30min TiN-80min

Rnox (MΩ cm2) 2.06 ± 0.33 – –
Cnox (μF cm−2) 7.73 ± 0.36 – –

nnox 0.92 ± 0.01 – –
Ccoat (μF cm−2) – 4.87 ± 1.43 3.08 ± 1.07

ncoat – 0.94 ± 0.03 0.90 ± 0.02
Rbl (MΩ cm2) – 16.31 ± 2.67 11.75 ± 2.94
Cbl (μF cm−2) – 2.63 ± 0.84 1.73 ± 0.86

nbl – 0.84 ± 0.02 0.86 ± 0.07
χ2 < 1.80× 10−4 < 7.77× 10−5 < 1.06× 10−3

Fig. 12. Schematic tribocorrosion mechanisms of uncoated Ti (a), TiN-30min (b) and c) TiN-80min (c) samples.
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deformation, thus, led to obtain a clear improvement on the tribo-
corrosion resistance. Therefore, these results pointed that deposition
time should be carefully adjusted according to the contact conditions of
the targeted applications.
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