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Ti alloys have been used for dentistry due to their lower density and improved compatibility. However, the
resistance to corrosion and surface hardness of Ti alloys need to be improved to avoid the formation of
debris, which affects the long-term biocompatibility. In the present work, the surface characteristics and
corrosion protection in artificial saliva produced by laser nitriding of a new biomedical Ti-20Nb-13Zr at.%
alloy have been investigated for dental applications. The laser nitrided and untreated alloy surfaces were
examined using XRD, FE-SEM, x-ray photon spectroscopy, Vickers microhardness measurements, atomic
force microscopy, scratch measurements, Raman spectroscopy, and surface energy measurements. The
susceptibility of the laser nitrided TNZ alloy to corrosion in an artificial saliva medium was investigated by
electrochemical corrosion tests, which were performed by utilizing open circuit potential monitoring,
electrochemical frequency modulation, and electrochemical impedance spectroscopic methods. The findings
revealed that a TiN layer formed on the alloy surface after nitriding. The surface hardness of the treated
alloy was 2.4 times that of the as-received samples. Moreover, the results showed improved friction coef-
ficient and hydrophilic surface characteristics. The corrosion analysis revealed that the compact and dense
TiN layer produced during laser nitriding improved the corrosion resistance of the Ti-20Nb-13Zr sample in
artificial saliva medium.
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1. Introduction

Titanium and titanium-based alloys exhibit better biocom-
patibility characteristics than alloy systems such as stainless
steels and Co-Cr; thus, they are preferred in medical and
dentistry applications (Ref 1-3). Due to the improved biocom-
patibility of Ti and the Ti-based alloy TiAl6V4 (Ti64), they are
selected for dental applications (Ref 4), though it has been
reported that V and Al may exhibit toxicity (Ref 5). The Ti-Nb-
Zr alloy consists of nontoxic and biocompatible elements (Ref
1, 2, 6, 7); however, titanium and titanium-based alloys exhibit
low tribological resistance and corrosion (Ref 8, 9), which
result in the formation of wear debris that leads to implant loss
due to osteolysis (Ref 10). Hence, surface treatment and coating
of Ti alloys are required to enhance their wear (Ref 11) and
corrosion resistance (Ref 12).

Several coating and surface treatment methods to improve
the corrosion and wear characteristics of biomaterials were
recently reviewed (Ref 13). Among various surface modifi-
cation techniques, laser surface treatments have arisen as a
likely method for enhancing surface characteristics, such as
resistance to wear and corrosion. More precisely, nitriding has
been carried out for Ti64 alloy to enhance its dry wear
resistance (Ref 14, 15), corrosion protection and wear
properties (Ref 16, 17). Despite the various studies available
on Ti-6Al-4V, limited work has been reported on the laser
nitriding of TNZ (Ti-Nb-Zr) alloys, which consist of nontoxic
elements and show potential for biomedical applications as an
implant material (Ref 7). One of the few studies that
examined the effect of laser nitriding on the corrosion
performance of TNZ alloys was performed by Sathish et al.
(Ref 15). They evaluated the impact of laser nitriding with
different scanning rates on the surface hardness and corrosion
performance and reported that laser nitriding increases the
wear and corrosion protection of commercial Ti and Ti-13Nb-
13Zr alloys. Recently, laser gas diffusion nitriding was used
to enhance the surface characteristics of the Ti alloy (Ref 18).
Geetha et al. evaluated the surface protective performance of
laser nitriding on Ti-13Nb-13Zr alloys in a physiological
medium and observed that the laser nitrided surface displayed
improved corrosion resistant performance compared to bare
surfaces (Ref 19). Man et al. (Ref 20) fabricated a TiN layer
on Ti through laser nitriding and prepared a vase-shaped
hole structure for improving implant fixation for dental
applications.

TiN coatings have been shown to improve wear resistance,
hardness, and biocompatibility (Ref 21). Moreover, they have
good physical and chemical stability (Ref 22). Different
nitriding processes, such as laser nitriding, plasma nitriding,
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and ion implantation, were applied to enhance the wear
characteristics of Ti alloys. Of these processes, laser nitriding
is preferred because it results in improved bonding and
interfacial properties with the base alloy compared to physical
vapor deposition, ion implantation, and chemical vapor depo-
sition, (Ref 23, 24). Therefore, we applied laser nitriding in this
work to improve the material surface characteristics. Though
TiN coatings on Ti have been reported for biomedical
applications in simulated body fluids (Ref 12, 25, 26), their
application in oral environments is quite limited.

In the current paper, laser gas-assisted treatment is carried
out on the recently fabricated Ti-20Nb-13Zr at.% biomedical
alloy to improve its surface characteristics and corrosion
protection in artificial saliva for dental applications. Structure,
microstructure, hardness, and surface energy analyses have
been performed and their results compared for both the treated
and base samples. The effect of laser nitriding on the corrosion
protection in artificial saliva has been assessed.

2. Experiments

2.1 Laser Surface Nitriding

The substrate nitrided in the present work was a Ti-20Nb-
13Zr at.% cylindrically shaped sample of 20 mm with a
thickness of 3 mm, synthesized using mechanical alloying and
then consolidated using spark plasma sintering. It consisted of a
b-Ti (bcc) matrix surrounded by a nanograined a-Ti (hcp)
region. The details of the fabrication method have been
previously reported (Ref 7). Laser surface treatments were
carried out using a CO2 laser (LC-ALPHAIII) with a nominal
output power of 2 kW. Nitrogen gas was continually purged
during the laser treatment process from a conical nozzle and
was co-axially purged with the laser beam based on prior
research (Ref 27, 28). The parameters of laser processing were
carefully optimized after primary tests as reported elsewhere
(Ref 12).

2.2 Characterization Methods

An XRD instrument (AXSD8) was used to investigate the
phases of the nitrided and untreated samples. The XRD
parameters were set to 40 kV and 30 mA. The microstructure
was examined using FE-SEM (Tescan Lyra-3). EDX analysis
was performed on different positions of the treated alloy
surface, and a surface analysis of the alloy was performed by
XPS (ESCALAB 250 XI) with a 6.12 9 10�10 mbar base
pressure. A Raman spectrometer from Thermo Scientific,
Germany, with a laser power of 6 mW, a laser wavelength of
455 nm, and an estimated spot size of 0.6 lm was used to
study the treated sample. AFM was used to illustrate the surface
topography of the nitrided sample. The microhardness (HV) of
the laser nitrided and as-received alloys was measured using a
hardness tester with a 500-g load and a 10-s dwell time. We
report average values obtained from ten different locations. The

friction coefficients of the samples were characterized via a
micro-scratch tester (MTR3/50-NI) using a Rockwell diamond
indenter. This test was conducted at room temperature with the
parameters shown in Table 1.

2.3 Surface Energy Determination

The sessile drop technique was adapted to analyze the
contact angle at room temperature, with a droplet volume of
3 lL. The contact angle for 10 drops was measured. The same
procedure was followed for commercial Ti for comparison with
the literature to validate the procedure. The surface energy was
measured according to Owens–Wendt (Ref 29-31); the surface
energy (cs) of the solid is equal to the sum of dispersion ðcds Þ
and the polar component ðcps Þ, and the surface energy
correlates to the contact angle according to the following
equation (Ref 5).
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The two unknowns, cds and c
p
s , were calculated by determining

the contact angle of the material using two different liquids
(deionized water and glycerol in the current work). The sur-
face tension values c1, cdl , and cpl inmJ=m2ð Þ for water are
72.8, 21.8 and 51.0, respectively, and the corresponding ener-
gies for glycerol are 64, 34, and 33. (Ref 32, 33)

2.4 Electrochemical Corrosion Studies in Artificial Saliva

Electrochemical corrosion experiments including open
circuit potential (OCP) monitoring, electrochemical frequency
modulation (EFM), and electrochemical impedance spectro-
scopic (EIS) tests performed using a Gamry Potentiostat/
Galvanostat. A classic three-electrode setup was used within a
standard glass tube electrochemical cell in which a graphite
rod, an SCE and a TNZ specimen (exposed area of 19.6 mm2)
acted as the auxiliary, reference, and working electrodes,
respectively. Artificial saliva (pH-5.5), performing as an
electrolyte, was prepared based on the composition (Ref 34)
1.0 g urea + 0.795 g CaCl2-2H20 + 0.690 g NaH2PO4-H2O +
0.4 g KCl + 0.4 g NaCl + 0.005 g Na2S-9H2O in 1 L of
double distilled water. To attain a steady OCP, the specimens
were exposed to the artificial saliva solution for 1 h before
electrochemical experiments. For EIS measurement, the
selected frequency range was from 105 Hz to 10�3 Hz with
the perturbation amplitude of 10 mV and the achievement of
10 points per decade.

EFM measurements were performed by applying a potential
perturbation signal with an amplitude of 10 mV, and two sine
waves of 2 and 5 Hz were selected. The base frequency was set
as 1 Hz with 32 cycles; therefore, the wave form repeats in the
next 1 s. When diffusing a corrosive system, which is nonlinear
in nature, the resultant current exhibits the applied two
frequencies along with additional frequencies, which are the
sum, difference, and multiples of the two applied frequencies.

Table 1 Scratch test parameters

Parameter Indenter tip radius Initial load Final load Loading rate Scratch length Scanning speed

Value 100 lm 0.03 N 2.5 N 0.01 N s�1 3 mm 5 mm min�1
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Further, the intermodulation spectra comprise the resultant
current allocated to the intermodulation and harmonic current
peaks. Using the suitable disciplined procedure, the higher
peaks are utilized to directly calculate the parameters, including
the corrosion current density (icorr), corrosion rate, Tafel
constants (bc and ba), and causality factors (CF2 & CF3).
The protection efficiency was assessed using the obtained icorr
values based on the following relation:

PE %ð Þ ¼ iocorr � icorr
iocorr

where icorr
o and icorr denote the corrosion current densities for

bare and treated TNZ specimens, respectively. EFM and EIS
data analysis and curve fitting were performed using Gamry
EChem Analyst software. All of the above-mentioned tests
were reiterated three times, and the average values are dis-
played.

3. Results and Discussion

3.1 Microstructure and Phase Constitutions

Figure 1 illustrates the XRD patterns of the nitrided and
untreated alloys. The patterns for both samples show the
formation of the b-phase and the a phase. The percentage of the
b phase is greater than that of the a phase. However, the XRD
pattern of the laser nitrided sample clearly reveals the formation
of a TiN phase (Fig. 1b). Similar phases were also reported for
Ti-13Nb-13Zr (Ref 35). The b-phase peak decreases after
nitriding, which is ascribed to the formation of TiN (Ref 15).
TiN formation occurs due to the diffusion of nitrogen from the
surface during the high-pressure gas-assisted heating process
(Ref 36). The formation of TiN was also confirmed from a
golden yellowish color of the treated sample (Fig. 2).

Figure 3 shows FE-SEM results for the laser nitrided alloy.
The photomicrograph shows the presence of a b-Ti matrix
surrounded by an a-Ti region, which confirm the results
obtained by XRD. The laser nitrided layer extends 9.1 lm
beneath the surface (Fig. 3a). The surface of the nitrided alloy
shows the development of a micro/nanostructure (Fig. 3b and
c). An EDX analysis of the nitrided layer shows that the
existence of nitrogen is related to the formation of nitride
species at the surface. The coexistence of Ti and N at all of the
examined locations confirms the formation of a TiN layer.

The laser treated sample was also characterized by Raman
spectroscopy, and the resulting spectrum is presented in Fig. 4.
The spectrum displays two prominent Raman signatures. First,
a broad feature is centered at 250 cm�1, with several smaller
peaks at 210, 239, 249, 260, 280, and 297 cm�1. The Raman
peaks at 211, 230, and 545 cm�1 are TiN peaks (Ref 37, 38). A
second wide peak is centered at 514 cm�1 and ranges from 528
to 576 cm�1, corresponding to TiN (Ref 39). The other two
peaks at 239.7 and 280 cm�1 are Ti2O3 peaks (Ref 37, 38).

The topography of the treated sample surface was charac-
terized using AFM. The surface texture of the laser nitrided
sample was composed of fine-sized poles (Fig. 5a and b), and
the surface roughness (Ra) was on the order of 13 nm. The
root-mean-squared roughness (Rq) was 20.1 nm as shown in
Fig. 5(b) and (c).

The hardness of the surface was evaluated by measuring the
hardness for both treated and untreated samples. Microhardness
measurements showed that the laser nitriding enhanced the
hardness of the alloy 2.4-fold. The HVof the nitrided alloy was
1026.9 ± 132; in contrast, the untreated sample had a value of
439.5 ± 10.15. This improvement in the surface hardness is
linked to the development of a hard ceramic layer of TiN on the
surface. The improvement in hardness will enhance the
resistance to wear of the alloy, which will contribute to
avoiding the formation of debris that loosens the implant;
therefore, the service life of the implant will be improved (Ref
11).

Figure 6 displays the friction coefficient of the untreated and
nitrided samples. The results show that laser nitriding reduced
the friction coefficient to 0.17, compared to 0.7 for the
untreated sample. This reduction is ascribed to the improve-
ment in the surface microhardness of the nitrided alloy (Ref
39). The friction coefficient pattern of the treated sample shows
a wave behavior associated with the overlapping of irradiated
spots at the surface, which occurred during laser scanning;
similar observations have been previously reported (Ref 39,
40).

3.2 XPS Analysis

XPS examination was carried out to characterize the layer
formed after laser treatment. XPS survey spectra for the laserFig. 1 XRD of (a) an untreated sample and (b) a treated sample

Fig. 2 Optical image of laser nitride and as-received samples
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nitrided and as-received alloy surfaces are shown in Fig. 7. The
primary components of the spectra were indexed according to
(Ref 41, 42). Figure 7 shows the XPS survey of the laser
nitrided and untreated samples. The Ti peaks in the untreated
spectra with binding energies of 457.7 and 454 eVare related to
the formation of oxide and metallic phases, respectively.
However, for the treated samples, the peak at 456 eV is related
to the formation of the nitride phase. Moreover, the spectrum of
the treated samples shows a nitrogen peak at 396 eV corre-
sponding to the formation of nitride. These results confirm the
presence of a TiN solid solution (Ref 43). The Ti 2p position

indicates the presence of a protective TiO2 layer, with a higher
percentage exhibited in the untreated samples. The peak
intensity decreased after treatment, and its position indicates
the presence of TiO2 due to the presence of oxygen in the gas
mixture.

3.3 Wettability and Surface Energy

The contact angles of water drops and glycerol on the
surface of the treated and untreated alloys were evaluated. The

Fig. 3 SEM images of the laser treated sample: (a) microphotographs of the cross section, (b) micro/nano-sized structure formed at the surface,
and (c) cross section of the laser nitrided zone with elemental analysis result of (Ti 46.9, Nb 10.2, Zr 8.9, and N 34.1) at.%
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surface energies calculated from the contact angles are listed in
Table 2. The laser nitriding increased the surface energy of the
alloy, and the results indicate that the laser nitriding enhanced
the hydrophilicity of the alloy, as evidenced by the decreased
contact angle and increased surface energy. These results are in
agreement with a similar observation for a Ti-based alloy (Ref
18) and with a previous report (Ref 44) in which TiN was
shown to increase the surface energy.

3.4 Electrochemical Corrosion Studies in Artificial Saliva

The OCP of the bare TNZ sample reaches � 220 mV versus
SCE after approximately 3600 s of immersion. Initially, the
bare TNZ specimen takes � 800 s to reach approximately
� 180 mV versus SCE (Fig. 8), a near stable potential. A slight
rise in the OCP of bare TNZ to a positive value reveals the
growth of a passive film over the TNZ surface and enhance-
ment of the corrosion performance. Then, the OCP value
becomes stable after a definite period, representing the
stabilization of the passive layer. Several researchers have
reported that this steady OCP value was associated with the
conversion from TiO or Ti2O3 to TiO2 at the metal/solution
interface (Ref 34, 45). However, in contrast, Hitesh D. Vora
et al. reported a rapid potential drop in the case of Ti6Al4V in
SBF, which might be due to an attack of aggressive Cl� and
breakdown of the passive layer. Further, the rise in OCP is
ascribed to the consequent reconstructing of the passive film
(Ref 16). The OCP of the laser nitrided TNZ specimen
increases more promptly with time at the initial 200 s,
representing a compact TiN layer, and then retains a compar-
atively higher steady value. Moreover, the laser nitrided surface
with steadier OCP is associated with an improved microstruc-
ture and the existence of an inert TiN phase within the nitrided
layer. After treatment by the laser nitriding technique, the OCP

Fig. 4 Raman spectrum for the laser treated sample

Fig. 5 AFM images of the treated surface showing (a) a 3D topographical image of the surface (b) a 2D topographical image, and (c) an ex-
tracted profile
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of the TNZ specimen was shifted in a more positive direction,
which indicates the production of a comparatively thicker and
less porous laser nitrided surface on the TNZ substrates with
higher thermodynamic stability. Similarly, Singh et al. evalu-
ated the variation in the OCP of bare and laser nitrided Ti-6Al-
4V substrates in Ringer�s solution and observed that the laser
treated samples exhibited more anodic OCP (depending on the
laser treatment parameters) than the untreated one (Ref 19).

EFM intermodulation spectra (current response as a function
of frequency) obtained from EFM measurements are presented
in Fig. 9. The intermediation and harmonic peaks are clearly
noticeable and are considerably higher than the background
noise. The observed two higher peaks with amplitudes of
approximately 100 lA are considered the response to the 2 and
5 Hz (40 and 100 mHz) excitation frequencies, and these peaks
have been selected to estimate the icorr and the Tafel constants.
Table 3 summarizes the corrosion kinetic parameters, such as
the protection efficiency, icorr, CF-2 and CF-3, for bare and laser
nitrided TNZ specimens in an artificial saliva medium. As seen
in Table 3, the icorr value of TNZ specimens with laser
treatment noticeably decreases by at least one order of
magnitude, demonstrating the enhanced corrosion protection
performance of the laser nitrided TNZ surface due to the

presence of a compact and inert TiN layer on the TNZ surface.
Chan et al. (Ref 46) evaluated the corrosion performance of
laser nitrided Ti-Nb-Zr-Ta (TNZT) alloy in a Hanks� solution
and found that the icorr value of treated TNZT alloy is
approximately 0.28 lA cm�2. Interestingly, in the present
investigation, the icorr value of the treated TNZ substrates in
artificial saliva is approximately 1.85 9 10�3 lA cm�2, which
is two order of magnitude lower than the former. Moreover,
Geetha et al. reported that the TiN surface with nitrogen on the
Ti-13Nb-13Zr alloy can combine with oxygen to produce
oxynitrides, with the formation of a TiO2 film that could inhibit

Fig. 6 Friction coefficient of the laser treated and as-received alloy
surfaces

Fig. 7 XPS survey spectra of treated and untreated alloys

Fig. 8 OCP curves of bare and laser nitrided TNZ specimen in
artificial saliva medium

Table 2 Surface energy measurements

Alloy surface Contact angle for water Contact angle for glycerol cds , mJ m22 cps , mJ m22 cs, mJ m22

Untreated surface 64 67.5 5.01 34.3 39.54
Treated surface 60.2 63.55 5.9 36.4 42.36

Fig. 9 EFM intermodulation curves for bare and laser nitrided TNZ
specimen in artificial saliva medium
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the leaching of Ti, which would improve the surface protection
against corrosion. Moreover, the alloying constituents, such as
Nb and Zr, also facilitate the anticorrosion performance of the
passive layer (Ref 47). In general, the causality factors serve as
an inner assessment on the authenticity of the values obtained
from EFM measurements. When the values of CF vary
considerably from the hypothetical values of 2 and 3, it can
be assumed that the experimentations are biased by noise. From
Table 3, it could be understood that the values of CF2 and CF3
were nearly equivalent to the theoretical values of 2 and 3,
demonstrating the reliability of the obtained experimental data
due to the fundamental correlation concerning the response and
perturbation signal. Furthermore, the PE value of the laser
nitrided TNZ specimen was found to be 96.50%, which further
confirmed the enhanced corrosion resistant behavior of the TiN
layer on the TNZ specimen in artificial saliva medium. Hitesh
D. Vora et al. (Ref 16) also evaluated the PE of laser nitrided Ti-
6Al-4V substrates in SBF, and it was found to be 71% and to
increase with the laser energy density.

EIS was performed to validate the results of the OCP and
EFM experiments. The EIS data of the substrate and nitrided
specimens immersed in artificial saliva medium are displayed in
Nyquist (Fig. 10) and Bode (Fig. 11) formats. Nyquist plots of
bare and laser nitrided TNZ specimens are described by an
imperfect and distorted arc; a capacitive performance of a
passive layer and certain distortions linked to a dual layer could
be detected in the case of the treated TNZ specimen (Ref 48). It
is well established that the diameter of the capacitive arc in the
Nyquist plot indicates the resistance shown by the surface to
corrosion, and a larger diameter frequently represents enhanced
corrosion performance (Ref 49, 50). The radius of curvature of
the capacitance arc of the laser nitrided TNZ was the largest
compared to that of the bare specimen, indicating that the

corrosion protection performance of TNZ increased with laser
nitriding owing to the production of a dense TiN film.

From the preliminary observation of the Bode graphs
(Fig. 11), the laser treated TNZ specimen shows different EIS
curves compared to the bare TNZ. For bare TNZ, a large phase
angle of approximately � 80� continued to be observed in the
mid- and low-frequency regions, while the slope of the resistant
curves was found to be approximately � 1, representing the

Fig. 10 Nyquist plots for bare and laser nitrided TNZ specimen in
artificial saliva medium

Fig. 11 Bode plots for bare and laser nitrided TNZ specimen in
artificial saliva medium

Table 3 EFM and EIS circuit parameters for bare and laser treated TNZ specimens

EFM EIS

Substrate
icorr lA

cm2 3 1023 CF2 CF3
Protection

efficiency, % Rs, X cm2
Rct, kX
cm2

Qdl, lF
cm22 ndl Rf, kX cm2

Qf, lF
cm22 nf

Bare TNZ 52.97 1.684 1.911 … 158 432.97 24.58 0.90 … … …
Laser TNZ 1.85 1.962 2.382 96.50 149 646.98 0.34 0.94 85.77 0.19 0.93

Fig. 12 EIS circuit diagrams for (a) bare and (b) laser nitrided
TNZ specimen in artificial saliva medium
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distinctive result of the capacitive behavior of the native passive
layer (Ref 51). Conversely, two maxima in the phase angle
were observed in the high and low-frequency regions in the
case of laser nitrided TNZ specimens, which reveals the
association of at least two time constants related to the two-
layer structure of the laser treated TNZ specimen.

To obtain quantitative evidence of the corrosion resistant
behavior of laser treated TNZ specimens, EIS circuit fitting was
performed by selecting appropriate equivalent circuit diagrams,
which are displayed in Fig. 12. In the selected EIS circuit
diagram, Rs and Rct denote the electrolytic and charge transfer
resistance in parallel to the constant phase element (CPEdl). Rf

and CPEf denote the resistance and constant phase element, and
these were incorporated to justify the capacitance and resistance
related to the TiN film formed over the TNZ surface. Since the

capacitance in EIS often performs non-ideally because of the
complex corrosion phenomenon at the interface, CPE as stated
above, demonstrating a deviation from a perfect capacitor, was
employed. The impedance of CPE is represented as ZCPE =
[Q(jx)n]�1, where Q denotes the capacitance value of the
passive film. jx denotes the complex variable for sinusoidal
perturbations, with x = 2pf, and n is the exponent of CPE
ranging from �1 to 1, which is linked to the heterogeneous
current distribution because of the surface roughness or
inhomogeneity.

Table 3 summarizes the EIS parameters of bare and treated
TNZ specimens. Based on Table 3, the laser nitrided TNZ
specimen revealed noble barrier performance by exhibiting a
film resistance Rf of 85 kX cm2 and an increase in the Rct value
from 432 kX cm2 for bare TNZ to 646 kX cm2. Moreover, the

Fig. 13 SEM and EDX elemental analysis for untreated surface (a, b), laser nitrided surface (c, d), and corroded test area (e, f)
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laser nitrided TNZ specimen showed a reduction in the CPEdl

value (0.34 lF cm�2) on the order of two degree, representing a
significant lessening in permeation of the destructive elements
from artificial saliva medium. Zhao et al. (Ref 52) recently
compared the corrosion behavior of laser nitrided Ti-35Nb-7Zr-
5Ta (TNZT) alloys prepared with Ar or N2 gas in SBF medium
and reported that the laser nitrided surface prepared in N2

exhibited the highest total impedance value of
173.90 kX cm�2, whereas the values were found to be
8.43 kX cm�2 for the bare alloy and 12.99 kX cm�2 for the
TNZT alloy processed in Ar. Manhabosco et al. (Ref 17) also
evaluated the corrosion resistance of nitrided Ti6Al4V in SBF
medium and found that the CPEdl values of nitrided Ti6Al4V
were found to be approximately 51 and 64 lF cm�2 for days 1
and 23 of immersion, respectively. Therefore, the noteworthy
results regarding the electrochemical corrosion performance of
laser nitrided TNZ specimens compared to bare specimens were
revealed in the larger capacitive arcs. Higher Rct existed with
lower CPEdl and icorr values, all of which confirmed the
effectiveness and strength of the compact laser treated surface
for enhancing the corrosion protection of TNZ alloy. In
contrast, Sathish et al. (Ref 17) reported that the surface
protective performance of laser nitrided Ti13Nb13Zr (TNZ)
substrates against corrosion in Hank solution was observed to
be lower than that of the bare TNZ alloy and Cp Ti substrates.
They also explained that the TiN dendrite behavior produced on
TNZ alloy is less compact and more scattered in comparison
with TiN produced on Cp Ti substrates. Further, previous
research on corrosion investigations of laser nitrided TNZ alloy
prepared at a low scanning speed showed higher corrosion
resistance in comparison with the bare alloy. Therefore, it could
be obviously understood that an optimum quantity of TiN is
needed to enhance the corrosion resistance, below which
surface protection against corrosion will not be improved
though the substrate is laser treated.

To validate the electrochemical corrosion results in artificial
saliva, the surface morphology of laser nitrided TNZ substrates
before and after corrosion tests was examined using SEM/EDS
analysis. Figure 13(c) and (d) provides the surface morpholo-
gies and compositions of the laser nitrided TNZ substrates after
corrosion tests in artificial saliva compared to untreated sample
in Fig. 13(a) and (b). Consistent results are observed between
the SEM and electrochemical corrosion results mentioned
above. Slight cracks and spallation can be identified in the laser
nitrided surface after the corrosion tests; however, the surface
of the laser nitrided TNZ maintained its integrity. Furthermore,
surface pits were not observed in the SEM image. EDS results
for the laser nitrided TNZ substrates before and after corrosion
tests are presented in Fig. 13(e) and (f). EDS spectra after the
corrosion test exhibited strong peaks for Ti, N, Nb, and Zr from
the base TNZ substrate and for laser nitrided TiN with very
trace quantities of Ca, K, and P from saliva. Comparing the
SEM images with the EDS spectra, it can be concluded that the
laser nitrided surfaces significantly protected the TNZ sub-
strates against corrosion in artificial saliva medium.

4. Conclusion

Laser gas nitriding was applied to enhance the surface
characteristics and corrosion protection of Ti-20Nb-13Zr at.%
alloy in artificial saliva for dental applications. The treated alloy

was characterized using XRD, XPS, Raman spectroscopy, FE-
SEM, EDXAFM and microhardness, scratch, and surface
energy measurements. The results show the formation of a
TiN layer on the alloy surface. An examination of the
microstructure shows that the thickness of the nitrided layer
extends relatively uniformly below the surface to a depth of
9.1 lm. The nitride layer formed on the surface leads to a 2.4-
fold improvement of the surface hardness of the nitrided sample
relative to the hardness of the untreated surface. The scratch
tests show that the friction coefficient of the laser nitrided
samples is lower than that of the untreated sample surface; this
difference is attributed to a uniformly distributed elemental
composition, microhardness enhancement, and TiN formation
at the surface of the laser nitrided sample. Contact angle
measurements and surface energy analysis showed that the laser
nitriding improved the hydrophilicity and surface energy of the
alloy. Corrosion analysis showed an improvement in the
corrosion protection of TNZ alloy based on the large capacitive
arc, higher Rct with lower CPEdl value, and lower icorr value
with higher protection efficiency in artificial saliva medium. It
can be concluded that laser treatment would be a potentially
successful surface modification process for Ti alloys for dental
applications.
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