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Despite the widespread application of Ti alloy in the biomedical field, surface treatments are typically
applied to improve its resistance to corrosion and wear. A newly developed biomedical Ti-20Nb-13Zr at.%
alloy (TNZ) was laser-treated in nitrogen environment to improve its surface characteristics with corrosion
protection performance. Surface modification of the alloy by laser was performed through a Nd:YAG laser.
The structural and surface morphological alterations in the laser nitrided layer were investigated by XRD
and a FE-SEM. The mechanical properties have been evaluated using nanoindentation for laser nitride and
as-received samples. The corrosion protection behavior was estimated using electrochemical corrosion
analysis in a physiological medium (SBF). The obtained results revealed the production of a dense and
compact film of TiN fine grains (micro-/nanosize) with 9.1 lm below the surface. The mechanical assess-
ment results indicated an improvement in the modulus of elasticity, hardness, and resistance of the formed
TiN layer to plastic deformation. The electrochemical analysis exhibited that the surface protection per-
formance of the laser nitrided TNZ substrates in the SBF could be considerably enhanced compared to that
of the as-received alloy due to the presence of fine grains in the TiN layer resulting from laser nitriding.
Furthermore, the untreated and treated Ti-20Nb-13Zr alloy exhibited higher corrosion resistance than the
CpTi and Ti6Al4V commercial alloys. The improvements in the surface hardness and corrosion properties
of Ti alloy in a simulated body obtained using laser nitriding make this approach a suitable candidate for
enhancing the properties of biomaterials.
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fluid, titanium alloy

1. Introduction

Titanium (Ti) and its alloy have been commonly utilized in
several biomedical fields, for example orthopedics, implants,
and dentistry, due to their preferred biocompatibility and higher
resistance to corrosion (Ref 1, 2). However, Ti implants fail due
to the reduced resistance to wear, and corrosion (Ref 3, 4),
which causes the creation of wear debris. Wear debris may
cause an inflammatory reaction and result in an implant loss
due to osteolysis (Ref 5-7). Therefore, various types of surface
modifications and surface treatments have been applied to
enhance the surface structure, composition, resistance to wear
and corrosion (Ref 4), and biocompatibility (Ref 8).

Laser surface modification, physical vapor deposition
(PVD), chemical coating have been used to improve the wear

resistance of Ti alloy (Ref 9-12). Plasma ion implantation, laser
melting, laser alloying, laser nitriding (Ref 13, 14), laser
etching, laser cladding, thermal spray, plasma spray, and
electrochemical treatment were used successfully to improve
hardness and corrosion properties of biomaterials (Ref 15, 16).
Although plating and plasma spraying showed the formation of
a hard layer, the applied coating showed less bonding strength
with Ti substrate (Ref 17). Plasma ion implantation showed
higher adhesion; however, the obtained too small thickness
(tens of nm) limits their applications (Ref 18). Plasma spray
was reported to apply an HA coating on Ti. Although it is low-
cost and offers rapid deposition, the coating showed the low
adhesion strength and cracks (Ref 19). Plasma surface alloying
has been applied to deposit Ti-B nanopowders on Ti substrate
which showed improvement in the in vitro cytocompatibility
(Ref 20). TiN, TiC coating has been prepared on different
alloys using ion plating; these films show high resistance to
wear and high hardness (Ref 21-23).The nitriding was reported
to be an effective way to improve the tribological properties of
Ti alloy (Ref 24) due to the high solubility of nitrogen in Ti, the
strengthen occurs by solid solution strengthen of the nitrogen to
form a TiN layer on the top layer of the substrate (Ref 25).
Nitriding may be obtained by ion beam nitriding (Ref 26) and
laser gas nitriding (Ref 26, 27).

There has been considerable interest in improving the
surface characteristics of Ti alloy in recent years through the
development of a TiN layer on the surface (Ref 28). ATiN layer
possesses greater hardness than a Ti layer, which enhances the
corrosion and mechanical properties of the alloy (Ref 28). A
TiN layer has been shown to be biocompatible (Ref 8, 29) as
well as physically and chemically stable (Ref 30).

M.A. Hussein, Center of Research Excellence in Corrosion, Research
Institute, King Fahd University of Petroleum and Minerals (KFUPM),
Dhahran 31261, Saudi Arabia and Department of Mechanical
Engineering, Kafrelsheikh University, Kafrelsheikh 33516, Egypt;
A. Madhan Kumar, Center of Research Excellence in Corrosion,
Research Institute, King Fahd University of Petroleum and Minerals
(KFUPM), Dhahran 31261, Saudi Arabia; Bekir S. Yilbas and
N. Al-Aqeeli, Department of Mechanical Engineering, King Fahd
University of Petroleum and Minerals (KFUPM), Dhahran 31261,
Saudi Arabia. Contact e-mail: naqeeli@kfupm.edu.sa.

JMEPEG (2017) 26:5553–5562 �ASM International
DOI: 10.1007/s11665-017-2955-5 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 26(11) November 2017—5553

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-017-2955-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-017-2955-5&amp;domain=pdf


Different techniques for depositing a TiN layer on the
surface have been reported in the literature, including physical
vapor deposition (PVD), chemical vapor deposition (CVD)
(Ref 31, 32), plasma nitride (Ref 33), ion implantation (Ref 34),
and laser nitriding (Ref 29). However, the investigations
indicated that an ion-implanted layer of Ti6Al4V was removed
after a few years (Ref 35). PVD was successfully used to form
TiN with higher corrosion resistance; however, it exhibited a
low bonding strength. Plasma nitriding was reported to reduce
the corrosion resistance (Ref 36). A TiN layer formed by either
CVD or PVD exhibited greater hardness; however, it also
exhibited a low bonding strength. Among these techniques,
laser nitriding is considered effective in terms of its short time
requirements, its flexibility, its controlling structure, its com-
position, and the dimensions of the processed zone (Ref 36).
Laser nitriding exhibited better bonding and interfacial prop-
erties with the substrate than ion implantation, CVD, and PVD
(Ref 37, 38).

Many researches have conducted studies on improving
tribological and anti-corrosion performance of Ti-6Al-4V using
laser nitriding (Ref 39-42). However, due to the toxic effects ofAl
and V (Ref 2), significant effort has been dedicated to the
development of a nontoxic alloy made of biocompatible
elements. The novel nanostructured Ti20Nb13Zr alloy was
recently developed (Ref 43). TiNbZr exhibited potential in the
biomedical field and is considered a superior alternative to
biomedical grade Ti-6Al-4V (Ref 41). However, Ti alloy
exhibited lower resistance to corrosion and wear (Ref 4, 44);
thus, the surface and corrosion properties of this alloy must be
enhanced to enable its use in bioimplants. Few studies have
focused on the laser nitriding of TiNbZr alloy. Laser nitriding has
already been adopted to enhance the corrosion protection
performance of Ti-13Nb-13Zr and TiNbZrTa alloys (Ref 28, 45).

In the current work, we aimed to examine the impact of laser
nitriding on the corrosion protection and surface characteristic of
a newly developed TNZ alloy. The microstructure and morphol-
ogy were investigated by monitoring x-ray diffraction (XRD)
pattern and field emission scanning electron microscopy (FE-
SEM). The mechanical properties were assessed by nanoinden-
tation measurements. The corrosion behavior of the treated and
untreated TNZ substrates in simulated body fluid (SBF) was
characterized by potentiodynamic polarization (PDP) and elec-
trochemical impedance spectroscopy (EIS) measurements.

2. Experimental Work

2.1 Laser Nitriding and Characterization

The alloy accommodated in this work is newly developed
near-b Ti-20Nb-13Zr at.% (TNZ) alloy fabricated by ball
milling and spark plasma sintering (Ref 43). A sample having a
4 mm thickness and 20 mm diameter was used in the study.
Laser nitriding was implemented using a CO2 laser (LC-
ALPHAIII) with a moderate output control of 2 kW. During the
laser treatment process, nitrogen gas was continually purged
and was coaxially purged with the beam of the laser. Figure 1
displays a diagram of the laser nitriding process of the TNZ
alloy surface. The several tests based on the parametric
investigations were carried out to select the optimum laser
processing parameters. The optimum laser parameters were
assessed incorporating the criteria for the crack-free, cavity-

free, and regular laser scan tracks without excessive melt flow
at the treated workpiece surfaces. In this case, increasing laser
output power by 10% more than the selected value results in
deep cavity formation at the surface while reducing by 10%
gives rise to solid heating at the surface. Similar arguments can
also apply for the laser scanning velocity, which results in small
changes in the scanning velocity (7% less or more), shallow
depth melting or surface morphology with deep cavities. The
laser nitriding parameters are presented in Table 1. Preliminary
observations of the surface of the nitrided samples were made
by optical microscopy. XRD (a Bruker AXSD8 machine with
Cu-Ka radiation, 40 kV and 30 mA) was used to study the
present phases in the as-fabricated and nitride samples. FE-
SEM (Tescan Lyra 3) was used to investigate the microstructure
and morphology of the untreated and treated alloys.

2.2 Mechanical Testing

To evaluate the mechanical performance, Young�s modulus
and hardness of the untreated and nitride samples were
measured using nanoindentation test. The nanoindenter tester
(CSM Instruments SA, Switzerland) was used at room
temperature. A loading and unloading rate of 60 mN/min with
a maximum load of 500 mN was applied with a pause time of
10 s using the diamond four-sided pyramid Vickers indenter. A
load–displacement plot based on Oliver WC, Pharr was
adopted to calculate the Young�s modulus and hardness of the
alloys from nanoindentation software (Ref 46).

2.3 Preparation of the SBF

Corrosion studies were conducted in SBF solution. The SBF
(pH 7.4, 1 L) was prepared with an ionic concentration
equivalent to that of human body plasma according to
previously reported procedure (Ref 47).

2.4 Electrochemical Corrosion Measurements

The electrochemical corrosion of the as-received and laser
nitrided TNZ alloy substrates was assessed via PDP and EIS tests
in SBF medium. The electrochemical corrosion tests were
measured using a classic three-electrode cell assembly, realized
by fitting a tubular tube on top of the TNZ substrates with an
exposed area of 19.6 mm2. The electrochemical cell was driven
with a potentiostat (Gamry 3000) and Echem analysis software.
Further, the material to be tested acted as the working electrode,
and a saturated calomel electrode (SCE) and a graphite rod
performed as the reference and auxiliary electrodes, respectively.
Prior to each electrochemical experiment, open circuit potential
(OCP)wasmonitored for 1 h in the SBF to attain the stable value.
EIS was performed at sweeping frequencies downward from 105
to 0.01 Hz, monitoring 10 points per decade. Potentiodynamic
polarization testing was performed by scanning the potential
from�0.250 to 1.5 Vat a scan rate of 0.5 mV/s. For comparison
purposes, commercially available alloys, such as CpTi and
Ti6Al4V, were also used under same conditions.

3. Results and Discussion

3.1 Structural and Microstructural Investigations

In order to achieve the laser nitride surface without melting,
laser treatments were carefully performed using optimized

5554—Volume 26(11) November 2017 Journal of Materials Engineering and Performance



parameters. The nitride sample surface exhibits a golden-
yellowish color (Fig. 2a), revealing the production of a TiN
layer on the alloy (Ref 41). The XRD pattern of the as-received
and nitrided samples indicates the presence of a high-intensity
b phase and an a phase, confirming that the b phase is dominant
compared to the a phase (Fig. 2b). As clear from XRD pattern,
closer to 30�-50� area, no oxide peaks are observed. The main
phase is TiN phase along with the main b TiNbZr phase (b Ti
will be used for simplification) in the nitride layer. The small a
peak is observed for the treated sample. The treated sample
exhibits clear peaks for the TiN (FCC) phase as indexed in
(Fig. 2b). The peaks of untreated Ti20N13Z alloy showed high
intensity of b Ti phase at (110) and (211) due to the existence of
high amount of b stabilizer element (20 at.%Nb) in the base
alloy. The intensity of b phase reduced after laser nitriding
which might attribute to the TiN (FCC) formation on the
surface. The incoherence between b Ti(BCC) and the newly
formed TiN (FCC) in the surface might be the reason for the
reduction in the intensity of b Ti phase after laser nitriding (Ref
45). The formation of a TiN phase was accompanied by a
decrease in the b phase peak which was also reported by
another researcher (Ref 41).The TiN formation is attributed to
the diffusion of nitrogen from the surface to form an interstitial
solution Ti(N) which forms a compound of Ti and N after
saturation and with continues supply of nitrogen forms a TiN
layer on the surface (Ref 48). According to the equation:
Ti fi -Ti(N) fi Ti2 N fi TiN (Ref 48).

The nitrogen diffuses in the substrate forming a solid
solution (interstitial) in a Ti phase (Ref 49). After exceeding the
concentration limit of nitrogen in aTi, a new TiN (FCC) phase
will be formed.

It is also noticed from XRD pattern (Fig. 2b) that the main
peak of b Ti phase (110) was shifted to left direction after
nitriding indicating an increase in lattice parameter due to the
formation of solid solution of Ti with nitrogen (Ref 50). Lattice
parameter increased from 0.33 to 0.3339 nm after laser
nitriding. It was observed that the TiN peak showed broadening

related to the obtained fine structure (nano-/micrograined as
shown in Fig. 3(b, c).

An FE-SEM micrograph of the laser-treated cross section is
presented in Fig. 3. The results show that the microstructure of
the base alloy is a b-Ti (BCC) matrix (whiter areas in the
micrograph) surrounded by a a-Ti (HCP) region (darker areas
in the micrograph), which confirms the XRD results. The back-
scattered electron (BSE) image indicated that the average
thickness of the laser nitride was approximately 9.1 lm below
the surface (Fig. 3a). The micrograph of laser-treated samples
indicated the formation of a micro-/nanostructure as shown in
BSE image (Fig. 3b, c). A close examination of the treated
layer revealed that it does not exhibit major cracks due to the
dense and compact structure with fine grains formed over the
surface layer (Fig. 3b, c).

3.2 Nanoindentation Measurements

Figure 4 displays the load–displacement curves for the
untreated and treated alloys at a maximum load of 500 mN.
Extracted parameters related to the wear resistance, Young�s
modulus, and a hardness value of the material are presented in
Table 2. The curve of the laser nitrided sample is shifted to the
left compared to that of the untreated sample (Fig. 4), possibly
due to the compressive residual stress because of the fabrication
of the TiN phase with thermal quenching (Ref 51). Further,
Young�s modulus of the laser-treated sample also increased to
199.7 GPa, compared to 129 GPa for the untreated sample,
owing to the laser surface nitriding. From the literature (Ref
52), Young�s modulus of the titanium nitride surface was
identified to change between 100 and 600 GPa depending on
the deposition parameters and the technique used (Ref 52).
Hardness measurements from the nanoindentation indicated
that the laser treatment enhanced the surface microhardness of
the sample. The HV of the treated sample was 13.68 GPa,
whereas that of the untreated sample was 7.62 GPa. This
enhancement in the hardness value is associated with the
construction of a hard TiN ceramic layer over TNZ surface. The

Fig. 1 Experimental laser nitriding setup

Table 1 Laser nitriding processing parameters

Scanning speed cm/s Power, W Frequency, Hz Nozzle gap, mm Nozzle diameter, mm Focus setting, mm N2 pressure, kPa

10 1 1500 1.5 1 27 600

Journal of Materials Engineering and Performance Volume 26(11) November 2017—5555



increased hardness will contribute to enhancing the resistance
of alloy surface to the wear and will help prevent the formation
of incompatible wear debris that loosens the implant and hence
increasing the life span of the biomaterials (Ref 4). The coating
resistance to plastic deformation was evaluated by H3/Er

2 using
the extracted nanoindentation information (Ref 53, 54). The
increase in hardness due to the formation of the nitride layer on
the surface contributed to enhancing the resistance of the
material surface to plastic deformation and, thus, wear (Ref 55).
As shown in Table 3, the developed Ti20Nb13Zr at.% alloy
exhibited a greater hardness value than Ti-6Al-4Valloy, and the
H3/Er2 value of the treated alloy surface (0.075) was higher
than that of the untreated sample (0.0269), which indicates that
the treated alloy possesses a higher wear resistance and

Fig. 2 Laser nitride and as-received samples: (a) optical image of
the surface, (b) XRD pattern of an as-received sample and treated
sample, (c) XRD pattern of treated sample closer to 30�-50� area

Fig. 3 FE-SEM micrograph of the laser-treated sample: (a) base al-
loy with laser-affected layer; (b) and (c) micro-/nano-sized grains
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toughness than the untreated sample. The treated sample was
approximately three times more than the untreated sample. The
same results were also obtained by Ng et al. (Ref 45), as shown
in Table 2. These improvements in hardness and thus in wear
resistance are due to the formation of a ceramic TiN layer due
to the reaction of N2 with Ti alloy and the formation of a harder
ceramic layer of TiN. The increase in hardness due to the
presence of TiN as a result of laser nitriding was also observed
for Ti6Al4V alloy (Ref 37). The nano-/microstructure refine-
ment observed after laser nitriding may be also contributed to
the enhancement of hardness of surface layer. This is in
accordance with a well-known Hall–Petch relation that states
the increase in hardness and yield strength correlated with a
decrease in the grain size (Ref 43, 56). The modification in
metallurgy after laser nitriding of Ti20Nb13Zr alloy, such as
surface microstructure, surface hardness, and grain size, will
improve the wear resistance.

Ti-6Al-4V has been used for biomedical applications.
However, V and Al may be toxic (Ref 2); thus, the selection
of alloying elements is important in designing the alloy to meet
the biomaterial characteristics, particularly its biocompatibility.
TNZ could be an alternative to Ti-6Al-4V. The structure,
surface morphology, surface hardness, and corrosion properties
of the base alloy surface have been improved via laser nitriding;
thus, laser nitriding could be a good tool for enhancing the
characteristics of biomaterials and thus increasing their long-
evity and service life.

3.3 Electrochemical Corrosion Studies

PDP results for the bare and laser nitrided TNZ substrates
are displayed in Fig. 5. The measured and calculated Tafel
parameters, such as corrosion potential (Ecorr), corrosion current
density (icorr), Tafel slopes, and the corrosion rate, are
summarized in Table 3. The anodic polarization curves for
bare TNZ, Ti64, and Cp Ti imply the distinctive stimulating
polarization from �0.35 V up to 0.15 V, exhibiting a straight
increase in the corrosion current density with the potential.
Subsequently, variations in breakdown and repassivation with
increasing potential occurred, after which the substrate transi-
tions into an entirely passive area in which the corrosion current
density remains constant. By contrast, laser-treated TNZ
substrates rapidly passivated and continued a lower current
density with the investigated anodic region. Further, the slope
of the anodic branch was comparatively small, and the
polarization phenomenon occurred gradually. This behavior

proves that laser-treated TNZ substrates exhibit less polariza-
tion in anodic regions, revealing an improved corrosion-
resistant performance in the SBF medium. Overall, the
corrosion performance of the laser-treated substrates was
comparatively nobler than that of the as-received substrates
because TiN surface is chemically inert than titanium (Ref 57-
59).

In addition, the corrosion current density is an important
factor in predicting the surface protection of materials against
corrosion, as it is in inverse proportionate to the corrosion rate.
Hence, the materials typically exhibit a superior surface-
protective performance while exhibiting the lowest corrosion
current density (Ref 60). The icorr values of the substrates can
be arranged in the following order: laser-treated TNZ< bare
TNZ<Ti6Al4V<CpTi. The lower icorr value of the laser-
treated TNZ is attributed to the improved surface microstruc-
ture with the existence of a noble TiN phase inside the nitrided
film (Ref 41).

The reason for the observed variation might be related to the
nature of surface film that forms on the surface of cp Ti and Ti
alloys in SBF medium. In addition, the stronger and the more
stable, continuous, tightly adherent TiO2 passive film on the Ti-
based implant alloys, the better the corrosion resistance and
also the lesser the release of the metal ions from the alloys. In
general, Ti6Al4V is an alpha–beta titanium alloy, where Al and
V act as stabilizers of a and b phases, respectively, modifying
the Ti transformation temperature; this temperature is about
980± 20 �C, and the alloy may present two different
microstructures: globular and lamellar, which provide mechan-
ical and corrosion resistance to the Ti alloy (Ref 61, 62).
Different structural morphologies may be transferred to or may
have influence on the surface layers of the alloy, which could
lead to enhanced corrosion resistance with different biological
behaviors from those of unmodified Ti substrates. The presence
of strong passivating elements like Al, V, Nb, Zr in sufficient
amounts and their uniform distribution can also be probable
reasons for the superior corrosion resistance exhibited by this
alloy in SBF. It has been reported that modification of passive
TiO2 layer by the addition of a and b alloying elements reduces
Cl� ingress into the oxide layer, thereby improving the
structural integrity of the oxide film such that pit initiation
events were reduced (Ref 63). Moreover, the obtained results
were in good agreement with the previous works (Ref 64-67).
The same trend of results was also reported (Ref 68); Ti-xNb-
13Zr alloys were more corrosion resistant than both Ti and Ti-
6Al-4V in Ringer�s solution, as the passivating film formed on
Ti-xNb-13Zr alloys was higher than both Ti and Ti-6Al-4V
(Ref 68).

Biswas et al. have examined the biocompatibility and
corrosion performance of laser nitrided Ti-6Al-4V and stated
that laser nitriding is not changing the Ecorr considerably. They
also mentioned that it occurred due to the presence of a
considerably large volume fraction of TiN in the microstructure
and the interface between the TiN and a-Ti, leading to the
formation of pits (Ref 69). Further, Yilbas et al. have also
reported that, as TiN is an electrical conductor and electro-
chemically more stable than Ti-6Al-4V when substrates are
galvanically connected with TiN which are exposed to an
aggressive electrolytes through these channels, the exposed
regions will start to dissolve anodically. In addition, the small
anodic area through the pinholes will lead to a local increase in
current density and hence fasten the corrosion process at these
points as channels for the corrosion of the substrate, which in

Fig. 4 Load–displacement curves of (a) treated and (b) untreated
alloys
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turn effects in flaking of the nitrided layer (Ref 35). However,
the Ecorr of laser-treated TNZ in the present investigation is
shifted in nobler direction than that of the investigated
substrates, indicating an improved corrosion protection perfor-

mance, which is ascribed to the production of compact and
dense TiN layer with the fine-grained structure and the
corrosion inhibition offered to Ti atoms from leaching, which
correspond well with previous reports (Ref 40, 60). Man et al.

Table 2 Summary of the treated and untreated (in italics) samples properties calculated from the nanoindentation tests

Sample H, GPa Er, GPa H3/Er
2, GPa Reference

Untreated alloy 7.62 129 0.0269 Present study
Treated alloy 13.68 199.7 0.075 Present study
Ti-6Al-4V (untreated) 5.0 121 0.009 (Ref 36)
Ti-6Al-4V (untreated) NA 114 NA (Ref 32)
Ti-6Al-4V (treated) 177
Ti-35Nb7.3Zr5.7Ta (untreated) 4.8 63.8 0.027 (Ref 26)
Ti-35Nb7.3Zr5.7Ta (treated) 14.3 171.2 0.101 (Ref 26)

Table 3 Tafel parameters of the as-received and nitrided samples in SBF

Sample Ecorr, mV icorr, lA cm23 1023 ba, mV/dec bC, mV/dec Corr. Rate, mpy3 1023

CpTi �372 40.4 39 26 35.70
Ti6Al4V �369 30.4 53 66 26.76
Untreated TNZ �314 15.84 88 74 13.70
Treated TNZ 1.80 0.45 80 83 0.04

Fig. 5 Potentiodynamic polarization curves of (a) CpTi, (b) Ti6Al4V, (c) bare TNZ, and (d) laser-treated TNZ
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have reviewed the advantages of laser nitriding process on Ti
alloys and mentioned that attention must be carefully engaged
when treating the surface with laser beams since surface
cracking reduces the fatigue life and corrosion resistance of the
components (Ref 70). However, in the present study, the
surface microstructure of the laser nitriding is clearly observed
with no cracks and pores and confirmed the dense and compact
surface with micro-/nanograins, which further confirmed the
enhanced corrosion resistance. Furthermore, laser treatment can
increase the corrosion protection performance of the TNZ
alloys in SBF medium.

The EIS results are presented in Nyquist format in Fig. 6
which plots the real (Z�) and imaginary (Z’’) components of the
impedance on x and y axes, respectively. Bare substrates (CpTi,
Ti6Al4V, and TNZ) exhibit one capacitive arc, demonstrating a
charge transfer process above a double layer, whereas the
Nyquist plot obtained for the laser-treated TNZ substrates can
be clearly distinguished as two separate capacitive arcs (see the
inset in Fig. 6), signifying a charge transfer reaction over the
TNZ surface that comprises two capacitances from different
origins. In addition, the length of the first capacitive arc is
smaller compared to that of the low-frequency capacitive arc,
which is close to 107 X cm2. A capacitive arc with a larger
diameter indicates a higher corrosion resistance.

In general, EIS data in Nyquist plot show that the frequency
decrease from left to right as the graph is not showing the
frequency for data observed; thus, the similar data are
frequently also exhibited by Bode plot displaying the relation
between the frequency (f) with phase angle(h) and the
equivalent impedance (Z) as shown in Fig. 7, which displays
the Bode plots of the bare and laser-treated TNZ alloy
substrates. All the investigated Ti alloys exhibited the highly
capacitive behavior, as specified by the mid to low frequencies
with phase angles nearing �80�, signifying that a highly
stable layer is produced over investigated alloys in the SBF.
Based on the changes in the number of the phase angle, the bare
substrates display only one well-defined time constant at a
frequency of approximately 10 Hz, which is attributed to the
controlled charge transfer reaction. By contrast, laser-treated
TNZ alloys exhibit two relaxation time constants at frequencies
of 10,000 and 10 Hz (similar to the frequency observed on the
bare substrates). The existence of the time constant at a higher-

frequency region is attributed to the laser-treated surface,
signifying that it has a strong physical barrier against the
aggressive environment. In general, the total impedance
modulus (|Z|) for the low-frequency area in the EIS plots
signifies the barrier performance of the coatings (Ref 71, 72).
The different behavior of the laser-treated TNZ is associated
with the elimination of TiO2 layer and the existence of a TiN
layer with chemically inert behavior. A maximum impedance
value among the investigated alloys is attained for the laser-
treated TNZ alloys, demonstrating the significant enhancement
in the corrosion resistance of TNZ alloys with laser treatment.

Quantitative analysis of EIS data involves the equivalent
circuit fitting analysis by selecting the appropriate equivalent
circuit models. In the present investigation, two different
equivalent circuit models (Fig. 8a, b) were employed to fit the
EIS spectra of the bare and treated TNZ substrates using Echem
software. Several researchers have proposed similar equivalent
circuits (Ref 73-75). The capacitance was replaced by a
constant phase element (CPE/Q) corresponding to the deviance
from the perfect dielectric behavior and the surface hetero-

Fig. 6 Nyquist plots of the as-received and nitrided samples in
SBF

Fig. 7 Bode plots of the as-received and nitrided samples in SBF

Fig. 8 EIS circuits models of: (a) the as-received and (b) the ni-
trided alloys
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geneity to obtain the optimal fitting (Ref 76, 77). The EIS
circuit models include the electrolytic resistance (Rs), film
resistance (Rf), charge transfer resistance (Rct), and constant
phase element (CPE) of the film capacitance Qf and double-
layer capacitance Qdl. Further, the quality of the fitting analysis
can be estimated using the Chi-squared (v2) parameter, which is
in the range of 10�4 and the obtained values revealed that the
fitted results were consistent with the experimental results.

The EIS parameters shown in Table 4 were obtained using
fitting analysis of the EIS results through the equivalent circuit
model. The laser-treated TNZ substrates exhibited good barrier
performance, with a film resistance Rf of 153 kX cm2 and a
high Rct value of 29.129 103 kX cm2 (versus 435 kX cm2 for
bare TNZ). Furthermore, the laser-treated substrates exhibited a
decrease in CPEdl by three orders of magnitude, which
indicates a considerable reduction in the penetration of
aggressive species from the harsh environment (Ref 78). It
has been already reported that the chemical inertia of TiN
surface greatly improves the material�s surface protection
against corrosion based on an investigation of corrosion
behavior in harsh environments (Ref 59). Hence, the significant
benefits of laser-treated TNZ alloys over bare and commercial
alloys in terms of electrochemical corrosion performance were
reflected in the larger capacitive loops and higher Rct with lower
Qdl values and more positive Ecorr with lower icorr values, thus
revealing the efficiency and solidness of the compact laser
nitride surface in improving the corrosion resistance of TNZ
alloys.

4. Conclusion

In this study, laser gas nitriding was performed using a
CO2 laser (LC-ALPHAIII) to enhance the corrosion and
surface characteristics of newly developed Ti-20Nb-13Zr at.%
alloy. The treated and untreated alloys were characterized using
XRD and FE-SEM. Nanoindentation and electrochemical
investigations were performed to assess the surface and
corrosion protection behavior of the untreated and nitrided
samples. The following conclusion can be drawn:

1. The laser nitriding of the newly developed Ti20Nb13Zr
showed the formation of TiN film on the alloy surface
with micro-/nanograin size and 9.1 lm below the sur-
face.

2. The nanoindentation results show the improvements in
the hardness, modulus of elasticity, and resistance to plas-
tic deformation of the alloy surface, thus indicating the
alloy�s higher resistance to wear.

3. The corrosion results indicated an enhancement in the
corrosion resistance of laser-treated Ti20Nb13Zr alloys
compared to as-received and commercial titanium and
Ti6Al4V alloys.

4. The results also showed that laser treatment could be
suggested for improving the surface hardness and corro-
sion protection characteristics of Ti-based alloys for
biomedical fields.
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