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In the present study, a detailed investigation of mechanical and electrochemical properties of
laser-surface-nitrided Ti-6Al-4V has been carried out. Laser treatment is carried out by melting
the surface of Ti-6Al-4V substrate using a high power CW diode laser with nitrogen as
shrouding environment. The effect of laser parameters (applied power and gas flow rate) on the
properties of the nitrided surface was evaluated. The microhardness of the nitrided surface was
improved to a maximum of 1175 VHN in the present set of laser processing conditions as
compared to 280 VHN of as-received substrate. Surface nitriding increased the potential for pit
formation (Epit) significantly as compared to as-received Ti-6Al-4V. Immersion in Hank’s
solution showed calcium phosphate deposition from the solution. The optimum process
parameters for laser surface nitriding were derived.

DOI: 10.1007/s11661-009-0021-0
� The Minerals, Metals & Materials Society and ASM International 2009

I. INTRODUCTION

TITANIUM and its alloys are widely used as surgical
implants.[1] However, poor wear resistance and loss of
adhesion at the interface cause restriction over pro-
longed use of the component especially as implants for
hip joints and teeth.[2] Important surface characteristics,
which can contribute to a strong interfacial joint, are (1)
the existence of polar chemical groups or coupling
agents on the surfaces that are available for bonding;
and (2) increased surface roughness, giving rise to
improved mechanical interlocking or increased bond-
able surface area.[3] Over the last decade, various types
of surface modification techniques have been developed
aiming at improving the interfacial bonding of the alloy
with the bone and improving wear resistance.[4–7] Laser
as a source of monochromatic and coherent radiation
has wide ranging applications in surface treatment.[8,9]

Laser surface remelting of titanium in the nitrogen
containing environment is popularly known as laser gas
nitriding, which can produce composite surface layers
consisting of nitrides with enhanced surface perfor-
mance.[10,11] The advantages of laser assisted surface
treatment over conventional diffusion-aided surface
treatment include the ability to deliver a large power/
energy density (103 to 105 W/cm2), high heating/cooling
rate (103 to 105 K/s), and solidification velocities (1 to
30 m/s).[8,9]

Laser gas nitriding of Ti and Ti-6Al-4V (Ti64) alloys
has been extensively investigated with the aim of
improving the tribological properties.[10,12–14] It was
observed that a complex microstructure is developed in
the solidified melt pool depending on the applied laser
power, beam size, specimen velocity, beam mode (sta-
tionary or spinning), and nitrogen concentration in the
environment.[15] Furthermore, cracking was found to be
a critical problem in laser surface nitriding of titanium
alloys due to a large residual stress developed in the
nitrided zone.[16] Man et al.[17] nitrided the surface of the
Ti-6Al-4V substrate using a CW Nd:YAG laser and
carried out a detailed X-ray photoelectron spectroscopic
(XPS) observation, comparing it with the results after
mechanical polishing. A very thin oxide layer was
detected on the near-surface region, which decreased
with increasing depth.
Since the report on application of diode laser in

materials processing, it has become increasingly popular
in different fields of materials processing such as cutting,
welding, and direct laser cladding.[18] In an earlier study,
diode laser assisted surface nitriding of Ti-6Al-4V was
attempted and showed an improvement in hardness and
biocompatibility.[19] In the present study, a detailed
investigation of the influence of laser parameters on the
mechanical and electrochemical properties of the sur-
face-nitrided layer has been undertaken. Finally, the
optimum process parameters for laser surface nitriding
of Ti-6Al-4V have been determined following a detailed
structure-property-process parameters correlation.

II. EXPERIMENTAL

In the present investigation, Ti-6Al-4V (Ti64) of
dimensions 20 mm 9 20 mm 9 5 mm was chosen as
the substrate. The substrate surface was sand blasted
prior to laser processing in order to clean the surface and
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improve absorptivity. Laser surface nitriding was carried
out by irradiating the substrate using a 2 kW continuous
wave (CW) Laserline diode laser with mixed 810- and
940-nm wavelengths (maximum power of 1.5 kW) and
with an optical fiber beam delivery system (with a spot
area of 3.5 9 2 mm2) using nitrogen as the shrouding gas.
The main process variables used in the present study were
applied laser power and gas flow rate. The range of power
used in the present study was from 600 to 800 W; the
range of gas flow rate was from 5 to 20 L/min. The scan
speed was maintained constant at 6 mm/s. Table I
summarizes the process parameters and properties of
the as-received vis-à-vis laser-surface-nitrided Ti-6Al-4V
as a function of laser parameters. To achieve microstruc-
tural and compositional homogeneity of the laser-treated
surface, a 25 pct overlap between the successive melt
tracks was followed. To ensure rapid cooling, N2 gas flow
wasmaintained at 20 L/min, following eachmelting track
for 1 minute. Following laser surface nitriding, the
microstructure of the nitrided layer (both the top surface
and the cross section) was characterized by optical and
scanning electronmicroscopy. In this regard, it is relevant
to mention that the approximate surface roughness
of laser-surface-nitrided samples as measured by the
mechanical profilometer (diamond stylus) was 10 to
15 lm. A detailed analysis of the phase was carried out
using an X-ray diffractometer. Residual stress introduced
in the nitrided layer was measured by a stress goniometer
attached to an X-ray diffractometer applying Cohen’s
theory.[20] The microhardness of the nitrided layer (both
the top surface and cross-sectional plane) was measured
by a Vickers microhardness tester using a 300 g applied
load. The Young’s modulus and its distribution were
evaluated with the help of a MTS-XP nanoindenter
(MTS Systems Co., Nano Instruments, Oak Ridge, TN).
The indentation was conducted by application of a
triangular pyramid (Berkovich, MTS Systems Co., Nano
Instruments, Oak Ridge, TN) diamond indenter with an
applied load varying from 100 to 500 mN. During the
measurement, 50 to 100 readings were recorded at a
particular load to take the average value of a particular
region. The electrochemical property of the surface in
termsof pitting corrosion resistancewas compared to that

of the as-received Ti-6Al-4V by potentiodynamic anodic
polarization study in Hank’s solution with the following
electrolytic composition (g/L): 0.185CaCl2, 0.4KCl,
0.06KH2PO4, 0.1MgCl2, 6H2O, 0.1MgSO4Æ7H2O,
8NaCl, 0.35NaHCO3, 0.48Na2HPO4, and 1.00 D-glu-
cose. In the corrosion study, a standard calomel electrode
was used as the reference electrode and platinumwas used
as the counterelectrode.[21] Polarization was carried out
from�2000 to+7000 mV (SCE) at a scan rate of 2 mV/s.
The pitting corrosion behavior was determined by mea-
suring the primary potential for pit formation, Epp1 (the
potential at which there is a sudden rise in current
density with a small increase in potential). The samples
(as-received and laser surface treated) under polished
conditions were immersed in Hank’s solution, and the
corroded surface was carefully examined (at a regular
interval) using a scanning electron microscope to under-
stand the extent of corrosion. Subsequently, the phases
present on the corroded surfacewere also examined by the
X-ray diffraction technique.
The wettability of the simulated body fluid (SBF) on

the surface of the as-received and thermally oxidized
AZ91 was evaluated using the sessile-drop technique.[22]

During the measurement, a drop (of diameter 0.5 to
1 mm) of SBF was released from the tip of a syringe
onto a sample surface, and the contact angle the drop
made with the surface was measured by taking a digital
image of the drop. The accuracy of the contact angle
measurements was within ±1 deg.

III. RESULTS AND DISCUSSION

In the present investigation, a detailed study of
the mechanical (microhardness) and electrochemical
(corrosion resistance) properties of the surface-nitrided
layer was undertaken and compared with a study of
the as-received Ti-6Al-4V substrate. The results of the
mechanical and electrochemical properties of the
nitrided layer are discussed in detail.

A. Characteristics of the Nitrided Zone

Figure 1 shows the scanning electron micrograph of
the top surface of laser-surface-nitrided Ti-6Al-4V lased

Table I. Summary of Laser Parameters for Laser Surface
Nitriding of Ti-6Al-4V and Mechanical and Electrochemical

Properties of the Melt Zone

Applied Power,
W (Gas Flow
Rate, L/min)

Microhardness
(VHN)

Young’s
Modulus
(GPa)

Critical Potential
for Pit Formation

V(SCE)

600(5) 892 170 6.0
600(10) 1142 177 5.2
600(20) 780 178 2.5
700(5) 912 171 1.8
700(10) 1075 175 1.2
700(20) 632 177 1.6
800(5) 897 173 1.4
800(10) 1102 177 1.7
800(20) 783 175 1.8
As-received
Ti-6Al-4V

280 115 1.3 Fig. 1—Scanning electron micrograph of the top surface of laser-
surface-nitrided Ti-6Al-4V lased with power of 600 W and gas flow
rate of 10 L/min.
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with a power of 600 W, scan speed of 6 mm/s, and gas
flow rate of 10 L/min. From Figure 1, it may be noted
that laser surface nitriding causes formation of a
continuous and defect-free (microporosity and micro-
crack) nitride surface. The nitrided layer consists of
dendrites of titanium nitride in a a-Ti matrix (as
confirmed by X-ray diffraction analysis) with an average
interdendritic spacing of 2 to 4 lm (between TiN and
TiN) for different conditions of lasing. Average surface
roughness measured by atomic force microscopy from
the surface topography of the diamond polished surface
was found to increase from 0.040 lm in as-received to
0.29 lm for laser-surface-nitrided and subsequently
diamond-polished Ti-6Al-4V.[23] A rough surface was
reported to cause more adsorption offibronectin, a cell
adhesion protein present in serum, which mediates cell
attachment and spread on artificial substrates by inter-
acting with glycosaminoglycans and the cytoskeleton,[24]

than smooth surfaces,[25] preserving the synthesis of
extracellular matrix proteins.[26] Culturing rat calvarial
cells on titanium surfaces in a range of surface rough-
ness (Ra) from 0.14 to 1.15 lm has shown a maximum
attachment on the surfaces with a surface roughness
(Ra) of 0.87 lm.[27] Hence, the increase in surface
roughness level following laser surface nitriding would
be beneficial for improved biocompatibility.

A detailed X-ray diffraction analysis of the top
surface of as-received and laser-surface-nitrided
Ti-6Al-4V was undertaken to understand the phases
present and quantify their volume fraction. Figure 2
compares the X-ray diffraction profiles of the surface of
as-received (plot 1) with laser-surface-nitrided Ti-6Al-
4V (plot 2) lased with a power of 600 W and gas flow
rate of 10 L/min. From the X-ray diffraction profiles, it
is shown that as-received Ti-6Al-4V used in the present
study consists of a mixture of a and b titanium. Laser
surface nitriding of Ti-6Al-4V led to the formation of
TiN and a few a-Ti. The mass fraction of titanium
nitride dendrite was found to vary with laser parame-
ters. The residual stress developed in the nitrided zone
was measured by the X-ray diffraction technique using a
stress goniometer. The residual stress developed on the

top surface of the nitrided samples was found to vary
significantly (+750 to �1400 MPa) with laser parame-
ters. It was observed that residual stress was compres-
sive only when lased with a higher applied power
(800 W). A decrease in gas flow rate was found to
increase the magnitude of compressive stress within the
surface.

B. Mechanical Properties of the Nitrided Surface

Figures 3(a) and (b) show the variation of micro-
hardness along the cross-sectional plane with depth
from the surface of laser-surface-nitrided Ti-6Al-4V.
Figure 3(a) shows the microhardness profiles of laser-
surface-nitrided Ti-6Al-4V lased with power of 600 W
(plot 1), 700 W (plot 2), and (3) 800 W (plot 3) at a
nitrogen gas flow rate of 10 L/min. Figure 3(b) shows
the microhardness profiles of the nitrided zone lased

Fig. 2—X-ray diffraction profiles of as-received (plot 1) and laser-
surface-nitrided Ti-6Al-4V lased with power of 600 W and gas flow
rate of 10 L/min.

Fig. 3—Variation of microhardness with depth from the surface of
laser-surface-nitrided Tii-6Al-4V showing the effect of (a) applied
power lased at a nitrogen gas flow rate of 10 L/min and power of
600 W (plot 1), 700 W (plot 2), and (3) 800 W (plot 3), and (b) nitrogen
gas flow rate lased at an applied power of 700 W and gas flow rate of
5 L/min (plot 1), 10 L/min (plot 2), and 20 L/min (plot 3).
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with an applied power of 700 W and at a gas flow rate
of 5 L/min (plot 1), 10 L/min (plot 2), and 20 L/min
(plot 3). The high hardness confined to the near-
surface region corresponds to the nitride zone. From
Figures 3(a) and (b), it is evident that the microhardness
in the nitrided zone is significantly improved and is
almost uniform reaching the substrate microhardness
(280 VHN) along the nitride zone–substrate interface.
Furthermore, the average microhardness of the nitrided
layer decreases with the increase in laser power
(cf. Figure 3(a)). The decreased microhardness with
the increase in applied power is due to coarsening of the
microstructure. From Figure 3(b), it is clear that the
microhardness of the nitrided layer increases with an
increase in gas flow rate from 5 to 10 L/min (plot 1 vs
plot 2) and then decreases (plot 3) with an increase in
gas flow rate to 20 L/min. Maximum surface hardness
was developed when the laser surface nitrided with an
applied power of 600 W and gas flow rate of 10 L/min
(1175 VHN), which is over 4 times higher than the base
hardness (280 VHN). Hence, it may be concluded that
the mechanism of hardening in laser-surface-nitrided
Ti-6Al-4V is because of the formation of nitrides
and refinement of microstructures.

Nanoindentation tests were conducted by means of a
MTS-XP nanoindenter to evaluate the hardness and
elastic modulus distribution in the localized region of
the treated surface. The indentation was conducted by
application of a triangular pyramid (Berkovich) dia-
mond indenter with an applied load varying from 100 to
500 Mn. Test works 4 software (MTS Systems Co.,
Nano Instruments, Oak Ridge, TN) for the nanoinden-
tation system was used to calculate the hardness and
Young’s modulus from a load-displacement graph using
the Oliver and Pharr method.[28] During the measure-
ment, 50 to 100 readings were recorded at a particular
load to take the average value of a particular region.
Hence, the Young’s modulus reported in the present
study is the average of a-Ti and TiN.

Table I summarizes the average Young’s modulus of
the as-received and surface-nitrided Ti-6Al-4V under all
processing conditions. From Table I, it may be noted
that the Young’s modulus of the nitrided surface is
significantly improved (171 to 175 GPa) as compared to
the as-received Ti-6Al-4V (115 GPa).

C. Electrochemical Properties of the Nitrided Surface

Figure 4 presents the bar chart comparing the mea-
sured potential for pit formation (Epp1) of as-received
vis-à-vis laser-surface-nitrided Ti-6Al-4V for different
laser parameters, and the corresponding quantitative
data are presented in Table I. It is interesting to note
that the measured pitting potential (Epp1) of the nitrided
surface (in Hank’s solution) does not deteriorate and is
nobler in all the samples processed under the present set
of parameters. Furthermore, Epp1 increases significantly
as compared to as-received Ti-6Al-4V under two differ-
ent sets of parameters. Careful observation of Figure 4
and Table I shows that EPP1 decreases with the increase
in applied power. On the other hand, the EPP1 of the
nitrided surface decreases with the increase in nitrogen

gas flow rate at 600 W but not at 800 W. Increased
pitting potential due to surface nitriding is due to the
presence of TiN on the surface and the presence of
nitrogen in solution. The presence of the surface
roughness, on the other hand, deteriorates the pitting
corrosion property. Increasing power was found to
coarsen the microstructure and increase the surface
roughness (cf. Table II), which is possibly responsible
for decreasing the EPP1 at a higher power level. On
the other hand, increasing the gas flow rate leads to the
formation of fragmented dendrites and, hence, the
presence of a large number of interfaces and a reduced
mass fraction of titanium nitride in the alloyed zone; as
a result, EPP1 is reduced at a higher nitrogen flow rate.
A detailed study of the corroded surface formed on

as-received and laser-surface-nitrided Ti-6Al-4V was
undertaken to understand the genesis of corrosion.
Figures 5(a) and (b) show the detailed X-ray diffraction
profiles of the corroded film formed on (a) as-received
and (b) laser-surface-nitrided (with a power of 600 W
and nitrogen gas flow of 10 L/min) Ti-6Al-4V followed
by immersion in Hank’s solution for 72 hours. From the
X-ray diffraction profile, it is relevant that TiO2 is
the main constituent of the oxide scale formed on
as-received and laser-surface-nitrided Ti-6Al-4V samples.
The presence of Ca3(PO4)2 peaks was also found to be
present on the corroded film of both surfaces. In the
laser-surface-nitrided sample, the presence of TiN peaks
was also observed. The presence of nitrogen in the
solution and nitrides were both responsible for improv-
ing the pitting corrosion property of the surface-nitrided
Ti-6Al-4V samples. Figures 6(a) and (b) show the
microstructures of corroded films formed on (a) as-
received and (b) laser-surface-nitrided (with a power of
600 W and nitrogen gas flow of 10 L/min) Ti-6Al-4V
followed by immersion in Hank’s solution for 72 hours.
From Figures 6(a) and (b), it is relevant that the
microstructure of the corroded surface mainly consists
of localized pitted regions. In the as-received Ti-6Al-4V,
the area fraction of the pit is significantly higher than the
laser-surface-nitrided samples, suggesting the intercon-
nection of pits for a longer duration for both samples
tested for 72 hours. Very finely distributed calcium

Fig. 4—Bar charts showing the variation of critical potential for pit
formation (EPP1) with laser parameters.
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phosphate (Ca3(PO4)2) was found to be present in the
microstructure. A close comparison between Figures 6(a)
and (b) reveals that the area fraction of pits is reduced by
nitriding with an increase in the amount of Ca3(PO4)2
phase in themicrostructure. Ca3(PO4)2makes the implant
surfacemore active for osteointegration; it enhances bone
attachment with the implant and also makes the surface
more compatible for bone ingrowth.

D. Wettability Behavior

Table II shows the variation of contact angle of a
SBF droplet on as-received and laser-surface-nitrided
Ti-6Al-4V surface under optimum laser parameters
(cf. Table II). The as-received sample has an angle of
contact of 60 deg. On the nitrided surface, the contact
angle of SBF is reduced to 41 to 48 deg. From Table II,
it is evident that the variation of contact angle with laser
parameters does not show any specific trend. The
decrease in contact angle of the droplets on the nitrided

surface as compared to the as-received Ti-6Al-4V is
attributed to the change in surface composition and
increase in surface roughness due to nitriding. It is well
known that hydroperoxide or other polar groups
generated from oxidation causes the water contact angle
to decrease and increase in hydrophilicity. The changing
of the contact angle of the nitrided surface implied that
the surface was more wettable against SBF. Cell
adhesion is generally better on hydrophilic surfaces.[29]

IV. PROCESS OPTIMIZATION

A detailed correlation between the mechanical and
electrochemical properties and process parameters (laser
power and gas flow rate) was undertaken to optimize the

Table II. Summary of Optimum Laser Parameters for Laser Surface Nitriding of Ti-6Al4V and Properties of the Nitrided Zone

Applied Power,
W (Gas Flow
Rate, L/min)

Microhardness
(VHN)

Residual Stress
(MPa)

Young’s
Modulus (GPa) Contact Angle

Critical Potential
for Pit Formation

V(SCE)

700(5) 912 �50 171 45 ± 1 deg 1.8
800(5) 897 �2450 173 41 ± 1 deg 1.4
800(10) 1102 �1250 177 48 ± 1 deg 1.7
800(20) 783 �1250 175 43 ± 1 deg 1.8
As-received Ti-6Al-4V 280 50 115 60 ± 1 deg 1.3

Fig. 5—X-ray diffraction profiles of (a) as-received and (b) laser-
surface-nitrided (lased with a power of 600 W and nitrogen gas flow
of 10 L/min) Ti-6Al-4V followed by immersion in Hank’s solution
for 72 h.

Fig. 6—Scanning electron micrograph of the top surface of (a) as-
received and (b) laser-surface-nitrided (lased with a power of 600 W
and nitrogen gas flow of 10 L/min) Ti-6Al-4V followed by immer-
sion in Hank’s solution for 72 h.
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process parameters for laser surface nitriding of
Ti-6Al-4V in the present study. Table I summarizes
the properties of the as-received vis-à-vis laser-surface-
nitrided Ti-6Al-4V as a function of laser parameters.
In the present study, laser surface nitriding was con-
ducted with an applied power ranging from 600 to
800 W and a gas flow rate ranging from 5 to 20 L/min.
Application of too low a power was unable to melt the
surface or too high power caused surface evaporation.
On the other hand, application of a too high gas flow
rate increased the surface roughness and microdefect
formation. Too low a gas flow rate caused oxidation of
the surface. Laser surface nitriding under the present set
of laser parameters ensured formation of a defect-free
(microporosity and microcrack) and homogeneous
microstructure. The microhardness of the nitrided
surface is significantly improved to 632 to 1075 VHN
as compared to the 280 VHN of the as-received
substrate, though its magnitude was found to decrease
with the increase in applied power, and a maximum
microhardness value was achieved at an applied power
of 600 W and a gas flow rate of 10 L/min. However,
introduction of residual stress is a problem associated
with laser surface nitriding. As compressive residual
stress is beneficial for the surface fatigue property and
tensile stress is detrimental, optimum selection of laser
parameters is essential to ensure compressive residual
stress. It was observed that residual stress was compres-
sive only when lased with a higher applied power
(800 W). A decrease in gas flow rate was found to
increase the magnitude of compressive stress within the
surface. Improvement in pitting corrosion resistance in
Hank’s solution was observed in the nitrided surface
under the present set of laser parameters, though the
improvement in pitting potential is significant when
lased with an applied laser power of 600 W and nitrogen
gas flow rate of 5 and 10 L/min. From the correlation of
laser parameters with microstructures, residual stress,
improvement of microhardness, pitting corrosion resis-
tance (Epp1), uniform corrosion resistance (Ecorr), and
enhanced wettability (which is required for improved
cell adherence), the optimum combinations of laser
parameters derived from the present study are tabulated
in Table II.

V. SUMMARY AND CONCLUSIONS

In the present investigation, a detailed study of the
mechanical and electrochemical properties of laser-
surface-nitrided Ti-6Al-4V has been carried out. From
the detailed analysis, the following conclusions can be
drawn.

1. Laser surface nitriding leads to formation of a
defect-free (microporosity and microcrack) nitride
zone with the presence of TiN dendrites in the a-Ti
matrix. The mass fraction of nitride (40 to 95 pct)
varied with laser parameters. An increased surface
roughness was noticed on the nitrided surface.

2. The microhardness of the nitrided zone is signifi-
cantly increased to 600 to 1200 VHN as compared

to 280 VHN of as-received Ti-6Al-4V substrate.
Microhardness of the nitrided surface decreases
with the increase in applied power. The increase in
gas flow rate initially increases the microhardness of
the nitride layer; however, at a too high gas flow
rate, the microhardness decreases.

3. The average bulk modulus of the nitrided layer was
increased to 171 to 177 GPA as compared to
114 GPA of the as-received Ti-6Al-4V.

4. A significant improvement in pitting corrosion resis-
tance was achieved by laser surface nitriding in
terms of critical potential for pit formation only for
an applied laser power of 600 W and nitrogen gas
flow of 5 and 10 L/min. Calcium phosphate deposi-
tion was found in both the surfaces following dip-
ping in a SBF, though the extent was higher in the
nitrided surface.

5. Wettability of the nitrided surface against SBF was
significantly increased as compared to as-received
Ti-6Al-4V.
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