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Abstract Laser surface processing was carried out in

gaseous nitrogen atmosphere at ambient temperature. The

laser scan speed was varied (50–150 cm/min) at constant

power of 1500 watts and resulting changes such as

microstructural evolution, hardness, and electrochemical

response of modified surface in Ringer’s physiological

solution at varying pH were studied. Increase in laser

scanning speed was found to reduce the thickness of

alloyed zone from 258 to 87 lm. The microstructure of

laser-modified surface contains dendrites grown perpen-

dicular to the laser traverse direction, beneath which basket

weave structure of acicular a (martensite) was prevalent.

Hardness at the top surface of laser-processed at 50 cm/

min was *1137 kg/mm2 that reduced with increase in the

laser scan speed (577 kg/mm2 at 150 cm/min). Laser sur-

face processing shifted the corrosion potential of Ti6Al4V

towards noble side as compared to untreated alloy; the

maximum shift by *494 mV was recorded in pH * 9

solution. Passivation after laser surface modification was

improved as currents were at least 1/3 of the untreated

Ti6Al4V in passive region. While the pitting potential of

untreated material was found to increase from 1.84 V for

4.0 pH to [2.5 V for 9.0 pH, the pitting potential after

laser treatment was observed to drop from maximum of

74% for 4.0 pH (at 100 cm/min) to maximum of 42% for

9.0 pH (at 150 cm/min).

1 Introduction

Titanium alloys are widely sought after materials for bio-

medical applications, as they possess better corrosion

resistance and biocompatibility as compared to stainless

steel, Co-Cr alloys [1–2]. Among various titanium alloys,

Ti6Al4V is extensively used due to its useful mechanical

and electrochemical properties. Lately, vanadium, a con-

stituent of this alloy, has been reported to cause undesirable

biological reactions [3–5]. Electrochemical and corrosive

wear in the physiological solution caused release of

metallic ions including vanadium from implant in the

patient [6–7]. Despite their good corrosion resistance,

metal ions from Ti6Al4V implants are highly probable due

to two important reasons: (i) destruction of passive film due

to scratching by hard tissues during movements and low

repassivation rate resulted in delay of film repair on the

surface [5], (ii) poor tribological properties of Ti6Al4V

which can enhance both wear debris/metal particle and

accelerate the corrosion reaction of implant [8–10].

Potential of surface modification has been recognized

these days to improve the metal/alloy surface to enhance

the interfacial properties for accelerated implant-host

response [11–14]. Various surface modification methodol-

ogies such as plasma ion implantation [11, 15–16], laser

melting [17–20] and laser surface alloying [21–29], phys-

ical and chemical vapor deposition (PVD and CVD) [30–

31], thermal oxidation [32], electrochemical surface mod-

ification/anodizing [33], have been tried out to improve

wear, corrosion, and fretting resistance of orthopaedic

implant materials including Ti6Al4V. The surface fabri-

cated by nitrogen-ion beam implantation and plasma

nitriding has been shown to be either beneficial or detri-

mental to the fatigue resistance of titanium alloys [34].

This depends on the treatment conditions including
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temperature. Plasma nitriding over short times can produce

an improvement, whereas longer process times can be

detrimental to fatigue properties [34]. Pitting corrosion

resistance of Ti6Al4V alloy after implantation by calcium

and silicon ions was shown to deteriorate [35]. The

delamination and failure of a TiN coating produced by

CVD on the articulating surfaces of Ti-alloy orthopaedic

implants have been observed in in-vitro wear simulations

and clinical studies [31]. Generally, the coatings produced

by CVD and PVD do not provide sufficient adherence to

the surface due to limited interaction between substrate and

deposit. Thermal oxidation of Ti6Al4V was performed at

500 �C and 700 �C to improve corrosion resistance and

biocompatibility of its surface [36]. Osteoblastic cell

attachment to the thermally treated surface was shown to

improve on the oxide grown at 700 �C, however, its cor-

rosion resistance did not show any improvement in the

Ringer’s physiological solution. The methods listed above

have limitations concerning the performance of tailored

surfaces and their complex operating procedures. Plasma

based techniques [11, 15–16] and laser treatments [17–29]

have been developed and increasingly used to produce

tailored surfaces suitable for bio-applications. Lasers

though have been used for fabrication operations such as

drilling, cutting and welding for a long time they, however,

showed significant potential for surface modification in

recent years. Both laser surface melting (LSM) and laser

surface alloying (LSA) of structural materials showed

improvement in their corrosion and tribological properties

[17–29]. Alloying/cladding components are, however,

limited when intended application is human body; due to

sensitivity and non-biocompatibility of biological system

to most metal ions. Acceptability of laser alloying of tita-

nium alloys with nitrogen is primarily due to the

biocompatibility of the resultant titanium nitride [15, 37],

which is desirable for tribological and corrosion resistance

of the surface. Some work has been carried out on laser

surface alloying with nitrogen that showed significant

changes in the performance such as wear and hardness of

functional surface [22–24, 25–29]. They have shown

cracks in alloyed layer with varied corrosion resistance.

Achieving the crack-free surface with optimized laser

parameters is still a subject of investigation. As has been

shown in our earlier experiments of laser melting of

Ti6Al4V and stainless steel 316 L that laser scan speed and

laser power can vary the surface properties [19–20, 38];

present study focuses on to laser nitrogen alloying with

varying speed to improve corrosion and wear resistance

suitable for bio-implant applications. Additionally, the

effect of pH on laser-processed Ti6Al4V was investigated

as it is being used as an orthopaedic implant, dental screw,

in centrifugal blood pump, for surgical equipments where it

may encounter a wide range of pH from 4.0–9.0 (in various

parts/organ such as blood, urine, saliva, interstitial fluid,

perspiration) in the body [39]. The pH may decrease to as

low as 4 during the implantation in hard tissues (surgery)

that may take long time to return to the normal pH (*7.4)

[13].

This work was carried out to illustrate the effects of

laser scan speed on corrosion, microstructure, and hardness

of surface of nitrogen alloyed Ti6Al4V. A 2.5 kW Hobart

continuous wave Nd:YAG laser was used to alloy the

surface of Ti6Al4V with nitrogen. Corrosion performance

of laser formed surface was evaluated by anodic polariza-

tion in Ringer’s physiological solution.

2 Materials and methods

Material selected for this study was Ti6Al4V ELI (%wt

Al—5.8%, V—4.2%, O—0.13, H—0.01, C—0.07, Ti—

balance) as this has been widely used for biomedical

applications.

A 2.5 kW Hobart continuous wave Nd:YAG laser

equipped with a fiber optic beam delivery system was

employed for laser surface melting. Parallel tracks with

partial overlapping (*15%) were laid with the laser beam

focused to a spot size of *21 mm2 on the surface of the

substrate. Laser beam of power 1,500 W was used over a

set of samples at different laser scan speeds and constant

working distance. The laser treatment parameters and

corresponding sample designations are presented in

Table 1. Laser surface melting was carried out in presence

of nitrogen cover gas flown over the surface at the flow rate

of 6 l/min at ambient temperature.

Polishing of untreated and laser treated Ti6Al4V was

performed by first grinding the specimens on a series of grit

papers ranging from 240 to 1,200 grit followed by cloth

polishing with 0.05 lm size alumina slurry. The etchant to

reveal microstructure was prepared by adding 10 ml HF

and 5 ml HNO3 to 85 ml of distilled water at room tem-

perature. Microstructures of untreated and treated

specimens were revealed by using a Hitachi 3,500 Variable

Pressure scanning electron microscope (SEM). Phase

identification was carried out on a Seifert 3003 PTS X-ray

diffractometer with CuKa radiations. X-ray diffraction

(XRD) analysis was performed on both untreated and laser-

processed Ti6Al4V to determine the possible changes in

Table 1 Laser processing parameters

Sample Laser speed (cm/min) Laser power (W)

LSA50 50 1500

LSA100 100

LSA150 150
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phases as a result of laser surface treatment. The microh-

ardness tests on untreated and laser treated Ti6Al4V were

performed using Vickers hardness tester (Leica, VMHT

Auto make) under l00 g normal load applied for 15 s. The

hardness values reported are the average of 6 measure-

ments done each at top, intermediate and base regions.

For electrochemical studies, coupons of

20 · 20 · 3 mm3 size were cut from the laser treated

plates using a TechCut10 abrasive high speed cut-off saw

(Allied High Tech Products Inc). As-laser treated speci-

mens were washed in acetone before conducting cyclic

polarization studies. These tests were carried out in the

Ringer’s physiological solutions at three different pH

*4.0, 7.4, and 9.0. This was done to evaluate the effect of

pH on laser treated specimens, as pH has been reported to

vary during surgery and also widely differs among various

parts of the body [39]. Ringer’s solution was prepared by

adding 9 g/L NaCl, 0.17 g/L CaCl2, 0.42 g/L KCl, and

2.0 g/L NaHCO3 (AR grade chemicals) to distilled water.

The pH of the solutions was maintained by adding requisite

amount of NaOH or HCl. The solution during cyclic

polarization tests was maintained at 37 ± 2 �C to simulate

the body temperature. For cyclic polarization tests, speci-

mens were mounted in the epoxy and ensured no crevice

formation at the contact surface between epoxy and coupon

after the test. The reproducibility of polarization curves

was ensured by repeating the test for 3 times. The polari-

zation experiments were carried out by scanning the

specimens (towards noble potentials) at 1.67 mV/s from

about –200 mV with respect to open circuit potentials

(OCP) and reversed the scan from transpassive potential. A

saturated calomel electrode (SCE) was used as a reference

and graphite as counter electrode. A computer controlled

Potentiostat/ Galvanostat (Gamry, USA) was used for these

experiments.

3 Result and discussions

3.1 Microstructural characterization

Microstructural characterization was carried out to deter-

mine the thickness of the laser-treated surface layer as well

as the phase evolution. Changes led by laser processing can

be compared with the microstructure of as received

Ti6Al4V specimen in Fig. 1a where both a and b are

clearly distinguishable with the later rich in vanadium. The

microstructures shown in Fig. 1b–d are of laser-processed

Ti6Al4V at a various laser scan speeds. The thickness

measured at 5 different locations of alloyed zone generated

at three different laser scan speeds has been tabulated as a

range of variation in Table 2 and may be compared with

the Fig 1b–d. Such information related to hardness is

important especially from the viewpoint that the interme-

diate layer has shown the hardness lower than the top but

higher than the base substrate and thus this can be indi-

rectly qualitatively correlated with the diffusion and

concentration of nitrogen that evolve Ti–N in the top but

solid solution (interstitial) within the intermediate layer.

Decrease in the thickness of the alloyed zone with increase

Fig. 1 (a) Microstructure of

untreated Ti6Al4V (b)

Microstructure of Ti6Al4V

laser-processed at 50 cm/min.

(c) Microstructure of Ti6Al4V

laser-processed at 100 cm/min

(d) Microstructure of Ti6Al4V

laser-processed at 150 cm/min
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in laser scan speed can be related to the lesser quantity of

molten/alloyed (reacted material) volume produced due to

the decrease of laser residence (interaction) time. The mi-

crostructures (Fig. 1b–d) clearly show the dendritic layer in

the top portion of the laser-resolidified region at all scan

speeds. Dendrites are grown perpendicular to the laser scan

direction. The arms of the dendrite were found to be of

*5 lm long and reduced to *2.5 lm with increase in

speed. Basket weave structure (location A in Fig. 1c),

below the dendritic layer (intermediate layer in Fig. 1c)

was prevalent in almost all laser-processed specimens,

which is associated with the distortion of lattice by inter-

stitial nitrogen [40]. The diffusion coefficient being a

temperature dependent physical property, the changes in

temperature from the top surface region (during laser

melting at the surface) to the regions below surface, the

diffusion and hence the concentration of nitrogen gradually

lowered at distances from the top surface. At the top sur-

face region, since occurrence of nitrogen is higher than its

solubility limit in the Ti-alloy, second phase Ti–N com-

pounds are evolved, however, within the regions below the

top surface (containing dendrites), due to the low concen-

tration (below the solubility limit) nitrogen tend to go to

the interstitial positions thereby distorting the original lat-

tice structure that is associated with formation of a ‘Basket

weave’ structure.

X-ray diffraction studies are carried out to ascertain

different phases present in the nitrided layer. The XRD are

presented in Fig. 2. The spectrum for untreated Ti6Al4V

indicated the presence of only phases a-Ti and b-Ti. On the

contrary, the samples laser surface processed in nitrogen

environment, indicated the formations of Ti–N phases such

as TiN and Ti(NO3)x. In general, the intensities of the

peaks corresponding to Ti–N phases were observed to

decrease (Fig. 2) with increase in laser scan speed

(decreased interaction time). The higher intensity, which is

an indication of concentration of the phase, at lower laser

traverse speed is due to longer residence time of the laser

beam on the surface that in turn expected to assist in longer

interaction between nitrogen and titanium for formation of

more amount of Ti–N phases.

Considerable increase in the hardness of the top layer of

laser processed sample, particularly at 50 cm/min (*4

times the untreated Ti6Al4V) was observed which

decreased on approaching towards the base material

(Table 2). Hardness of the top functional surface decreased

from 1137 to 577 kg/mm2 with increase in the laser scan

speed, This can be explained on the basis of short inter-

action time at high scan speed and, therefore, lower

nitrogen concentration available to form probably due to

reduced amount of hard nitride phase. The hardness at the

top surface is related to the evolution of TiN phase. Fur-

ther, the lower amount of nitrogen diffused into the alloy

(beneath top surface) due to decrease in the diffusion

coefficient across thickness [41], which had resulted in the

nitrogen-diluted phase (interphase intermediate layer) with

lower hardness at the intermediate region. The nitrogen

dilution in the intermediate region though resulted in

hardness lower than the top (Ti–N containing region) but

remained higher than the base substrate.

3.2 Electrochemical response

Laser treatment caused the corrosion potential (Ecorr) of

Ti6Al4V to shift towards nobler (anodic) direction, in

Ringer’s solution of different pH. This is shown in Table 3

and Figs. 3a–c. The Ecorr of untreated specimen becomes

more active with increase in pH (more alkaline). This can

be explained due to variations in redox potential of oxygen

(present in the solution) with pH, according to the fol-

lowing equation

Table 2 Thickness and vicker

hardness of alloyed layer
Sample Thickness range of

alloyed layer (lm)

Hardness at 100 g load (kg/mm2)

Top layer

(deviation)

Intermediate layer

(deviation)

Base

(deviation)

LSA50 253–263 1137 ( ± 16) 438 ( ± 9) 279 ( ± 8)

LSA100 162–172 645 ( ± 13) 513 ( ± 12)

LSA150 82–92 577 ( ± 19) 443 ( ± 8)

20 30 40 50 60 70 80 90 100

LSA100 cm/min 

LSA 150 cm/min 

In
te

n
si

ty
 (

a.
u

.)
 

LSA 50 cm/min

Untreated Ti6Al4V 

2  (degree) 

 -  Ti, -  Ti, -  TiN, - Ti(NO3)x

Fig. 2 The XRD pattern of untreated and laser-processed Ti6Al4V
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1=2 O2 þ 2Hþ þ 2e! H2O

where Nernst equation E(V) = 1.23–0.059 pH is pH

dependent.

It is clear from this equation that the increase in pH will

result in the more active (negative) redox potential of

oxygen–reduction that governs the corrosion kinetics in

such solutions. Active redox potential of oxygen–reduction

will shift the corrosion potential of Ti6Al4V in more

negative direction as were observed from the experimental

values (Table 3). After laser treatment, Ecorr becomes more

positive than the base substrate; highest being at the pH—4

than at 7.4 or 9, indicating the variation in the electro-

chemical behavior of passive film on Ti6Al4V as a result of

laser modification. This may be due to the noble nature of

titanium nitride (TiN) formed by laser processing (in

nitrogen gas) on the surface of Ti6Al4V that exhibited

more anodic Ecorr than the untreated alloy.

Anodic polarization in Figs. 3a–c showed that both

untreated and laser-processed Ti6Al4V are under passiv-

ation at open circuit conditions. The laser-processed

Ti6Al4V showed significantly low passive current as

compared to untreated one (Table 3). After laser treatment,

passive currents were less than at least 1/3 the untreated

Ti6Al4V. This observation was found true at all pH values

of Ringer’s solution. Passivation current did not show any

specific trend with laser scan speed but at pH *7.4 where

it was decreased from 6 to 1.2 lA/cm2 with increase in

laser scan speed (from 50 to 150 cm/min). Passive region

at pH*7.4, though, corrodes at higher rate than at pH*4.0

or 9.0.

Untreated Ti6Al4V is highly resistant to pitting corro-

sion as shown by its high pitting potential (Epit) in Ringer’s

solution and, therefore, is not expected to suffer from pit-

ting attack while in the body. Pitting potential of untreated

alloy enhanced from *+1.84 V (at pH 4.0) to *+2.5 V (at

pH 9.0). The E-pH diagram for Ti–H2O system at 37 �C

(without Cl– containing solution) showed the presence of

passive film, TiO2 which is responsible for passivation and

thereby pitting resistance of this alloy, remains stable over

a wide range of pH (from pH *2 to 14) [42]. The corrosion

behavior of titanium, therefore, may be expected to remain

unchanged in water at 37 �C. The presence of Cl ions in the

above system (as in present situation), however, may dis-

rupt the TiO2 film consequently producing localized

solution chemistry (such as strong acidic with high Cl–

concentration) favorable for pitting corrosion. In the lower

pH solutions (*4.0), such aggressive conditions may

easily be attained to lead early break down (lower pitting

potential) of passive film compared to that in the alkaline

solutions. The pitting potential of untreated material was

found to increase from 1.84 to 2.5 V with increase in pH.

Decrease in pitting potential, an indicative of reducing

pitting corrosion resistance, after laser surface processing

of Ti6Al4V (Table 3) may be ascribed to the discontinuous

TiN film formation and surface roughness induced by laser

processing. Slight decrease in pitting potential with

increase in laser speed was observed at pH *7.4 and 9.

Current density sharply increases above pitting potential

for both untreated and laser-processed coupons, which may

be associated with the dissolution of Al in a phase [39].

This is beyond the region of interest for implants made

from Ti6Al4V, as the electrochemical potential in-vivo for

this alloy is reported to be +500 ± 50 mV (SCE) [43].

Remarkably low corrosion rate, as indicated by the

small Ipass values of laser-treated Ti6Al4V, as compared to

the untreated will result in significantly reduced quantity of

metal ions released from the implants. This together with

the high hardness (or high wear resistance) of laser-treated

Ti6Al4V will further enhance its usefulness, in terms of

suppressed inflammatory and undesirable biological reac-

tions resulting from the released metal ions in the body,

over the other bio-metallic materials including untreated

Ti6Al4V.

The corrosion resistance of nitrogen ion implanted

Ti6Al4V was reported to depend on nitrogen doses [44].

The optimum dose of nitrogen was observed

(7 · 1016 ions/cm2) for the best corrosion resistance. The

improvement in the passive film resistance, as observed in

the present laser-treated Ti6Al4V, was also reported after

nitrogen ion implantation [45]. The shallow penetration

depth of coating from ion implantation method (0.1–

Table 3 Electrochemical parameters of untreated and laser-processed Ti6Al4V

pH 4.0 7.4 9.0

Sample Ecorr V Epit V Ipass la/cm2 Ecorr V Epit V Ipass la/cm2 Ecorr V Epit V Ipass la/cm2

Untreated +0.263 +1.84 *13 –0.115 +2.20 20 –0.375 [ +2.5 *15

50 cm/min +0.309 +1.39 3.8 +0.086 *+1.28 6 +0.100 +1.13 *3

100 cm/min +0.273 +1.37 *4.0 –0.031 *+1.27 5 +0.119 +1.05 \ 2

150 cm/min +0.291 +1.42 \ 2 –0.006 +1.0 1.2 –0.062 +1.05 6

Note: The maximum deviation in measuring the potentials (Ecorr and Epit) was 7%, and the current (Ipass and Ipit) was 5%
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0.3 lm) may, however, limit its utility for long-term

applications. The delamination of coating obtained from

CVD and PVD, porosity and adhesion from plasma

spraying and high velocity oxy fuel spraying (HVOF) are

major concerns for their applications to obtain a corrosion

resistant coating [31]. The laser-treatment, results in

alloying of the surface, may overcome adhesion and

delamination that are the common reasons of coating

failure.

4 Conclusions

Laser processing of Ti6Al4V in nitrogen gas has induced

dendrite structure on the top surface followed by basket

weave acicular a in the intermediate zone. This has

increased the substrate hardness (279 HV) to as high as

*1137 HV (at 50 cm/min).

Increase in laser scanning speed reduced the thickness of

alloyed zone from 258 to 87 lm and hardness from

1137 kg/mm2 (at 50 cm/min speed) to 577 kg/mm2 (at

150 cm/min speed).

Laser surface processing shifted the corrosion potential

of Ti6Al4V to nobler direction; the maximum shift

observed was *484 mV in solution of pH *9. Passivation

after laser surface modification was improved as currents

were at least 1/3 the untreated Ti6Al4V alloy. The pitting

potential, however, was reduced after laser-processing.
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