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Abstract Laser surface modification of Ti–6Al–4V with

an existing calcium phosphate coating has been conducted

to enhance the surface properties. The electrochemical and

mechanical behaviors of calcium phosphate deposited on a

Ti–6Al–4V surface and remelted using a Nd:YAG laser at

varying laser power densities (25–50 W/mm2) have been

studied and the results are presented. The electrochemical

properties of the modified surfaces in Ringer’s physiolog-

ical solution were evaluated by employing both potentio-

dynamic polarization and electrochemical impedance

spectroscopy (EIS) methods. The potentiodynamic polar-

izations showed an increase in the passive current density

of Ti–6Al–4V after laser modification at power densities

up to 35 W/mm2, after which it exhibited a decrease.

A reduction in the passive current density (by more than an

order) was observed with an increase in the laser power

density from 25 to 50 W/mm2. EIS studies at the open

circuit potential (OCP) and in the passive region at 1.19 V

showed that the polarization resistance increased from

8.274 9 103 to 4.38 9 105 X cm2 with increasing laser

power densities. However, the magnitudes remain lower

than that of the untreated Ti–6Al–4V at OCP. The average

hardness and modulus of the laser treated Ti–6Al–4V,

evaluated by the nanoindentation method, were deter-

mined to be 5.4–6.5 GPa (with scatter \±0.976 GPa)

and 124–155 GPa (with scatter \±13 GPa) respectively.

The corresponding hardness and modulus of untreated

Ti–6Al–4V were*4.1 (±0.62) and *148 (±7) GPa respec-

tively. Laser processing at power densities [35 W/mm2

enhanced the surface properties (as passive current density is

reduced) so that the materials may be suitable for the bio-

medical applications.

1 Introduction

Early bone apposition and corrosion resistance are impor-

tant issues that impact whether metallic bio-implants are

biocompatible. Early bone apposition is essential to

accelerate post-operative healing while the high corrosion

resistance of implants is required to reduce the release of

harmful metallic ions to the body. While efforts aimed at

the discovery of more suitable metals/alloys for fabrication

of bio-implant continue, research aimed at meeting the

demands of the implants by tailoring the surface properties

such that they are compatible to physiological environment

have increased. To enhance the biocompatibility of bio-

implants (including dental implants), various methods such

as plasma ion implantation, plasma spray, physical and

chemical vapor deposition, and sol gel coating have been

explored. It is known that calcium phosphates such as

hydroxyapatite (HAP) and tricalcium phosphate (TCP),

biocompatible substances, are desirable for quick bone

bonding [1]. However, due to their high brittleness and low

impact strength, they cannot be used for the load bearing

implants. The fracture toughness and strength of HAP are

reported to be approximately 1.0 MPa m1/2 and 117 MPa

respectively [2]. Calcium phosphates, therefore, have been

applied onto the surfaces of the implants using plasma

spray [3–5], RF sputtering [6, 7], pulse laser deposition

[8, 9], electrochemical [10], electrophoresis [11], cathodic
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[12], and sol gel [13] deposition methods. Of these tech-

niques, plasma spraying has been the most popular and

exploited commercially for biomedical implants. This

method, however, has certain drawbacks such as the for-

mation of low-crystalline coatings, poor interfacial bond-

ing, and the formation of cracks within the coating

reducing coating adhesion. Mechanical failure has been

reported to occur at the HAP-metal interface of plasma

spray coated titanium alloys after long implantation periods

[14]. Failures which have occurred have been attributed to

coating dissolution or loss of coating adherence as a result

of poor mechanical bonding to surface of the substrate

[15, 16]. The coatings produced by electrochemical (such

as electrophoretic and cathodic deposition) and sol gel

methods are not of sufficient thickness to merit their use in

clinical applications. Such thin coatings may reduce the

bone fixation properties [17]. A coating thickness of

approximately 50 micron (HAP coating) has been reported

to be the optimum to give sufficient fatigue properties and

minimize the risk of other mechanical failures [18, 19].

One promising method to fabricate composite surfaces

of metallic biomaterials is through surface modification via

the use of a high power laser. This method is particularly

promising due to unique attributes associated with the laser

processing such as the ability to: treat selective areas;

produce refined, homogeneous and non-equilibrium

microstructures; and create strong metallurgical bonding

between the coating and the substrate material. Recently,

high power lasers have been used to deposit calcium

phosphate coatings on the surface of titanium and its alloys

[20–22]. During laser processing, it is possible to control

alloying or cladding chemistry and other surface properties

(such as mechanical and corrosion) by altering the process

parameters such as scan speed, laser power density, and

shroud gas environment [23, 24]. Improved mechanical

properties and the attachment and proliferation of an

osteoblastic precursor cell line (OPC1) have been reported

on such CaP coated surface [20]. Further, favorable in vitro

performance has been reported for CaP coated titanium

surface when using a Nd:YAG laser [21]. The Nd:YAG

laser has been employed to introduce morphological multi-

scale features in the calcium phosphate coatings to enhance

the tissue growth rate on the titanium alloy [22, 25]. Laser

surface modification has also been exploited to alter the

wettability of the surfaces of implant materials [25].

Increased wettability of surfaces is generally considered

useful to enhance the cell adhesion to the implant surface

[25]. While these properties have been explored in other

research [20–25], the corrosion behavior and mechanical

properties of laser modified Ti–6Al–4V surface deposited

with calcium phosphate have yet to be investigated.

The present paper reports the electrochemical and

mechanical behavior of calcium phosphate deposited

Ti–6Al–4V and remelted using Nd:YAG laser at varying

power densities. The electrochemical properties were

studied using potentiodynamic polarization and EIS

methods. The mechanical properties were evaluated using a

nanoindentation method.

2 Materials and methods

The material selected for this study was Ti–6Al–4V (wt:

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

Ti—balance), an alloy that has been widely considered for

biomedical applications. A derivative of calcium phosphate

[Ca5(OH)(PO4)3] obtained from Fisher Scientific was used

as a precursor for coating. It was applied on the surface of

Ti–6Al–4V by the method described elsewhere [22] prior

to laser processing. Calcium phosphate powder was mixed

with a proprietary inorganic solvent and sprayed uniformly

over the Ti–6Al–4V using an air spray gun. The thickness

of the sprayed layer was *40 lm [22]. A 2.5 kW Hobart

continuous wave Nd:YAG laser equipped with a fiber optic

beam delivery system was used to melt the calcium phos-

phate which had been deposited on the surface. This pro-

cess is shown by a schematic in Fig. 1. Parallel tracks with

15% partial overlapping were laid with a laser beam

focused to a spot size of *20 mm2 on the surface of

substrate. The scan speed was 200 cm/min. The laser

power density was varied from 25 to 50 W/mm2.

Metallographic specimens of the untreated and laser

treated Ti–6Al–4V were prepared by grinding the speci-

mens on a series of emery papers ranging from 240 to

1,200 grit followed by final polishing using a 0.05 lm

alumina slurry. The specimens were etched using a solution

prepared by adding 10 ml HF and 5 ml HNO3 in 85 ml of

distilled water at room temperature. The microstructures

of untreated and treated specimens were analyzed by

using a Hitachi 3500 Variable Pressure scanning electron

Laser beam 

Ti6Al4V 

Ca5(OH)(PO4)3 layer

Laser melted tracks 

Fig. 1 Schematic diagram showing the laser surface processing

method
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microscope (SEM). Phase identification was conducted

using X-ray diffraction (XRD) on a Seifert 3003 PTS dif-

fractometer with Co Ka radiation.

For the electrochemical analysis, coupons of 20 9 15 9

3 mm3 size were cut from the laser treated plates. These

coupons were washed in acetone before subjecting to po-

tentiodynamic polarization studies. Electrochemical tests

were carried out in Ringer’s physiological solution at pH

*7.4. The solution was prepared by adding AR grade 9 g/l

NaCl, 0.17 g/l CaCl2, 0.42 g/l KCl, and 2.0 g/l NaHCO3 to

distilled water [23, 24]. The pH of the solution was

maintained by adding requisite amount of NaOH or HCl.

The solution during polarization tests was maintained at

37 ± 2�C to simulate the body temperature. The poten-

tiodynamic polarization experiments were carried out by

scanning the specimens (towards ?ve potentials) at

1.67 mV/s from approximately -200 mV with respect to

open circuit potential (OCP). A saturated calomel electrode

(SCE) and graphite electrode were used as the reference

and counter electrodes, respectively. The EIS measure-

ments were performed at OCP and at 1.19 V (with respect

to SCE) with 10 mV amplitude of the sinusoidal voltage

signal in the frequency range of 10-2–105 Hz using ten

points per decade. Three specimens from each laser power

density were analyzed for these tests. The values reported

in this paper are the average of the three tests. A computer

controlled Potentiostat/Galvanostat (Gamry, USA) was

used to carry out the polarization experiments.

The nanoindentation studies (Nano Indenter XP, USA)

were performed on the laser processed surface using a

Berkovich indenter to determine both the elastic modulus

and the hardness. The instrument was operated in contin-

uous stiffness mode at a frequency of 45 Hz and at a

constant nominal strain rate of 0.05 s-1. The harmonic

displacement was 3 nm. A Poisson’s ratio of 0.25 was used

to calculate the elastic modulus. The indentation depth was

up to 2,000 nm. From the load–displacement curve, hard-

ness (H) was obtained at the peak load (Pmax) as

H ¼ Pmax=A ð1Þ

where, A is the projected contact area.

Using relations developed by Sneddon [26], the contact

area may be related to the measured contact stiffness (S) by

S ¼ 2b Er A=pð Þ1=2 ð2Þ

where, b is a constant that depends on the geometry of the

indenter (b = 1.034 for a Berkovich indenter) and Er is the

reduced elastic modulus given by

1=Er ¼ 1� m2
� �

=Eþ 1� m2
i

� �
=Ei ð3Þ

where, E and m are the elastic modulus and Poisson’s ratio

of the sample respectively and Ei and mi are the same

quantities for the indenter. For diamond, Ei = 1141 GPa

and mi = 0.07 and S = (dP/dh)h=hmax where h is the dis-

placement of the indenter into surface. All of these

parameters were calculated using software native to the

instrument. At least four load-depth curves were taken for

each specimen, with the average values reported in this

paper.

3 Result and discussions

3.1 Microstructure and XRD characterization

Figure 2 shows the variation in depth of the laser melt

(resolidified) zone with laser power density. It shows the

laser melted zone expanded from 173 to 333 lm (across

the thickness) with an increase in laser power density from

25 to 50 W/mm2. The increase in the depth of resolidified

zone (from outer surface) is due to an increase in the

temperature and resultant molten volume, as described

elsewhere [23]. The specimens treated using a low power

density exhibit a columnar microstructure while a basket-

weave microstructure is apparent at relatively higher power

densities [35 W/mm2. Energy dispersive spectroscopy

(EDS) indicates the presence of calcium and phosphorus in

the remelted region. The amount of both calcium and

phosphorus decrease with increasing depth from the outer,

laser-treated surface. Figure 3 shows the XRD patterns of

the specimens treated at various laser power densities.

These results indicate the formation of phases such as

calcium titanate (CaTiO3) along with titanium oxide

(TiO2), calcium oxide (CaO), and titanium phosphide

(TiP2) on the laser modified surface. These are among

various possible high temperature phases in the system

containing titanium, calcium, and phosphorus [27]. The

dissociation of the calcium phosphate precursor is expected

at temperatures [900�C [28] and may occur for all laser

power densities. Thus, the formation of these phases may

be ascribed to the result of the interaction between the

dissociated products of the precursor (calcium phosphate)

and Ti–6Al–4V. The formation of titanium phosphide has

also been reported upon heating HAP-Ti–6Al–4V to 850�C

[29]. Calcium titanate (CaTiO3) is known to be a bioactive

phase and is helpful in the early growth of the tissues with a

minimal inflammatory response [29]. Similar to other cal-

cium containing bio ceramics, this phase rarely dissolves in

body fluid [29–31]. The CaTiO3 peak is more prominent at

power densities \30 W/mm2 (Fig. 3). This is evidenced

from the high intensity peak appeared at 38.6� with d

values of 2.70 Å which is the strongest peak related

to CaTiO3 (perovskite type). This may be due to the

vaporization of precursor [Ca5(OH)(PO4)3] at a higher

laser power density, which has a corresponding high

temperature.
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3.2 OCP and anodic polarization behavior

The variations in the OCP were recorded for untreated and

laser treated specimens for 1 h. The OCP was observed to

shift towards a more positive potential with an increase in

exposure time. The OCP stabilized after 8–15 min of

exposure in the Ringer’s physiological solutions. The sta-

bilized OCP values (after 1 h) are shown in Fig. 4.

The untreated Ti–6Al–4V shows OCP *-220 mV that

has been shifted to -20 mV after laser treatment at power

densities ranging from 25 to 50 W/mm2. These changes

imply the alteration in the oxide film formed on the

Ti–6Al–4V (in Ringer’s solution) by laser modification.

Changes in the OCP may also be attributed to the formation

of a composite surface by laser melting of calcium phos-

phate on the Ti–6Al–4V surface. The composite surface

includes both the microstructural changes (Fig. 2) and the

evolution of new phases as depicted by Fig. 3. The higher

positive OCP is due to the formation of oxides such as

CaTiO3, TiO2, CaO, and TiP2 with more noble (positive)

electrochemical potentials than the Ti–6Al–4V. The OCP,

in such situations, lies in between the potential exhibited by

the metallic alloy and the inert oxides (as observed in the

present study) according to the mixed potential theory [32].

Potentiodynamic polarization curves for both untreated

and laser treated Ti–6Al–4V are given in Fig. 5. These

curves indicate that Ti–6Al–4V is characterized by a pas-

sive state before and after the laser processing. The pas-

sivation of Ti–6Al–4V does not exhibit a constant current

region (Fig. 5) unlike the active–passive behavior that is

typical for several alloy-environments. The current density

during passivation gradually increases with the applied

anodic potential. The extent of the increase in current

density with anodic potential is extremely low and hence

uniform or general corrosion is not expected. The passive

current density at \*1.8 V (a relatively stable passive

zone) is the lowest (of the order of 10-6 lA/cm2) for the

specimen that has been laser treated at 45 W/mm2 and the

highest (of the order of 10-4 lA/cm2) for the specimen that

has been treated at a laser power density of 25 W/mm2.

The untreated specimen shows a passivation current den-

sity approximately 2–5 times greater than the laser treated

at [35 W/mm2 and approximately 1/3 the value of

those treated at \35 W/mm2 laser power densities. SEM

Laser melted zone 

30W/mm2 

Substrate 

45W/mm2 
 

Laser melted zone Substrate 

Fig. 2 SEM micrograph showing variations in the depth of the

resolidified zone with increases in laser power density
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observations (Fig. 2) revealed a reasonable degree of

porosity at laser power densities \35 W/mm2. At higher

power densities ([35 W/mm2), a reduction in the porosity

accompanied by a homogenized fine acicular microstruc-

ture is observed. The porosity may be a result of the dis-

sociation of calcium phosphate, consequently liberating

water vapors and bubbles which entrapped due to rapid

cooling (at low laser power densities) in the laser melted

zone [27]. The variation of the corrosion current density

with the laser power density is presented in Fig. 6.

The figure shows higher corrosion current density (by more

than an order of magnitude) for Ti–6Al–4V laser treated at

25 and 30 W/mm2 (*6 and 2 lA/cm2) than for the

untreated Ti–6Al–4V (0.1 lA/cm2) and those treated at

powers [35 W/mm2 (\0.17 lA/cm2). The adverse effect

on the corrosion properties may be attributed to the

inherent textural (physical) undulations on the laser-

modified surface. The surface heterogeneities accelerate

electrochemical activities due to an increase in the number

of anodic–cathodic sites.

3.3 Electrochemical impedance spectroscopy

The potentiodynamic polarization results (discussed in

preceding section) are corroborated with the results of the

EIS studies carried out on specimens with and without laser

treatment at two different potentials (OCP and 1.19 V with

respect to SCE). The Bode impedance (Zmod) and phase

obtained at OCP and at 1.19 V were plotted against the

frequency ranging from 10-2 to 105 Hz, and are shown

in Figs. 7 and 8, respectively. The impedance spectra

obtained from Figs. 7 and 8 can be used to model the

physicochemical behavior of untreated and laser modified

surface by considering a single time constant for the
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Fig. 7 a Bode impedance and b phase diagram obtained at OCP
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untreated Ti–6Al–4V and two time constants for the laser-

modified Ti–6Al–4V. The impedance parameters calcu-

lated by curve fittings are presented in Tables 1 and 2.

The time constants are associated with the charging and

discharging of the capacitors. Two time constants indicate

double capacitors which are generally represented by the

two peaks in the Bode phase plots. However, such features

are often not clearly visible in Bode phase plots due to an

extremely slow charging or discharging across the capac-

itors. The fittings considering these circuit models show

fairly good agreement between the theoretical and experi-

mental data. In the present investigation, laser treated

specimens are considered to be constituted of two layers

(i.e., an outer and an inner layer) in the Ringer’s solution.

The outer layer of the laser modified (melted) region

consists of oxide film with pores and heterogeneities on the

surface. The inner oxide layer is formed due to its inter-

action with the solution through the pores, and has slight

differences in microstructure and composition when

compared with the outer surface. The solution chemistry

that occurs within this layer (through pores) may be

assumed to be different than what occurs on the bulk sur-

face, according to the well-known autocatalytic pitting

theory [33]. Consequently, the equivalent circuits which

have been considered are RX (QRp) for the untreated and

RX{Q1R1(Q2R2)} for the laser-treated Ti–6Al–4V where:

RX is the solution resistance; Q1, R1 are the constant phase

element (CPE) and polarization resistance associated with

the outer oxide surface; and Q2, R2 are the CPE and

polarization resistance associated with the inner oxide

surface. These circuits are illustrated in Fig. 9a, b.

The goodness of fit obtained using the above equivalent

circuits is within the order of 10-3, indicating good

agreement between theoretical and experimental data.

Similar equivalent circuits have also been proposed by

other authors for laser treated titanium alloys [34]. In the

simulation of impedance spectra, the CPE rather than a

pure capacitor has been used for data fitting. The imped-

ance of the CPE is related to the frequency as 1/Z = Q

(jx)n where x is angular frequency and Q represents the

CPE. The latter may be a pure capacitor if n = 1 or pure

resistor if n = 0. The values of m and n (exponential

constants associated with inner and outer oxide layer

respectively) in the present study are listed in Table 1;

these are \1.0 (i.e. 0.07–0.9) and indicate a deviation of

AC circuit from pure capacitor.

In Fig. 7, the impedance is independent of the frequency

and corresponds to the zero phase angle at frequencies

[1.0 kHz. This implies a non-capacitive behavior of the

electrochemical AC circuit solely containing solution

resistance (Rs). However, at frequencies \1.0 kHz,

impedance is frequency dependent and is governed by the

capacitive element of an electrochemical system. The

impedance data given in Table 1 and EIS curves recorded

at OCP (see Fig. 7) show that the untreated Ti–6Al–4V

possesses passive film properties (polarization resistance

*14.51 9 106 X cm2) that are superior to the laser-treated

Ti–6Al–4V at different power densities (polarization

resistance \105 X cm2). This is also evident from the

higher phase angle (*82�) reflected by the untreated

Ti–6Al–4V than that of the laser treated Ti–6Al–4V

(*70�) at frequencies \100 Hz. The uniform or constant

phase angle corresponding to 90�, over a wide frequency

range, manifests a compact and highly protective passive

film on the surface. The better corrosion resistance of the

untreated surface obtained from EIS studies is similar to

that inferred by the potentiodynamic polarization studies

which showed a very low corrosion current density

(icorr \ 0.10 lA/cm2). The reduction in the corrosion

resistance of a laser-modified surface is due to the evolu-

tion of a composite surface where the interphase boundary

between the parent phase and the secondary phases such as
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CaTiO3, CaO, and TiP2 (as shown by the XRD) may

preferentially be attacked. While it is expected that the

cladding of a dense calcium phosphate layer on the surface

of Ti–6Al–4V would have resulted in a nearly inert elec-

trochemical behavior, this was not the aim of the present

investigation. Indeed, a certain degree of dilution on the

surface is required to ensure the formation of sound

chemical bonds between the coating and the substrate so

as to preserve the mechanical properties of the surface

[35–37]. Figure 10 shows the polarization resistance of

the laser treated Ti–6Al–4V obtained from EIS studies.

The highest value of R2 at OCP is *5.09 9 105 X cm2,

obtained for specimen treated at 45 W/mm2. An increase in

the laser power density is found to enhance significantly

the polarization resistance (Fig. 10). The corrosion current

densities (from potentiodynamic polarization experiments)

and polarization resistance (from EIS) of Ti–6Al–4V show

improvement for laser treatments at power densities

C35 W/mm2.

Electrochemical impedance spectroscopy experiments

were also carried out at *1.19 V to compare the perfor-

mance of the untreated and laser-treated Ti–6Al–4V in the

passive zone of polarization (Fig. 8). This potential was

chosen from an assessment of the polarization curves,

based upon a potential where titanium alloy exhibited

relatively stable passivation, though evolve higher current

densities. The EIS experiments at this potential were per-

formed on selected specimens that showed either highest or

the lowest current densities during the potentiodynamic

polarization (in Fig. 5). It is evident from Fig. 8 that the

laser modified Ti–6Al–4V has better passive film proper-

ties than the untreated material at 1.19 V. The polarization

resistance of laser treated Ti–6Al–4V at 1.19 V is higher

([40.02 9 103 X cm2) than the untreated Ti–6Al–4V

(11.04 9 103 X cm2). The overall passive film resistance,

however, is low (at 1.19 V) when compared with that at the

OCP. The decrease in both R2 and Q2 at 1.19 V as com-

pared to that at OCP indicates the formation of defective

passive film on the surface [38]. Defects in the passive

Table 1 Electrochemical parameters at OCP

Sample Rs (X cm2) Q1 (9106 X-1 sn cm-2) n R1 (X cm2) Q2 (9106 X-1 sn cm-2) m R2 (X cm2) Goodness

of fitting

Untreated 17.1 21.9 0.908 – – – 14.5 9 106 3.6 9 10-3

25 W/mm2 16.4 453.0 1.00 13.9 166.8 0.758 8.3 9 103 51.5 9 10-3

30 W/mm2 13.3 189.5 0.916 14.5 196.2 0.884 1.9 9 104 459.3 9 10-6

35 W/mm2 17.6 1.8 1.00 63.3 1.3 0.852 1.9 9 105 2.3 9 10-6

40 W/mm2 11.8 68.1 0.861 14.1 50.2 0.745 4.8 9 105 701 9 10-6

45 W/mm2 12.1 38.4 0.812 13.0 74.7 0.778 5.1 9 105 262.6 9 10-6

50 W/mm2 16.1 73.7 0.789 15.5 125.0 0.786 4.4 9 105 1.2 9 10-3

Table 2 Electrochemical parameters obtained in the passive region at E = 1.19 V (w.r.t. SCE)

Sample Rs (X cm2) Q1 (9106 X-1

sn cm-2)

n R1 (X cm2) Q2 (9106 X-1 sn cm-2) m R2 (910-3 X cm2) Goodness

of fitting

Untreated 11.8 11.1 0.907 – – – 11.0 11.4 9 10-3

25 W/mm2 20.1 62.1 0.999 183.5 2.6 0.849 73.4 6.5 9 10-3

45 W/mm2 17.1 40.7 1.000 118.1 1.7 0.837 40.1 899.3 9 10-6

50 W/mm2 14.5 32.4 0.999 34.3 2.9 0.770 80.7 366.7 9 10-6

Q2

 Q1

R1

Rs

R2

 Q Rs

R 

(a) 

(b) 

Fig. 9 Equivalent circuit for a untreated and b laser treated

Ti–6Al–4V
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layer might have originated from the dissolution of vana-

dium oxide, resulting in the formation of vacancies in the

surface oxide film [39]. Thus, the polarization resistance

obtained from EIS at OCP and 1.19 V corresponds well

with the corrosion current and passive current densities

derived from the anodic polarization.

3.4 Nanoindentation studies

The nanoindentation study was carried out on untreated and

laser treated Ti–6Al–4V at the power densities ranging from

25 to 50 W/mm2. The hardness and elastic modulus results

are presented in Table 3. The untreated Ti–6Al–4V shows

an average hardness and modulus *4.1 and 148 GPa

respectively. The range of the average hardness and

modulus of the laser treated Ti–6Al–4V are 5.4–6.5 and

124–155 GPa respectively, and the values depend upon the

laser power density. Thus, the laser processing has increased

the hardness significantly (32–60%) and modulus margin-

ally (1–5%) for laser power densities of 25 and 40 W/mm2.

The modulus of the laser-treated specimens is slightly higher

than the dense (100%) polycrystalline HAP *117 GPa [2]

and close to that of a dense coating on Ti substrate

120–160 GPa [28]. The variation in hardness and modulus

with the increase in indentation depth for a specimen treated

at 40 W/mm2 is illustrated in Fig. 11a and b, respectively.

The hardness appears to decrease (Fig. 11a) while modulus

does not vary with the increase in indentation depth

(Fig. 11b). It should be noted that a large difference between

the elastic moduli of the natural bone and the implant

material causes bone resorption and, consequently, the

loosening of the prosthetic device [40]. This phenomenon

essentially occurs due to insufficient load transfer from the

artificial implant to the adjacent bones. The modulus of

cortical bones is generally much lower (10–30 GPa) than

several metals and alloys [41]. Therefore, an increase in the

modulus is undesirable for implants, negatively impacting

their biocompatibility. New alloys such as novel b titanium

alloys have been developed to reduce the modulus to avoid

stress shielding effects [41]. The hardness was observed to

decrease with the depth of indentation (Fig. 11a). A higher

surface hardness (5.4–6.5 GPa) would be useful, impart-

ing improved wear and fretting wear resistance of the
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Fig. 10 The variation in polarization resistance (calculated from EIS

curves at Figs. 6 and 7) with laser power densities

Table 3 Variation of hardness and elastic modulus on the laser

modified surface by nanoindentation

Laser power

(W/mm2)

Average hardness,

GPa (SD)

Average modulus,

GPa (SD)

25 6.5 (0.5) 155 (10)

30 5.4 (0.4) 124 (8)

35 5.5 (0.2) 130 (14)

40 6.1 (0.3) 150 (7)

45 5.9 (0.2) 129 (9)

50 6.3 (0.2) 140 (13)

Untreated Ti–6Al–4V 4.1 (0.3) 148 (7)
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Fig. 11 Representative figure showing variation of a hardness and

b elastic modulus with indentation depth onto the surface of Ti–6Al–

4V laser treated at 40 W/mm2
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Ti–6Al–4V. Implants made from the titanium alloys are

generally susceptible to wear and fretting wear [42]. An

increase in hardness is often reported to enhance the wear

and fretting wear resistance of the material [43]. The elastic

recovery of both the untreated and the laser modified Ti–

6Al–4V was similar. The mechanical behavior under the

loading–unloading cycle of both the untreated and the laser

treated Ti–6Al–4V remained same. This may be beneficial

for the implant as stress development will be minimal and

spallation of coating is less likely.

4 Conclusions

X-ray diffraction analysis revealed the formation of CaTiO3,

TiO2, CaO, TiP2 phases on the surface of the laser-treated

Ti–6Al–4V at different laser powers densities. The anodic

polarization behavior of laser processed Ti–6Al–4V showed

that the passive current density was reduced with an increase

in laser power density from 25 to 50 W/mm2. The EIS

studies, carried out at OCP, showed that the polarization

resistance increased from 8.27 9 103 to 4.38 9 105 X cm2

with the laser power densities, the values of which were

less than the untreated Ti–6Al–4V (14.51 9 106 X cm2).

The polarization resistance of the untreated and the laser

treated alloy at 1.19 V was significantly less than at the OCP.

At 1.19 V, it was higher for the laser processed specimens

(40.14 9 103–80.7 9 103 X cm2) than for the untreated

(11.04 9 103 X cm2) material. The average hardness and

modulus of laser treated Ti–6Al–4V ranged between 5.4–6.5

and 124–155 GPa, respectively, while the untreated speci-

men showed values of *4.1 and 148 GPa, respectively.
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