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Abstract Biomedical implant devices made out of tita-

nium and its alloys are benefited by a modified surface or a

bioactive coating to enhance bone bonding ability and to

function effectively in vivo for the intended period of time.

In this respect hydroxyapatite coating developed through

pulsed laser deposition is a promising approach. Since the

success of the bioactive ceramic coated implant depends

mainly on the substrate-coating strength; an attempt has

been made to produce micro patterned surface structure on

titanium substrate for adherent hydroxyapatite coating.

A pulsed Nd-YAG laser beam (355 nm) with 10 Hz rep-

etition rate was used for surface treatment of titanium as

well as hydroxyapatite deposition. The unfocussed laser

beam was used to modify the substrate surface with

500–18,000 laser pulses while keeping the polished sub-

strate in water. Hydroxyapatite deposition was done in a

vacuum deposition chamber at 400�C with the focused

laser beam under 1 9 10-3 mbar oxygen pressure.

Deposits were analyzed to understand the physico-chemi-

cal, morphological and mechanical characteristics. The

obtained substrate and coating surface morphology indi-

cates that laser treatment method can provide controlled

micro-topography. Scratch test analysis and microinden-

tation hardness values of coating on laser treated substrate

indicate higher mechanical adhesion with respect to coat-

ings on untreated substrates.

1 Introduction

Titanium and its alloys are widely used in biomedical

applications and device components. These are commonly

used in dental and orthopedic prostheses because of their

desirable properties, such as relatively low modulus, good

fatigue strength, formability, machinability, corrosion

resistance, and biocompatibility [1–3]. However these

implants cannot meet many of the clinical requirements

such as direct bone bonding in lesser time periods and long

term in vivo functionality. The inherently less bone bonding

and mechanical integration with tissue can be improved by

providing a bioactive surface of calcium phosphate

ceramics such as hydroxyapatite, Ca10(PO4)6(OH)2. A coat-

ing of hydroxyapatite (HA) was proven to be efficient for

better bone bonding and to provide long term in vivo

functionality [4–9]. Plasma spraying technique is the

commercially accepted technique for producing thick cal-

cium phosphate coatings. However, this high temperature

process mostly produces coatings with inhomogeneity in

phase, micro cracks, etc. and is prone to failure under

in vivo conditions [10–12]. A better alternate for plasma

spraying is the pulsed laser deposition (PLD) where the

stoichiometric transfer of sintered HA results to form a thin

adherent bioactive coating onto titanium substrate [13]. The

coating adhesion strength of HA to titanium depends on the

surface chemistry as well as the microstructure of the sub-

strate apart from the process parameters of PLD such as

substrate temperature, laser power density, etc. [13–17].

Various surface modification techniques such as surface

oxidation, nitridation, ion implantation, etc. have been used
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to improve the metal-ceramic interface [18–22]. In recent

years laser was shown to be a powerful tool for controlled

micro-structuring and modifications of material surfaces.

Lasers have also been used for modifying ceramic as well as

metallic implant surfaces for improving bio-functionality.

The use of a laser for texturing surfaces presents many

advantages; for instance, it is rapid and extremely clean

[23–27].

In this work an improvement of the coating adhesion

strength was attempted by water assisted laser surface

modification of titanium prior to PLD of HA. Micro pat-

terning in water by short-pulsed laser provides clean grooves

while normal processing in air results in grooves filled with

molten material. The presence of water helps to minimize the

surface heating effect thereby minimizes surface hardening

effects, structural and mechanical deformations of the sub-

strate surface. The surface etching rate can also be easily

controlled as the bubbles formed in liquid carry the debris

away effectively which enhances the etching rate in liquid

while the bubbles scatter laser light, which lowers the etching

rate in liquid [28–30]. HA was deposited over titanium

substrate modified by irradiation of different number of laser

pulses and were analyzed in comparison with HA coating on

unmodified titanium substrate. A better control of the surface

micro-structure of substrate along with mechanical adhesion

of HA was possible by the laser modification of titanium

substrate in an aqueous environment.

2 Materials and methods

2.1 Substrate, target, PLD system, laser surface

treatment and HA coating

Commercially available Ti6Al4V (ASTM F1108, Manhar

Metal Supply Corporation, Mumbai, India) was machined

to discs of thickness 2 mm and diameter 9 mm. The tita-

nium substrates were polished by tumbling method with

different grades of SiC powders and alumina powders

successively as grinding media to get an average roughness

around 0.45 lm. These are cleaned ultrasonically with

distilled water, rectified spirit, acetone, and then dried prior

to laser treatment. HA powder was prepared in-house by a

wet precipitation technique using Ca(NO3)2�4H2O and

NH4H2PO4 (Rankem, India) at pH 11 and 80�C. HA target

was prepared from calcined (300�C) and pulverized pow-

der of particle size around 125 lm. Powder compaction

was done at 200 MPa in a cold isostatic press (Cold Iso-

static Press, EPSI, Belgium) and subsequent sintering at

1100�C for 2 h. The sintered target was mechanically

polished by silicon carbide papers of grit size 240 and

600 (Buehler-Ecomet 3 Variable speed Grinder-Polisher,

Buehler Ltd, USA). The target was then cleaned

successively in distilled water, rectified spirit, and acetone

followed by drying in hot air. A schematic of the laser

treatment of titanium substrate in water and PLD system is

shown in Fig. 1. For the surface treatment; substrate was

positioned in the laser transparent container filled with

deionized water. Substrate was inserted with a movable

sample holder that can be suitably positioned or scanned to

enable the whole surface to be treated by laser. A beam of

355 nm from a Q-switched Nd-YAG laser (Quanta sys-

tems, S.P.A, Italy) with a beam diameter of 10 mm was

used to modify the surface. The laser delivered an output

of 2 W at a repetition rate of 10 Hz. Six groups of titanium

discs were treated with different number of laser pulses

(500; 1,000; 3,000; 6,000; 12,000; and 18,000). PLD of

HA was done in a custom designed deposition system

(developed by Excel Instruments Mumbai, India). The

10 mm out put laser beam (355 nm) with 10 Hz repetition

rate was focussed to the HA target at a spot size of 1 mm

and an angle of 45�. The substrate was positioned face to

face with the target at a distance of 35 mm. The chamber

was evacuated to a base pressure in the range of 10-6 mbar

by means of attached turbo molecular pump backed with a

rotary pump and then filled with oxygen to a working gas

pressure of 1 9 10-3 mbar for the deposition of HA.

Deposition of HA was done for about 1 h at a substrate

temperature of 400�C to get a thickness of around one

micron assessed by a profilometer.

2.2 Structural and morphological characterization

The surface roughness of Ti6Al4V substrate and HA

coating were measured by profilometry technique. The

surface profile was obtained using Talysurf CLI 1000

(Taylor Hobson, UK) with the software Talymap Gold. The

thickness of the coating was determined by step height

measurement. The phase analysis of target and the depos-

ited films were done by X-ray diffraction analysis (XRD).

The samples were scanned between 2h = 20 and 50� using

Cu Ka1 radiation at a voltage of 40 kV and a current

of 30 mA (Siemens D-5005, X-ray Diffractometer,

Germany). Presence of functional groups –OH and –PO4

was confirmed by Fourier transform infrared spectroscopy

(FTIR) analysis performed on a Thermo Nicolet 5700

spectrometer (USA). The spectra were collected in the

diffuse reflectance (DRIFT) mode. Samples were prepared

by mixing the powder collected by scratching the surface

of coated samples with optical grade KBr powder; while

pure KBr was used as the background. The spectra were

recorded at a resolution of 4 cm-1 and scanned between

400 and 4000 cm-1 with an average number of 64 scans.

Surface of modified titanium substrate and the coatings

were observed for microstructure morphology by a scan-

ning electron microscope (ESEM-Quanta 200, Germany).
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2.3 Mechanical testing

The mechanical properties of the different coatings were

compared by scratch test and indentation methods. The

adhesion of HA to titanium substrate was examined with

reference to ISO 20502:2005(E) [31] with a micro-scratch

tester (Micro-combi tester; CSM Instruments, Switzerland)

equipped with a diamond Rockwell tip of 100 lm radius,

friction force measurement and an acoustic emission

detector. The measurements were obtained at a progressive

load of around 12 N/min for a scratch length of 5 mm and

a speed of 6 mm/min. The scratch track was examined with

an attached optical microscope to determine the critical

failure points and further by SEM.

Microindentation hardness test was performed in

accordance with ASTM E384-10e2 [32]. Four groups of

samples i.e., polished titanium substrates, laser treated

substrates, HA coated polished substrates and HA coated

laser treated substrates were analyzed using a Vickers

indenter (Shimadzu-HMV-WIN, Ver 1.03) under constant

test load of 1.961 N with 14 S duration. The microinden-

tation hardness (Vickers hardness value) was calculated as

an average of six indentations per sample.

3 Results and discussions

3.1 XRD analysis

The XRD patterns of the titanium substrate and pulsed

laser deposited HA film is shown in Fig. 2. The titanium

substrate does not have any difference in preferential ori-

entation or phase even after the surface treatment by laser

in water within the detection level of XRD. The deposited

HA film essentially had the XRD peaks indexed with the

JCPDS No. 09-0432. The titanium substrates have the same

pattern of JCPDS standard 44-1294. The preferred orien-

tation [211] of the sintered HA target and deposited films

are the same with decreased intensity compared to a sin-

tered dense HA was observed. This indicates phase pure

but less crystalline nature of deposited film as previously

reported [20]. Due to the relatively small thickness of film,

the strong titanium substrate peaks acts to decrease the

intensity of deposit in general and specifically the titanium

peak at 2h value of around 40.1� is found to mask the

intensity of HA peak of [310] orientation around 39.8�.

Similar trend was also observed with the most intense

peaks of HA [211] and [300] leading to less resolved peak

patterns. HA patterns obtained on modified and unmodified

titanium are similar without any significant change in the

Fig. 1 a Schematic of laser

surface modification of titanium

substrate in water medium and

b pulsed laser deposition system

used for HA coating

Fig. 2 XRD patterns of hydroxyapatite coating and titanium

substrate indexed with corresponding JCPDS files

Fig. 3 FTIR spectrum of hydroxyapatite coating obtained over

titanium substrate
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XRD spectra irrespective of the extent to which the mod-

ifications are done.

3.2 FTIR spectroscopy

FTIR Spectroscopy was used for the hydroxyl and

phosphate functional group identification in HA target

and coating. FTIR spectrum for the laser deposited HA

coating onto titanium substrate is shown in Fig. 3.

Spectra clearly illustrate vibrational modes associated

with the –OH and –PO4 groups. The coating appears to

have bands for –OH stretching and vibrational modes at

3,570 and 630 cm-1, respectively even after PLD of HA.

PO4 stretching vibrations are observed between 1200 and

900 cm-1 and those of O–P–O bending modes between

650 and 400 cm-1. The spectra were similar in all cases

of HA coating on laser modified surface. FTIR spectra

thus showed that PLD does not impart any significant

changes in hydroxyl and phosphate groups after abla-

tion process except the slight decreased intense peaks

in HA coating which was observed in similar cases

[20, 33].

Fig. 4 Scanning electron micrographs of Titanium substrate (a) and laser irradiated surface with different laser pulses b 500; c 6,000; d 12,000;

and e, f 18,000
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3.3 SEM and surface analysis

The surface morphology of the substrates treated with

different number of laser pulses and of polished titanium

observed through SEM are shown in Fig. 4. All the sam-

ples were having an average surface roughness (Ra) of

0.45 lm measured by profilometer prior to laser treatment.

The average surface roughness values measured after laser

treatment and after HA coating along with their initial

roughness are plotted in Fig. 5. The SEM micrographs

clearly indicate the variation in surface microstructure with

laser irradiation. The surface artefacts and non-uniformity

occurred during the polishing stages happens to be

removed at the initial stages of treatment with less number

of laser pulses. The effect of laser to reveal the micro-

structure further continues with increased groves and depth

along the boundaries of grain like structures similar as

observed in many metallographic preparation by chemical

etching. Finally a micro-patterned surface was achieved at

about 18,000 laser pulses with periodic appearance of

uniform groves having circular orientation and conical

depth profile over the treated area. These kinds of micro-

structures are important in that the adhesion of ceramic

coating to metallic substrate can be controlled by surface

microstructure which provides mechanical interlocking.

Once the substrate is treated by laser, the surface mor-

phology changes and is less predominant with less number

of laser pulses (500) giving random or less roughness due

to surface is smoothening. As the number of pulses exceeds

about 1,000; the roughness can be controlled by the number

of laser pulses. Also the laser can produce micro-patterned

surface at about 18,000 pulses with decreased Ra value

which indicates the surface homogeneity at this micro

level. The microstructure of HA coating on irradiated

surface with 18,000 laser pulses is shown in Fig. 6. The

substrate roughness effect also reflects in the coating sur-

face morphology but to a lesser extend. The topography is

well understood as the variation in film surface roughness

with that of substrate. Thus the surface roughness which is

an important criteria determining the properties such as cell

growth, proliferation or tissue integration with the HA

coated implants [34–36] can be tuned using laser treatment

for better in vivo functionality.

3.4 Vickers hardness

Figure 7 shows the Vickers hardness values of laser treated

samples and HA coatings onto the same substrates. The

hardness values for the untreated titanium and the HA

coating are also included in the figure. The plot indicates

that there is no significant change in the mechanical

behaviour of titanium samples after laser treatment in

presence of water even though minimal local hardening on

the surface layer due to laser action may happen. However,

Fig. 5 Plot of average surface roughness of titanium substrates

treated with different laser pulses and HA coating compared with

control sample (n = 4)

Fig. 6 Scanning electron micrographs of HA coating on laser irradiated titanium substrate with 18,000 laser pulses. a 10009 and b 60009

original magnification
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HA coating on samples differently treated with laser giving

increased surface roughness was having improved hardness

values. This increased value of HA coating towards the

bulk hardness of sintered HA ceramics of about 450 N

probably because of the mechanical integration of HA

particles on the roughened and micro-structured surface

due to larger metal-ceramic contact area.

3.5 Scratch test

The adherent nature of the HA coating on titanium sub-

strates differently treated are obtained by scratch test. The

driving force for the failure of the coating-substrate system

in the scratch test are a combination of elastic–plastic

indentation stresses, frictional stresses and the residual

internal stress present in the coating. The failure of coating

was assessed by the plot between applied load with the

variation in acoustic signal and frictional force along with

optical imaging of the scratch track of constant length of

5 mm. A number of consecutive coating-failure events are

observed at increasing critical normal values which is the

normal force at which failure occurs. The values of first

crack which occurs as individual failure only at a point

(denoted as Lc1), the second point from which a periodic

failure points occurs through the track (Lc2) and the point

of complete failure of the coating (Lc3) were located for

each scratch run. Figure 8 clearly depicts various points of

failure for the representative sample i.e., HA coating on

untreated titanium substrate (Fig. 8a) and coating on sub-

strate modified with 18,000 laser pulses (Fig. 8b). The

SEM micrographs for the two types of coating are shown in

Fig. 9; this clearly indicates the mode of failure at the

metal-ceramic interface. HA coating seems to detach from

Fig. 7 Plot of Vickers hardness of control substrate, laser irradiated

substrates and HA coated substrates

Fig. 8 a Scratch profile

comparing acoustic and

frictional force of HA coating

on non-irradiated titanium

substrate with b HA coating on

laser irradiated (18,000 laser

pulses) titanium substrate
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the substrate as flakes at Lc3 in the case of untreated

substrate, while the coating is adhered well to the laser

treated substrate until delamination occurs (Lc3) through

the scratch track. Figure 10 compares the adhesion

strengths of HA coating on untreated polished titanium and

those treated with 500–18,000 laser pulses. In all the cases

HA coatings onto the laser treated substrate was found to

have higher bonding strength. The value for the point of

first failure (first crack, Lc1) increases as the number laser

pulses increases as similar to the increase in roughness

values. Similar is the case for consequent failure points

which indicates that a maximum of adhesion can be

achieved as indicated by the complete failure points (Lc3)

at 10.87 and 11.21 N obtained, respectively of 12,000 and

18,000 laser pulses while that of untreated substrate falls to

around 4.57 N only. Therefore PLD produces highly

adherent HA coatings on titanium substrates subjected to

controlled treatment with laser in a water environment.

4 Conclusions

Laser surface modification of titanium substrate in water

can provide controlled substrate microstructure which in

turn can improve the mechanical properties of HA depos-

ited by PLD. The surface microstructure of the substrate

and coating can be controlled by the number of laser pulses

Fig. 9 Scanning electron micrographs of HA coating with direction

of scratch indicated by arrow. a HA coating on non-irradiated

titanium substrate at lower load, b region of complete delamination

indicated by arrow, c HA coating on laser-irradiated titanium

substrate (18,000 laser pulses) at low initial load and d towards

complete delamination

Fig. 10 Plot of failure values obtained by scratch test (Lc1, Lc2 and

Lc3) for the HA coatings on differently irradiated and non-irradiated

titanium substrate (n = 4)
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without affecting the bulk mechanical property of titanium

substrate. The results further confirm the deposition of

crystalline phase pure HA with its characteristic chemical

and compositional nature. The micro-scale pattern formed

due to laser action is having significant role in increasing

the metal-ceramic bond strength even though the detailed

mechanism of the process is not well understood. Thus the

laser surface modification for the deposition of HA by PLD

can be most promising for implant fabrication compared to

the unmodified titanium substrate. Laser induced surface

topography changes can be further explored to improve the

functionality HA coated implants.
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