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Abstract Silicon (Si) substitution in the crystal structure

of calcium phosphate (CaP) ceramics has proved to gen-

erate materials with improved bioactivity than their stoi-

chiometric counterpart. In light of this, in the current work,

100 wt% hydroxyapatite (HA) precursor and 25 wt%

SiO2-HA precursors were used to prepare bioactive coat-

ings on Ti-6Al-4V substrates by a laser cladding technique.

The effects of SiO2 on phase constituents, crystallite size,

surface roughness, and surface energy of the CaP coatings

were studied. Furthermore, on the basis of these results, the

effects and roles of SiO2 substitution in HA were system-

atically discussed. X-ray diffraction analysis of the coated

samples indicated the presence of various phases such as

CaTiO3, Ca2SiO4, Ca3(PO4)2, TiO2 (Anatase), and TiO2

(Rutile). The addition of SiO2 in the HA precursor resulted

in the refinement of grain size. Confocal laser microscopy

characterization of the surface morphology demonstrated

an improved surface roughness for samples with 25 wt%

SiO2-HA precursor compared to the samples with 100 wt%

HA precursor processed at 125 cm/min laser speed. The

addition of SiO2 in the HA precursor resulted in the highest

surface energy, increased hydrophilicity, and improved

biomineralization as compared to the control (untreated

Ti-6Al-4V) and the sample with 100 wt% HA as precursor.

The microstructural evolution observed using a scanning

electron microscopy indicated that the addition of SiO2 in

the HA precursor resulted in the presence of reduced

cracking across the cross-section of the bioceramic coating.

1 Introduction

A significant amount of work has been performed on

synthetic biomaterials due to their high demands for

replacing damaged and degraded organs and tissues [1].

Among these various potential biomaterials, load bearing

implant materials to heal skeletal defects caused due to

trauma, old age, and injury are on the continuous rise. As a

potential scaffold biomaterial, these materials are expected

to provide mechanical support for bone tissue growth,

enhancement in cell proliferation, and a tissue-specific

differentiation at the interface [2–4]. In light of this, several

researchers have synthesized CaP based bioactive hydroxy-

apatite (Ca10(PO4)6(OH)2, HA) coatings on Ti-6Al-4V

substrates and studied their in vitro bioactivity and in vitro

biocompatibility [5, 6]. These HA based bioceramics

mimic the naturally occurring bone mineral in terms of

their chemical composition and crystallographic structure

and hence, allow for direct bone bonding by attachment,

proliferation, and differentiation of bone forming cells.

However, some of the recent studies on HA coatings have

limited their scope for implant applications, owing to the

adverse reactions found in vitro and in vivo [7], low

bonding strength between the HA and substrate, and poor

mechanical properties of the coating. Hence, to overcome

these limitations there has been a considerable interest in

developing new bioactive ceramic coatings based on bio-

glass compositions such as Na2O–CaO–SiO2–P2O5 [8],
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wollastonite (CaSiO3) [9], and dicalcium silicate (Ca2SiO4)

[10].

In most of the above compositions, the presence of SiO2

is found to be in common, since SiO2 can easily form a

Si-OH functional layer under in vivo and in vitro condi-

tions and there by enhance the mineralization of an apatite

like phase at the interface between the bioceramic coating

and hard tissue. The role of Si as an essential element for

higher biological organisms was discovered in the 1970s

through the studies by Carlisle [11], Schwarz [12], and

Seaborne [13]. It was reported that Si is present at a level of

*1 ppm in the serum, 2–10 ppm in the liver, kidney, lung,

and muscle, 100 ppm in the bone and ligaments, and

200–600 ppm in cartilage and other connective tissues

[14]. Hence, Si in particular has been found to be essential

for normal bone and cartilage growth and development

[15]. Another reason for SiO2 being used as the basement

of above systems is that it can act directly in the miner-

alization process, where aqueous Si, in the form of ortho-

silicic acid (Si(OH)4), is able to induce the precipitation of

HA from electrolyte solutions in the presence of proteins

that normally inhibit its precipitation [16, 17]. Due to the

above beneficial properties of SiO2 in biomaterials, SiO2

(or Si) substitution in the CaP bioceramics has been an area

of active research. The synthesis and characterization of

SiO2 or Si fortified HA and a-tricalcium phosphates have

been the focus of many research efforts [15, 18–25]. In all

of these works, the synthesis method, the phase composi-

tion, the effect of Si on biological activity, and the role of

Si on the grain growth, were extensively studied. It was

concluded that the phase composition of the materials

highly depend on the Ca/(P ? Si) and Ca/P ratios of the

system, the level of Si addition, and the method of intro-

ducing Si to CaP [15]. Furthermore, Si tends to inhibit the

grain growth to generate materials with fine structures

[19, 23, 24]. The work by Patel et al. compared the bio-

logical activity of Si-HA and HA granules and reported a

14.5% increase in bone in-growth in Si-HA versus HA

controls [25].

Most of the above studies on the composite coatings

(SiO2-HA or Si-HA) focus on the synthesis methodologies,

the biological activity, the influence of SiO2 or (Si) addi-

tion on the grain growth, and the biological response to an

implant. There are not many efforts towards understanding

effects of SiO2 (or Si) addition on the wettability and

surface energy of these composite (SiO2-HA or Si-HA)

ceramic coatings except the work by Thian et al. [26]. In

their work, the authors [26] used an electrospraying tech-

nique to synthesize nano HA, carbonate substituted nano

HA and silicon substituted nano HA on glass substrates.

The authors demonstrated that the modification of nano-

apatite by silicon resulted in improved hydrophilicity and

thereby enhanced osteoblast cell attachment, proliferation

and protein expression as compared to the nano HA coating

and carbonate substituted nano HA coating. Hence, it is

very important to critically study and understand the role of

SiO2 or (Si) addition on the wetting behavior of these

composite ceramic coatings. Also, as implant materials

when placed inside a human body initially come in contact

with the body fluid, it further controls the adsorption of

proteins followed by attachment of cells to the implant

surface. Hence, an understanding of the above can aid in

designing an appropriate precursor (SiO2 or Si-HA com-

posite) to enhance its wettability and thereby tune its bio-

activity and biocompatibility efficiently.

Therefore, in the present effort the effect of SiO2 addi-

tion on the wettability and bioactivity of laser deposited

CaP coating on Ti-6Al-4V substrate has been discussed.

Here, a highly intense laser beam was used to melt the

precursor (HA and SiO2-HA) and the Ti-6Al-4V substrate

to get a micro-textured multi-phase coating and a metal-

lurgical bonding at the interface. The effects of SiO2 on the

phase constituents, the crystallite size, the surface rough-

ness, and the surface energy of the micro-textured CaP

coating are studied. Furthermore, on the basis of these

results, the effects and roles of SiO2 addition in HA are

systematically discussed.

2 Materials and methods

2.1 Sample preparation and laser processing

Ti-6Al-4V substrate coupons of dimensions 100 mm 9

50 mm 9 3 mm were cut from the rolled sheets using an

abrasive cutter. Before being coated with the precursor, all

substrate coupons were polished using a 30 lm grit SiC

emery paper and then rinsed with acetone to get a clean

surface free from rust and oxides. Hydroxyapatite (Ca10

(PO4)6(OH)2) powder and silica (SiO2) powder obtained

from Fischer Scientific were taken as the precursor mate-

rials. The HA and SiO2 precursor powders had a spherical

morphology with an unimodal distribution in the range of

10–30 lm. The pure HA precursor and the thoroughly

blended HA-SiO2 (the ratio of SiO2 to HA is fixed as 1:3 in

weight %) precursor were mixed in a water-based organic

solvent (LISI W 15853) obtained from Warren Paint and

Color Company (Nashville, TN, USA) and mechanically

stirred for 25 min to get a viscous slurry. The slurry was

then sprayed onto the polished and clean substrate coupons

using an air pressurized spray gun. The sprayed coupons

were dried in air to remove the moisture. The thickness of

the precursor deposit was maintained at 80 lm for all

samples. The precoated samples were finally scanned using

a pulsed Nd:YAG laser equipped with a fiber optic beam

delivery system to achieve a metallurgical bonding
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between the precursor and the substrate. The pulsed

Nd:YAG laser operates in the infrared region with a

wavelength of 1064 nm. The processing parameters used

for the above process are listed in Table 1. It can be seen

from the table that three different laser scan speeds, 25, 75,

and 125 cm/min were employed for processing each pre-

cursor component.

2.2 Surface characterization

Phase evaluations in the samples were studied using a

Philips Norelco X-ray Diffractometer (XRD) with Cu Ka
radiation of wavelength 0.15418 nm. The XRD system was

operated at 20 kV and 10 mA in a 2h range of 20–100�
using a step size of 0.02� and a count time of 1 s. As laser

based processing is often associated with extremely rapid

cooling rates ([103�C/s), the resultant microstructure was

expected to produce extremely refined grain structure.

Hence, the crystallite size of the coated samples was cal-

culated using the Scherrer formula [27]:

t ¼ 0:9k
B � coshB

ð1Þ

Here, t is the crystallite size of a particular phase, B is the

broadening of diffraction line measured at half its maxi-

mum intensity (radians) at Bragg angle hB, and k is the

wavelength of Cu Ka radiation (0.15418 nm). The peaks

used for calculating crystallite size were chosen to avoid

too much overlapping from different phases. In the above

equation, the instrumental broadening is not taken into

account as our interest was only to see the effect of laser

scan speed on the relative crystallite size.

For micro-structural observation across the cross-section

the laser processed samples were sectioned perpendicular

to the laser track using a low speed saw. The sectioned

samples were then polished with emery papers of different

grits ranging from 200 to 1000 lm in succession, followed

by disc polishing with colloidal silica of 0.3 and 0.05 lm

average particle sizes to get a smoothly polished surface.

The polished samples were then etched with 5 vol% HF, 3

vol% HNO3, and 92 vol% H2O for 10–20 s by immersion

etching to reveal the microstructural features. The micro-

structure observations across the cross-section were carried

out using a LEO 1525 scanning electron microscope (SEM)

coupled with energy dispersive spectrometer (EDS). The

surface roughness of Ti-6Al-4V control and laser processed

samples were measured using a Leica Confocal laser

microscope. The roughness values are recorded in the form

of Ra (defined as the arithmetic average of all points of the

profile also called the center line average height), and RMS

(root-mean-square deviation). Five random scans were

done across each sample to get an average and standard

deviation within these roughness values.

2.3 Contact angle and surface energy

Contact angle measurements were conducted by a static

sessile drop technique using a CAM-PlusR contact

angle goniometer (Cheminstruments, Inc. Fairfield, Ohio),

equipped with a fiber optic light source and Video camera

for imaging. A 3 ll liquid droplet with the diameter of

2 mm was suspended from the tip of the hypodermic syr-

inge on the thoroughly cleaned sample and the advancing

contact angle was taken as a measure of wettability. The

liquid droplet placed on the sample was allowed to stabilize

for 10 s before the reading was taken. The test was con-

ducted at room temperature (26�C) and a minimum of ten

contact angle readings were taken from random locations

on each sample to minimize the errors in the measurement.

Further, the contact angle measurement used in the present

case was based on the patented (US patent 5268733) half

angle technique which also eliminates the errors associated

with the tangential alignment. For surface energy calcula-

tions by the contact angle measurement technique, an

apolar liquid (dioiodomethane) and two polar liquids

(distilled water and formamide) were used and the calcu-

lations were made according to the Van Oss approach [28]

using the following equation:

cL 1þ coshð Þ ¼ 2 cLW
S cLW

L

� �1=2þ cþS c�L
� �

þ c�S cþL
� �h i

ð2Þ

Here, h is the contact angle of liquid L subtended on solid

S, cLW is the apolar component of the surface energy, c? is

the Lewis acid component (electron acceptor), and c- is the

Lewis base component (electron donor). The surface

energy components of three standard liquids used in this

study are listed in Table 2 [29, 30]. The relationships

Table 1 The laser parameters used for the study

Pulse width (ms) 1.0

Average power (W) 80

Spot shape Rectangular

Spot diameter (lm) 900

Laser scan speed (cm/min) 25; 75; 125

Line spacing (mm) 0.1

Table 2 Surface energy components of the standard liquids used in

this study (units mJ/m2)

Liquid cLW
L cþL c�L cAB

L cL

Water 21.8 25.5 25.5 51 72.8

Formamide 39 2.28 39.6 19 58

Dioiodomethane 51 0 0 0 51
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between surface energy cs and these components are

described below [28]:

cS ¼ cLW
S þ cAB

S ð3Þ

cAB
S ¼ 2

ffiffiffiffiffiffiffiffiffiffi
cþS c�S

q
ð4Þ

The surface energy components of different precursor

coated samples were calculated using the above equations.

Finally, in order to correlate the surface energy calcula-

tions to the mineralization behavior (bioactivity) of the

samples, contact angle between the coated samples and

simulated body fluid (SBF) and in vitro bioactivity of the

coated samples following immersion in SBF was studied.

The SBF solution was prepared by dissolving the

reagent grade chemicals in the following order: NaCl

(8.026 g), NaHCO3 (0.352 g), KCl (0.225 g), K2HPO4�3H2O

(0.230 g), MgCl2�6H2O (0.311 g), CaCl2 (0.293 g) and

Na2SO4(0.072 g) into distilled water (700 ml). The fluid

was then buffered to pH = 7.4 at 37�C with tri-hydro-

xymethylaminomethane (6.063 g) and hydrochloric acid

(40 ml). Following SBF immersion, the surfaces of the sam-

ples were analyzed using SEM equipped with EDS to study

the morphology and elemental composition of the HA pre-

cipitates. The EDS analysis was carried out with an electron

beam energy of 20 keV.

3 Results and discussions

3.1 Phase evolution

Prior to wettability assays, surface characterization of both

100 wt% HA and 25 wt% SiO2-HA precursor-coated

samples as well as uncoated Ti-6Al-4V control was carried

out for several aspects, including phase analysis, surface

roughness, microstructure, and surface energy.

Figures 1 and 2 show the X-ray diffraction patterns

corresponding to 100 wt% HA and 25 wt% SiO2-HA

precursor samples, respectively, processed with different

laser scan speeds of 25, 75, and 125 cm/min. There is no

major change in the types of phases with varying laser scan

speed for the samples processed with 100 wt% HA as

precursor material (Fig. 1). Apart from the retention of

original precursor (HA phase), the various other phases

evolved are CaTiO3, Ca3(PO4)2, TiO2 (Anatase), TiO2

(Rutile), Al2O3, and CaO. Although there is no change in

phase constituents, the peak intensities varied with varying

laser scan speed. Unlike the XRD results of 100 wt% HA

sample (Fig. 1), the phase constituents of 25 wt% SiO2-HA

samples (Fig. 2) show dependence on the laser scan speed.

For the samples processed with higher laser speed of 75

and 125 cm/min, although the peak intensities varied no

major change in the types of phases evolved. The main

phases are identified as CaTiO3, Ca3(PO4)2, Ca2SiO4,

Al2O3, and TiO. On the contrary, for the samples processed

with slower speed of 25 cm/min, the major phase presented

in the coating is TiO2 (Anatase), and the peak intensities

corresponding to such phases as CaTiO3, Ca3(PO4)2, and

Ca2SiO4 are relatively weak. Thus, it appeared that at

higher range of laser scan speed (75–125 cm/min), the

phase constituent is minimally affected by the speed for

both 100 wt% HA and 25 wt% SiO2-HA precursor sam-

ples. Where as at slower laser scan speed (\25 cm/min) the

laser beam residence time on the sample surface being

longer, the surface temperature rises to the level possibly

leading to substantial amount of coating precursor material

Fig. 1 XRD pattern of 100 wt% HA precursor after processed with

different laser scan speed

Fig. 2 XRD pattern of 25 wt% SiO2-HA precursor after processed

with different laser scan speed
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evaporation followed by oxidation of the substrate material

for formation of more amount of TiO2. Also, as the laser

processing is carried out in an ambient atmosphere under

higher energy laser beam, a small portion of the substrate

material (Ti-6Al-4V) always gets melted and oxidized to

form Al2O3 for both the precursor material compositions.

The effect of addition of SiO2 in HA precursor is further

realized through the absence of HA and CaO in laser

processed 25 wt% SiO2-HA samples (Fig. 2) compared to

laser processed 100 wt% HA samples (Fig. 1). This phe-

nomenon can be explained on the basis of the following

possible primary and intermediate reactions between the

material systems employed in the present work.

Ca10 PO4ð Þ6 OHð Þ2¼ 3Ca3 PO4ð Þ2þCaOþ H2O "
DG ¼ �1333:75 kJ=molð Þ ð5Þ

Tiþ O2 ¼ TiO2 Anatase or Rutileð Þ
DG ¼ �864:09 kJ=molð Þ ð6Þ

2Tiþ O2 ¼ 2TiO inadequate reactionð Þ
DG ¼ �492:52 kJ=molð Þ ð7Þ

4Alþ 3O2 ¼ 2Al2O3 DG ¼ �1586:57 kJ/molð Þ ð8Þ
TiO2 þ CaO ¼ CaTiO3 DG ¼ �80:90 kJ=molð Þ ð9Þ
2CaOþ SiO2 ¼ Ca2SiO4 DG ¼ �122:17 kJ=molð Þ

ð10Þ

From the above equations, it is clear that the retention of

HA precursor phase depends on the Eqs. 5, 6, 9, and 10.

The more HA takes part in Eq. 5, the less it will be retained

in the coating. From Eqs. 9 and 10 it is clear that for 100

wt% HA samples, only TiO2 react with CaO, where as in

25 wt% SiO2-HA samples SiO2 addition will consume

more CaO resolved from HA. This is likely to accelerate

the resolving process of HA, and the reaction process

between CaO and SiO2, leading to less or no retention of

HA or SiO2 in the coating. The above intermediate

reactions (Eqs. 9, 10) during laser processing of 25 wt%

SiO2-HA precursor, therefore, results in generation of

Ca2SiO4 in the coating (Fig. 2).

The average crystallite size of 100 wt% HA and 25 wt%

SiO2-HA samples was calculated using the Scherrer for-

mula as stated in Eq. 1. The results are presented in Fig. 3.

It is obvious that the crystallite size in 25 wt% SiO2-HA

samples is significantly smaller (*28%) than that of 100

wt% HA samples, which indicates the effect of SiO2

addition on grain refinement. SiO2 has long been added to

BaTiO3 to reduce the grain size [31]. In the work by

M.A.Zubair et al. [32], it was reported that SiO2 addition

can develop the grain boundaries and reduce the grain size.

Kaishu Guan et al. [33] have studied the enhanced effect

and mechanism of SiO2 addition in super-hydrophilic

property of TiO2 film. The authors reported that the grain

growth of TiO2 crystal is suppressed by the addition of

SiO2 which in turn led the particle size of TiO2 to become

smaller and thereby its improved hydrophilic behavior. In

the work by Takeli et al. [34, 35], it was reported that

grain-growth rate could be controlled by the addition of

SiO2 and the grain size decreased with increasing SiO2.

The grain growth kinetics of both 100 wt% HA samples

and 25 wt% SiO2-HA samples can be semi quantitatively

described by the grain growth model as described below

[36]:

Gn � Gn
0 ¼ kt ð11Þ

Here G is the average grain size, G0 is the initial grain size,

k is a rate constant, n is a constant for a given grain-growth

mechanism, and t is the crystallization time. From Eq. 11 it

is clear that for a given initial grain of size G0 the average

grain size G depends on the crystallization time t. A lower

crystallization time t corresponds to a smaller average grain

size G. It was reported that the addition of SiO2 can

accelerate the material transfer and results in a fast

microstructural evolution [37], and also control micro-

structure by suppressing abnormal grain growth [38].

Hence, it is clear from the above results that SiO2 addition

can reduce the crystallization time, which in turn attributes

to a smaller crystallite size. In the present work, laser-based

processing is inherently associated with the rapid cooling

rates [39], thus further expected to contribute substantially

reduced crystallization time and crystallite size.

3.2 Surface energy and surface roughness

The variation of surface energy components (c?, c-, cLW,

and cs) as a function of laser scan speed for the 100 wt%

HA and 25 wt% SiO2-HA samples are illustrated in Fig. 4.

Fig. 3 Crystallite size of different samples processed with different

laser scan speed
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For 100 wt% HA samples, the dispersive component (cLW)

decreases with increasing laser scan speed and remains in

the range of 40–47 mJ m-2. The basic polar component

(c-) also follows a decreasing trend with increasing laser

scan speed from 25 to 125 cm/min. The acidic polar

component (c?) has values less than 2.0 mJ m-2 and fol-

lows a slightly increasing trend with increasing laser scan

speed. The surface free energy of the 100 wt% HA samples

is around 48 mJ m-2 (Table 3). For 25 wt% SiO2-HA

samples, the dispersive component floats between 45 and

47 mJ m-2. The basic polar component follows the same

trend as with the 100 wt% HA samples. Compared to 100

wt% HA samples, 25 wt% SiO2-HA samples present lower

acidic polar component (its acidic polar component is less

than 1.4 mJ m-2) and higher surface free energy (around

56 mJ m-2). It can be seen from Table 3 that for both

25 wt% SiO2-HA and 100 wt% HA precursor, the surface

free energy varied slightly at different laser scan speeds.

This can be attributed to the minor variation in phase

constituents with the varying laser scan speed. As descri-

bed earlier from the XRD studies (Fig. 2), the addition of

SiO2 in the precursor leads to the formation of dicalcium

silicate (Ca2SiO4) in the matrix of various other phases.

The formation of such a wetting silicate based phase at the

grain boundaries owing to the addition of SiO2 has already

been reported [32]. This further might have contributed to

the increase in surface free energy for 25 wt% SiO2-HA

samples as compared to 100 wt% HA samples (Table 3).

Another possible reason for the variation in surface energy

for these samples may also be due to the grain size. As

described above (Fig. 3), the average grain size of 25 wt%

SiO2-HA samples is smaller than that of the 100 wt% HA

samples. Therefore, more grain boundary grooves were

formed with SiO2 addition leading to formation of more

pinning of tripple lines. These pinned tripple lines act as

open capillaries to reinforce wetting [40]. The work by

Ishida [41] also stated that grain size strongly influences

the grain boundary segregation. In the work by Tekeli et al.

[34], it was also stated that SiO2 addition results in a lower

grain boundary cohesive strength and a higher grain

boundary mobility and energy. Hence, 25 wt% SiO2-HA

possessed a higher surface energy value (55.94–57.21 mJ/m2)

compared to 100 wt% HA samples (47.71–49.47 mJ/m2)

and the Ti-6Al-4V control (34.19 mJ/m2). Also, as

described earlier from the XRD results (Figs. 1, 2), it can

be realized that following laser processing the coating is

not phase pure and is composed of various phases. Hence,

each of these phases is expected to contribute to the wetting

behavior and thereby its surface energy. However, in the

present work following laser processing of both the pre-

cursor materials, most of the phases such as CaTiO3,

Ca3(PO4)2, and TiO2 except Ca2SiO4 are found common.

Hence, the improved wetting behavior for the 25 wt%

SiO2-HA precursor as compared to 100 wt% HA can only

be attributed to the presence of Ca2SiO4 following laser

processing.

The surface microstructure and the cross-sectional

microstructure of 100 wt% HA and 25 wt% SiO2-HA

samples processed at laser scan speed of 125 cm/min are

presented in Fig. 5. The surface roughness values, Ra, and

RMS are listed in Table 3. It can be seen that the surface

roughness values of both 100 wt% HA samples and 25 wt%

SiO2-HA samples are larger than that of the Ti-6Al-4V

control. In addition, from the SEM cross-sectional views

(Fig. 5c, d), less number of cracks were observed in 25

wt% SiO2-HA sample compared to 100 wt% HA sample. It

indicates that SiO2 addition can not only refine the grain

size, but also can suppress the cracks formation. This is in

compliance with the work by Izquierdo-Barba [42], where

the authors reported that more amount of Si in the coating

Fig. 4 Surface energy

components for a 100 wt% HA

and b 25 wt% SiO2-HA coatings
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Table 3 Surface roughness, contact angle with SBF, and surface energy of the samples

Precursor Laser speed

(cm/min)

Ra (lm) RMS

(lm)

Contact angle in different fluid Surface energy

(mJ/m2)
Distilled

water

Formamide Dioiodomethane Simulate body

fluid (SBF)

25 wt% SiO2-HA 125 2.0 ± 1.1 12.4 ± 4.0 48.5 ± 0.6 18.5 ± 0.6 26.9 ± 0.8 21.2 ± 1.4 56.20 ± 0.97

75 1.8 ± 0.8 12.1 ± 3.2 36.6 ± 0.4 17.2 ± 0.8 28.3 ± 1.0 26.4 ± 1.3 55.94 ± 0.87

25 3.7 ± 1.8 18.0 ± 3.5 35.0 ± 0.7 14.6 ± 0.9 21.2 ± 0.5 19.2 ± 1.8 57.21 ± 0.74

100 wt% HA 125 1.4 ± 0.2 11.6 ± 1.0 62.4 ± 0.5 32.4 ± 0.7 39.2 ± 1.3 40.8 ± 1.0 49.47 ± 0.18

75 4.1 ± 0.7 16.8 ± 1.2 26.8 ± 1.8 30.6 ± 1.2 38.2 ± 0.6 32.8 ± 1.9 48.01 ± 0.92

25 3.3 ± 1.9 13.6 ± 1.0 20.6 ± 0.9 28.3 ± 0.5 22.3 ± 0.8 31.0 ± 1.8 47.71 ± 0.21

Ti-6Al-4V control 0.3 ± 0.07 9.47 ± 0.2 82.6 ± 0.1 57.4 ± 0.1 53 ? 0.04 55.7 ± ±1.6 34.19 ± 0.05
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can reduce the porosity of the surface leading to reduced

presence of cracks across the cross-section.

3.3 Wettability and in vitro bioactivity

When a biomaterial is implanted into a biological system,

among the plethora of events that takes place, the first and

the foremost one is the wetting of the implant material by

the physiological fluids. This further determines the degree

and confirmation of specific proteins which in turn influ-

ence recruitment and activation of cells and stimulation of

new tissue development [43, 44]. Hence, besides analyzing

the phase constituents, surface roughness, and surface free

energies, understanding the wettability of the coatings with

SBF were also the important aspects of this work. Further,

the contact angle measurements obtained from SBF liquid

can also provide an understanding of the effect of SiO2

addition on the wetting behavior. Table 3 represents the

contact angle measurements and corresponding light opti-

cal images of the liquid droplet shadow on 100 wt% HA

samples, 25 wt% SiO2-HA samples, and the control

(untreated Ti-6Al-4V). The results (Table 3) demonstrated

improved wettability for the laser processed samples (100

wt% HA and 25 wt% SiO2-HA samples) as compared to

the control (untreated Ti-6Al-4V). Furthermore, compared

to 100 wt% HA samples, 25 wt% SiO2-HA samples indi-

cated a more hydrophilic behavior (better improved wet-

tability). As discussed earlier, the addition of SiO2 not only

influenced the phase constituents and the surface rough-

ness, but also contributed to increase in the surface energy.

This increase in surface free energy of 25 wt% SiO2-HA

samples was responsible for improved wettability of the

coatings in SBF.

The wettability of the coatings was finally correlated to

its mineralization or in vitro bioactivity by immersing the

samples in SBF and analyzing for the precipitation of an

apatite like phase. The mineralized layer or the precipi-

tates on the 100 wt% HA sample and 25 wt% SiO2-HA

sample after 7 day immersion in SBF is shown in Fig. 6.

The presence of a cuboidal like apatite crystallites can be

clearly seen on the surfaces of 100 wt% HA and 25 wt%

SiO2-HA samples (Fig. 6a, b, respectively). The EDS

spectra from a selected region indicates the presence of

various elemental species such as Ca, P, Na, Cl, Al, O,

Ti and V in the precipitated layer. In the current work,

Fig. 5 Surface texture images

and SEM micrographs of 100

wt% HA samples and 25 wt%

SiO2-HA samples processed

with laser scan speed of

125 cm/min
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as the EDS analysis are carried out using an electron

beam energy of 20 keV, a significant amount of material

underneath the coating is sputtered resulting in detection

of the sub-surface elemental species such as Ti and V in

the spectrum. The EDS spectra from the mineralized

surface of 100 wt% HA demonstrated for a small amount

of Ca and P with a Ca/P atomic ratio of 0.62. In contrast,

the selected region EDS spectra of the mineralized layer

on 25 wt% SiO2-HA demonstrated strong presence of Ca

and P with a Ca/P atomic ratio of 1.68. As, the Ca/P

atomic ratio of the mineralized layer on 25 wt% SiO2-HA

is close to that of the Ca/P atomic ratio of stoichiometric

HA (1.67), it was therefore confirmed that the cuboid like

precipitates were an apatite like phase and hence the

sample is more bioactive as compared to the 100 wt% HA

sample. Thus, the effects of SiO2 addition on the phase

constituents, grain size, and surface free energy can be

systematically correlated to their consequential effects

on wettability and in vitro bioactivity of HA coated

Ti-6Al-4V alloy samples. Further analysis for minerali-

zation kinetics and in vitro biocompatibility of the laser

processed samples are being studied by exposing the

samples to SBF for different time periods and culturing

of mouse MC3T3-E1 pre-osteoblast cells, respectively.

The results pertaining to the above efforts are being

simultaneously prepared in a separate paper for publica-

tion in a referred journal.

4 Conclusions

The process of laser direct melting of Ca-P and SiO2/Ca-P

precursors on Ti-6Al-4V substrate resulted in the formation

of various phases, such as CaTiO3, Ca3(PO4)2, TiO2 (Rutile

and Anatase), Al2O3, and Ca2SiO4 within the coatings. With

SiO2 addition in the precursor, a new phase (Ca2SiO4) was

formed. No significant variation of the phase type with the

laser speed variation was observed. Addition of SiO2 in the

precursor also produced more grain boundary grooves,

resulting in a rough surface (higher RMS value) compared to

the titanium control. Furthermore, the presence of SiO2 in

the precursor led to formation of the smaller average crys-

tallite size and reduced cracking in the coating. The samples

coated with SiO2-HA precursor demonstrated a higher sur-

face free energy and hence better wettability compared to the

samples coated with pure HA precursor and the Ti-6Al-4V

control. Additionally, the improved wettability and in vitro

bioactivity of the samples with SiO2 addition is also clearly

due to the formation of Ca2SiO4 at the grain boundaries, the

finer grain size and the higher surface roughness.

Fig. 6 SEM morphological

analysis and corresponding EDS

results on a 100 wt% HA

sample and b 25 wt% SiO2-HA

sample after 7 days immersion

in SBF
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