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Abstract Plasma sprayed hydroxyapatite (HA) coatings

on metallic prostheses have been used clinically in den-

tistry and orthopedics since the mid 1980s. The coating

properties are dependent on the spraying parameters. Since

silicon-substituted hydroxyapatite (SiHA) has been shown

to offer improved bioactivity over phase pure HA, SiHA

coatings have the potential for enhanced performance in

clinical application. In this study, phase pure HA and

0.8 wt% SiHA powders were synthesized with similar

particle size distribution and morphology. The powders

were plasma sprayed onto Ti–6Al–4V substrates at 37 kW

and 40 kW plasma gun input power respectively. Four

kinds of samples were prepared, HAC 37, HAC 40, SiHAC

37 and SiHAC 40. Materials characterization showed that

the coatings were of relatively high phase purity. In vitro

cell culture demonstrated that human osteoblast cells grew

well on all samples, with the highest cell growth observed

on SiHA coatings produced under the lower plasma gun

input power.

1 Introduction

The number of patients requiring and receiving bone and

joint replacement surgery is constantly increasing. In the

United States and in Europe, more than 1 million hip and

knee arthroplasties are performed each year, and this figure

is continually increasing [1]. Hydroxyapatite (HA) coatings

on metallic prostheses have been studied widely for major

load-bearing applications due to the combination of

advantages of the mechanical properties of metals and the

bioactivity of HA. HA coatings can enhance bone growth

across a gap of 1 mm between the bone and the implant

[2], and can also limit the formation of fibrous membrane

[3]. Most clinical experience shows promising results both

shortly after the implantation and with continued fixation

for up to 20 years [4]. Several techniques have been pro-

posed to produce HA coatings on metallic substrates, such

as sol–gel deposition [5, 6], electrophoretic deposition

[7, 8] magnetron sputtering deposition [9, 10], ion-beam

deposition [11, 12] and so on. Plasma spraying is currently

the most widely used technique for production of com-

mercial biomedical coatings. The properties of the coatings

are dependent on very large number of spraying parame-

ters. However, for economic and theoretical reasons, only

8–12 parameters are routinely controlled to obtain desired

coating properties [13]. These parameters include plasma

gun input power, composition of plasma gas, stand-off

distance and the characteristics of feed materials. It is

reported that silicon-substituted hydroxyapatite (SiHA) can

improve the rate of bone apposition significantly compared

with phase pure HA [14]. However, little research on

plasma sprayed SiHA coatings has been reported.

In this study, both HA and SiHA powders were syn-

thesized and coated on Ti–6Al–4V substrates using vac-

uum plasma spraying (VPS). Some physical coating

properties were characterized and compared for the two

compositions and an in vitro AlamarBlue test was per-

formed. The influence of the plasma gun input power was

also studied.
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2 Materials and methods

Phase pure HA was produced using a reaction between

calcium hydroxide, Ca(OH)2 and orthophosphoric acid,

H3PO4, solution through a wet precipitation method [15].

SiHA was prepared using a similar method, except that

tetraethyl orthosilicate (TEOS) was introduced into the

H3PO4 solution [16]. Both HA and SiHA powders were

characterized using particle size analyser, XRD, FTIR and

SEM. The Si content of SiHA was measured using X-ray

fluorescence (XRF).

The particle size analysis was performed using a Mal-

vern Mastersizer 2000. Approximately 2 g HA powder was

dispersed in deionised water. A Hydro 2000 MU pump was

used to pump the mixture through the laser beam. The

pump speed was 2000 rpm, and the ultrasonic displace-

ment was 10 lm.

HA and SiHA powders were examined by X-ray dif-

fraction using Philips PW 1730 diffractometer and Cu Ka
radiation. The X-ray generator operated at 40 KV and a

current of 40 mA. A divergence and anti-scatter slit size of

0.5� and a receiving slit of 0.2 mm were selected. Each

diffraction was run from 20–40� (2h), with a step size of

0.04 and a scan step time of 6.65 s. The peaks were

identified by comparing with HA standard ICCD diffrac-

tion patterns: No. 89-4405.

FTIR was used to analyse the functional groups of the

powders. The infrared spectra were recorded by a Bruker

Optics Tensor 27 Fourier transform infrared spectroscopy.

The absorbance of infrared waves was measured for wave

numbers from 400 to 4000 cm-1 with the resolution of

4 cm-1. OPUS software was used to collect and analyze

data.

A JEOL 5800LV SEM was used to observe the micro-

structure of HA and SiHA powders. The electron beam was

15 KeV and all images were taken using secondary elec-

tron mode. A small amount of powder was attached onto a

12.5 mm SEM stub using double-sided conducting tape,

and spread with a spatula to produce an HA layer which

was uniform and thin. Since HA is not conductive, the stub

was sputter coated with gold (Au) for 1 min.

Titanium alloy strips (Ti–6wt% Al–4wt% V, obtained

from Allegheny Technologies Limited) were used as sub-

strates. Plasma spraying was carried out in a Plasma

Technik P1800 vacuum plasma spray unit. Four batches of

samples were prepared as Table 1.

The other parameters are listed below:

Chamber Pressure: 200 mbar

Primary gas (Ar) flow rate: 50 slpm

Stand-off distance: 260 mm

Plasma gun speed: 55 mm/s

HA and SiHA coatings were examined by X-ray dif-

fraction using the same methodology that was described for

the powders. The peaks were identified by comparing with

the standard ICCD diffraction patterns: HA: No. 89-4405;

CaO: No. 75-0264; a-tricalcium phosphate (a-TCP): No.

86-1585; and tetracalcium phosphate (TTCP): No. 25-1137.

Coatings were detached from the substrates and ground

into powder. FTIR characterization was performed with the

method described previously for the powders.

The SEM samples were prepared in two ways. In both

ways, the coated titanium alloy strips were cut into small

pieces with a Struers Accutom-5. To analyze the mor-

phology of the coating, the small pieces were attached to

32 mm SEM stubs using double-sided conducting tape, and

then sputter coated with palladium (Pd) for 30 s. To ana-

lyze the coating/substrate interface, the cut pieces were

embedded in conducting resin using quick cold mounting,

and polished and etched in dilute orthophosphoric acid

(about 10%) for 30 s, the stubs were sputter coated with

palladium for 30 s. The JEOL 5800LV SEM was used to

observe the microstructure of HA coatings. The electron

beam voltage was 15 KeV and images were taken using

secondary electron mode.

In vitro experiment samples were 10 mm diameter discs

which were prepared according to the methods described

above. Human osteoblast-like cells (HOB) isolated from

trabecular bone were seeded on all samples and cultured in

1 ml McCoy’s 5A medium, supplemented with 10% fetal

calf serum, 1% glutamine and vitamin C (30 lg/ml) The

metabolic activity of the cells was assessed by AlamarBlue

assay (Serotec, Oxford, UK) at day 1, 3, 6, 9 and 12. Six

replicates were used for each sample type.

3 Results and discussion

The particle size distributions of HA and SiHA powders

are shown in Fig. 1 The volume weighted average particle

sizes of the two kinds of powders are 75 lm and 83 lm.

HA powders were similar in dimensions, but had a slightly

broader distribution.

Table 1 Vacuum plasma spraying parameters

Sample Powders

used

Input power of

plasma gun (kW)

Secondary gas (H2)

flow rate (slpm)

HAC 37 HA 37 4

HAC 40 HA 40 6

SiHAC 37 SiHA 37 4

SiHAC 40 SiHA 40 6
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Figure 2 illustrates the shape and size of the HA and

SiHA powders. The two kinds of powders had a similar

morphology. The particles were angular in shape with an

average aspect ratio of about 1.5 for HA and 2.0 for SiHA.

Figures 3 and 4 show the XRD patterns of HA and SiHA

powders and coatings in the range of 2h between 20� and

40�. The purity of HA powders was high, and no peaks

associated with impurities, such as TCP or CaO were

evident. The XRD pattern of SiHA powders was quite

similar to that of HA. The peak at 38.50� might be related

to the aluminum sample holder.

According to Fig. 3, the HA coatings were nearly phase

pure HA. After spraying, trace impurities appeared in the

materials including a-TCP, TTCP and CaO. The plasma

spray process involves two stages: (1) the change of droplet

chemistry in the plasma; and (2) the formation of splats by

impaction of melted particles on the substrate [17]. When

hydroxyapatite particles are injected into the plasma jet,

their periphery is heated to a higher temperature than the

core. A chemical change occurs in the outer shell and

proceeds towards the centre. At about 900�C, HA decom-

poses into oxyhydroxyapatite (OHA), following Eq. 1 [18].

Ca10ðPO4Þ6ðOHÞ2 ! Ca10ðPO4Þ6ðOHÞ2�2xOxVx þ xH2O

ð1Þ

where V is a vacancy.

Between 1100�C and 1500�C, depending on water

vapour pressure, OHA decomposes into TCP, TTCP and

CaO. The reaction can be described as Eqs. 2 and 3.

Ca10ðPO4Þ6ðOHÞ2�2xOxVx ! 2Ca3ðPO4Þ2 þ Ca4ðPO4Þ2O

þ ð1� xÞH2O

ð2Þ
Ca4ðPO4Þ2O! Ca3ðPO4Þ2 þ CaO ð3Þ

When the particle impacts the substrate, the TCP, TTCP

and CaO phases can either react together to form HA or

Fig. 1 Particle size distribution of HA and SiHA powders

Fig. 2 Morphology of a HA powders and b SiHA powder particles

Fig. 3 XRD patterns of HA powders, HAC 37 and HAC 40
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remain as residues. The OHA also can transform to HA by

hydrolysis or remain residual. [18].

The XRD patterns of SiHA coatings were similar to the

HA coatings, indicating similar reactions took place on

SiHA powders during the plasma spraying processes.

The Ca, P and Si content in SiHA powders and coatings

are listed in Table 2 in the form of oxides. The silicon

content in the coatings was smaller than that in the pow-

ders, indicating the decomposition of SiHA during vacuum

plasma spraying. Increasing the plasma gun input power, a

higher percentage of SiHA decomposed, resulting in

reduced silicon content.

In plasma spraying, particles within a critical size range

are melted to liquid droplets. Large particles above the

critical size are only partially melted [19]. These particles

interact with the surrounding atmosphere and impact on the

relatively cooler substrate at high velocity and form the

coating. Due to the rapid cooling, the crystallization pro-

cess may be limited to some extent. An amorphous phase

may be formed. The crystallinity is influenced by the

remaining original crystalline phase and the degree of su-

percooling. As the quantity of the remaining original

crystalline phase increases and/or the degree of superco-

oling decreases, the crystallinity of the coating is increased.

Higher input power is beneficial for particle melting,

leading to less original crystalline phase remaining and a

higher degree of supercooling. All of the coatings had high

crystallinity. However, in the XRD patterns, the peaks

associated with HAC 40 were lower and broader as com-

pared with HAC 37, indicating that HA coatings produced

at 40 kW were less crystalline than those produced at

37 kW. For commercial HA coatings, there is no agree-

ment on the crystallinity, which can be vary from 50% to

90% (usually around 70%) [4]. According to ISO Standard

13779-2 [20, 21] ISO 13779-2 Implants for surgery––

hydroxyapatite––part 2: coating of hydroxyapatite. Inter-

national Organization for Standardization, ‘the crystalline

content of HA shall be not less than 45% and the maximum

allowable level of other crystalline phases shall be 5%,

with the balance being amorphous.’ Therefore the phase

content and the crystallinity characteristics of the plasma

sprayed HA coatings produced in this study surpassed

those demanded by the standard.

Fourier transform infrared spectroscopy is widely used

to characterize functional groups in biomaterials. Free

PO4
3- ions possess tetrahedral (Td) symmetry and theo-

retically, they have four vibrational modes: m1 at 938 cm-1

belongs to a non-degenerate P–O stretching mode, m2 at

420 cm-1 belongs to a doubly degenerate bending mode,

m3 at 1017 cm-1 and m4 at 567 cm-1 belong to triply

degenerate P–O stretching and bending mode [21]. How-

ever, when PO4
3- group are located in a hydroxyapatite

lattice, the symmetry is lowered and the vibrational spec-

tral patterns are altered.

Figures 5 and 6 show the FTIR spectra of HA and SiHA

powders and coatings from 400 to 4000 cm-1. For HA

powders, m3 band with the highest intensity is present in the

region of 1016 and 1094 cm-1. m1 band is present at

961 cm-1. m4 band is split into two sharp and well defined

peaks at 566 and 603 cm-1. The splitting of m4 band

indicates the low site symmetry of HA molecules [22].

Compared with m3 and m4, m2 band in the region of 400 and

475 cm-1 is relatively weak. The sharp peak at 3572 cm-1

can be assigned to the lattice O–H stretching vibration. The

band at 633 cm-1 belongs to the O–H flexural mode.

Although the spectrum for SiHA powders showed all of

the characteristic absorption bands for HA, the band

intensity at 563 cm-1 and 1032 cm-1 corresponding to P–O

decreased significantly. These changes indicated that the

phosphate groups were partially replaced by silicate groups.

Hydroxyapatite contains water in both adsorbed and

lattice (structural) forms. As the temperature increases, the

lattice water is lost gradually. The dehydration product is

oxyhydroxyapatite (OHA) below 1100�C and oxyapatite

(OAP) above 1100�C. Since the crystal structures of OHA

and OAP are quite similar to that of HA, the dehydration

can not be detected with XRD. Therefore, FTIR spectros-

copy is used. The significant decrease of 3572 cm-1 peak

can be explained by the dehydration. The peak in HAC 40

was slightly lower than those in HAC 37, indicating a more

intense dehydration.

Comparing to HA powders, the peaks corresponding to

P–O in HA coatings were lower and broadened. The peaks

Table 2 The Ca, P and Si content in SiHA powders and coatings

SiHA powders SiHAC 37 SiHAC 40

CaO (wt%) 55.16 63.01 63.79

P2O5 (wt%) 40.91 35.34 34.19

SiO2 (wt%) 1.44 0.815 0.733

Fig. 4 XRD patterns of SiHA powders, SiHAC 37 and SiHAC 40

176 J Mater Sci: Mater Med (2010) 21:173–181

123



at around 961 cm-1 and 1093 cm-1 significantly

decreased. This might be attributed to the presence of the

amorphous HA phases. The FTIR spectra of SiHAC 37 and

SiHAC 40 have a similar change trend to HAC 37 and

HAC 40. This confirmed the dehydration of SiHA powders

and the formation of amorphous phase during vacuum

plasma spray.

The surface morphology of HA and SiHA coatings can

be obtained by SEM, which are shown in Figs. 7 and 8.

Both HA and SiHA coatings formed by the superposition

of the molten particles (flat splats) displayed a rough,

irregular and inhomogeneous morphology. On the flattened

splats, there were some small particles. This may be due to

the fine particles in the starting powders, which were

melted into small liquid droplets and deposited on large

splats.

Before plasma spraying, the substrate was grit blasted

with alumina in order to provide mechanical anchorage

points for the deposited layer. This substrate preparation

may contribute to the inhomogeneity of the coating [23].

Cracks were present along the coating surface, which might

be caused by the shrinkage of the splats during cooling and

subsequent differential thermal contraction between the

substrate and coating. The width of the cracks was usually

less than 1 lm. At high magnification, the cracks spread

either across or along the splats.

Figures 7 and 8 showed that particles sprayed at 40 kW

melted more completely. A higher number of flattened

splats were observed in HAC 40 and SiHAC 40 than for

HAC 37 and SiHAC 37. Higher plasma gun input power

resulted in higher heat content of the plasma and provided

more ability to melt the particles. Under the same plasma

spray conditions, HA powders melted more completely.

This may be due to subtle differences in the particle size

distribution for the HA powders as compared with the

Fig. 5 FTIR spectra of HA powders, HAC 37 and HAC 40

Fig. 6 FTIR spectra of SiHA powders SiHAC 37 and SiHAC 40

Fig. 7 Morphology of a HAC 37 and b HAC 40
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SiHA powders, since small powders particles are more

prone to melting. However, it may also be as a result of

silicate groups in the SiHA crystal lattice which increased

the melting temperature of the material. Patel et al. [14]

found that the sintering temperature required for SiHA is

higher than for pure HA [24].

The cross sections of the HA and SiHA coatings are

shown in Figs.9 and 10. The thickness of the coatings was

approximately 100 lm. For all coatings, no obvious cracks

appeared at the coating/substrate interface. The cross sec-

tional SEM images confirmed that power sprayed at higher

plasma gun input power underwent a higher degree of

melting and the SiHA powders did not melt to the same

degree as HA powders under equivalent VPS conditions.

The metabolic activity of HOBs on all samples is shown

in Fig. 11. HOBs appeared to grow very well on HAC 37

and SiHAC 37, since the metabolic activity increased with

culturing time. Cell responses were also compared between

different samples at each time point. Comparing HAC 37

and HAC 40, or SiHAC 37 and SiHAC 40, cells grew

better on coatings produced at 40 kW from day 1–3, but

the differences were not sufficient to be considered sig-

nificant. From day 6, the HOB cells showed higher meta-

bolic activity on coatings produced at 37 kW, and a

significant difference was observed at days 9 and 12.

Considering the whole culturing period, HA and SiHA

coatings produced at 37 kW were more supportive to HOB

cell growth than those produced at 40 kW.

The bioactivity of HA is proposed to follow a dissolu-

tion–precipitation mechanism. After implantation, HA

dissolves, leading to the increase of the concentration of

calcium and phosphate ions in the spaces between bone and

the implant [25], and then a new apatite-like phase is

developed into this space, which incorporates the implant

Fig. 8 Morphology of a SiHAC 37 and b SiHAC 40

Fig. 9 Cross section of a HAC 37 and b HAC 40. M: mounting resin,

C: coating, S: Substrate
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and the existing bone [26]. The rate of new apatite layer

formation can be considered as a criterion for bioactivity

measurement. As described above, plasma sprayed HA and

SiHA coatings contained a small amount of amorphous

phase, impurities, such as CaO, TCP, TTCP. All of these

components are substantially more soluble than the crys-

talline HA and SiHA. In the beginning, HOBs showed a

better attachment and growth on HAC 40 and SiHAC 40,

which were more soluble due to the impurities compared

with HAC 37 and SiHAC 37 respectively. However, this

did not result in a higher metabolic activity in the following

few days. The finding may be due to the fact that HAC 40

and SiHAC 40 dissolved too rapidly to support cell growth.

It was also assumed that an alkaline pH of the culture

medium, caused by dissolution of the soluble impurities,

might have a cytotoxic effect inhibiting the proliferation of

attached cells [27]. An alkaline pH may also lead to a

cytotoxic effect inhibiting DNA and protein synthesis in

tissue culture. While the mineralization will be increased

by elevated amounts of soluble components derived from

the coatings, the side-effect of consequent pH change at the

interface on the cell growth should also be of concern [27].

Further studies are required on the relationship between pH

change and cell growth to optimize the surface crystallinity

for both cell growth and mineralization at the bone/coating

interfaces.

The improvement of bioactivity of SiHA compared with

HA can be explained by combining the following factors.

The incorporation of silicate groups into the HA lattice

leads to a tetrahedral distortion. The incorporation of sili-

cate ions creates some hydroxyl site vacancies, which

decreases the apatite structure stability and in turn increase

the reactivity. Porter et al. used HR-TEM to characterize

the defects, e.g. dislocations, grain boundaries and triple

junctions in HA and SiHA. More triple junctions and sub-

grain boundaries were found in SiHA than HA [28]. It was

reported dissolution initiated from and was particularly

prevalent at grain boundaries and triple junctions in vivo

[29]. Therefore, the increase in number of defects may be

the mechanism by which the incorporation of silicate ions

increases the solubility of HA and subsequently improves

the bioactivity. Since the bioactivity process is a surface

process between the material and the living tissue, the

chemical changes of the surfaces caused by the introduc-

tion of silicate ions may influence the bioactivity. It is

believed that the substitution of SiO4
4- for PO4

3- creates a

more electronegative surface, which facilitates HA disso-

lution. [30] Gibson et al. seeded human osteosarcoma

(HOS) cells on HA and SiHA samples. The in vitro test

showed that the metabolic activity of HOS cells on SiHA

was higher than for HA at all time points. [31] In this study,

considering HA and SiHA coatings produced under the

same VPS conditions, there was enhanced cell growth on

Fig. 10 Cross section of a SiHAC 37 and b SiHAC 40. M: mounting

resin, C: coating, S: Substrate

Fig. 11 Metabolic activity of HOBs on all samples surfaces versus

culturing time * P \ 0.05
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the SiHA coatings and thus the results appear to confirm

that silicon stimulates cell growth.

4 Conclusions

Hydroxyapatite and silicon substituted hydroxyapatite were

synthesized in the laboratory and the resulting powders

were vacuum plasma sprayed onto Ti–6Al–4V substrates.

The powders and coatings were characterized with XRD,

FTIR and SEM. An AlamarBlue assay was used to test the

HOB cells metabolic activity. The conclusions have been

drawn as follows:

• Phase pure HA and SiHA powders were produced in-

house with similar particle size morphology.

• HA and SiHA coatings were produced successfully in

terms of composition, crystallinity, microstructure and

coating/substrate bonding.

• The coatings exhibited similar levels of phase purity.

• Increasing plasma gun input power led to better melting

of the powders, but dehydroxylation and silicon loss

was increased.

• Under the same conditions, SiHA powders were not

melted as completely as HA powders.

• SiHAC 37 exhibited the highest cell growth support

among all samples throughout the culturing period.
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