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Abstract

The precipitation method was used to synthesize silicon-substituted hydroxyapatite with different Si contents of 0.4, 0.8 and 1.6 wt.% (0.4, 0.8
and 1.6Si-HA) using silicon acetate [Si(OCOCHj3)4] as a Si source. As-synthesized hydroxyapatite (HA) and Si-HA powders/bulks were heat-
treated at different temperatures of 1150, 1200 and 1250 °C for 1 h. Pure 0.4Si-HA and 1.6Si-HA were obtained after heat-treatment at all
temperatures, whilst a-TCP phase was formed in the 0.8Si-HA sample after heat-treatment at 1250 °C. SEM observation clearly showed that the
substitution of Si in HA inhibited the grain growth of Si-HA even at high heat-treatment temperatures (1200 or 1250 °C). The highest diametral
tensile strength (DTS) of 15.93 MPa was obtained in the 1.6Si-HA sample after heat-treatment at 1250 °C.
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1. Introduction

Hydroxyapatite (HA), Ca;o(PO4)s(OH), has been used as a
biomaterial in bone grafting, bone tissue engineering and drug
delivery system due to its excellent biocompatibility and ability
to form a direct chemical bond with hard tissues [1,2].
However, HA shows a low bioactive property due to its low
resorbability [3]. The bioactive behaviour of HA has been
improved by substituting certain ions in the apatite structure [3—
5]. There are various substitutions that exist in the actual human
bone mineral, and these include Na, Mg, K, Sr, Zn, Ba, Cu, Al,
Fe, F, Cl and Si [6]. Numerous research works [5,7-9] indicated
that the addition of Si in HA led to an improvement of the
bioactivity and enhancement of bone growth. Besides, Si
substituted HA is also able to continuously supply ions which
are essential for the process of bone reconstruction and
biological processes [10,11].

Si-substituted HA (Si-HA) has been synthesized using
different methods such as precipitation and mechano-chemical
methods, different Si sources and different Si contents (0—
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2 wt.%) [4,9,12]. A research work [12] reported that with Si
content substitution higher than 2 wt.%, the original structures
of HA was destabilized and secondary phases such as a-TCP
and calcium phosphate silicate were formed after heat-
treatment at 1100 °C or higher. The mechanisms of Si-HA
formation and the effect of Si on biological properties of Si-HA
has been studied in many research works [6-8,12-20].
However, the heat-treatment behaviour and the effect of Si
content on the mechanical properties of Si-HA has hardly been
explored.

The aim of this research is to investigate the effect of Si
content and heat-treatment temperature on the grain size and
mechanical properties of Si-HA. The effect of Si substitution on
the different functional groups, such as hydroxyl (OH™),
phosphate (PO43_) and silicate (SiO44_) groups of Si-HA was
also investigated.

2. Experimental procedure

A pure HA powder was prepared by adding slowly 300 ml of
1 M H3;PO, (15M, MERCK, 100573, Germany) into a 500 ml
solution of 1 M Ca(OH), (96% purity, FLUKA, 21181). The
amount of reagents was calculated in order to obtain a Ca/P
molar ratio which is equal to the stoichiometric HA value of

0272-8842/$36.00 © 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2011.06.023


http://dx.doi.org/10.1016/j.ceramint.2011.06.023
mailto:radzali@eng.usm.my
http://dx.doi.org/10.1016/j.ceramint.2011.06.023

3638 L.T. Bang et al./Ceramics International 37 (2011) 3637-3642

Table 1
Quantities of reagents used and the measured wt.% of Si of the samples.

Sample  Si (wt.%) Ca(OH), (mole) Si(OCOCHj3)4 (mole) H3;PO, (mole)
0.4Si-HA 04 0.5 0.0072 0.2928
0.8Si-HA 0.8 0.5 0.0143 0.2857
1.6Si-HA 1.6 0.5 0.0284 0.2716

10/6. In order to synthesize Si-substituted HA (Si-HA), 500 ml
of 1M H3PO, solution was dripped into a homogeneous
solution of 1 M Ca(OH), and Si(OCOCH;), (98% purity,
SIGMA-ALDRICH) based on the chemical formula
Cag(POy4)e_(S104),(OH),_, proposed by Gibson et al. [14].
The amount of reagents were calculated by assuming that one
silicate ion would substitute for one phosphate ion based on a
stoichiometric HA, Ca/(P + Si) molar ratio = 10/6.

The Si-HA powder was synthesized with three different
compositions of 0.4, 0.8 and 1.6 wt.% Si (0.4, 0.8 and 1.6Si-
HA) (Table 1). The synthesis of HA and Si-HA powders were
carried out in a water bath at 40 °C where vigorous stirring was
simultaneously applied with a rotation speed of 400 rpm. The
pH of the solution was controlled at around 9 by the addition of
an ammonia solution 29% (J.T. Baker, USA).

The resulting precipitates were aged in the mother solution
for 24 h at room temperature. The aged precipitates were
filtered, washed 3 times with distilled water in order to remove
any other residues before being dried in an oven at 90 °C for
12 h. The resultant powders were then hydraulically pressed in
adie with 13 mm diameter at 50 MPa. The compacts and the as-
synthesized powders were heat-treated using a Lenton 1500
furnace at 1150, 1200 and 1250 °C in air for 1 h.

The as-synthesized and heat-treated powders were char-
acterized using an X-ray diffractometer (XRD), D5000
Siemens. The lattice parameters (a and c¢) of HA and Si-HA
samples were calculated at the (0 0 2) and (3 0 0) Miller planes
family from the XRD patterns. Fourier transform infrared
(FTIR) spectroscopy was used to study the effect of Si
substitution on the different functional groups, such as OH™,
PO43 ~and SiO447 of HA and Si-HA using a Perkin-Elmer FT-
IR 2000, FTIR spectrometer. The morphology of the heat-
treated samples were investigated using a field emission
scanning electron microscope (FESEM), LEO Supra 55 VP.

The densities of the heat-treated HA and Si-HA samples
were measured using the Archimedes’ principle. The diametral
tensile strengths (DTS) of the heat-treated compacts were tested
at a strain rate of 0.5 mm/min. In this test, a disk sample was
placed between two platens and then vertically compressed
until it broke [21]. During loading, the applied force was
recorded and the tensile stress is calculated using Eq. (1):

2Pmax
Ft = 1
whd )

where P,,,, 1s maximum load at failure (N), 4 is the thickness of
the compact (mm), d is diameter of compact (mm) [22]. Five
samples per batch were used for the lattice parameter measure-
ments, density and DTS tests. Errors of approximately 2 and

0.05% were observed in the density/DTS test, and lattice
parameter measurements, respectively.

3. Results and discussion
3.1. XRD analysis

Fig. 1 shows the XRD patterns of the as-synthesized HA and
Si-HA powders. The XRD peaks of Si-HA show increasing
broadening and decreasing intensity with increasing Si content
(Fig. 1(b)—(d)). This is attributed to a loss of crystallinity by the
isomorphous substitution of PO,>~ by SiO,*" during synthesis
[16].

After heat treatment at 1150 to 1250 °C, pure HA, 0.4Si-HA
and 1.6Si-HA were formed, no secondary phases are detected
(Fig. 2(a), (b) and (d)). However, a new phase, a-TCP, is clearly
observed in the 0.8Si-HA sample heat-treated at 1250 °C
(Fig. 2(c)). This indicates that the decomposition of Si-HA had
occurred. The decomposition of Si-HA into a-TCP was also
observed in other research works [4,10,13,17]. In Fig. 2, only
the XRD patterns of HA and Si-HA samples heat-treated at
1250 °C are shown.

The lattice parameters of the heat-treated HA and Si-HA
samples at different temperatures are listed in Table 2. It can be
seen that the lattice parameters of Si-HA are relatively larger
than that of pure HA. This can be explained by the substitution
of PO43* by Si044* which contributed to the increase in the
lattice parameters of Si-HA [10,16,18]. As a result, the increase
in the lattice parameters of Si-HA resulted in a slight shift of the
Si-HA peaks to a lower Bragg’s angle compared to pure HA, as
shown in Fig. 3.

3.2. FTIR analysis

Fig. 4 shows the FTIR spectra of the as-synthesized HA
and Si-HA samples where a similar pattern was observed for
all these samples. All of the spectra show a weak band at
around 630 cm™" corresponding to the OH™ group [13,14].
The spectra of as-synthesized HA/Si-HA also show the
vibrational mode present for PO, group at about 920 cm ™
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Fig. 1. XRD patterns of the as-synthesized HA and Si-HA powders: (a) pure
HA, (b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-HA.
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Fig. 2. XRD patterns of HA and Si-HA powders after heat-treatment at
1250 °C: (a) pure HA, (b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-HA.

(vy), 1092-1101 cm ™! (vy), 1027-1039 cm ™! (v3) and 603—
566 cm™' (vy) [10,14,19,23].

In Fig. 4(b)-(d), with increasing Si content, the band
intensity corresponding to P—O (most noticeably at about 962—
963 cm™ ') and the OH ™ group at about 630 cm ™' decreases. In
particular, the appearance of the bands at 801.09 cm™' and
505.20 cm™', 893.15 cm ™' and 503.01 cm ™', and 891.85 cm ™'
and 75838 cm™! in the 0.4, 0.8 and 1.6Si-HA samples,
respectively, are related to SiO4* group [10,15,24]. This
suggests that phosphate site was substituted by Si in the HA
structure [7,19].

The FTIR spectra of the heat-treated powders at different
temperatures of 1150, 1200 and 1250 °C are quite similar,
where Fig. 5 (at 1250 °C) is taken as the representative spectra.
Nonetheless, these spectra show significant difference from the
as-synthesized samples. The most notable effect of Si
substitution on the FTIR spectrum of HA is the decrease in
both the PO,’~ group bands at about 1098, 1042-1047,
962 cm™ ' and a shoulder at 571-601 cm ™', and the OH™ group
bands at 631 cm™' compared to the as-synthesized samples.
This behaviour was associated with the incorporation of Si in
the HA lattice, i.e. the incorporation of SiO447 into the PO437
group and the loss of OH™ group in order to compensate for the
extra negative charge of the SiO4*~ group [12,17]. Another
research work [9] also stated that the negative charge of the
Si0,*" ions substituting PO,>~ is balanced by the creation of
hydroxide vacancies, leading to the following chemical formula
of Si-HA:

Ca10(PO4)67X(SiO4)x(OH)27X with0 < x <2 2)

Table 2
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Fig. 3. Peak shift for Si-HA samples with increasing silicon content after heat-
treatment at 1250 °C: (a) pure HA, (b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-
HA.
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Fig. 4. FTIR spectra of as-synthesized HA and Si-HA powders: (a) pure HA,
(b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-HA.

3.3. Effect of Si on the grain growth of Si-HA

The effect of Si substitution on the grain size of the heat-
treated Si-HA samples at different heat-treatment tempera-
tures was studied using SEM, where only the micrographs at
1200 °C are shown (Fig. 6). The grain size of Si-HA samples
is clearly finer than that of pure HA sample and this
decreases with increasing Si content. There had been many
reports on the effect of Si on the grain size of Si-HA. Palard
et al. [25] reported that the grain size of Si-HA decreased
markedly when Si content was less than 0.5 wt.% but
decreased slightly when higher Si contents were used. Li

Lattice parameters of HA and Si-HA samples after heat-treated at different temperatures of 1150, 1200 and 1250 °C.

Sample Heat-treatment at 1150 °C Heat-treatment at 1200 °C Heat-treatment at 1250 °C

a +0.0005 (A) ¢ £ 0.0005 (A) a +0.0005 (A) ¢ £ 0.0005 (A) a £ 0.0005 (A) ¢ £ 0.0005 (A)
Pure HA 9.4366 6.8905 9.4366 6.8810 9.4174 6.8732
0.4Si-HA 9.4316 6.8952 9.4127 6.8818 9.4177 6.8907
0.8Si-HA 9.4403 6.9036 9.4191 6.8831 9.4213 6.8956
1.6Si-HA 9.4655 6.9271 9.4168 6.8894 9.4272 6.9096
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Fig.5. FTIR spectra of HA and Si-HA powders after heat-treatment at 1250 °C:
(a) pure HA, (b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-HA.

et al. [26] also reported that the effect of Si on the grain size
of Si-HA was also more significant when SiO,4 content used
was less than 2 wt.%. They pointed out that the grain size
decreased less when Si content reached a certain value due to
the formation of secondary phases such as a-TCP [25,26]. In
general, these research works [25,26] agreed that the grain
size of Si-HA decreases with increasing Si content, and
Gibson et al. [13] suggested that a higher value of activation
energy (183-205 kJ/mol) was required for the grain growth
of Si-HA compared to stoichiometric HA (141 kJ/mol). This
indicates that Si effectively impedes the grains from
coarsening during the heat-treatment.
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Fig. 7. Density of HA and Si-HA samples heat-treated at 1150, 1200 and
1250 °C.

3.4. Evaluation of mechanical properties

Fig. 7 shows the bulk density of HA and Si-HA samples as
a function of the heat-treatment temperatures. The density of
pure HA and 0.4Si-HA are similar and slightly increases with
increasing heat-treatment temperatures. By comparison, the
density of 0.8Si-HA and 1.6Si-HA increases much more with
heat-treatment temperature. At the same heat-treatment
temperature, the density of Si-HA is lower than that of
pure HA and decrease with increasing Si content. This is due
to the fact that the unit cell parameters of Si-HA was
increased with increasing Si substitution [12,15]. However,
at 1200 and 1250 °C, the density of 1.6Si-HA is higher than
that of 0.8Si-HA. This is possibly due to the formation of a
small amount of a-TCP phase in the 0.8Si-HA. At high
temperatures, the effect of Si on the density of Si-HA

Fig. 6. SEM micrographs of HA and Si-HA compacts heat-treated at 1200 °C: (a) pure HA, (b) 0.4Si-HA, (c) 0.8Si-HA and (d) 1.6Si-HA.
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Fig. 8. DTS of HA and Si-HA samples heat-treated at different temperatures of
1150, 1200 and 1250 °C.

samples is less significant and the density of Si-HA samples
is close to that of HA sample.

The mechanical strengths of HA and Si-HA were also
investigated, namely, the diametral tensile strength (DTS). The
relationship between DTS and the heat-treatment temperature
is shown in Fig. 8. The DTS of pure HA and 0.4Si-HA samples
slightly increases with increasing heat-treatment temperature
due to the weak effect of Si on grain growth. In contrast, DTS of
0.8 and 1.6Si-HA samples sharply increases with increasing
heat-treatment temperature. The DTS of Si-HA increases with
increasing Si contents. It can be explained by the strong effect
of Si on the inhibition of grain growth [15]. At 1250 °C, the
DTS of 1.6Si-HA is much higher than that of HA and other Si-
HAs even though its density is lower. This indicates that the
effect of Si on grain size, and consequently on strength, is much
more significant than density at high heat-treatment tempera-
tures. The highest DTS value of 15.93 MPa was obtained in
1.6Si-HA sample after heat-treatment at 1250 °C whilst the
tensile strength of cencellous bone reported was 10-20 MPa
[27]. Thus, the mechanical strength of 1.6Si-HA sample
produced in this research work can match the requirement for
bone applications.

4. Conclusions

Pure Si-substituted HA with different Si contents of 0.4, 0.8
and 1.6 wt.% was successfully synthesized by the precipitation
method. The presence of Si in the HA lattice induced a slight
increase in lattice parameters and reduced the grain growth of
Si-HA.

The formation of a-TCP phase in 0.8Si-HA sample (clearly
at 1250 °C) caused a decrease in density. Si significantly affects
the density and diametral tensile strength of Si-HA. The grain
size of Si-HA decreases with increasing Si content. The Si
content strongly affects the DTS of Si-HA at high temperatures.
The DTS increases with increasing heat-treatment temperature
and the highest value of 15.93 MPa was obtained in 1.6Si-HA
sample after heat-treatment at 1250 °C. The tensile strength of
1.6Si-HA sample are within the requirement for bone
application.
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