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Abstract

In the present work, the sintering behaviour of HA particles prepared via the wet precipitation method (HAp) and wet

mechanochemical technique (HAwm) was investigated. The sintering behaviour of a commercial HA powder (HAc) was also studied

for comparison purpose. All the three powders were characterised in terms of particle size, Ca/P ratio and crystal size. Green samples

were prepared and sintered in air at temperatures ranging from 1000 1C to 1400 1C. The sintered bodies were studied in terms of the

phase stability, relative density, Young’s modulus, Vickers hardness, fracture toughness and grain size. The results indicated that HAwm

samples suffered phase decomposition while the HAp and HAc sintered samples showed no phase disruption throughout the

temperature range employed. The HAp samples exhibited the overall best densification and properties when compared to the HAc and

HAwm samples. Furthermore, the results showed that mechanical properties of sintered samples were governed by both the bulk density

and the grain size.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: C. Mechanical properties; Hydroxyapatite; Sinterability; Synthesis
1. Introduction

The bones in human body are known to possess
a unique ability to regenerate and remodel without leaving
a scar [1]. Apart from that, it also provides mechanical
stability needed for support, locomotion and protection of
vital organs [2,3]. Even though bones have unique abilities,
it is known to be susceptible to fracture and degenerative
diseases [4]. When bones are lost and required restoration,
it can be done through transplantation or implantation [5].
The transplantation method involves the harvesting of
bone tissues from a donor which would be transplanted
into the host site [6]. However, the use of this method is
complicated due to considerations such as cost, defect’s
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size, availability of grafts, potentially damaging of donor
tissues including the tendency of viral and bacterial
infections [7,8]. On the other hand, the implantation
method involved the use of synthetic materials that are
easily available, reproducible and reliable [5,9].
Amongst the synthetic materials considered for biome-

dical applications, hydroxyapatite (HA) bioceramic having
a chemical formula of Ca10(PO4)6(OH)2 correlates well
with the mineral component of human hard tissues [10].
Moreover, HA exhibits excellent stability in aqueous
medium with pH above 4.3, well within the range of blood
which has a pH of about 7.3 [4,11]. Furthermore, due to
the similarity in chemical structure to human hard tissues,
HA tends to exhibit properties such as bioactivity and
biocompatibility [12,13]. However, researchers found that
to use HA effectively in medical applications, the powders
must have a well-defined particle morphology [14,15].
rved.
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Fig. 1. As-received XRD patterns of HA powders (a) HAwm, (b) HAp

and (c) HAc.
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Therefore, researchers studied and developed various
synthesis method such as wet chemical method [16,17],
mechanochemical method [18], sol–gel method [19,20] and
the hydrothermal method [21–23].

Besides the powder processing methods, the other most
important controlling parameter that has a profound effect
on the properties of hydroxyapatite is the powder con-
solidation/sintering method. The most commonly used
method of powder consolidation is the conventional
pressureless sintering method. This technique often
requires long sintering schedule, typically above 18 h which
could result in grain coarsening. A more rapid, yet effective
technique would be the microwave sintering which has
been reported to produce a dense sintered HA body that
possessed fine microstructure coupled with improved
mechanical properties [23–28].

The primary objective of this research is to study the
sinterability of HA powders prepared through wet chemical
method and wet mechanochemical method. In addition, the
sintering behaviour of a commercial HA powder was also
studied for comparison purpose.

2. Methods and materials

In the present work, one batch of HA powder was
prepared through a wet chemical method comprising
precipitation from aqueous medium by addition of ortho-
phosphoric acid to calcium hydroxide solution, with the
pH maintained above 10 [29]. Once the titration process
completed, the suspension was allowed to age overnight.
Then, the precipitate was filtered, washed, dried and
ground to a fine powder hereafter known as ‘‘HAp’’.
Another batch of HA powder, hereafter known as
‘‘HAwm’’, was prepared according to the wet mechan-
ochemical method proposed by Rhee [30]. The starting
precursors used were commercially available calcium pyr-
ophosphate, Ca2P2O7 (99.9% purity, Aldrich) and calcium
carbonate, CaCO3 (99% purity, Aldrich). In order to
evaluate the sinterability and performance of the synthe-
sised HA, a commercial HA powder manufactured by
Merck, Germany was also studied, hereafter known as
‘‘HAc’’. Disc and bar samples were prepared through
uniaxial pressing at 1.3–2.5 MPa followed by cold isostatic
pressing at 200 MPa (Reiken Seiki, Japan). The resulting
green samples were consolidated by pressureless sintering
in air over the temperature range of 1000 1C–1400 1C,
using a ramp rate of 2 1C/min (heating and cooling) and
soaking time of 2 h for each firing. All sintered samples
were polished to a 1 mm finish prior to testing.

The Ca/P ratio of the powders was analysed through the
Inductively Coupled Plasma-Atomic Emission Spectrome-
try (ICP-AES) technique while the powder particle size was
obtained using a standard Micromeriticss SediGraph
5100 X-ray particle analyser. Phase analysis of the synthe-
sised powders and sintered samples were done by using
X-ray diffraction (XRD) (Rigaku Geiger-Flex, Japan)
under ambient conditions using Cu-Ka as the radiation
source at a scan speed of 31/min and a step scan of 0.021.
The peaks obtained were compared to standard reference
JCPDS files. The phase stability of the HA powders was
further confirmed through the use of Fourier transfer
infrared (FTIR—Brukers IFS-66-VS) testing. The bulk
densities of the samples were measured by Archimedes’
method, using distilled water as the immersion media and
the relative density was calculated by taking the theoretical
density of HA as 3.156 gcm�3. The Young’s modulus (E)
was determined by sonic resonance method for rectangular
samples using a commercial testing instrument (Grindo-
Sonic: MK5 ‘‘Industrial’’, Belgium) [31].
Both the hardness (HV) and fracture toughness (KIc)

values were obtained from the Vickers microhardness test
(Matsuzawa, Japan) [32]. The applied load used for each
indentation was set at 50 g with a dwell time of 10 s. Three
indentations were made for each sample and the average
value was taken. Apart from that, the morphology of the
powder and the microstructure development of the sin-
tered samples were examined through scanning electron
microscope (SEM, Philips XL130). The grain size of
sintered HA was determined from the SEM micrographs
using the line intercept method [33].

3. Results and discussion

The XRD profiles of HA powders shown in Fig. 1
revealed that there was no phase decomposition of HA
into secondary phases such as a-TCP, b-TCP, TTCP or
CaO. However, there is a significant difference in terms of
the degree of crystallinity between the HAp, HAwm and
HAc powders as observed from the peak broadening. The
HAp and HAc powders exhibited broader peaks (Fig. 1b
and c) which signify that the powders have low crystal-
linity. This is very typical of a HA powder prepared via the
wet chemical route [34,35].
In contrast, the XRD peak of HAwm powder revealed

significantly different characteristics of sharper and narrow
diffraction peaks which indicate that the material is highly



Table 1

Properties of HA starting powder.

(HAp) (HAwm) (HAc)

Crystallite size (nm) 108 41000 151

Degree of crystallinity (%) 27 91 30

Specific surface area (m2/g) 60.74 2.68 60.16

Calcium (%w/w) 38.90 38.48 37.00

Phosphorus (%w/w) 23.20 23.03 22.00

Ca/P ratio 1.6770.01 1.6770.01 1.6770.02
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crystalline. This can be associated with the heat treatment
process employed as part of the mechanochemical treat-
ment [36,37]. Nonetheless, the XRD signatures of all three
powders conform to the stoichiometric HA profile as
depicted in Fig. 1.

The FTIR analysis of all three HA powders is given in
Fig. 2. The results showed that all the HA powders
exhibited FTIR spectrum that corresponded to stoichio-
metric HA. Moreover, it was observed that all the
HA powders spectrum revealed bands belonging to
PO4

3� group at 470 cm�1, 560–610 cm�1, 960 cm�1 and
1000–1100 cm�1 [38–40] including the characteristics bands
due to apatitic OH� in the HA matrix at 3570 cm�1

(stretching) and 630 cm�1 (liberation/bending) [8,41,42].
However, the spectrum for HAp also exhibited promi-

nent broad peaks around 3400 cm�1 (stretching) and
1650 cm�1 (bending). These peaks are assigned to chemi-
cally absorbed H2O and corresponds to the characteristic
of HA prepared by an aqueous precipitation route [43,44].
A similar observation was made for the FTIR spectrum of
the commercial HAc powder and this is in agreement with
the work of other researchers [45,46].

On the contrary, the FTIR spectrum of HAwm synthesised
through mechanochemical process showed that the peaks
around 3400 cm�1 (stretching) and 1650 cm�1 (bending) were
not present. However, the characteristics bands due to apatitic
OH� in the HAmatrix were present at 3570 cm�1 (stretching)
and 630 cm�1 (libration) despite undergoing the heat treat-
ment at 1100 1C. It is believed that the basic apatitic structure
of HAwm powder was not affected by the heat treatment
except that the chemically absorbed water during powder
processing disappeared after the heat treatment at 1100 1C.
Similar FTIR observations were reported in the literatures for
heat-treated HA powders [42–44].

The chemical analysis of all the HA powder yielded results
as shown in Table 1. The results showed that all three HA
powders have a Ca/P ratio within the stoichiometric range of
1.67. This is important because deviation from stoichiometric
value would affect the HA phase stability, reactivity,
Broad peaks around 3400 cm-1 (stretching)
and 1650 cm-1 (bending), assigned to

chemically absorbed H2O

Fig. 2. FTIR spectrums of the HA powders.
degradability, densification and mechanical properties of the
sintered body [47–51].
The estimation of crystal size from peak broadening was

based on Scherrer’s formula [46,52–54] for the HA pow-
ders studied taken at the (2 1 1) peak as shown in Table 1.
The results showed that the HAp powder has crystals size
smaller than the HAc crystals and lies within the nano-
metre range. In contrast, the HAwm powder prepared
through wet mechanochemical method has very large
crystals size in the submicron range due to the heat
treatment of the powder. Additionally, it has been reported
that small crystals’ size are favourable due to the ability of
exhibiting much higher bioactivity when compared to
coarse crystals. Moreover, the finer crystals also provided
larger interfaces for osseointegration [8,17,22,55–58].
The SEM images of HA powders were in agreement

with the crystallite size estimations. As shown in Fig. 3, the
synthesised HAp consists of a mixture of fine powders
having particles ranging from 1–3 mm in diameter. On the
other hand, the particle size of the wet mechanochemical
method powder was in the range of 2–5 mm in diameters,
though the powder consisted of hard agglomerates as
shown in Fig. 3c. This observation is in agreement with
that reported by Kumta et al. [59] for heat treated HA
powders. The commercial HAc powder was observed to
consist of larger particles, up to 10 mm, as typically shown
in Fig. 3b.
The XRD traces of the HAp and HAc samples exhibited

phase that corresponds to stoichiometric HA with no
secondary phases being detected as shown in Figs. 4 and 5.
As for the HAwm sintered samples, the XRD traces
showed that decomposition into TTCP occurred when
sintering was carried out above 1250 1C as shown in
Fig. 6. The emergence of tetra-calcium phosphate (TTCP)
was probably due to the effect of calcination carried out on
the HAwm powder which could have caused the dehy-
droxylation of HA to complete during sintering [55,60,61].
Some researchers have reported that decomposition into
secondary phases proceeded above 1350 1C [45] while some
reported that decomposition occurred when sintered at
1200 1C [55,62].
The effect of sintering on the bulk density of HA is

shown in Fig. 7. The results indicated that the HAp
samples exhibited better densification for temperature of
1000 1C–1400 1C when compared to that exhibited by the
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Fig. 3. SEM micrographs of (a) Hap powder revealing the presences of

loosely packed particles, (b) HAwm revealing, neck formation between

particles, and presences of hard particles and (c) HAc powder revealing

larger and more compacted agglomerates.

1500

In
te

ns
ity

 (C
ou

nt
s)

74-0565-Hydroxyapatite -Ca10(PO4)6(OH)2

26 28 30 38 44
2-Theta (º)

(c)

(b)

(a)

32 34 36 4240

1000

500

0

Fig. 4. XRD traces of HAp sintered samples (a) 1000 1C, (b) 1200 1C

and (c) 1400 1C.

1000

In
te

ns
ity

 (C
ou

nt
s)

74-0565-Hydroxyapatite - Ca10(PO4)6(OH)2

20 25
2-Theta (º)

(c)

(b)

(a)

30 35 4540

750

500

0

250

Fig. 5. The XRD traces of HAc samples sintered at (a) 1000 1C,

(b) 1200 1C and (c) 400 1C.

750

In
te

ns
ity

 (C
ou

nt
s)

74-0565 - Hydroxyapatite - Ca10(PO4)6(OH)2

20 25
2-Theta (º)

(e)

(c)

(a)

30 35 4540

500

250

0

(b)

(d)

(f)

25-1137- Calcium Oxide Phosphate -Ca4O(PO4)2

Signs of peaks that 
correspond to TTCP

Fig. 6. The XRD traces of synthesised HAwm sintered at (a) 1000 1C,

(b) 1200 1C, (c) 1250 1C, (d) 1300 1C, (e) 1350 1C and (f) 1400 1C.

S. Ramesh et al. / Ceramics International 39 (2013) 111–119114
HAc and HAwm samples for the same temperature range.
Moreover, it can be observed that the onset of sintering for
HAp is between 900 and 1000 1C i.e. 200 1C lower than for
both the HAc and HAwm which occurred between 1100
and 1200 1C.

The HAp samples had a relative density of �93% at
1000 1C and attained a final density of �98% when
sintered above 1050 1C. At a similar temperature of
1000 1C, the HAc and HAwm samples attained only
�67% and �65% of theoretical density, respectively.
Moreover, for the HAc to achieve final densification of
�98% of theoretical density requires the samples to be
sintered at 1250 1C. This was in agreement with the
findings of Georgiou et al. [63] for commercially available
powder. In contrast, the HAwm samples exhibited �95%
density when sintered at 1350 1C and achieved a maximum
of �96% relative density when sintered at 1400 1C.
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The HAp sample showed better densification than either
HAc or HAwm probably due to the finer particle size
which in turn increases the heat transfer area of the
particles during sintering [62,64–66]. On the contrary, the
HAwm comprising of hard agglomerates as seen in Fig. 3c
could have led to a lower packing density in the green state
and resulting in poor densification [67,68].

The effects of sintering temperature on Young’s mod-
ulus (E) of the HA is shown in Fig. 8. Both Young’s
modulus of HAc and HAwm samples was found to
increase with increasing temperature. It was observed that
at sintering temperature of 1000 1C, Young’s modulus
attained by the HAc and HAwm samples was about
50 GPa and 20 GPa, respectively. As the sintering tem-
perature was increased, the E of both HAc and HAwm
samples increased almost linearly, achieving �100 GPa at
1200 1C and 1250 1C, respectively. Young’s modulus of
HAc samples peaked at 116 GPa when sintered at 1300 1C
while the HAwm samples peaked at �108 GPa when
sintered at 1350 1C. On the contrary, HAp samples
attained a high E value of �110 GPa when sintered at
low temperature of 1000 1C and did not change very much
with further increase in temperature. In addition, attempts
to correlate Young’s modulus and bulk density revealed a
linear trend existed between both properties as shown in
Fig. 9. This observation is in agreement with the work of He
et al. [9] who reported that Young’s modulus of HA is
controlled by the pore volume fraction in the sintered body.
The SEM images of samples fired at 1200 1C showed that

commercial HAc and mechanochemical HAwm have high
amount of pores, see Fig. 10. In contrast, the HAp samples
(Fig. 10b) showed a dense microstructure. In addition, a
uniform grain size was observed for the HAc and HAwm
samples sintered at 1200 1C and this is in agreement with that
reported by Muralithran and Ramesh [45]. On the other hand,
the HAp samples exhibited a bimodal distribution of grains,
with the presences of some individual large grains, ranging
between 1 and 3 mm in diameter as shown in Fig. 10b. This
was more pronounce for samples sintered at 1350 1C with
some grains grew up to 10–12 mm (Fig. 10e). The average
grain variation with sintering temperature is shown in Fig. 11.
All three HA samples exhibited increasing grain size trend with
increasing sintering temperature with the HAp samples exhib-
ited a higher rate of grain growth. This trend of grain size
increased with sintering temperature was also found for HA
sintered using rapid sintering method such as in microwave.
For instance, Fang et al. [26] found that the grain size of the
microwave sintered HA increased with sintering temperature
and holding time but at a much slower rate when compared to
that sintered via the conventional sintering method. Typically
for the same sintering temperature of 1300 1C, the grain size of
both microwave and conventionally sintered samples increased
substantially, but was at a much slower rate in the microwave
sintered HA i.e. the grain size of the microwave sintered
sample increased from 2.06 mm (5 min holding time) to
3.30 mm (20 min holding time) whereas the conventional
sintered sample exhibited a grain size of 6.52 mm. Similar
grain size trend was also reported by other researchers [28,42].
In addition, Fang et al. [26] found that the occurrence of
abnormal grain growth was more pronounced in the con-
ventionally sintered samples and this is in good agreement
with the microstructural observation in the present HA.
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The effect of sintering temperature on the Vickers
hardness of HA is shown in Fig. 12. It was observed that
the sintered HAp samples exhibited superior hardness
when compared to HAc and HAwm sintered samples.
Furthermore, the HAp samples were generally seen to
attain hardness of �5 GPa across the sintering range with
a maximum of �7.01 GPa achieved when sintered at
1100 1C. On the other hand, the HAc and HAwm samples
exhibited an increasing hardness trend with increase
temperature, i.e. the hardness was about 1 GPa and
0.51 GPa at 1000 1C and increased to a maximum of
about 5.36 GPa and 4.57 GPa at 1300 1C, respectively.
The hardness values were found to decrease when sintered
above 1300 1C for both the HAc and HAwm samples as
shown in Fig. 12 due to grain coarsening. This result is not
in agreement with the findings of Curran et al. [69] who
reported that the hardness of their microwave sintered HA
increased with increasing grain size. In addition, these
authors found that the hardness of both conventional
sintered and microwave sintered samples was dependent
on the on the level of open (surface) porosity. These
differences in hardness result obtained between the present
work with that reported in the literatures could be
associated to the different powder characteristics resulting
from different synthesis method employed to prepare the
hydroxyapatite powder.
In agreement with the hardness trend, the fracture

toughness, KIc of HAp sintered samples was observed to
attain superior value throughout the sintering range when
compared to both HAc and HAwm samples as shown in
Fig. 13. The HAp samples attained an average KIc of about
0.7 MPam1/2 across the sintering range with maximum of
0.9 MPam1/2 achieved at 1050 1C. On the other hand, the
value of KIc for HAc and HAwm samples were only
measurable starting from temperature of 1100 1C and
1200 1C, respectively. The commercial HAc sintered sam-
ples showed an increasing trend of fracture toughness from
0.35 MPam1/2 at 1100 1C and reached a maximum of
0.76 MPam1/2 at 1300 1C before decreasing with further
increase in the sintering temperature. Similarly, the KIc of
HAwm increases with sintering temperature from
0.53 MPam1/2 at 1200 1C and peaked at �0.7 MPam1/2

for sintering temperature of 1300 1C before decreasing
with further sintering.
The decreased in KIc observed by all the HA samples

after reaching a maximum value could be associated with
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grain growth [70–75]. For instance, Bose et al. [42]
reported a high fracture toughness of 1.970.2 MPam1/2

which was obtained for microwave sintered sample having
a grain size of 168786 nm when compared to
1.270.2 MPam1/2 for 1.1670.17 mm grain size. The pre-
sent study found that the fracture toughness of HA was
dependent on the bulk density as depicted in Fig. 14. The
results showed that the fracture toughness increased with
increasing relative density up to 95% for HAwm samples,
97.5% for HAp samples and 98% for HAc samples before
decreasing with further increase in relative density. This
decrease in the fracture toughness as observed for the three
set of samples could be associated with HA grain coarsen-
ing. This can be seen from Fig. 15 which revealed that the
HA grain continue to grow with little or no further
increase in the relative density. These results suggested
that at low temperatures below 1250 1C, the fracture
toughness is governed by bulk density. However, when
the grain size increased to beyond a certain limit, i.e.
about 6 mm for HAwm, about 6.5 mm for HAc and about
8.8 mm for HAp, the toughness would decrease even
though the bulk density remained above 95% of the
theoretical value.
4. Conclusions

The present work reports on the sintering behaviour of HA
powder produced by two different routes. It was found that
HA powder synthesised through the wet mechanochemical
method tend to produce powders that consisted of hard
agglomerates while the wet chemical method powder consisted
of soft agglomerates comprising of loosely packed particles.
It was shown that the HAp compacts exhibited superior
sinterability properties especially at low sintering temperature
between 1000 1C and 1200 1C. In comparison, HAc and
HAwm powders required sintering to be carried out at
1200 1C and above to achieve similar results. The sintered
HAp and HAc samples were found to exhibit XRD signatures
that correspond to stoichiometric HA. In contrast, the HAwm
sintered samples showed traces of TTCP in the structure when
sintering was carried out at 1300 1C and above.
In terms of mechanical properties, the HAp samples

exhibited matrix stiffness of above �100 GPa while the
HAc and HAwm samples only managed to produce similar
result at 1200 1C and 1250 1C, respectively. It was also
revealed that Young’s modulus of HA varied linearly with
bulk density. The synthesised HAp samples were also
found to have superior hardness and fracture toughness
in comparison to the commercial HAc and wet mechan-
ochemically synthesised HAwm samples. The study also
found that the fracture toughness could be related to both,
relative density and grain growth of the sintered samples.
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