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Abstract : The effect of grain size on the sintered properties of commercially available hydroxyapatite
(HA) was investigated. HA disc samples were prepared by uniaxial pressing at 30 MPa and followed
by cold isostatic pressing the powder at 200 MPa. In order to fulfill the objectives of the present work,
the samples were subsequently sintered in air at various temperatures ranging from 1200°C to 1450°C
in order to vary the grain sizes of the ceramic. Characterisation was carried out where appropriate to
determine the phases present, bulk density, Vickers microhardness and grain sizes. SEM analysis of
the sintered microstructure revealed an exponential increase in grain size with increasing sintering
temperature. It was found that the hardness and relative density of the material decreased as the grain
size exceeded a certain lower and upper limit respectively.

Abstrak :Kajian saiz butir pada sifat HA komersial yang telah disinter diselidik. Sample ceper HA
telah disediakan dengan menggunakan penekanan uniaksial pada 30 MPa dan ini dikuti dengan
penekanan sejuk isostatik pada 200 MPa. Dalam memenuhi objektif kajian ini, sample telah disinter
dalam udara pada pelbagai suhu yang menjulat dari 1200°C hingga 1450°C untuk mempelbagaikan
saiz butir seramik. Penyifatan telah dijalankan dimana bersesuaian, untuk menentukan phasa yang
timbul, kepadatan pukal, mikrokekerasan Vickers dan saiz butir. Analisa SEM mikrostruktur yang
disinter mendedahkan bahawa terdapat pertambahan eksponen dalam saiz butir apabila suhu sinter
dinaikkan. Kajian ini menunjukkan bahawa kekerasan dan kepadatan relatif bahan semakin berkurang

apabila saiz butir melebihi had tinggi dan rendah masing-masing.

Introduction

Bone is a composite material made up of 60 to
70% inorganic mineral crystals and 30 to 40%
organic matrix consisting mostly of collagen protein
fibers. The major mineral constituent of bone is
hydroxylapatite (HA) or Cayy (PO,)s (OH),, in the
form of tiny elongated crystals [1, 2]. These crystals
are combined with the collagen fiber organic matrix
of bone in a highly organized fashion and stiffen the
bone structure analogous to the way that glass fibers
stiffen softer plastics in the synthetic composite
fiberglass.

Synthetically prepared hydroxylapatite ceramic
has the same chemical composition as this major
mineral constituent of bone. Corals create a calcium
carbonate exoskeleton resembling human bone with
an average pore size of 200 microns. The calcium
carbonate skeleton can then be converted into HA
through an exchange reaction of the carbonate for
phosphate. The resultant material has a porous
anatomy of bone with identical chemical
composition.

HA implants are rapidly invaded by fibrovascular
tissue and there is histologic evidence of direct
osseous union between implant and bone which in
turn encourages better fixation of implants [3]. In
addition, HA is osteoconductive, in that it provides a
matrix for deposition of new bone from adjacent
living bone. It has excellent maintenance of contour
and volume and HA implants do not elicit a foreign
body or inflammatory response [4, 5].
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As such, today, there is a wide use of HA as
coating material on prosthetic metallic implant [6].
HA coated implants allow natural bone re-growth to
occur until close contact has been achieved between
natural bone and the HA coating hence results in
excellent fixation of the prosthesis [7, §8].

However, as a ceramic material, hydroxyapatite
is quite brittle; for example if the coating on the
implant surface is too thick (> 70 um), then failure of
fixation between the bone and the prosthesis may
occur through cracks which develop within the
substance of the coating [9]. In addition to the low
strength (i.e. < 120 MPa) and low fracture toughness
(ie. ~1 MPam”z) of the material, the use of HA solid
or porous implant is limited to non-load bearing
applications [10].

Efforts to improve the strength of HA have
focused on the incorporation of foreign particles into
the HA matrices to form composites that might
induce energy dissipative mechanisms such as crack
deflection, thus enhancing the mechanical properties
[11]. This has shown to yield better strength, but is
often associated with the formation of undesirable
phases in the composite due to the higher sintering
temperatures employed [12].

The present work focused on the effects of grain
size on the sintered properties of HA ceramics made
from a commercially available powder. In addition,
preliminary investigation was carried out to study the
decomposition of HA and subsequent effects on the
relative density and hardness.
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Methods and Materials

The starting HA was a commercially available
powder (Merck 2196, Germany) having a Ca to P
weight ratio of 2.14 or a molar ratio of 1.67 = 0.02.
The morphology of the starting powder was
examined using a Philips XL40 scanning electron
microscope (SEM). The particle size distribution of
the powder was obtained using a Coulter Laser
Particle Size Analyser with a sensitivity of 0.4 pm.
Prior to this measurement, the powder was mixed in
distilled water and treated in an ultrasonic bath for
10-15 minutes in order to break any agglomerates.
The as received HA powder was uniaxial pressed at
40 MPa into pellets using a 20 mm cylindrical die
and subsequently cold isostatically pressed (CIP) at
200 MPa. As expected, the CIP green pellets
exhibited a linear shrinkage of 10%. The pellets were
then sintered in air at various temperatures ranging
from 1200°C to 1450°C at a furnace ramp rate of
2°C/min. and soaking time of 2 hours in order to vary
the grain sizes.

Sintered pellets were ground and mirror polished
to 1 pm surface finish using diamond paste. The bulk
density of the samples was determined by
Archimedes’ method using distilled water. The
relative density was obtained by assuming the
theoretical density of hydroxyapatite as 3.156 g cm ™.

The crystalline phases present in the samples
were identified by using a Rigaku D-MAX X-ray
diffractometer with Cu-K« radiation source at a scan
speed of 0.5° per minute and a step scan of 0.02°. The
different phases were identified with reference to
standard JCPDS cards available in the system
software. In addition, microstructural evolution under
the various sintering temperatures was examined
using scanning electron microscope. Prior to SEM
analysis, the polished samples were etched with 0.5%
HF to delineate the grain boundaries. The average
grain size was determined from scanning electron
micrographs using the line intercept analysis of
Mendelson [13].

Hardness of the samples was measured using the
Vickers indentation method. The indentation load
was kept constant at 1.96 N (200 grams) and was
applied for 10 seconds. Average hardness value was
taken from at least five indents made for each sample
and the maximum error obtained was found to be <
5%.

Results and Discussion
Powder Morphology & Phase Stability

The average powder particle size was measured
to be about 11 pm with a median of about 6 pm.
SEM micrograph of the powder, as shown in Fig. 1,
shows that a wide range of particle size distribution
exists. The larger particles (~ 10-15 pum) typically
observed in Fig. 1 are soft agglomerates which breaks
easily during compaction.

The crystalline phases that were detected in the
fired samples are presented in Table I. It was found
that the HA phase was stable in samples sintered
below 1400°C. Fig. 2 (a) shows the X-ray diffraction
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Scanning electron micrograph of the
commercial HA powder exhibiting
the presence of soft agglomerates.

(XRD) pattern of a sample consisting of only the HA

phase which is in agreement with the standard
JCPDS file No. 9-432 for hydroxyapatite.
Decomposition of the HA phase was observed with
the presence of tricalcium phosphate (TCP) in
samples sintered at 1400°C as shown in Fig. 2 (b).
However, an increase in the sintering temperature
above 1400°C produced detrimental results, which
caused further decomposition of HA thus forming
tetracalcium phosphate (TTCP) and calcium oxide
(Ca0), Fig. 2 (c).

Table I. Phases present in the samples sintered
at various temperatures.

Sample Sintering Phases detected
temperature (°C) by XRD
HA-1 1200 HA
HA-2 1250 HA
HA-3 1300 HA
HA-4 1350 HA
HA-5 1400 HA, o-TCP
HA-6 1450 HA, o-TCP, B-
TCP, TTCP,
CaO

In general, the decomposition temperature (i.e.
1400°C) of HA observed in this work is considered
higher than the usual temperature (i.e. 1300°C)
reported by other workers. The difference in the
results in the present work could be, in part,
attributed to the relatively high humidity content
present in the sintering atmosphere. It is believed that
the high humidity content slows down decomposition
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Fig. 2. X-ray diffraction patterns of HA sintered for 2 hours at (a) 1250°C, (b) 1400°C and (c) 1450°C.
All the peaks in (a) correspond to the HA phase. (Key : ¢ = TTCP ; v = a-TCP ; ¢ = 3-TCP and
m = Ca0).
rate by preventing dehydration of the OH group from attributed to the low densification temperature
the HA matrix. Similar observations were also employed resulting in the presence of residue

encountered by Wang and Chaki [14].

Relative Density

The relative densities of the HA sintered at
various temperatures are shown in Fig. 3. It was
found that samples with an average grain size of ~
1.2 um (i.e. sintered at 1200°C) exhibited the lowest
relative density of 95.7% whereas the highest relative
density of 99.8% was attained in samples that have
larger average grain size of ~ 12.3 pm (i.e. sintered at
1400°C). The low bulk density of the former was

porosity located mainly at grain boundaries, as seen
during the SEM investigation [15]. As the sintering
temperature was increased beyond 1200°C, the
samples exhibited densities > 99% with remnant
porosity remaining in the structure. However, as the
grain size exceeded 12.3 um (i.e. sintering > 1400°C)
this was accompanied by a decline in the bulk density
which could have been due to the presence of various
other phases in the sample resulting from the
decomposition of HA.
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Hardness

The change in Vickers hardness with grain sizes
for samples sintered at various temperatures are
presented in Fig. 4. It was found that samples with an
average grain size of ~ 2 um (i.e. sintered at 1250°C)
exhibited the highest hardness of 6.08 = 0.28 GPa.
The low hardness obtained for samples sintered at
1200°C is in agreement with the low measured bulk
density. In contrast, as the grain sizes increases
beyond 2 pum resulting from sintering above 1250°C,
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the ceramic exhibited a gradual decrease in hardness
even though they possessed relative high density
values of more than 99% as clearly shown in Fig. 5.
The fact that the sample with the highest relative
density exhibited low hardness (Fig. 5), suggested
that a grain size effect could be responsible for the
decrease in the hardness of HA. However, further
work on this phenomenon is still in progress and will
be reported in subsequent paper.
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Fig. 4. The effect of grain size on the Vickers hardness of hydroxyapatite.
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Fig. 5. The influence of relative density on the Vickers hardness of HA.
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Microstructural Evolution

The microstructural evolution of HA sintered at
1200°C and 1400°C are shown in Fig. 6. The initial
SEM investigation revealed that when sintered at low
temperatures, the HA exhibited a uniform
microstructure and distribution of equiaxed fine
grains which indicated the high degree of
homogeneity of the starting powder. However, as the
sintering temperature was increased further, this was
accompanied by grain coalescence with occasionally
exaggerated grain growth being observed in HA
sintered > 1400°C (see Fig. 6b). The dramatic change
in the average grain size with sintering temperature is
depicted in Fig. 7. It was found that as the sintering
temperature was increased from 1200°C to 1450°C,
the average grain size increased exponentially from
1.16 pm to 25.41 pum respectively. However at this
stage, this grain growth phenomenon is still unclear.
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Conclusions

1.In the present study, the results showed that
microstructural parameters such as the grain size
have a profound effect that influence the properties
of a stoichiometric commercial HA.

2.The study revealed that HA phase was stable when
sintered below 1400°C for 2 hours. However,
sintering = 1400°C resulted in the decomposition of
HA to form TCP, TTCP and CaO.

3.The average HA grain size was found to increase
exponentially with increasing sintering
temperature. This in turn was found to have a
positive and negative effect on the density of the
material. It was found that as the grain size started
to increase above a certain upper grain size limit,
e.g. 123 um, the relative density started to
decrease below 99%.

Fig. 6. SEM micrographs of HA showing an equiaxed-grained structure when sintered at (a) 1200°C and
(b) 1400°C. Exaggerated grain growth is evident in (b).
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Fig. 7. The effect of sintering temperature on the average grain size of HA.
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4.0n the other hand, the hardness started to decrease
above a certain lower grain size limit, e.g. ~ 2 pm.
In addition, it was also revealed that the hardness
of the material was not solely dependent on the
relative density.
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