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ABSTRACT

The effect of thermal treatment of the hydroxyapatite powders on the micropore structure of porous biphasic calcium
phosphate (BCP) granules was examined. The porous BCP granules could be attained through mixing and sinter-
ing/fracturing thermally treated 60 wt% hydroxyapatite powders and calcined 40 wt% f-tricalcium phosphate powders.
The observed Scanning electron microscopy (SEM) morphologies showed that the density of micropores (0.1 - 2.0 pm)
including interconnected micropores of the porous BCP granules mixed with hydroxyapatite powders thermally treated
at 900°C was significantly improved and the composite particles of porous BCP granules were homogeneously mixed
and distributed. This result indicates that the particles of hydroxyapatite powders that have a tendency to agglomerate at
a room temperature were well isolated and dispersed through thermal treatment processing before mixing with calcined
[-tricalcium phosphate powders. The microstructural characterizations such as phase purity and composition of porous
BCP granules were performed and verified by X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR) analysis.
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1. Introduction

The application of calcium phosphate ceramics has be-
come relatively to far and wide in the biomedical materi-
als field, due to their biocompatibility with human hard
tissue [1-5]. Of theses, the porous biphasic calcium phos-
phate ceramics (BCP) generally comprise the intimate
mix of non-resorbable hydroxyapatite (HA: Ca;o(PO4)s
(OH),) and resorbable pf-tricalcium phosphate (5-TCP:
S-Caz(POy),) [6,7]. They are particularly suitable materi-
als for synthetic bone substitute applications. The porous
BCP offers a great potential for bone reconstruction via
osteoconductivity (and in some special cases, osteoinduc-
tivity [8]) since it has the chemical composition close to
biologic bone apatites. The multifactors such as chemical
composition, resorption and dissolution rates, pore struc-
ture have an effect on the bone formation in bioceramic.
The presence of a macroporous structure (>100 um) fa-
vors cell ingrowth while the microporosity (<10 pum) al-
lows the penetration of body fluids into the implant [9].
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Thus, the microporosity can be a strategy to manipulate
resorption and dissolution rate: the greater the micropo-
rosity, the greater the degradation rate [10-14]. Specially,
it has also been demonstrated that a high specific surface
area, which can be achieved by increasing the number of
micropores, is essential for osteoinductivity [15-20].

Therefore, in this study, we sintered the porous BCP
composite scaffold compacted with thermally treated hy-
droxyapatite powders and calcined p-tricalcium phos-
phate powders to enhance the density of micropores. We
also investigated the effect of thermal treatment of the
hydroxyapatite powders on the pore structural and micro-
structural evolution of the porous BCP granules fractured
from sintered porous BCP scaffold by using Scanning
electron microscopy (SEM), X-ray diffraction (XRD),
and Fourier transform infrared spectroscopy (FT-IR).

2. Experimental

The BCP composite powders were obtained by mecha-
nical mixing and stirring with 60 wt% hydroxyapatite
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(from Spectrum, USA) powders and 40 wt% p-trical-
cium phosphate powders in a distilled water. The f-tri-
calcium phosphate powders were synthesized through a
chemical precipitation reaction. A Ca(NO;),-4H,0 (from
Sigma Aldrich, USA) solution was mixed and stirred
with (NH4),HPO, (from Science Lab, USA) solution to
produce calcium-deficient apatite precipitates, and then
the synthesized powders were calcined at 800°C for 12 hr
to transform from calcium-deficient apatite to f-trical-
cium phosphate. Before mixing with f-tricalcium phos-
phate powders, the hydroxyapatite powders were ther-
mally treated at 900°C for 2 hr. The obtained BCP pow-
ders were sieved, and then mechanically mixed with poly-
ethylene glycol (PEG) particulates with the size of 150 -
500 pm as a pore forming agent to form macropores. The
mixtures with 55 wt% PEG were pressed, uniaxially at
34 MPa in a hardened steel die. The green disks with the
diameter of 25 mm and the thickness of 5 mm were heat-
treated at 600°C for 1 hr to remove an organic substances,
and then they were sintered at 950°C for 1 hr, and then
furnace-cooled to a room temperature. The porous BCP
scaffold was fractured into the granule size range of 500
- 1000 pm in a mortar and pestle.

The morphology and phase constitution of porous BCP
composite granules were observed by Scanning electron
microscopy (SEM, JSM-5600, Jeol), X-ray diffraction
(XRD, D/MAX-2200/PC, Rigaku), and Fourier transform
infrared spectroscopy (FT-IR, NICOLET, iS5, Thermo
Scientific).

3. Results and Discussion

The pore structure and microstructure of both powders as
a starting material before mixing and sintering with
thermal treated hydroxyapatite powders and calcined -
tricalcium phosphate powders to synthesis porous bi-
phasic calcium phosphate (BCP) granules were investi-
gated. Thus, the SEM morphology of the hydroxyapatite
powders non-thermal treated (Figure 1(a)), the hydroxy-
apatite powders thermal treated at 900°C (Figure 1(b)),
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and the f-tricalcium phosphate powders calcined at 800°C
(Figure 1(c)) was observed, as shown in Figure 1. The
particles of thermal treated hydroxyapatite powders in
Figure 1(b) were well separated between particle and
particle and their size was uniformly distributed to about
200 nm, resulting in the significant increase of the num-
ber of micropores, comparing to those of non-thermal
treated hydroxyapatite powders in Figure 1(a). This re-
sult indicates that the micropore density and surface area
of hydroxyapatite powders were significantly enhanced
through isolating agglomerated particles through thermal
activation processing at a high temperature. The f-trical-
cium phosphate powders in Figure 1(c) also showed good
particle isolation, uniform particle size (~450 nm) distri-
bution, and micropore density improvement due to the
effect of calcination that is the thermal processing for
phase transformation.

Figure 2 shows the X-ray diffraction pattern for the
hydroxyapatite powders thermal treated at 900°C. The
three dominant peaks such as (211) (26 = 31.8%), (112)
(26 = 32.2°), and (300) (20 = 32.9°) are hydroxyapatite,
which are verified by comparing data obtained with the
PDF (Powder Diffraction File) pattern 09-0432. Also, as
expected, the hydroxyapatite powders with a high cry-
stallinity degree (>97%) were obtained through thermal
treating. The fraction of the crystalline phase (Xc) of hy-
droxyapatite powders was evaluated by following equa-
tion [21]:

I300 - Vllz/aoo

Xc =100- , [%]

300

where I3g is the intensity of (300) diffraction peak and
V112300 18 the intensity of hollow between (112) and (300)
diffraction peaks of hydroxyapatite.

The hydroxyapatite powders were mixed and sintered
with calcined f-tricalcium phosphate powders to prepare
porous BCP composite granules. The BCP granules were
obtained through fracturing sintered porous BCP scaffold.

Figure 1. The SEM morphology of (a) the hydroxyapatite powders non-thermal treated, (b) the hydroxyapatite powders
thermal treated at 900°C for 2 hr, and (c) the g-tricalcium phosphate powder s calcined at 800°C for 12 hr.
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In order to investigate a thermal treatment effect of the
hydroxyapatite powders on the pore structure and micro-
structure of synthesized porous BCP granules, the SEM
morphology of the porous BCP granules mixed and sin-
tered with non-thermal treated (Figure 3(a)) and thermal
treated (Figures 3(b) and (C)) hydroxyapatite powders
was observed, as shown in Figure 3. The composite par-
ticles of porous BCP granules in Figure 3(c) were ho-
mogeneously mixed and distributed with hydroxyapatite
particles and f-tricalcium phosphate particles, resulting
in the large surface area due to a high micropore density.
It is considered that this is because the particles of hy-
droxyapatite powders were uniformly dispersed through
treating thermally at a high temperature. On the other
hand, the f-tricalcium phosphate particles were embed-
ded in the matrix that is consist of agglomerated hydro-
xyapatite particles in porous BCP granules (Figure 3(a)).
This result indicates that the particle structure of porous
BCP granules results in obstructing the formation of the
micropores associated with the permeation of bloods and
body fluids into the implant [9] for the application of
bone void filler. As indicated in Figures 3(b) and (c), the
pore structure of porous BCP granules was composed of
micropores (100 - 500 nm) and interconnected micro-
pores (0.9 - 2.0 um), including the macropores ranged
from 150 to 300 um (Figure 3(b)) and the micropores
and macropores were fully interconnected.

Figure 4 shows the X-ray diffraction pattern of the
porous BCP granules mixed and sintered with thermal
treated hydroxyapatite powders. The diffraction widths of
all peaks were sharp, indicating a good sinterability. Also,
the porous BCP granules were highly crystalline due to
the effect of the thermal treatment processing of hydro-
xyapatite powders before mixing and sintering with cal-
cined f-tricalcium phosphate powders. It is considered
that the thermal treated hydroxyapatite particles with a
high crystallinity played a significant role in improving
the crystallinity degree of porous BCP composite granules.
The phase percentage of hydroxyapatite and f-tricalcium

3.00um

phosphate was 60% = 5% of hydroxyapatite in hydro-
Xyapatite/S-tricalcium phosphate and it was calculated by
following equation [22]:

I,,, of HA
L,,, of HA+1,,, of -TCP

HA (%) =100-

where I,; and I, are the intensity of (211) diffraction
peak of hydroxyapatite and the intensity of (210) diffrac-
tion peak of S-tricalcium phosphate, respectively.

The FT-IR spectrum of the porous BCP granules
mixed and sintered with thermal treated hydroxyapatite
powders is shown in Figure 5. The stretching vibration
of the hydroxyl groups (OH") that is the norm for ma-
jority of porous BCP granules was observed at around
3572 and 632 cm ' and the orthophosphate (PO} ) was
also observed at 960 - 1120 cm ', 602 cm ', and 570
cm ', as indicated in Figure 5. From these results, it is
clearly shown that the porous BCP granules were com-
posed of hydroxyapatite and fS-tricalcium phosphate and
no other phases, that is, calcium oxide or a-tricalcium
phosphate, were found.
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Figure 2. The X-ray diffraction (XRD) pattern for the hy-
droxyapatite powdersthermal treated at 900°C for 2 hr.

&2
S4700 15.0kV 11.9mm x15.0k SE(U

Figure 3. The SEM morphology of the porous BCP composite granules mixed and sintered with non-thermal treated hy-
droxyapatite powders (a) and thermal treated hydroxyapatite powders (b) and (c) at 900°C for 2 hr: (b) The SEM morphol-
ogy (x70) for macropore structure; (c) The SEM mor phology (x15,000) for micropore structure.
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Figure 4. The X-ray diffraction pattern of the porous BCP
composite granules mixed and sintered with thermal treated
hydr oxyapatite powdersat 900°C for 2 hr.
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Figure 5. The FT-IR spectrum of the porous BCP composite
granules mixed and sintered with thermal treated hydro-
xyapatite powders at 900°C for 2 hr.

4. Conclusion

In conclusions, the high density micropores including the
interconnected micropores of porous BCP composite gra-
nules could be obtained through mixing and sintering the
hydroxyapatite powders thermal treated and the f-trical-
cium phosphate powders calcined. Also, the composite
particles of porous BCP granules were homogeneously
mixed and distributed with hydroxyapatite and f-trical-
cium phosphate particles, comparing to those of the po-
rous BCP granules with non-thermal treated hydroxyapa-
tite powders. That the porous BCP granules were highly
crystalline was verified by X-ray diffraction and that they
were composed of hydroxyapatite and S-tricalcium phos-
phate was confirmed by FT-IR analysis.
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