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Abstract

Biodegradable calcium phosphate composites consisting of tricalcium phosphate (a-TCP) and hydroxyapatite (HA) were prepared
using a two-step sintering method. The ratio of a-TCP/HA was controlled by modulating the sintering temperature. The initial
calcination process at 800 °C causes HA dehydroxylation and induces the early transformation of HA into o-TCP in subsequent
sintering processes. At the optimum sintering temperature of 1300 °C, the material is comprised of a moderate ratio of «-TCP to HA
(3:7) and possesses a hardness of 5.0 GPa. The high temperature phase transformation from HA to a-TCP accompanied by bonded
water loss, which results in the formation of nano-pores within the o-TCP matrix, hardly deteriorated the mechanical strength of the
composite. This pore-containing structure also provided a convincing evidence for the origin of the high degradability of o-TCP in a

biological environment.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA) is one of the most attractive
bioceramics for replacing human hard tissue and is con-
sidered a bioactive and nonbiodegradable material [1-4]
because of its closed resemblance to bones and tecth [5].
However, when HA was applied for alveolar ridge
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augmentation, its nonbiodegradability becomes a disadvan-
tage to host tissue surrounding the HA. As a result, the
biodegradable B-TCP was developed [6] and has been
applied as a bone substitute material for alveolar ridge
augmentation at implantation sites [7-10]. Nevertheless,
Yamada et al. indicated that little new bone formation
was observed inside the B-TCP blocks after 8 weeks of
implantation [11].

Another polymorphous form of TCP, o-TCP, has
similar chemical composition but different crystal structure
in comparison to B-TCP, has been demonstrated to posses
the same osteoconductivity as HA in vivo [12,13]. a-TCP
also provides an adequate environment for regenerating
new bone in vitro [14,15]. Importantly, o-TCP possesses
biodegradability in vivo [16,17]. Kihara et al. reported that
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osteogenesis showed good progress following the applica-
tion of o-TCP and that residual o-TCP particles were
degraded without decreasing the volume of the transplan-
tation region. These findings suggested the possibility of
using o-TCP as a material for block grafts for the alveolar
ridge [18]. Recently, Masahiro Yamada et al. compared
o-TCP and B-TCP for use as in bone grafts and concluded
that residual o-TCP particles could be incorporated into
the bone remodeling cycle in combination with newly
formed bone [19]. Despite the higher bioactivity of
o-TCP in comparison to B-TCP [11,20-23], it should be
considered that o-TCP dissolves more easily than B-TCP
under physiological conditions [23-26]. Since a high
degradation rate is not adequate for bone substitutes, a
balance between the degradation speed of a bone sub-
stitute and bone growth speed is crucial.

The use of biphasic calcium phosphate (BCP), consisting
of different mixing ratios of HA and B-TCP, is an option
for tailoring degradation kinetics. Despite the advantage
of superior bioactivity, a-TCP is not as popular as its 8
counterpart in biphasic ceramics with HA. The reason for
this could be attributed to the difficulty in synthesizing
these materials [25,27,28]. Therefore, this study fabricated
a HA/o-TCP composite using a simple two-step sintering
process. Within this sintering process, low temperature
calcination was attempted in order to induce the decom-
position of HA to a-TCP at a relatively lower temperature,
regarded as above 1350 °C in the literature [29,30]. Con-
sequently, the biodegradability of BCP can be controlled
through the phase composition (ratio of HA/a-TCP) by
regulating the sintering temperature.

2. Materials and methods
2.1. Sample compaction and sintering

A commercially available stoichiometric HA powder
manufactured by Merck, Germany was used in this study.
The HA powder was pressed to 300 MPa for 1 min into
green compacts with a diameter of 10 m and a thickness of
1.25 mm. Pressing was followed by the consolidation of the
HA green compact by ambient pressure sintering per-
formed in air using a furnace. All samples were first
calcined by ramping temperature to 800 °C with a ramp
rate of 3 °C/min and kept for 1h. Heating was then
continued at the following temperatures: 1100, 1200,
1300 and 1400 °C and soaked for 1h, with a ramp rate
of 5 °C/min. After sintering, the properties of interest were
characterized for each compact.

2.2. Characteristics of sintered compacts

The relative density of the HA compacts was measured
by the Archimedes’ method. The Vickers’ hardness of the
HA compacts was measured by using a hardness tester
(MVK-HI1, Meter-Mitutoyo, Japan). Indentations were
performed on polished surfaces at a test load of 300 N

with an indentation time of 15 s. In this study, six samples
for each sintering process were performed to obtain an
average relative density and hardness. The phases of the
sintered compacts were characterized by powder X-ray
diffractometry (XRD) (Model 2200, Rigaku Co., Tokyo,
Japan). The sintered compacts were initially ground to a
fine powder under isopropyl alcohol prior to laying them
flat onto a glass sample holder. Monochromatic Cu K,
radiation was used at operating values of 40 kV and
30 mA. The XRD data were collected over the 20 range
of 20° to 40° at a step size of 0.04°/step and a count time of
5's. The relative amounts of various phases in the sintered
compact were calculated by the following equation [31]:

P]/P01 =W|M1/W](M1—M2)+M2,

where P} and P, are the integrated intensity of a selected
reflection from the pure material and the sintered sample,
respectively. M| and M, are mass absorption coefficients.
In this study, the ratio of the amount of TCP and HA was
calculated and the mass absorption coefficients for TCP
and HA were 97.08 and 87.38, respectively. Finally, w; is
the weight fraction of phase 1. The microstructure of the
sintered compacts was examined using scanning electron
microscopy (SEM; Model JSM, JEOL Co., Tokyo, Japan).
Transmission electron microscopy (TEM; Model JEM2100,
JEOL Co., Tokyo, Japan) observation was used to char-
acterize the unknown phases.

3. Results and discussion
3.1. Morphology observation

Fig. 1(a) shows a micrograph of the as-received HA
powder consisting of a mixture of small and large aggre-
gates with nearly spherical shapes and an average particle
size of approximately 18.7 pm, determined by a Sedigraph.
Aggregates composed of fine columnar HA crystals, as
shown in upper right corner of Fig. 1(a), were held
together by electrostatic and van der Waal forces or liquid
capillary forces due to the presence of liquid between the
crystals.

When the compact was sintered at 1100 °C, grains
interconnected through necks, however large cavities were
still present, as shown in Fig. 1(b). Fig. 1(c) shows that at
1200 °C the average grain size (~1.72 um) was slightly
larger than that sintered at 1100 °C (~1.36 um). As
temperature increased to 1300 °C (Fig. 1(d)), the average
grain size increased to approximately 3.48 pm concomitant
with a decreased cavity size. Furthermore, the sheet-like
crystals growing along a specific direction (marked by an
arrow) were locally observed in Fig. 1(d). The sheet-like
crystals were also observed by TEM and identified as
o-TCP by selected area diffraction patterns (Fig. 1(e)),
which were also observed by Sureshbabu et al. [18]. At
1400 °C, nearly spherical aggregates formed by thick and
strong necks and cavities were almost closed as shown in
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Fig. 1. SEM micrographs of HA compacts sintered at various temperature. (a) raw HA, (b) 1100 °C (c) 1200 °C (d) 1300 °C and (f) 1400 °C (). (e) is

TEM micrograph of needle-like crystals in (d).

Fig. 1(f). In addition, at 1400 °C, stripe-like grains were
frequently observed.

3.2. Microstructure and phase compositions

Fig. 2 shows the XRD patterns of HA compacts sintered
at various temperatures. Comparing to the green compact,
peaks corresponding to HA and o-TCP present in the
patterns of HA compacts sintered at 1100 °C. The intensity
of peaks associated with a-TCP were relatively weak and a
broad half-height width at 26 =30.9° was observed, suggest-
ing the initial formation of nanoscale crystals. In addition,
peaks corresponding to CaO appeared when the HA

compact was sintered at 1200 °C. Furthermore, the ratio
of the intensity of the a-TCP peak to that of the HA peak
increased with raising sintering temperature from 1200 to
1400 °C, which implies the greater extent of HA decom-
position with a higher energy. However, the temperature
dependence of the CaO peaks is not obvious due to the
relatively smaller amount of CaO formed during sintering.
The well known HA phase transformation during
sintering consists of two processes: dehydroxylation and
decomposition. In dehydroxylation, HA gradually loses
OH radicals at elevated temperature and turns into
oxyhydroxyapatite (OHA) [32,33] through Eq. (1):

Ca;o(PO4)s(OH), — Cao(PO4)s(OH), _», 0.0+ xH,0 (1)
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This reaction implies that an original hydroxyl site is
replaced by an oxygen and a vacancy. Consequently,
oxyhydroxyapatite (OHA) forms while the hexagonal
symmetry distorts. Overall dehydroxylation comprises

m : o-TCP

©:Ca0

1400 °C

1300 °C

1200 °C

Intensity (Arb. unit)

1100 °C
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Fig. 2. XRD patterns of raw HA and HA compacts sintered at 1100,
1200, 1300 and 1400 °C.

three stages [30]: at low temperature ( < 800 °C), a reversible
dehydroxylation proceeds with a slow rate, at intermediate
temperature (800—1350 °C) accelerated dehydroxylation
occurs, finally, above 1350 °C, irreversible dehydroxylation
is accompanied by HA decomposition, i.e., HA can decom-
pose into o-TCP (Ca3(POy),), B-TCP (Ca;(P,0g)), and
calcium oxide (CaQO) according to the reaction in Eq. (2) [34]

Ca;o(PO4)s(OH), > 2Ca;3(POy)2 + Ca3(P20g) + CaO+ H,0 (2)

In contrast to a-TCP, the formation of B-TCP and CaO
during sintering is less mentioned in the literature related to
HA decomposition. Generally, B-TCP forms at a relatively
low temperature (< 1200 °C) [35] and its formation is
related to HA raw material containing 1-5% Ca,P,0; [36].
Furthernore, B-TCP can gradually transform to o-TCP with
increasing temperature to 1300 °C. In the present study, no
other phases except for HA were observed in the XRD
pattern of the green compact (Fig. 3), accordingly, it is
reasonable that no B-TCP formed.

In the most of literature, HA decomposition occurs
within a range of 1300-1400 °C which is assigned for the
nominal value of critical decomposition temperature
[29,30,37,38]. Most of the literature has reported that
HA decomposition takes place at a temperature above
1200 °C, Jarcho et al. [39] indicated that «-TCP may

200 nm

Fig. 3. TEM micrographs of HA compacts sintered at 1100 °C (a) and 1400 °C (b). (c) is the highly magnified view of (b) and (d) is high resolution

image of (c).
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appear at 1100 °C, consequently, the sintering process and
environment can affect decomposition temperature.

The fact that the amount of water contained in HA can
seriously affect the critical temperature of HA decomposi-
tion has been proposed [37,40]. For example, HA does not
exhibit any symptom of decomposition in moisture even at
1350 °C, whereas in vacuum it decomposes at as low as
1000 °C [37]. The present study employed calcination at
800 °C for 1h, which resulted in earlier water loss.
Accordingly, these calcination processes could facilitate
dehydration and promote decomposition to occur at the
lower temperature of 1100 °C.

Fig. 3(a) shows a typical TEM micrograph and the
corresponding selected area diffraction pattern (SADP) of
sintered HA at 1100 °C. The unequal axial grains have a
size of approximately 1.2 um (measured along long axis)
which is in agreement with that observed by SEM
(Fig. 1(b)). The SADP of the single grain was indexed as
hexagonal structure of HA with B=[000 1].

Fig. 3(b) shows the TEM micrograph and the corre-
sponding SADP of HA sintered at 1400 °C. In contrast to
1100 °C, many strip-like crystals with different aspect ratios
were observed. Fig. 3(c) shows that strip-like crystals
contained many nano-pores. In addition, the lattice image
was also obtained and the d-spacings were found by fitting
this image with the structure of o-TCP, as shown in
Fig. 3(d). Furthermore, the average size of nano-pores
was estimated to be some 10 nm. It is believed that the
generation of the nano-pores observed in the Fig. 3(c) is
correlated to the Eq. (2), with side-products of HA decom-
position. In other words, HA decomposition is concomitant
with the loss of bonded water through evaporation.

In a previous study, Ruys et al. [30] observed that micro-
scale blowholes first appear on the surface when the
continuous paths of sintered compacts from compact
interior to surface are eliminated at 1150 °C. This phe-
nomenon is due to the decomposition of HA to anhydrous
o-TCP; and hence results in the evaporation of the
remaining bonded water. When the inter vapor pressure
exceeds the mechanical strength of the solid, blowholes
appear. Afterwards, with increasing temperature, the large
increase in size and area of blowholes was observed.

In Ruys’s study [30], the positions where blowholes emerged
are not dependent on the phases. However, in the present
study, nanopores only appeared within a-TCP phases. Also, in
terms of the dimension of the defect structure, the nanopores
observed in the present study had a smaller size as compared
to the microscale blowholes [30]. Accordingly, the nano-pores
are regarded as the primary defect characteristics. These
primary defects may accumulate and subsequently appear in
the form of blowholes if the continuous paths from the
compact interior to the surface have been eliminated.

3.3. Densification studies

Fig. 4 shows the relative density presented as a percen-
tage of the theoretical density against sintering temperature
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Fig. 4. Variation of grain size and relative density as a function of
sintering temperature.

by assuming a theoretical density of 3.156 g/em® for HA.
Fig. 4 also shows that the relative density increased with
sintering temperature to the maximum density at 1300 °C
followed by a decrease in the range of 1300 to 1350 °C. It is
clear that the relative density obtained in this study is
relatively lower than those reported by other authors
[29,36,41]. These differences could be attributed to the
history of the starting powder and the following green
compact fabrication. The wide distribution in particle size
of starting powder may generate different forces on the
grain boundaries at the initial sintering temperature. Highly
curved boundaries then induce a larger driving force, which
gives rise to a abnormal grain growth at high temperature.
Because the remaining pores move much slower than grain
boundaries do during sintering [42], the pores are difficult
to eliminate unless the heating rate is controlled in order to
keep pores located along the grain boundaries [43].

A decline in the relative density occurred at 1400 °C, as
shown in Fig. 4. Most of studies attributed the decline in
bulk density to a large HA decomposition, which takes
place at high temperature [29,30,37,44]. However, there
was a lack of detailed discussion, which may be limited
to the capability of microstructural identification. In this
study, at 1400 °C, TEM images (Fig. 3(b)) show nanopores
within the o-TCP matrix providing extra surface area to
the sintered compact, which is considered as the main
reason for a decrease in bulk density.

3.4. Grain size

Fig. 4 also shows the variation in average grain size with
sintering temperature. At first, the grains slowly grew with
temperature to 1200 °C. Generally, the rate of grain
growth depends on the densification of the sintered
compact. For instance, during the initial sintering period,
the pores induced during green compact fabrication can
inhibit grain boundary migration, since they exist along
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grain boundaries [45]. However, because grain boundary
migrates faster than the pores, the pores gradually trans-
form to the isolated pores within grains with raising
temperature. Consequently, the extent of the pinning of
pores at grain boundaries decreases at high temperature.
Thus, it results in an accelerated grain growth, which
occurred at 1300 °C in this study as shown in Fig. 4.

3.5. Hardness tests

Fig. 5 shows the hardness of HA, which increases with
sintering temperature to a maximum hardness of 5.03 GPa
at 1300 °C followed by a decrease at 1350 °C. Above a
critical temperature, the phenomenon, a lower hardness at
higher sintering temperature was observed, which is in
agreement with reports in the literature. This usually
occurred above 1250 to 1350 °C [29,37,41]. In the present
study, at low temperature ( < 1200 °C), the relatively low
hardness obtained is mainly attributed to a relatively low
bulk density of the sintered compact [44]. In contrast, after
1300 °C, the reasons for a decline in hardness are relatively
complicated, including grain growth and HA decomposi-
tion [29,30,34,37,41]. There have been many studies
devoted to the relationship between grain growth and
mechanical properties [41,44,46,47].

The ratio of o-TCP phase in a sintered compact was
calculated in this study according to XRD patterns. The
amount of a-TCP as a function of sintering temperature is
shown in Fig. 5. Thus figure shows that a large amount of
o-TCP suddenly formed as temperature was increased
above 1300 °C. Fig. 5 also reveals that mechanical proper-
ties significantly deteriorated at 1350 °C, which reflects a
negative relationship with the amount of o-TCP. This
finding agrees with results reported by other authors who
verified a drop in mechanical strength at the decomposi-
tion temperature using various tests for hardness
[29,34,37,41], fracture toughness [30,34,39,41], and bending
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Fig. 5. Variation of hardness and amount of o-TCP as a function of
sintering temperature.

strength [34]. However, fewer studies have mentioned how
HA decomposition affects the mechanical properties from
a microstructural viewpoint. The present study demon-
strated that the loose structure of o-TCP within a HA
compact sintered at high temperature (Fig. 3(b)) as a result
of decomposition which leads to a significant decrease in
mechanical strength.

A previous study has indicated that o-TCP with a sheet-
like morphology forms from the HA matrix, which was
produced by a homogeneous precipitation technique fol-
lowing by sintering. This biphasic bioceramic exhibits a
preferential dissolution of sheet-like a-TCP in aqueous and
acidic environments [18], but the reason for the high
solubility is still unknown. Furthermore, Kitamura [48]
concluded that the higher porosity of the o-TCP ceramic
resulted in a higher dissolution rate in the buffered
solution. Recently, Uchino et al. [49] used a biomimetic
method to determine absorbability and the HA-forming
capability of «-TCP in simulated body fluid. These results
show that the HA-forming ability of porous o-TCP
ceramics increased with surface area per unit pore volume
of the specimens due to fast dissolution. Consequently, in
the present study, the large number of nanopores con-
tained within the o-TCP clarifies why o-TCP quickly
dissolutes in a biological environment.

Kurashina et al. [50] documented that biphasic ceramics
of HA and TCP with a ratio of 7/3 shows good osteoin-
ductivity and behaves with a moderate degradation rate
in vivo. However, a greater TCP content (HA/TCP=2/8 or
0/10) in biphasic ceramics does not induce further bone
formation. This suggests that moderate TCP content can
control the degradation rate in order to maintain the
ceramic structure, which may be one factor in ceramic-
induced osteogenesis. According to the literature [44,50—
54], an optimization of the ratio of HA to TCP and the
mechanical properties of a HA/a-TCP composite is neces-
sary. Thus, in this study, calcination at 800 °C for 1h
followed by sintering at 1300 °C are considered optimum
parameters.

4. Conclusions

Biphasic calcium phosphate composites with a moder-
ated ratio of a-TCP and HA were successfully fabricated
using a two-step sintering method, i.e., calcination of a HA
green compact at 800 °C followed by sintering at higher
temperature. o-TCP first appeared at 1100 °C and its
amounts gradually increased with increasing temperature.
In turn, the ratio of a-TCP/HA could be controlled by
modulating the sintering temperature. The optimum para-
meters obtained at 1300 °C included the ratio of a-TCP to
HA and mechanical properties. Sintering further to
1400 °C, a significant decline in density and hardness
occurred due to a large amount of HA decomposition
resulting to a large number of nanoscale pores within the
o-TCP matrix.
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