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Abstract

The collapse of sintered hydroxyapatite (HA) has been attributed to HA decomposition; however, the detailed variations in
microstructure are still unclear. Two phase transformation routes of HA decomposition during sintering were identified by transmission
electron microscopy in this study. In the first route, HA is transformed to tetracalcium phosphate and needle-like f-tricalcium
phosphate which is subsequently converted to a-tricalcium phosphate (¢-TCP) above 1100 °C. In the second route, HA is transformed
directly to «-TCP and calcium oxide at 1400 °C, accompanied by nanopore formation. In the second route, the a-TCP grew with a
preferred orientation to form stripe-like grains. Further holding at 1400 °C for 4 h resulted in recrystallization; i.e., equi-axial grains
formed within a stripe-like grain. Nanopore defects dispersed in the a-TCP grains are the main factor for the low density and decreased

mechanical strength of the sintered bulk.

© 2012 Elsevier Ltd and Techna Group S.r.1. 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
considered to be bioactive and nonbiodegradable [1-4]
because of its closed resemblance to bones and teeth [5].
The well-known HA phase transformation during sintering
consists of two processes: dehydroxylation and decomposi-
tion. In dehydroxylation, HA gradually loses OH ions at
elevated temperature and turns to oxyhydroxyapatite
(OHA) [6,7] as shown in Eq. (1).

Ca o(PO4)s(OH), —
Ca y(PO4)6(OH), _», OO +xH,0 (1

In this, an original hydroxyl site is replaced by an
oxygen and a vacancy; consequently, OHA forms, and
the symmetry is distorted. The dehydroxylation comprises
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three stages overall [8]: at low temperature (< 800 °C),
reversible dehydroxylation proceeds at a slow rate. At an
intermediate temperature (800—1350 °C), reversible dehy-
droxylation is accompanied by HA decomposition, i.e.,
HA can decompose into a-calcium phosphate (a-TCP),
p-calcium phosphate (S-TCP) and calcium phosphate
(CaO) according to the reaction in Eq. (2) [9].

Ca;o(PO4)s(OH), —
2Ca3(PO,), + Cas(Py05) +CaO + HaO )

Wang et al[l10] have studied how sintering of HA is
affected by dehydroxylation as well as decomposition and
concluded that preventing OH ions loss can effectively
suppress decomposition. Furthermore, Ruy et al. [8] indicated
that HA decomposition caused defects appeared on the bulk
surface as observed by scanning electron microscopy (SEM).
However, these surface defects have a microscale size, reveal-
ing that they are not the direct products of decomposition but
occurred only when the inner channels were closed. Therefore,
thorough investigation of defects’ origin is necessary. This
study attempts to understand the detailed mechanism of HA
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decomposition by using a powerful tool, transmission electron
microscopy (TEM).

2. Experimental procedure
2.1. Sample compaction and sintering

A commercially available stoichiometric HA powder
(Merck, Germany) was used in this study. The HA powder
was compressed at 300 MPa, and the press was maintained
for 1 min, yielding green compacts with a diameter of
10 mm and a thickness of 1.25 mm. These compacts were
sintered in air at 1100, 1200, and 1300 °C at a ramp rate of
5 °C/min using a heating furnace and soaked for 1 h then
cooled at a rate of 5 °C/min. To study the phase variation
at high temperatures, the green compacts were further
heated at 1400 °C and held for 1, 2, 3, and 4 h in air.

2.2. Characteristics of sintered compacts

The hardness of the HA compacts was measured by a
Vickers hardness tester (MVK-HI1, Meter-Mitutoyo,
Japan)). After the sample surfaces were polished, indenta-
tions were performed on them at a testing load of 300 N
for an indentation time of 15s. Archimedes’ method was
used to evaluate the density of the sintered compacts. Six
samples were examined for each sintering parameter in
order to obtain an average relative density and hardness.

The compositions of the sintered compacts were char-
acterized by powder X-ray diffractometry (XRD) (Model
2200, Rigaku Co., Tokyo, Japan). Monochromatic Cu Ko
radiation was used for excitation under operating condi-
tions of 40 kV and 30 mA. The XRD data were collected
over a 20 range of 20—45° at a step size of 0.04°/step and a
count time of 5s.

The microstructure of the sintered compacts was exam-
ined using SEM (SEM; Model JSM, JEOL Co., Tokyo,
Japan). TEM (TEM; Model JEM2100, JEOL Co., Tokyo,
Japan) observations were used to characterize the
unknown phases. Specimens for TEM observation were
mounted to 3 mm copper grids, mechanically thinned and
Ar-ion-beam milled.

3. Results and discussion
3.1. Morphology

The as-received HA powder, shown in Fig. 1(a), con-
sisted of small and large aggregates of irregular shape with
an average particle size of approximately 18.7 um. The
aggregates composing fine columnar HA crystals was
shown in upper right corner (Fig. 1(a)) which were held
together by liquid capillary forces or electrostatic and van
der Waals forces.

When the sintered compact was sintered at 1100 °C,
local interconnections between grains via necks were
observed, in addition, large cavities were still present as

shown in Fig. 1(b). Fig. 1(c) shows a denser structure after
sintered at 1200 °C and the average grain size (~1.68 pum)
was slightly larger than that of the compact sintered at
1100 °C (~1.29 pm). As Fig. 1(d) shows, at 1300 °C, the
grains became interconnected by thick, strong necks and
the average grain size was approximately 3.38 um. After
1 h at 1400 °C (Fig. 1(e)), nearly spherical aggregates
formed, and the cavities were mostly closed. When the
compact was held at 1400 °C for 3 h (Fig. 1(f)), narrow
stripe-like crystals were observed locally on the grains.
After 4h at 1400 °C, crystals with wider stripes were
frequently observed; the striped crystals consisting of
several small crystals were also observed (Fig. 1(g), upper
right).

3.2. XRD analysis

Fig. 2 shows the XRD patterns of the as-received HA
and compacts sintered at various temperatures. The first
products of HA decomposition, the -TCP and tetracal-
cium phosphate (TTCP) phases, appeared at 1100 °C, as
described in Eq. (3), which agrees well with the results
reported by others [11,12]. Although the equilibrium phase
diagram of the CaO-P,05 system [13-15] indicates that
CaO appears at 1720 °C. Sung’s study showed that CaO
can form when sintering a starting material with a Ca/P
ratio greater than 1.7 at 1000 °C [12]. Consequently, CaO
is expected to form as the temperature increases because
HA is transformed to f-TCP and TTCP, accompanied by
a non-uniform distribution of Ca and P; therefore, some
areas may contain a high Ca/P ratio.

With a further increase in temperature to 1200 °C, the
peak at 31.07° gradually shifted to 30.75° and was
identified as «-TCP, revealing a gradual transformation
of the trigonal f-TCP phase into monoclinic a-TCP at
1125 °C, and then, above 1189 °C, an accelerated transi-
tion of S-TCP to «-TCP occurs [13,16,17]. In Suvorova’s
[18] recent study, not only a-TCP but also the CaO phase
were detected by heating f-TCP at 1200 °C, as described in
Eq. (4), but the amount of CaO was very small, approxi-
mately 0.095 times that of «-TCP [18]. Hence, in this study,
the XRD patterns suggest that CaO formation started at
1100-1200 °C, although the CaO peak is too weak to be
distinguishable until 1300 °C.

At sintering temperatures higher than 1300 °C, various
crystal planes of o-TCP and CaO appeared in the XRD
pattern, suggesting that another phase transformation
route is proceeding. Fig. 4(c) shows that the interface of
HA and «-TCP indicates the transformation of HA to
o-TCP in the compact sintered at 1400 °C for 1h. The
XRD and TEM results together demonstrated that HA is
transformed directly to «-TCP and CaO, which is in
accordance with Eq. (5). It is reasonable that CaO crystals
were not discovered by TEM observations even though
several CaO peaks appeared in the XRD patterns because
TEM observations were localized, and a previous study
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Fig. 1. SEM micrographs of (a) HA powder and HA compacts sintered at (b) 1100 °C, (c) 1200 °C, (d) 1300 °C for 1 h. (e), (f) and (g) HA compact
sintered at 1400 °C for 1, 3 and 4 h, respectively.
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Fig. 2. XRD patterns of HA powder and HA compacts sintered at
1100 °C, 1200 °C, 1300 °C for 1 h and at 1400 °C for 1, 2, 3 and 4 h.

has demonstrated that decomposition occurred only in
certain parts of the bulk material [18].

Ca o(PO4)sOH, — 3 B-Ca3(POy4),+ CaygPr09+HL0 3)
3 B—Ca3(PO4)2 -3 OC-C3.3(PO4)2 +CaO (4)
Calo(PO4)6 OH2 -3 OC-C3.3(PO4)2 +CaO+ H20 (5)

The relative amounts of various phases in the sintered
compact were calculated as follows [19]:

Py /P) =wi M, /wi((M—M>)+ M,

P and P, are the integrated intensity of selected reflection
from the pure material and the sintered sample, respec-
tively, and wy is the weight fraction of phase 1. The mass
absorption coefficients of «-TCP and HA, denoted as M,
and M,, are 97.08 and 87.38, respectively. The calculated
ratio of o-TCP in the sintered compact is shown in Fig. 8.

3.3. TEM observation

Fig. 3(a) shows the HA compact sintered at 1100 °C. A
crystal with dark contrast (labeled as 1) underneath blade-
like crystals (indicated by arrows) was observed. The
selected area diffraction pattern (SAPD) indicated that
the crystal at 1 is an HA grain with the [—1 1 —1] zone
axis. Fig. 3(b), a highly magnified view of Fig. 3(a), shows
the blade-like crystals that formed from the grain bound-
ary of HA grains and the SADP taken from the blade-like
crystals revealed they are f-TCP structure.

Fig. 4(a) shows the TEM micrographs of HA compacts
sintered at 1400 °C for 1 h. A triple pocket was observed,
and the SADP of the grain (labeled as 2) was identified as a
single HA grain. Fig. 4(b) is a highly magnified view of
Fig. 4(a); the SADP exhibits an HA pattern in the grain
(labeled as 3) with the [01-1] zone axis. Fig. 4(c) shows a

a

Fig. 3. (a) TEM micrographs of HA compact sintered at 1100 °C. (b) The
high magnified view of (a).

high resolution TEM (HRTEM) image of the selected arca
(dashed square) in Fig. 4(b). A solid area (left side) and a
pore-containing area (right side) were observed; the inter-
face is marked by a dashed line. Filtered HRTEM images
taken from the solid area and the pore-containing area
associated with HA and o-TCP, respectively, are also
shown in Fig. 4(c). The «-TCP crystals exhibited two
major orientations of the grains, which appear in the
simulated HRTEM image in the upper left part of
Fig. 4(c). Furthermore, the observed pores approximately
10 nm in size, which we called nanopores were attributed
to water loss resulting from HA decomposition.

Fig. 5 shows the TEM micrographs of HA sintered at
1400 °C for 4 h. Fig. 5(a) shows a typical grain junction;
one grain along the [0 2 1] zone axis was identified as HA
structure by the SADP. In addition, stripe-like crystals
(Fig. 5(b)) with different aspect ratios were also observed.
Fig. 5(c), a highly magnified image of Fig. 5(b), shows that
these striped crystals contained numerous pores of differ-
ent sizes, indicating that the striped crystals were porous.
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Fig. 4. (a) TEM micrographs of HA compact sintered at 1400 °C for 1 h.
(b) The high magnified view of (a) and (¢) HRTEM micrograph of (b).

HRTEM was performed on a single grain of the striped
crystal and a FET was used to obtain the crystalline
orientation. The lattice fringe corresponding to (01 2) is
broadly distributed in Fig. 5(d), but other lattice fringes

related to (16-2), (13-3), (04 3), and (0 3 1) appear locally.
Fig. 5(d) also shows that individual nanocrystals grew in
close contact, and the lattice plane images were resolved
well enough to identify them as «-TCP. Fig. 5(e) shows a
SEM micrograph of the compact sintered at 1400 °C for
4 h, (a highly magnified view of Fig. 1(g)); it indicates that
the striped crystal was some 500 nm in width and was
composed of many small equi-axis grains. However, these
equi-axis grains (Fig. 5(e)) were relatively larger than the
nanocrystals observed in Fig. 5(d) when comparing
Fig. 5(d) and (e). Consequently, the nanocrystals were
considered to be the recrystallized grains that nucleated
within «-TCP (0 1 2) matrix and were expected to grow to
isolated grains, as shown in Fig. 5(e).

3.4. Densification studies

Fig. 6 shows the effect of sintering temperature on the
grain size and relative density of the sintered compacts.
The relative density of the compact increased gradually to
a maximum of 87% and reached a plateau at 1350 °C.
However, at 1400 °C, a further increase in duration caused
a decrease in the density. Densification is a process of
eliminating the pores along the grain boundaries that were
introduced during green compact fabrication. During the
initial sintering, grain boundaries moved faster than pores,
so isolated pores remained within the grain interior.
Although pores could be moved by surface diffusion, this
is hard to achieve [20], so the maximum density was
limited; when the compact was sintered at high tempera-
ture, the density usually decreased, which was attributed to
HA decomposition. This phenomenon is discussed later in
this paper.

In addition, with regard to grain growth, the grain size
variation with temperature can be divided into two
temperature regions. At relatively low temperature
(1100-1350 °C), grains grew slowly from an average size
of 1.3-5.4 um; then, between 1350 and 1400 °C, they grew
at an accelerated rate to 8.3 um. With a further increase in
the sintering duration, the grains continued to grow. As
mentioned above, at low temperature, the pores remaining
along the grain boundaries impeded grain growth. Retar-
dation of grain boundaries migration by pores [21] usually
occurred at a relative density of 0.65-0.9%. In contrast,
when the open pores collapsed to form isolated pores
within grains, the extent to which pores pinned grain
boundaries decreased, accelerating grain growth.

The activation energy for grain growth was also calcu-
lated by establishing an Arrhenius plot (Fig. 7) according
to relationship between grain size and temperature. The
slope of the line in the Fig. 7 was used to determine the
activation energy (Q) from the following equation by
using:

D=Aexp (Q/RT)

where T is the temperature, D is the average grain size, and
R is the gas constant (8.314 kJ/kmol K). In this study, the



3814 S.-F. Ou et al. | Ceramics International 39 (2013) 3809-3816

>
(1010) &
. (D000}

e

12 .=
(a3~

-
i

Fig. 5. (a) and (b) are TEM micrographs of HA compact sintered at 1400 °C for 4 h. (c) The high magnified view of (b). (d) HRTEM micrograph of (c).

(e) SEM micrographs of HA compact sintered at 1400 °C for 4 h.

activation energy for grain growth in HA is approximately
54 kcal/mol, which corresponded to the values associated
with apatite sintering that were provided by other research-
ers, i.e., 47 kcal/mol [22], 56 kcal/mol [19], 57 kcal/mol [23],
and 58 kcal/mol [11].

3.5. Hardness tests

Fig. 8 shows the hardness of sintered compacts as a
function of sintering temperature. The hardness increased
as the temperature increased to a maximum hardness of
5.52 GPa at 1350 °C and followed by the first decrement as
the temperature increased to 1400 °C. After further hold-
ing temperature at 1400 °C, a second decrease in hardness

occurred after 2h of soaking time, and a significantly
higher number of hardness values were distributed at the
lower limit. On the other hand, Fig. 8 also shows the ratio
of o-TCP in the sintered compact as a function of sintering
temperature, which was calculated on the basis of the
XRD patterns. This amount of a-TCP increased greatly
after the compact was sintered at 1400 °C for 2 h.

The mechanical properties of sintered compact generally
varied with the sintering temperature and depended on the
density, grain size and phase composition. The hardness
and relative density as functions of grain size are shown in
Fig. 9. When the grain size was less than 5.5 um, the
hardness of the sintered compact increased as the density
increased at relatively low temperatures. At grain size
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greater than 5.5 um, the hardness exhibited a different
trend from the density; i.e. a decline in hardness occurred,
but no significant change in density appeared. Hence, this
hardness decline was attributed to grain growth over the
critical size, which was approximately 5.5 pm, in this study.
Afterwards, after sintering at 1400 °C for 2 h, a secondary
decrease in both hardness and density occurred. Therefore,
an additional factor was considered to affect hardness and
density. Many studies have investigated the relationship
between grain size and mechanical properties including
hardness [9-11,24], fracture toughness [8,9,19,24] and
bending strength [9]. However, fewer papers mentioned
the way that HA decomposition affects mechanical proper-
ties in terms of microstructure.

In the TEM micrographs (Fig. 4), «-TCP that formed
within the HA matrix possessed many nanopore defects.
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Fig. 8. Variation of hardness and amount of «-TCP as a function of
sintering temperature.
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Fig. 9. Variation of hardness and relative density as a function of average
grain size.

This loose structure was considered the main factor
causing not only a deterioration in mechanical strength
but also a decrease in the density of the compact. A
significantly lower number of hardness values are distrib-
uted in the lower limit in Fig. 8 after sintering of the
compacts at 1400 °C for 3 and 4 h, which demonstrates
that the areas containing a-TCP are relatively weak areas
of the compact. In brief, the variation in hardness during
sintering comprises three stages. First, at 1100-1350 °C,
the hardness increased as a result of densification. After
1350 °C, grains grew to the critical grain size; there were
fewer grain boundaries and lower hardness. Finally, at
1400 °C for 2 h, both grain growth and dramatic HA
decomposition affected the hardness; however, the former
was gradually replaced by the latter, which become the
predominant factor with increasing temperature or sinter-
ing duration.
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4. Conclusions

This study investigated the influence of sintering tem-
perature on the densification and mechanical properties of
HA compacts in terms of their microstructure. From 1100
to 1350 °C, a thermal activation process caused the
sintered bulk to densify and strengthen; in contrast, after
holding at 1400 °C, a considerable structural deterioration,
identified by decreased density and hardness, appeared.
Evaluation of the microstructure revealed two phase
transformation routes of HA decomposition during sinter-
ing. At relatively low temperatures, HA transformed to
TTCP and needle-like p-TCP, which was subsequently
converted to a-TCP and CaO above 1100 °C. In this
period, the phase transformation has less effect on the
properties of the sintered bulk. At 1400 °C, in the second
route, HA was transformed directly to «-TCP and CaO,
and nanopores formed. After the sintering period at
1400 °C was further extended, equi-axial «-TCP grains
grew within striped grains. In addition, nanopores existed
only within the «-TCP and surrounded the interface of
o-TCP-HA interface but did not in the HA matrix.
Increasing the temperature to above the critical tempera-
ture caused rapid increases in the amounts of «-TCP and
the number of nanopores, which severely degraded the
density and strength of the sintered bulk.
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