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Abstract

Ceramic hydroxyapatite phase was triggered to occur by high-energy mechanical activation of a dry powder mixture of
calcium oxide (CaO) and anhydrous calcium hydrogen phosphate (CaHPO,). A singe-phase hydroxyapatite of high crystallinity was
realised by >20h of mechanical activation without further thermal treatment at high temperatures. The resulting hydroxyapatite
powder exhibits an average particle size of ~25nm and a specific surface area of 76.06m?/g, as measured by multi-point
BET technique. It was sintered to a density of 98.20% theoretical density at 1200°C for 2h. © 2001 Published by Elsevier Science

Ltd.
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1. Introduction

Hydroxyapatite (HA), is the main mineral constituent
of vertebrate skeletal systems [1]. As a bioceramic mate-
rial, ceramic hydroxyapatites are widely employed in
various biomedical applications, which involve the ex-
ploitation of their excellent biocompatibility and surface
active properties with living tissue [2-5]. For many of
these biomedical applications, a dense ceramic material
of hydroxyapatite composition, which exhibits the re-
quired mechanical properties for load bearing, is re-
quired. The fabrication of such a densely sintered ceramic
almost always starts with the synthesis of a hydroxyapa-
tite powder of desirable particle -characteristics,
characterised by fine and uniform particle size, preferably
in the nanometer range, homogeneity in phase and chem-
ical composition together with a minimised degree of
particle agglomeration [6,7]. Therefore, a number of
ceramic and chemistry-based novel processing routes
have been developed for preparing fine and sintering-
reactive hydroxyapatite powders, including precipitation
and hydrolysis [8,9], refined solid state reactions [10],
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sol-gel syntheses [11,12], hydrothermal reactions
[13,14], and emulsion and microemulsion syntheses
[15,16].

Mechanochemical syntheses were originally designed
for oxide dispersion-strengthened (ODS) alloys [17].
Over the past 20years, they have grown and diverged
and they are now used for the fabrication of a wide range
of advanced materials, both metallic and non-metallic in
composition. However, little work has been done in the
case of crystalline hydroxyapatite phase, although
mechanochemical reactions have been successful in the
synthesis of several ceramic materials with novel proper-
ties [ 18-21]. The attempts for crystalline hydroxyapatite
via mechanochemical reactions resulted in a calcium
deficient composition of low crystallinity, which was
transformed into either f-tricalcium phosphate [22] or
a mixture of hydroxyapatite and f-tricalcium phosphate
upon calcination at ~720°C [23]. The present work is
aimed at investigating the feasibility of synthesizing cry-
stalline hydroxyapatite via a new mechanical activation
route with the following two objectives: (a) to form cry-
stalline hydroxyapatite by mechanically activating a dry
powder mixture of calcium oxide (CaO) and anhydrous
calcium hydrogen phosphate (CaHPO,); and (b) to study
the phase stability, powder characteristics and sintering
behaviour of the hydroxyapatite derived from mechan-
ical activation.
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2. Experimental procedures

The starting materials for this work were commercially
available anhydrous calcium hydrogen phosphate
(CaHPO,, Merck >98%) and calcium oxide (Cao,
GCE >96%). Appropriate amounts of the two starting
materials at a molar ratio of 3:2 were mixed together in
a conventional ball mill in ethanol with zirconia balls as
the milling medium. The powder mixture was then
loaded into an alumina vial of 37 mm in diameter and
40mm in length, together with a stainless-steel ball of
12.7mm in diameter. Mechanical activation was carried
out in a high-energy shaker mill for various time periods,
the detailed experimental set-ups of which have been
described in Refs. [24,25].

Phases present in the powder compositions mechan-
ically activated for various time periods were analyzed
using an X-ray diffractometer (CuK,, X’pert Diffrac-
tometer, Philips). Their particle sizes were calculated on
the basis of specific surface areas, as measured using
a BET surface area analyzer (NOVA 2000, Quantach-
rome). Thermal analyses (TGA, DTA) of the mechan-
ically activated powders were carried out at a heating
rate of 10°C/min in air from room temperature to 900°C
(Dupont 2100 thermal analyzer). Their particle charac-
teristics were studied using a transmission electron
microscope (JOEL, 100CX).

To fabricate sintered hydroxyapatites, the powder de-
rived from 25h of mechanical activation was de-agglom-
erated in a conventional ball mill for 24 h in ethanol in
order to remove hard agglomerates. The powder was
then uniaxially pressed into pellets in a hardened steel die
of 10mm in diameter at a pressure of 25 MPa, followed
by isostatic pressing at a pressure of 345 MPa, prior to
sintering at various temperatures in the range of 900-
1300°C. For this, both heating and cooling rates were
fixed at 5°C/min. Sintered hydroxyapatite pellets were
then characterized for density using the Archimedes
method in distilled water, into which a few drops of
wetting agent was added. They were then polished to
6 um finish using diamond paste and tested for Vickers
hardness using indentation technique (Shimadzu HSV-
20). Scanning electron microscope (SEM, Philips X1.30)
was employed to study the microstructural features of
sintered hydroxyapatites.

3. Results and discussion

Fig. 1 shows the XRD traces of the powder mixtures
that were subjected to mechanical activation for various
time periods ranging from 5 to 25 h, together with that of
the starting powder mixture that was not subjected to
any mechanical activation. For the latter, only sharp
peaks characteristic of CaO, Ca(OH), and CaHPO, are
observed, indicating that little or no reaction took place
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Fig. 1. XRD patterns of the powder mixtures consisting of CaO and
CaHPO, that were subjected to 0-25h of mechanical activation. [(A):
CaO, (@): CaHPO,, (®): Ca(OH),, (H): HA].

between the starting constituent powders during the mix-
ing by conventional ball milling. The occurrence of
Ca(OH), in the starting powder mixture is attributed to
the transformation of CaO to Ca(OH), due to the pres-
ence of moisture during the conventional ball milling and
subsequent mechanical activation. For the powder that
was subjected to Sh of mechanical activation, all the
sharp peaks corresponding to CaO and Ca(OH), have
vanished, and those corresponding to CaHPO, have
been broadened, indicating that a significant refinement
in crystallite and particle sizes of the starting powders
had occurred, together with a degree of amorphization at
the initial stage of mechanical activation. As the mechan-
ical activation time is increased to 10h, further refine-
ment in crystallite and particle sizes and an increased
degree of amorphization are observed as the diffraction
peaks belonging to CaHPO, have further been
broadened. Upon 15h of mechanical activation, several
new broadened peaks appear to emerge. The most prom-
inent one is situated at 20 angle of ~31.8°, corresponding
to hydroxyapatite (2 1 1) peak. This suggests that nano-
crystallites of hydroxyapatite phase have been formed as
a result of the mechanical activation. The two minor
peaks observed at 20 angles of 26.3 and 30.2° correspond
to the (002) and (120) peaks of CaHPO,, respectively.
When the mechanical activation time is extended to 20 h,
all the peaks corresponding to CaHPO, have disap-
peared and only those belonging to hydroxyapatite are
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detectable. The crystallinity of the newly formed hy-
droxyapatite phase was further established by the appar-
ent splitting of hydroxyapatite (211), (112) and (300)
peaks over the 20 angle range of 31.5-33.5°. Further
increasing the activation time to 25 h results in a further
increase in the crystallinity of hydroxyapatite, as evid-
enced by the further sharpening of the principal diffrac-
tion peaks.

In Table 1, the specific surface areas and correspond-
ing particle sizes for the powders that were subjected to
various hours of mechanical activation from 5 to 25h,
together with that for the powder that was not subjected
to any mechanical activation are shown. A specific sur-
face area of 8.65m?/g was measured for the powder that
was activated for 5h, in contrast to 4.76 m?/g for the
powder that was not subjected to any mechanical treat-
ment. Apparently, nanosized hydroxyapatite particles
had been formed in the powders that were mechanically
activated for more than 20 h. This correlate well with the
sharp and distinct diffraction peaks in XRD trace ob-
served for the newly formed hydroxyapatite phase in
these powders. An average particle size of ~25nm was

measured for the powder that was mechanically activated
for 25h.

Fig. 2(a) shows a bright field TEM micrograph of the
powder mixture that was not subjected to any mechan-
ical activation. It consists of CaHPO, agglomerates of
0.5-1.0pum in size with irregular morphology together
with the needle-like CaO particles of 0.5-2.0um in
length. In contrast, in Fig. 2(b) for the powder mixture

Table 1

The specific surface area and equivalent particle size of the powders
consisting of CaHPO,, and CaO, upon mechanical activation for
various time periods

Mechanical activation  Specific surface area Equivalent particle

duration (h) (m?/g) size (nm)
0 4.76 —
5 8.65 —
10 9.47 —
15 9.89 191.99
20 66.86 28.40
25 76.06 24.96

Fig. 2. (a) TEM of the powder that was not subjected to any mechanical activation. (b) TEM and SAD patterns of the powder that was subjected to 5h
of mechanical activation. (c) TEM and SAD patterns of the powder that was subjected to 15 h of mechanical activation. (d) TEM and SAD patterns of

the powder that was subjected to 25h of mechanical activation.
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Fig. 2. (Continued).

that was subjected to 5Sh of mechanical activation, par-
ticle agglomerates of 0.2-1.0um in sizes are observed.
They exhibit a rather low degree of crystallinity as in-
dicated by the diffused rings in SAD patterns. Fine dis-
crete particles are clearly visible in these agglomerates.
When mechanically activated for 15h as shown in
Fig. 2(c), these particle agglomerates are further refined in
size and the corresponding SAD indicates that the pow-
der consists of nanocrystallites. Upon further increase in
mechanical activation time to 25 h, nanocrystallites of the
newly formed hydroxyapatite phase are clearly observed
by the selected area diffraction pattern. These particles,
as seen in Fig. 2(d), exhibit a rounded morphology and
they are 20-30 nm in size. This agrees with what has been
shown by the phase analysis of XRD and BET specific
surface area for the powder.

Fig. 3(a) illustrates the DTA and TGA curves for the
powder mixture that was not subjected to any mechan-
ical activation. Two apparent endothermic reactions
accompanied by corresponding weight losses were ob-
served at ~467 and 620°C, respectively. The first en-
dothermic reaction is attributed to the transformation of
CaHPO, to y-Ca, P, 05 [26], and the second one is due

to the decomposition of a minor amount of Ca(OH),
present in the powder mixture to CaO prior to mechan-
ical activation, respectively. In comparison, in Fig. 3(b)
for the powder mixture that was subjected to 25h of
mechanical activation, no significant endothermic reac-
tions were observed except for the one due to the loss of
adsorbed moisture at the low temperature of ~100°C
[27]. The TGA trace shows a steady and continuous
weight loss from room temperature up to ~550°C. This
is ascribed to the loss of absorbed moisture from the
hydroxyapatite phase that had already been formed as
a result of the mechanical activation [28]. The lack of
any prominent endothermic reactions and weight losses
over the temperature range studied for the powder mix-
ture that was subjected to 25h of mechanical activation
suggests that the reaction between CaO and CaHPO,
was largely completed by 25 h of mechanical activation at
room temperature.

Mechanochemical reactions among solid powder con-
stituents is a complicated process, and currently, no
well-established theories exist for satisfactorily explain-
ing many of the interesting phenomena observed [29].
However, from the experimental results of XRD phase
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Fig. 3. (a) The DTA and TGA traces for the powder that was not
subjected to any mechanical activation. (b) The DTA and TGA traces
for the powder that was subjected to 25h of mechanical activation.

analysis, BET specific surface measurement, TEM obser-
vation, TGA and DTA thermal analyses discussed above,
two apparent processes occur when the powder mixture
of calcium oxide and anhydrous calcium hydrogen phos-
phate is subjected to an increasing degree of mechanical
activation:

(i) a dramatic increase in the specific surface area and
refinement in the crystallite and particle sizes due to
the fragmentation and fracture of starting particles,
together with a degree of amorphization at the initial
stage of mechanical activation; and

(i1) the solid-state reaction in the highly activated pow-
der matrix at the subsequent stage of mechanical
activation, leading to the formation and growth of
hydroxyapatite crystallites.
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Fig. 4. Relative density of the HA derived from the powder subjected to
25h of mechanical activation, as a function of sintering temperature in
the range of 900-1300°C.
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Fig. 5. XRD traces of the HA derived from the powder that was
subjected to 25h of mechanical activation and sintered at various
temperatures ranging from 900 to 1300°C. [(@): HA, (H): S-tricalcium
phosphate].

With increasing mechanical activation time at the
initial stage, the refinement in crystallite and particle sizes
of the constituent powders increases the population
of point defects and lattice defects considerably. The
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Fig. 6. (a) SEM micrograph of polished surface of the pellet derived from the powder that was mechanically activated for 25h and then sintered at

900°C; (b) at 1000°C; (c) at 1100°C; (d) at 1200°C; (e) at 1300°C.

accumulation of these defects can result in a significant
increase in their reactivities. Further mechanical activa-
tion leads to the formation and growth of hydroxyapatite
nanocrystallites as a result of mechanochemical reaction,
as evidenced by the increasing sharpness in XRD peaks
as shown in Fig. 1. The high-impact compression [30,31]
and the instantaneous increase in local temperature [32]
at the collision points are the likely key contributing
factors in triggering the solid-state reaction in

a nanometer scale via enhanced diffusion processes.
However, the measurements of local collision conditions
in a high-energy mechanical activation process is
extremely difficult and subjective to the methods of
measurement. Therefore, complete verification of such
a theory is still tentative and not fully explored.

Fig. 4 plots the sintered density as a function of sinter-
ing temperature for the hydroxyapatite derived from
the powder that was subjected to 25h of mechanical
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Fig. 7. The Vickers Hardness of the HA derived from the powder that
was mechanically activated for 25h as a function of sintering temper-
ature.

activation. A steady rise in the sintered density is ob-
served when the sintering temperature is raised from 900
to 1000°C. The sintered density continues to increase
with increasing sintering temperature up to 1200°C,
where it maximises at 98.20% theoretical density. Fur-
ther increase in the sintering temperature to 1300°C
results in a slight fall in the sintered density to 97.50%
theoretical density. This is attributed to the partial de-
composition of hydroxyapatite beyond 1200°C, which
has been confirmed by the phase analysis using XRD, as
shown in Fig. 5.

The microstructural features of sintered hydroxyapa-
tites derived from the powder that was subjected to 25h
of mechanical activation and sintered at various temper-
atures ranging from 900 to 1300°C are shown in
Figs. 6(a)-(e), respectively. When sintered at 900°C,
a non-uniform distribution of grains with size in the
range of 20-130nm was observed. The sintered structure
consists of differential areas of coarse grains of ~ 100 nm,
together with very fine grains of ~20nm. When the
sintering temperature was increased to 1000°C, the grain
size distribution was apparently narrowed together with
an increase in grain size to 150-200 nm. Further increas-
ing the sintering temperature to 1100°C results in an
apparent rise in the average grain size, to 0.2-0.5 um,
together with a rather dense microstructure developed.
Sintering at 1200°C led to the formation of a very dense
microstructure with grains in the range of 2.0-5.0 um in
size. This accounts for the high sintered density of ~98%
theoretical for the hydroxyapatite sintered at 1200°C.
However, upon further increasing the sintering temper-
ature to 1300°C, the occurrence of secondary phases
consisting of fine particles of ~100nm was observed

among the coarse hydroxyapatite grains. This is ascribed
to the decomposition of hydroxyapatite at 1300°C, form-
ing fine f-tricalcium phosphate particles as indicated by
the phase analysis detailed in Fig. 5.

Fig. 7 illustrates the dependence of Vickers hardness of
sintered hydroxyapatite derived from 25h of mechanical
activation on sintering temperature. The hardness in-
creases almost linearly with rising sintering temperature
from 900 to 1200°C, where it reaches a maximum of
5.12GPa. This is followed by a slight decrease, to
492 GPa, when the sintering temperature is raised to
1300°C. Apparently, the dependence of hardness more or
less follows what has been observed for the sintered
density as a function of sintering temperature, as the
hardness is strongly affected by the sintered density.

4. Conclusions

Nanocrystalline hydroxyapatite phase has been trig-
gered to form by high-energy mechanical activation in
a dry powder mixture of calcium oxide (CaO) and anhyd-
rous calcium hydrogen phosphate (CaHPO,). The initial
stage of mechanical activation resulted in a significant
refinement in crystallite and particle sizes, together with
a degree of amorphization in the starting powder mix-
ture. This is followed by steady formation and sub-
sequent growth of hydroxyapatite crystallites with
increasing degree of mechanical activation. A singe-phase
hydroxyapatite of high crystallinity was attained by
>20h of mechanical activation. The resulting hy-
droxyapatite powder exhibits an average particle size of
~25nm. It was sintered to a density of 98.20% theoret-
ical density at 1200°C for 2 h.
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