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Abstract

Effects of zirconium oxide (ZrO2) nanoparticles additive on the microstructure and physical properties of hydroxyapatite (HA) were

investigated. The HA powder was derived from natural bovine bone by a sequence of thermal processes. The composites containing

nanoparticles of ZrO2 (0.2–1.0 vol%) were fabricated by a solid-state reaction mixed oxide method. All samples showed traces of HA,

beta-tricalcium phosphate (b-TCP) and alpha-tricalcium phosphate (a-TCP) phases while the xZ0.1 samples also showed ZrO2 phase.

Amount of b-TCP and a-TCP phases tend to decrease with ZrO2. The additive inhibited grain growth as a result of a decrease in grain

size. However, the x¼0.2 sample exhibited higher hardness value which is consistent with the density data. In addition, bioactivity test

suggested that the additive promoted an apatite forming with the values of Ca/P close to the value obtained from HA.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium is widely used for the artificial bone applications,
due to its high bio-affinity and favourable mechanical proper-
ties [1]. However, according to the recent report, the demand
of higher bio-safety materials has been increased for to
preventing allergies caused by the elution of Ti ions [2].
Therefore, other material such as hydroxyapatite (Ca10(PO4)6-
(OH)2,HA) has been proposed for the applications [3].
Generally, HA is a source material of apatite blocks; the
principle component of teeth and bones, and is known for its
high bio-affinity [4]. HA has been widely employed for
artificial bones due to its excellent biocompatibility and
bioactivity with human body [5]. However, the mechanical
properties of synthetic HA are low compared to the cortical
bone [1]. Therefore, development of bone restorative materials
with both higher biocompatibility and sufficient mechanical
strength is strongly desired.

To synthesise HA, many approaches have been pro-
posed such as the hydrothermal method [6], continuous
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precipitation [2] and the solid state reaction method [4].
However, the costs of raw materials for the preparation,
especially for the chemical route are quite high. Further,
the yield product that obtained from these methods is so
small. Therefore, HA derived from natural sources such as
natural calcite and bovine bone have been proposed [7,8].
Further, process for producing HA from natural sources is
simple and practical with low cost.
Since the mechanical properties of HA is limited, the

incorporation of resistant oxide phase such as zirconia
(ZrO2) has been proposed to optimise biocompatibility
and enhance the mechanical properties [9]. ZrO2 is a well
known material which has high mechanical properties and
low toxicity [8]. Therefore, it has been used as a biomater-
ial for dental implants [1], and is expected to be a new bone
restorative material.
To our knowledge, nanocomposites of HA and ZrO2

have not been widely investigated. In the present work,
HA/ZrO2 nanocomposites were fabricated in various
sintering conditions. Raw powder of HA was derived
from natural sources, i.e. bovine bone, to achieve the low
processing cost. Effects of ZrO2 nanoparticles on the
properties of the composites were investigated.
ll rights reserved.
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2. Experimental

The hydroxyapatite powder was derived from natural
bovine bone via thermal processes. The fresh bones from
some parts of a cow were cut into smaller pieces and
cleaned well to remove macroscopic adhering impurities.
The bone samples were boiled in the distilled water for 8 h
for removal of the bone marrow and tendons. After that
the bone has been deproteinized by continued boiling in
water. The boiled bone samples were then dried over night
at a temperature of 200 1C. The deproteinized bone was
calcined at 800 1C for 3 h at a heating rate of 100 1C/h and
cooling rate of 300 1C/h. The nanoparticles of ZrO2

(Sigma-Aldrich, 99.8%) were dispersed by ultrasonic in
ethanol and added into HA with ratios of 0, 0.2, 0.5, and
1.0 vol %. The ZrO2/HA mixed powder was uniaxially
pressed at 100 MPa into pellets. The compacted green
bodies were sintered at the temperatures ranging from
1300–1450 1C for 2 h using a heating rate of 5 1C/min.
Density of the sintered samples was determined by using the
Archimedes method and distilled water was used as the fluid
medium. The phases formation of the sintered samples was
analysed by X-ray diffraction technique (XRD).The crystal-
line phase compositions were identified according to JCPDS
data. The mechanical property and hardness values were
investigated using a Vickers hardness tester. The microstruc-
tural investigation of the samples was performed using a
scanning electron microscope (SEM). For bioactivity test the
samples were immersed in to a simulated body fluid (SBF)
for 7 days. After immersing in SBF, surface samples were
studied by SEM and EDS techniques.
3. Result and discussion

The density values of the HA/ZrO2 composites sintered
under various sintering temperatures are shown in Fig. 1.
It can be seen that concentration of the additive influenced
the sintered density. The density increased with additive
content up to 0.2 vol% and then decreased with further
Fig. 1. Density of HA/ZrO2 composites with various ZrO2 volume fractions.
concentration, suggesting that the density of the compo-
sites could be improved by adding the very small amount
of additive. This behaviour can be found in many nano-
composites. In the case of 0.2 vol% samples, the optimum
density was observed for the sample sintered at 1350 1C
(inset of Fig. 1), indicating that sintering was completed or
nearly completed at this temperature. The lower density
for higher ZrO2 content is properly due to the mismatch
between the different components leading to an inhibition
of the sintering ability.
Fig. 2. shows the XRD patterns of the studied samples.

The XRD data revealed that the main phase of all samples
is HA. However, beta-tricalcium phosphate (b-TCP) and
alpha-tricalcium phosphate (a-TCP) phases were observed
as minor phases. These minor phases are often detected in
HA ceramics sintered at high temperatures [10]. The
presence of b-TCP and a-TCP may be due to the loss of
OH� in the structure when HA is heated in air at high
temperature. Further, trace of ZrO2 phase was clearly
observed in the XRD patterns for the 0.2–1.0 samples, as
expected for these composites. Generally, the formation of
small amounts of b-TCP can enhance the bioactivity of
materials [11]. Further, the TCP ceramic also shows higher
resorbing capacity comparing to the pure HA. Thus,
biphasic composites have been fabricated to obtain the
optimum properties for biomaterial applications. In addi-
tion, many authors reported that a- and b-TCP can be
promoted by adding some additives [12,13]. It should be
noted that the intensity of a- and b-TCP phases in the
present XRD patterns tends to decrease with increasing
additive content (inset of Fig. 2). This may be due to the
additive inhibited the decomposition of HA. However,
further work should be performed to study this effect in
detail.
SEM micrographs of the as sintered surfaces of the

composites are displayed in Fig. 3. Microstructural analy-
sis revealed that ZrO2 additions produced a decrease in
grain size. Average values of grain size decreased from
Fig. 2. XRD patterns of HA/ZrO2 composites sintered at 1350 1C.



Fig. 3. SEM photographs of the sample surface, containing ZrO2 for (a)

0.0 vol% (b) 0.2 vol%, (c) 0.5 vol% and (d) 1.0 vol% of ZrO2.

Fig. 4. Grain size and Vickers hardness of HA ceramic and composites at

various ZrO2 contents. Inset shows density of samples (sintered at

1300 1C) versus ZrO2 content.

Fig. 5. SEM micrographs of the 1350 1C samples after immersing in SBF

(a) HA ceramics, (b) HA-0.2 vol% ZrO2, (b) HA-0.5 vol% ZrO2 and HA-

1.0 vol% ZrO2.

Fig. 6. Ca/P value versus volume fraction of ZrO2.
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�8 mm for unmodified HA to �4 mm for the composites,
indicating that the additive inhibited grain growth.
Further, porosity levels at the sample surfaces were
consistent with the density data where the 0.2 vol% sample
exhibited the denser surface. It should be noted that
the particles of ZrO2 were clearly observed for the samples
contented ZrO240.2 vol%. This result is consistent with
the XRD examination.

The average values of Vicker hardness for the samples
were measured and the value was in the range of 4.8–
5.6 GPa. The Vicker hardness of the 0.2 vol% pellets was
higher than that of other samples. It should be noted that
the hardness data matches well with that of the measured
density. Although the enhancement of the hardness
value is often related to the reduction of grain size, the
improvement in the mechanical property for the present
work is believed to be related to the density or porosity of
the samples (inset of Fig. 4).
For bioactivity test, the samples were immersed in SBF.

After soaking, microstructure of the sample surface was
studied by SEM. Fig. 5. shows SEM micrographs of the
sample surfaces sintered at 1350 1C samples after immersed
in SBF. Apatite particles were observed on the surface of
all tested samples. Area of the precipitated apatite
increased with increasing ZrO2 content, indicating that
the additive promoted the apatite formation. In the present
work, the Ca/P value has been determined by EDS at
many areas of the apatite particles.
The average Ca/P value as a function of ZrO2 content is

illustrated in Fig. 6. The Ca/P ratio decreased from 1.88
for the unmodified sample to 1.70 for the 1.0 vol% sample.
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Since the change of Ca/P value is very small, it may be
assumed that the additive has slightly affected the Ca/P
ratio of the precipitated apatite. In general, pure HA and
tetracalcium phosphate show the Ca/P ratio of 1.66 and
2.0, respectively [14]. Therefore, the precipitated apatite
particles exhibited a Ca-rich calcium phosphate compound
where their composition is close to HA. Kim et al.
proposed that the variation in Ca/P ratio of their pre-
cipitated apatite could be related with the change in
surface charge of HA samples. After soaking the HA
samples in SBF for a longer time, however, they found that
the Ca/P ratio converged to a value of �1.65 [15].
Therefore, in the present work, the change in Ca/P ratio
may be linked to the surface charge of the samples.
However, further work is needed to clarify the reason.

4. Conclusions

In this study, properties of HA/ZrO2 nanocomposites
were investigated. XRD examination indicated that the
samples consisted of HA, b-TCP, a-TCP and ZrO2 phases,
but b-TCP and a-TCP phases were inhibited and decreased
with ZrO2. Adding the additive resulted in the values of
higher density and hardness for the x¼0.2 sample, but it
resulted in the decrease in grain size. The additive also
helps the apatite formation after soaking in the SBF.
However, further work should be performed to understand
the mechanism of apatite forming in the nanocomposites.
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