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Abstract

Beta-tricalcium phosphate based composites containing particles of barium hexaferrite were fabricated. The beta-tricalcium

phosphate fine powder was synthesized from egg shell and Ca2P2O7 by a solid-state reaction technique. Effects of barium hexaferrite

additive (0–3 vol%) on the properties of the composites were investigated. All samples showed a main phase of b-tricalcium phosphate,

characterized by X-ray diffraction technique. The additive inhibited grain growth, but enhanced hardness of the composites. M–H

hysteresis loops also showed an improvement in the magnetic behavior for higher barium hexaferrite content samples. However, in vitro

bioactivity test indicated that the 2 vol% sample may be suitable for biological applications.

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

Calcium phosphate-based compounds have attracted
considerable interest for bioapplications on account of
their good properties such as biocompatibility, bioactivity
and biodegradability [1]. Hydroxyapatite (HA, Ca10(PO4)6
(OH)2) is a well known calcium phosphate-based com-
pound where it is the main inorganic component of bone.
This material has been widely investigated for many years
in the past. HA has been developed for using as bone
implants [2]. However, dense HA hinders bone ingrowth
after implantation, due to its low biodegradability [3].
Therefore, other materials such as tricalcium phosphate
(TCP) are considered for implant applications. Generally,
TCP has many phase, such as. a-TCP (Ca3(PO4)6(OH)2))
and b-TCP (Ca3(PO4)2) [2]. However, b-TCP is preferred
for bioceramic applications due to its mechanical strength,
chemical stability, and proper bioresorption rate [1,2].
Generally, the TCP ceramics also exhibit higher resorbable
comparing to pure HA. Thus, TCP and HA have been
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used to form biphasic composites to overcome the low
biodegradability of pure HA [4,5].
Unfortunately, poor mechanical properties of b-TCP

and the biphasic composite make them unsuitable for load-
bearing applications [1]. Therefore, research on improve-
ment of the mechanical properties for the b-TCP ceramics
and biphasic composites is still interesting.
Recently, many authors have focused on magnetic

materials for biological applications such as MRI contrast
agents [6], cell label [7], and hyperthermia for cancer
therapy [8].Many magnetic materials have been developed
and investigated [8,9]. Barium hexaferrite (BaFe12O19, BF)
is also one of interesting magnetic materials due to its
excellent magnetic properties. BF has a perovskite-like
structure with a hexagonal symmetry. This material has a
potential for various fields applications [10,11]. Since
b-TCP shows good performance for biological applications
and BF has excellent magnetic properties, it is interesting
to fabricate a composite containing these materials to
obtain the optimum properties. To our knowledge,
b-TCP/BF composite has not been fabricated and reported
before. In the present work, we therefore report the results
of our investigation on the properties of the b-TCP/BF
composites for the first time.
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Fig. 1. XRD patterns of undoped and doped TCP samples. Inset (a)

shows XRD pattern of BF powder. Inset (b) shows particle size

distribution of b-TCP powder.
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2. Experimental

The starting b-TCP used in this work was prepared
via the solid-state method using precursors of calcium
pyrophosphate (Ca2P2O7, FluKaZ99.0%) and Calcium
carbonate (synthesized from egg shell). The egg shell was
fird at 625 1C for 3 h. The Ca2P2O7 and fired egg shell
powders were mixed and ball-milled in the ethanol for 24 h,
and then heated at 300 1C for 10 h and 900 1C for 2 h. The
obtained powder was calcined in air at 1000 1C for 12 h. In
this work, BaFe12O19 (BF) was used as the dispersed phase to
form the composites. Raw metal oxide of barium oxide
(BaCO3, Sigma-Aldrich Z98.5%) and iron oxide (Fe2O3,
Fluka Z99.0%) was mixed and ball-milled for 24 h. Then,
the mixed powder was calcined at 1100 1C for 3 h, with
heating and cooling rate of 300 1C/h. The BF powder was
formed. The BF powder was mixed with the b-TCP in ratios
of between 1.0 and 3.0 vol%. The mixtures were ball milling
for 24 h. The obtained powders were uniaxial pressed at
1 MPa into a disc shape. The green body samples were
sintered at a temperature of 1250 1C for 2 h. The particle size
distribution of b-TCP powder was examined by a dynamic
light scattering technique. The phase formation of powder
and ceramic samples was carried out by X-ray diffraction
technique (XRD). Density of the sintering HA disks was
determined by Archimedes method. The microstructure of
the samples was examined by a scanning electron microscopy
(SEM). Concerning the apatite-forming ability evaluation,
the b-TCP/BF composites were immersed in simulated body
fluid (SBF) for 14 days (in vitro bioactivity test) [12]. After
soaking in SBF, the samples were studied by SEM. For
mechanical study, Vickers hardness indentation was per-
formed on surfaces of the composites using a micro hardness
tester. Magnetic properties of b-TCP–BF ceramic were
measured by a vibrating sample magnetometers (VSM).
3. Results and discussion

XRD pattern of the calcined BF powder is shown in the
inset (a) of Fig. 1. The phase formation analysis was
carried out based on the JCPDS data file no. 00-039-1433.
In the present work, the b-TCP powder was successfully
formed when Ca2P2O7 and CaCO3 (synthesized from egg
shell) were mixed in a ratio of 2:3 and calcined at 1100 1C.
XRD pattern of calcined b-TCP is displayed in Fig. 1. Pure
phase b-TCP was found where the analysis was carried out
based on the JCPDS file No. 00-009-0169. The particle size
distribution of b-TCP powder was examined by the
dynamic light scattering technique and the result is shown
in the in set (b) of Fig. 1. It can be clearly seen that the
particle size distribution exhibits a mono-modal distribu-
tion. This result suggests no trace of particle agglomera-
tion, implying that the method of powder preparation for
the particle size analysis produced a well disperse particles.
A narrow particle size between 94 and 289 nm was
recorded. The average particle size, as estimated from the
particle size analysis was 163 nm. This result suggests that
our processing produced a very fine powder of b-TCP.
Fig. 1 also shows the XRD patterns of the composites

made from b-TCP and BaFe12O9 mixtures, containing
different contents of BF (0.0–3.0 vol%). Although the
presence of BF is expected in the higher BF contented
samples, the XRD data show that there was only b-TCP
phase occurred in the composites. This may be due to the
sensitivity limit of this technique. However, intensity of
b-TCP peaks decreased with increasing of BF content,
suggesting that BF additive had an effect on the degree of
crystallinity and/or phase formation of b-TCP in the
composites.
The SEM micrographs of the composites were compared

with that of pure b-TCP ceramic, as illustrated in Fig. 2.
The additive inhibited grain growth, as can be seen from
the average grain size in Fig. 3(a), which was reduced from
�5 mm for pure b-TCP to�3 mm for the 3.0 vol% sam-
ples. This reduction may be due to BF particle at the grain
boundaries prevented grain boundary movement during
the sintering process [13]. For the composites, there was
uniformity in grain shape and size across each sample
surface, suggesting that the processing method result in
uniform distribution of the additive (Fig. 2(c)). Fig. 2(b, d)
display SEM micrographs of fracture surfaces for selected
samples. The SEM micrographs show a change from an
inter-granular fracture in the pure b-TCP ceramic to a
partial intragranular (transgranular) cleavage for the com-
posites. The intragranular mode of fracture can be asso-
ciated with a strengthening of the grain boundaries, which
encourages the crack to pass through the grain rather than
along the grain boundary. The change in fracture mode
may be link to the change in porosity of the composites



Fig. 2. SEM micrographs of as-sintered and fracture surfaces of samples

(a and b) b-TCP ceramic, (c and d) b-TCP �3.0 vol% BF.

Fig. 3. (a) Grain size and hardness values versus BF content of the

composites, (b) density versus BF content of the composites.
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where the BF additive produced a decrease in the porosity.
It should be noted that the porosity levels in SEM
micrographs of the ceramic surfaces were consistent with
the trend of measured density values. The density value,
determined from the Archimedes method, increased with
increasing BF content (Fig. 3(b)). Calculation density (r)
of the composites can be estimated via the equation:

r¼
X

i

ri

Vi

V
ð1Þ

where the subscript i is number of phase in the composites
and V is volume fraction of constituent phase. The
calculated and experimental densities versus BF content
are presented in Fig. 3(b).
It can be seen that the experimental densities are lower

than that of calculated densities. This may be due to the
close pores in the samples.
The variation of the average Vickers hardness values of

the samples are shown in Fig. 3(a). The hardness values
increased linearly with increasing BF content. This can be
related to the density of the composites, i.e., the high
density samples result in high measured hardness value.
The reduction of grain is also considered to be another
reason for increasing the hardness value where the smaller
grain size samples gave the higher hardness values.
The magnic hysteresis loops of the composites measured

at room temperature are presented in Fig. 4. An improve-
ment in magnetic properties is clearly seen, due to the
effect of BF content. Fig. 5 shows the values of the
coercive magnetic field (Hc) and remnant magnetization
(Mr) of the samples. The Mr value increased from
0.49 emu/g for the 1 vol% sample to 2.26 emu/g for the
3 vol% sample. The Hc also increased from �365.4 Oe for
the 1 vol% sample to 388.6 Oe for the 3 vol% sample.
For the bioactivity test, the obtained composites were

immersed in the SBF for 14 days. Fig. 6 illustrates surfaces
of the composites after soaking in the SBF. Round crystals
of apatite precipitated (identified by energy-dispersive
spectroscopy analysis) can be seen clearly. Areas of the
round crystals increased with increasing BF content up to
Fig. 4. Magnetization versus applied magnetic field of the composites.



Fig. 5. Plots of Mr and Hc as a function of BF content.

Fig. 6. Microstructure of the samples soaked in SBF solution: (a) b-TCP
ceramic, (b) b-TCP �1.0 vol% BF,(c) b-TCP �2.0 vol% BF, and (d) b-TCP
�3.0 vol% BF.
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2.0 vol% BF. This result indicates that the apatite forming
ability of the composites increased with increasing BF
content, especially for the 2.0 vol% sample. However, the
crystal did not form for the 3.0 vol% sample. Therefore,
the surfaces of the studied composites are effective for
inducing apatite formation in the body environment at
some suitable BF contents. Hardness value of the compo-
sites measured after the bioactivity test was determined.
The hardness values after bioactivity test were lower than
that (shown in Fig. 3(a)) obtained before the test. Further,
hardness value after the immersing slightly increased with
BF content. This indicates a degradation of the sample
surfaces after the bioactivity test. Based on the formation
of apatite (Fig. 6), the 2.0 vol% sample may be suitable for
biological applications.
4. Conclusion

In the present work, properties of b-TCP/BF composites
were investigated for the first time. Additions of BF
particles in the range 1–3 vol% to b-TCP were observed
to suppress grain growth, resulting in an approximately
25% decrease in average grain size. The additive enhanced
Vickers hardness values where it increased by up to
�13%, due to the additive decrease of porosity and grain
size. The additive also produced the improvement in
magnetic properties. The bioactivity test indicated that
the 2.0 vol% sample had higher apatite forming ability.
This material may be good for medical applications.
However, further biological tests should be performed in
future, to understand other biomaterial properties.
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