
Journal of the European Ceramic Society 26 (2006) 1701–1706

Preparation of dense �-CaSiO3 ceramic with high mechanical
strength and HAp formation ability in simulated body fluid
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Abstract

In present study, dense CaSiO3 (CS) ceramics have been fabricated through spark plasma sintering (SPS) technique using �-CS powder
prepared by chemical precipitation method. The �-CS ceramic sintered at 950 ◦C has a relative density of about 95% and shows a fine
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icrostructure with an average grain size of 0.6 �m, thus expresses good bending strength of about 294 MPa. The simulated body fluid (SBF)
mmersion tests show that the dense �-CS ceramic has a high hydroxyapatite (HAp) formation rate on its surface. The HAp layer formed on
he CS ceramic surface has a granular structure consisting of silkworm-like HAp grains, and the thickness of HAp and Si-rich layer are 70
nd 120 �m, respectively.
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eywords: Powders-chemical preparation; Grain size; Mechanical properties; Biomedical applications; Spark plasma sintering; Apatite; CaSiO3

. Introduction

Since the discovery of Bioglass® by Hench et al. in the
arly 1970s, many man-made materials such as glasses, glass-
eramics, ceramics and composites have been found to bond
ith living bone or living tissue.1–6 Although these man-
ade bioactive materials are expected to be used as artifi-

ial bone, their practical applications as implants are still
reatly restricted because of their poor mechanical proper-
ies. CS is one of the promising bioactive materials due to
ts outstanding bioactivity, which has been revealed by re-
ent studies7–12; however, the mechanical properties of the
S are not satisfied because of its low density. The relative
ensities of the sintered �-CS (low-temperature phase) and
-CS (high-temperature phase) reported up to date are below
0% and the bending strengths are lower than 70 MPa.13–16

ifficulties in preparing dense CS ceramic with improved
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mechanical properties might limit its potential application as
bioactive implants.

Recently, a new rapid sintering technique so-called spark
plasma sintering (SPS) has been developed and attracted
much attention as a means of enhancing the densification of
poorly sinterable materials.17–20 SPS process is similar to the
conventional hot pressing, and the precursors are loaded in a
graphite die with a uniaxial pressure during sintering process.
However, a pulsed direct current passes through the die and or
the sample. This implies that the die or the sample themselves
acts as a heating source. The simplified schematic drawing of
SPS is shown in Fig. 1. This process has the advantage to pro-
vide high heating rate and thus to suppress grain growth and
maintain a high densification driving force up to high temper-
ature. There have been many biomaterials prepared by spark
plasma sintering.21–24 For instance, dense HAp bioceramics
and HAp–ZrO2 ceramic composites have been successfully
fabricated by using SPS technique, in which the decomposi-
tion of HAp and the loss of water have been prevented under a
lower sintering temperature and very short processing time.22
955-2219/$ – see front matter © 2005 Published by Elsevier Ltd.
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Fig. 1. Schematic drawing illustrating the features of an SPS apparatus.

Other reports showed that SPS-sintered HAp ceramics had
better bioactivity than those sintered by hot-pressing.25

Herein, we reported the successful preparation of dense
CS ceramics by SPS. The microstructures of obtained spec-
imens were analyzed. The mechanical properties were mea-
sured and The bioactivity of �-CS ceramics was evaluated
with soaking in the simulated body fluid (SBF) solution for
various periods.

2. Experimental procedure

�-CS powder was prepared through a chemical precipita-
tion method using reagent-grade calcium nitrate (Ca(NO3)·
4H2O) and reagent-grade sodium silicate (Na2SiO3·9H2O)
as raw materials. Sodium silicate was dissolved in de-ionized
water and the pH value of the solution was adjusted to
about 12 using NH4OH. The obtained Na2SiO3 solution was
dropped into calcium nitrate solution with vigorous agita-
tion. The reactant mixture was filtered, and then washed by
de-ionized water and ethanol. The powder was dried at 80 ◦C
and then calcined at 800 ◦C for 2 h. The obtained powder was
�-CS with an average particle size of about 0.5 �m and the
relative density of obtained powder was 99.8% measured by
bottle method.

t
2
1
1

The crystalline phases of the as-precipitated powder and
sintered specimen were analyzed by XRD (D/max 2200PC,
Rigaku, Tokyo, Japan). The density was determined accord-
ing to Archimedes principle. Microstructures were observed
by field emission scanning electron microscope (FE-SEM,
JSM-6700F, JEOL, Japan). The distribution of elements
was analyzed by electron probe microanalyzer (EPMA,
EPMA-8705QH2, Shimadzu, Japan). The three-point bend-
ing strength of the sintered samples was measured at the me-
chanical testing machine with a loading rate of 0.5 mm/min
according to the JIS R1601 standard (Shimadaza AG-5KN,
Japan). A span length of 20 mm and rectangular-prism-
shaped specimens (3 mm × 4 mm) with surface polished by
0.5 �m diamond powders were used. The fracture toughness,
K1C, was evaluated by the single-edge notch beam method
(Instron-1195, notch width: 0.25 mm, notch depth: 2 mm). In
the study, five samples were used to test the average mechan-
ical strength.

In order to evaluate the bioactivity of sintered ceramics, the
�-CS sintered at 950 ◦C were soaked in SBF, which was pre-
pared by dissolving reagent-grade CaCl2, K2HPO4·3H2O,
NaCl, KCl, MgCl2·6H2O, NaHCO3 and Na2SO4 in de-
ionized water and adjusting the ion concentrations to be
similar to those in human blood plasma at 36.5 ◦C. The
SBF was buffered at pH value of 7.40 with trishydrox-
ymethylateaminomethane [(CH OH) CNH ] and appropri-
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CS powder was put into a graphite die (30 mm in diame-
er) and was sintered using spark plasma sintering (Dr Sinter
040, Sumitomo Coal Mining Co.) in a vacuum (less than
0−5 Pa) under a pressure of 40 MPa. The heating rate was
50–200 ◦C/min and dwelling time is 5 min.

able 1
on concentration of SBF in comparison with human blood plasma

Concentration (mM)

Na+ K+ Ca2+

BF 142.0 5.0 2.5
lood plasma 142.0 5.0 2.5
2 3 2
te amount of 1.0 M hydrochloric acid (HCl), as shown in
able 1.26 The soaking periods were 1, 3, 7, 14, 21 days and
BF was renewed every day. The temperature was maintained
t 36.5 ◦C.

. Results and discussions

.1. CaSiO3 ceramics and their properties

Fig. 2 shows the X-ray diffraction spectra of the as-
repared powder and bulk ceramics sintered at different tem-
eratures. All the sintered bodies show the same crystal struc-
ure (�-CS) as the starting powder below 950 ◦C, while it
hanged into �-CS ceramic at 970 ◦C. The measured den-
ity and mechanical properties of the obtained materials are
isted in Table 2. From Table 2, it can be seen that the rela-
ive density of the �-CS ceramic sintered by SPS at 900 ◦C
eached 92%. It reached maximum relative density of 95%
nd the sample still kept low-temperature phase (�-CS). The
btained density of �-CS ceramics was much higher than
eported.16 When the temperature increased to 970 ◦C, the

HCO3
− Cl− HPO4

2− SO4
2−

4.2 148.5 1.0 0.5
27.0 103.0 1.0 0.5
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Fig. 2. XRD patterns of �-CaSiO3 powder and ceramics sintered at different
temperatures.

SPS-sintered ceramic almost reached its theoretical density,
being more denser than the fabricated by other methods previ-
ously reported.13–15 However, the sample sintered at 970 ◦C
changed into high-temperature phase (�-CS) completely. The

Fig. 4. XRD patterns of the �-CaSiO3 ceramics soaked in SBF solution for
various periods.

bending strength of �-CS sintered at 950 ◦C was 294 MPa,
which was four times more than those reported and much
higher than that of HAp ceramics. However, it decreased
greatly when the sample changed into �-CS ceramics.

Table 2
The measured density and mechanical properties of the obtained materials

Temperature (◦C) Relative density (%) Fracture strength σf (MPa) Fracture toughness K1c (MPa m1/2) Young’s modulus (GPa)

900 92 260 ± 16 1.7 ± 0.3 40.4 ± 6.9
950 95 294 ± 11 2.0 ± 0.1 46.5 ± 5.0
970 99 65 ± 5 0.5 ± 0.2 52 ± 4.0

F
t

ig. 3. SEM photographs of fracture and thermally etched surface of �-CaSiO3 SP
hermally etched surface.
S-sintered at various temperatures, (a) 900, (b) 950, (c) 970 and (d) 950 ◦C
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Fig. 3 shows the SEM micrographs of fracture surfaces
sintered at different temperature and thermally etched surface
at 1000 ◦C in air. The grains were packed loosely at 900 ◦C
(Fig. 3a). However, the �-CS ceramic was completely sin-
tered at 950 ◦C with an average grain size of 0.6 �m (Fig. 3b
and d), similar to the starting powder. These indicated that the
mechanisms at 900 and 950 ◦C were much different. Since

surface diffusion was predominant for the former, it was diffi-
cult for the samples to be sintered in a short time; however, the
main mechanisms were grain boundary and volume diffusion
at 950 ◦C, which made the sample sintered completely. As
well known, SPS was a rapid consolidation technique. In our
study, we heated at a rate of around 200 ◦C/min, which made
it possible for the sample to skip over the low-temperature
Fig. 5. Surface SEM photographs of �-CaSiO3 cerami
cs soaked in SBF solution for various periods.
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regime where the surface diffusion was predominant and the
grain growth in the low-temperature region was suppressed.27

In addition, the sample during SPS processing was under an
electrical field and the weak current. They could activate the
surface of grains and clean the surface of the powder parti-
cles, creating various types of surface defects that enhance
the grain boundary diffusion.28,29 Finally, the axial pressure
in SPS process also acted as an important role in fabricating
dense CS ceramics. All these factors made the �-CS densify
rapidly and kept small grain sizes. The process of phase trans-
form improved the densification of �-CS ceramics nearly to
its theoretical density. However, it also made the crystal grains
grow rapidly (Fig. 3c). The abnormal grain growth caused
great decrease of the mechanical strengths.

3.2. SBF immersion tests

The samples sintered at 950 ◦C for 5 min were immersed
in SBF to evaluate its bioactivity. Fig. 4 shows the thin film-
XRD patterns of the CS ceramics soaked for different periods.
The broad diffraction peaks (2θ = 26 and 32◦) of HAp were
observed in the XRD patterns after soaking for 3 days. The
main peaks of HAp became more pronounced with prolonged
immersion time due to the growth of the crystalline HAp.
After soaking for 7 days, the diffraction peaks of HAp became
m
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Table 3
The Ca/P molar ratio of the obtained materials soaked in SBF solution for
various periods

Time (day) Ca/P (molar)

1 32.5
3 1.95
7 1.70

14 1.68
21 1.66

days, the amount of HAp particles increased significantly on
the surface and the HAp layers became much denser after
soaking for 14 and 21 days. Caused by the desiccation and
dehydration, cracks in the HAp layer on the surface were
observed for the sample soaked for more than 7 days.

The surface of the �-CS ceramics after soaking was ana-
lyzed by electron probe microanalyzer (EPMA). After soak-
ing for 1 day, Si and Ca were the main components at the
specimen surface and P element did not appear apparently in
the spectrum. The intensity of Si peak decreased greatly, and
that of P increased quickly with the increase of the soaking
time. No Si peaks were detected. The Ca/P molar ratio was
also analyzed for all the samples. It increased with immer-
sion time and reached about 1.67 for the sample soaked for 7
days (Table 3.), showing the deposition of HAp layer. These
results are consistent with the results of XRD analysis and
SEM observation.

The SEM images and the element distribution of the pol-
ished cross-section of CS ceramics by EPMA are shown in
Fig. 6. For the sample soaked for 3 days, the thickness of
silica-rich layer reached about 40 �m, and the thickness of
HAp layer was about 10 �m (Fig. 6a). After soaking for 7
days, the thickness of the silica-rich layer and HAp layer
increased to 120 and 70 �m, respectively. The growth of
the HAp layer on the �-CS ceramic surface obtained in the
present experiment is much quicker than those previously
r
fi

F sis of t
(

ain component in the XRD pattern and the diffraction peaks
f �-CS became very weak, which revealed that HAp had
overed the surface of the specimen. When the soaking time
s more than 14 days, the peaks of CS disappeared completely.

Fig. 5 shows the surface morphologies of the �-CS ce-
amic immersed in SBF for 0, 1, 3, 7, 14, 21 days. The surface
f the sample immersed in SBF for 1 day became coarser, as
ompared to the starting state, which may be caused by the
issolution of Ca and Si.7,10 A few granular crystals were
lso found on the surface of sample soaked for 1 day. After
days immersion, the surface of the sample was almost cov-

red by the silkworm-like HAp particles, and their diameter
as 50 nm and length was 200–300 nm. After soaking for 7

ig. 6. SEM images and element distribution in EPMA line-scanning analy
a) and 7 days (b).
eported.14 The higher growth rate might be attributed to the
ne grain in the SPS-sintered �-CS, and the deficiency such

he polished cross-section of �-CaSiO3 ceramics soaked in SBF for 3 days
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as Ca2+ ion caused by electric field or weak current through
samples.

4. Conclusions

The SPS process could fabricate dense CS ceramics
rapidly and suppress the grain growth effectively. Dense CS
ceramics were successfully fabricated at a low temperature
and short dwelling time of 5 min. The maximum bending
strength of 294 MPa was achieved for the sample sintered at
950 ◦C. SBF soaking results revealed that the SPS-sintered
�-CS showed good bioactivity with a larger growth rate of
HAp layer on its surface. The dense �-CS ceramics sintered
by SPS might be potential candidate as bioactive implant ma-
terials.
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