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Abstract

Alumina was coated with bioactive glass which is known to show a bonding behavior to living tissue. Another glass also coated

between alumina and bioactive glass to compensate their differences in thermal expansion. After coating the alumina with bioactive
glass, it reacted in simulated body fluids to investigate the formation of hydroxyapatite. The bioactive-glazed layer crystallized into
a-wollastonite and b-wollastonite crystalline phases when the glaze was fired at 1200 �C and 1100 �C, respectively. When the sam-

ples reacted in SBF, a-wollastonite easily leached out of the surface and hydroxyapatite formed on the leached site. The leaching
rate of a-wollastonite was faster than that of b-wollastonite, and the hydroxyapatite-forming rate was also faster in the sample
containing a-wollastonite than in the other sample. No silica-rich layer was found underneath the newly developed hydroxyapatite.
# 2003 Elsevier Science Ltd. All rights reserved.
Keywords: Al2O3; Bioactive glass; Hydroxyapatite; Wollastonite
1. Introduction

Hench et al.1,2 found in the early 1970s that some
glasses in the system of Na2O–CaO–SiO2–P2O5 show a
bonding tendency to living tissue in the human body.
Since then, various kinds of bioactive glasses and glass-
ceramics with different compositions have been intro-
duced.3�5 However, the applications of most of these
materials have been limited to less loaded places in the
human body because of their poor mechanical strength.
On the other hand, a high-purity alumina with high-

density (>3.9 g/cm3) was the first bioceramics used for
implants.6 Alumina has been used in load-bearing hip
prostheses and dental implants because of its excellent
corrosion resistance, high-wear resistance, and
strength.7 This alumina is a bio-inert material and it is
safe to use in the human body, but it doesn’t bond to
living tissue when implanted.
In order to provide bioactivity, one of the bio-inert

materials such as titanium metal is often coated with
hydroxyapatite.8,9 Synthetic hydroxyapatite
[Ca10(PO4)6(OH)2] is very similar to the inorganic com-
ponents of bone and it has been proven to be bioactive.10

The most commonly used technique to fabricate hydro-
xyapatite-coated titanium is by thermal plasma spray-
ing.11 The chemical composition and structure of the
hydroxyapatite coat are often changed during the plasma
processing due to high temperature and this affects its
bioactivity.12 The bonding between hydroxyapatite and
metal substrate are generally known to be poor.13

An alternative method is to coat a bio-inert implant,
such as titanium and alumina, with bioactive glass.14

The coefficient of thermal expansion of bioactive glass is
usually much higher than that of bio-inert substrate and
this difference may cause cracks in the glass layer.15 In
this study, therefore, another glass layer between bioac-
tive glass and alumina was applied in order to buffer
their thermal expansion differences.
The primary objectives of this work are to examine

the crystallization of the bioactive glass coat layer
depending on the firing temperature and to study the
hydroxyapatite-forming behavior depending on the
crystalline phases present in the layer coat.
2. Experimental procedure

2.1. Sample preparation

Two different types of glass were prepared as shown in
Table 1. One was for a ground-coat glass and the other
was for bioactive cover glass, which is now called a
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bioactive glaze. Coefficients of thermal expansion for
these glass samples are also included in the table. The
coefficient of thermal expansion of alumina used in this
study was 88�10�7/�C. Appropriate amounts of raw
materials, from the regent grades of SiO2, CaCO3,
Na2CO3, H3PO4, CaF2 and Al2O3, were weighed and
mixed in a gyroblender for 2 h. Then, each glass batch
was melted in a Pt-Rh crucible in an electrically heated
furnace at the temperature of 1500 �C for bioactive cover
glass and 1400 �C for ground-coat glass. The glass melt
was cast on a stainless steel plate and was pulverized into
the size of less than 10 mm with a planetary agate mill.
The glass powder was suspended in an acetone solution
and was spray-coated on a disc of dense alumina. The
sprayed samples were fired in the tube furnace. The
ground coat was fired at 1250 �C for 30 min. and the
bioactive glaze coat was fired at 1100 �C or 1200 �C for
30min. The thickness of the coat was 10 mm for the
ground coat and 20 mm for the bioactive glaze layer.
For the bulk glass experiment, the glass melt was cast

into a graphite mold to make a bar and then the glass
bar was annealed at 600 �C before sawing.

2.2. Reaction in simulated body fluids

To examine the hydroxyapatite formation on the
bioactive-glazed layer, the bioactive-glazed alumina
reacted in simulated body fluids (SBF). SBF was pre-
pared by dissolving NaCl, KCl, NaHCO3,
K2HPO4.3H2O, MgCl2.6H2O, CaCl2 and Na2SO4 in
tris(hydroxymethyl)-aminomethane[(CH2OH)3CNH2]
with pH 7.3, as described by Kokubo.16 The ion con-
centrations in the solution are almost the same as those
of human blood plasma. The prepared samples were
suspended in a sealed polyethylene bottle that contained
15.25 ml of SBF. The surface area of the sample to the
volume of the solution ratio was 0.1 cm�1 and the
reaction was carried out at 37 �C at various times.

2.3. Analysis of the reacted bioactive glass coat

The reacted bioactive-glazed layer was examined by a
Fourier transform infra-red spectrometer (Bio-Rad FTS
165), thin-film X-ray diffractometer (Philips PW3719
operated at 40 kV, 1.5� at an incident beam angle, Cu
target, scan speed: 0.08/s, 2�: 10–60�) and the scanning
electron microscope (Hitachi X-4200, 20 kV).
2.4. Ion concentration measurement in reacted simulated
body fluids

The concentrations of Si4+ and P5+ ions in the reac-
ted SBF were measured by the molybdenum blue
method. By adding ammonium paramolybdate solu-
tion, the Si4+ and P5+ ions in the solution turned into
silicomolybdate and phosphomolybdate, respectively.17

The extinctions at 810 nm for silicomolybdate and at
885nm for phosphomolybdate were measured by UV-
visible spectrometer (Shimadzu, UV-2401PC) and all
extinctions were compared to a standard calibration
curve to calculate these ion concentrations.
The concentration of Ca2+ ions was examined by an

atomic absorption spectrophotometer (Thermo Jarrell
Ash Corporation, AA-Scan1).
3. Results and discussion

3.1. Crystallization of bioactive glaze and
hydroxyapatite formation

The ground coat was fired at different temperatures
ranging from 1100 �C to 1300 �C. We found that the
smoothest surface was obtained when the coat was fired
at 1250 �C for 30 min. The ground coat contained crys-
talline phases of anorthite and corundum.18

The bioactive glass powder was sprayed on the ground
coat and fired at 1100 �C and 1200 �C for 30 min. Each
sample reacted with SBF for various times to examine the
formation of hydroxyapatite. The obtained hydro-
xyapatite was examined by a thin-film X-ray diffraction
(XRD) and a Fourier Transform Infrared Spectrometer
(FT-IR), and their results were shown in Fig. 1 for samples
fired at 1100 �C and in Fig. 2 for samples fired at 1200 �C.
When the bioactive-glazed aluminawas fired at 1100 �C,

the glaze layer crystallized into b-wollastonite with a
small amount of fluorapatite (Fig. 1). On the other hand,
for the sample fired at 1200 �C, the glaze layer crystallized
into a-wollastonite as a major phase with fluorapatite
(Fig. 2). This result agreed with the previous study repor-
ted by Kim, et al.19 that stated that the bioactive glass
containing a large amount of CaO crystallized into wol-
lastonite when the temperature rose above 1100 �C.
For the sample fired at 1100 �C for 30 min, which

contained b-wollastonite crystal, major peaks of b-wol-
Table 1

Glass compositions and coefficients of thermal expansion (CTE)
Glass
 Composition
SiO2
 Na2O
 CaO
 B2O3
 Al2O3
 P2O5
 CaF2
 CTE (�10�7/�C)
Ground coat glass
 55
 10
 25
 5
 5
 –
 –
 93.4
Bioactive cover glass
 55.1
 9.2
 27.8
 –
 –
 3.4
 4.5
 108
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lastonite at 2�=20�25� and 30� remained after 72 h of
reaction in SBF, and fluorapatite peaks at 2�=30�35�

was broadened due to the overlap of hydroxyapatite
peaks. However, the peak intensity of hydroxyapatite
was relatively smaller than that of b-wollastonite. This
result indicates that b-wollastonite could not be leached
out easily during reaction in SBF and newly formed
hydroxyapatite layer was so thin that XRD could detect
b-wollastonite underneath hydroxyapatite layer. FT-IR
spectra showed the same results. Because b-wollastonite
did not dissolve easily in SBF, main peaks of b-wollas-
tonite20 at 1090 cm�1, 968 cm�1 and 903 cm�1 remained
after 48 h of reaction, and the intensity of hydroxyapatite
peaks at 550 cm�1 and 604 cm�1 were very low in com-
parison with the bending vibration peak of Si–O–Si21

at 475 cm�1. This explains hydroxyapatite did not form
well on the surface of bioactive glaze containing
b-wollastonite.
For the sample fired at 1200 �C for 30 min, on the

other hand, the intensity of a-wollastonite peaks in
Fig. 1. XRD patterns and FT-IR spectra of bioactive-glazed layer. The layer was heated at 1100 �C for 30 min and reacted in SBF for various times.
Fig. 2. XRD patterns and FT-IR spectra of bioactive-glazed layer. The layer was heated at 1200 �C for 30 min and reacted in SBF for various times.
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XRD decreased rapidly with reaction time, and the
characteristic broaden peaks of hydroxyapatite at
2�=30�35� appeared after 48 h of reaction. The same
result was observed by FT-IR. Most of a- wollastonite
peaks22 at 1000 cm�1, 942 cm�1 and 721 cm�1 dis-
appeared at 24 h of reaction and the characteristic peaks
of hydroxyapatite23 started to show at 550 cm�1 and
604 cm�1 at the same reaction time. Those hydro-
xyapatite peaks grew sharper with reaction time. This
indicates that the a- wollastonite crystals in the bioac-
tive coat layer dissolved easily in SBF and thick hydro-
xyapatite was formed.
These results explain that the hydroxyapatite formation
is strongly related to the dissolution rate of a-wollastonite
crystals. It is believed that the high leaching rate of Ca2+

ions out of a-wollastonite enhances the formation of
hydroxyapatite. This explanation is not conclusive at this
moment and further studies are needed to verify this.

3.2. Features of hydroxyapatite formation and
hydroxyapatite forming rate

Scanning electron microscope (SEM) morphologies of
the samples after reaction in SBF for various times were
Fig. 3. SEM images of bioactive-glazed layer after reaction in SBF. The layer was heated at 1100 �C and 1200 �C for 30 min and reacted in SBF for

various times.
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presented in Figs. 3 and 4. Fig. 3 shows the over-all
features of hydroxyapatite formation in the long-term
exposure to SBF, while Fig. 4 shows the detailed fea-
tures of hydroxyapatite formation in the early stage of
reaction.
When the samples reacted for 24 h, as shown in Fig. 3,

a large part of the surface of bioactive-glaze layer fired at
1200 �C was dissolved, while most of the surface of layer
fired at 1100 �C remained intact. This is because SBF dis-
solved a-wollastonite easily, but not b-wollastonite. This
agrees well with the previous results shown in Figs. 1 and 2.
With an increase in the reaction time, round-shape clusters
developed at the site of the dissolved a-wollastonite, but
scattered clusters were observed on the sample contain-
ing b-wollastonite. Examination of high magnitude
SEM revealed that these clusters were the typical leaf-
like hydroxyapatite. Moreover, over-all features of
samples (Fig. 3) seem that the hydroxyapatite was much
denser on the sample containing the a-wollastonite
phase. With a further increase in the reaction time, the
hydroxyapatite spreads all over the surface for both
samples.
Fig. 4 shows the SEM observation of the surface of

the bioactive-glazed layer in the early hours of reaction
in SBF. For the sample containing b-wollastonite, that
was fired at 1100 �C, lots of little seeds of calcium
Fig. 4. SEM images of bioactive-glazed layer after reaction in SBF. The layer was heated at 1100 �C and 1200 �C for 30 min and reacted in SBF for

various times.
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phosphate formed evenly on the entire surface of the
sample during 12 h of reaction time and these developed
into amorphous calcium phosphate clusters within 18 h
of reaction time. Then, these calcium phosphate clusters
crystallized into hydroxyapatite crystals after 24 h of
reaction. For the sample containing a-wollastonite, that
was fired at 1200 �C, amorphous calcium phosphate
clusters developed within 12 h of reaction time at the
site made by dissolving of a-wollastonite, and then
crystallized into hydroxyapatite after 18 h of reaction.

3.3. Ion concentration in SBF

We can also predict the rate of wollastonite leach-
ing and hydroxyapatite formation by measuring the
concentrations of ions leached out of samples in the
reacted SBF. The concentration of silicon, calcium, and
phosphorus ions in the reacted SBF were analyzed with
an atomic absorption spectrophotometer and a UV-visi-
ble spectrometer, and the results were presented in Fig. 5.
Silicon is a component of wollastonite (CaSiO3) as

well as a component of a glass phase, but the SBF does
not have this ion. Therefore, the presence of silicon ions
in the reacted solution is due to the leaching from the
sample. As shown in Fig. 5(a), the leaching rate of the
silicon ion was much higher for the sample containing
a-wollastonite than for the sample containing b-wollas-
tonite. This explains the higher dissolving behavior of
a-wollastonite compared with b-wollastonite as men-
tioned earlier.
Fig. 5. Ion concentrations of SBF after reaction with bioactive-glazed alumina fired at 1100 �C and 1200 �C.
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The fresh SBF contained about 100 ppm of calcium
ions and its concentration in the reacted solution
increased with reaction time in the early stages of reac-
tion, but decreased after a certain period of reaction. As
shown in Fig. 5(b), the differences in the ion concen-
tration variation in the two different samples explain
that the rate of a-wollastonite leaching was faster than
that of b-wollastonite leaching. Moreover, for the sam-
ple containing a-wollastonite, the concentration of the
calcium ions started to drop after 48 h of reaction time.
For the sample containing b-wollastonite, however, the
calcium ion concentration increased to 72 h of reaction
time. This calcium ion is one of the sources of hydro-
xyapatite that precipitated onto the sample. The
increase in calcium ions was due to the leaching of wol-
lastonite, and the decline of the concentration after
specified hours of reaction explains that the up-take rate
of the ions that form hydroxyapatite is higher than its
leaching rate from the sample. These ion concentration
measurements indicate that the hydroxyapatite-forming
rate is much faster in the sample containing �-wollasto-
nite than in the sample containing b-wollastonite.
Phosphorus ions are also a component of hydro-

xyapatite. The original SBF contained about 30 ppm
phosphorus ions. As reaction time passed, the concen-
tration of phosphorus ions in SBF decreased because
the ions were up-taken on the surface to form hydro-
xyapatite. The leaching of these ions from the sample is
almost negligible because it is believed that most phos-
phorus ions present in the glass were spent to form the
crystallized apatite during the heat-treatment. It is
known that fluorapatite is rather chemically stable in
SBF.24 The bioactive glaze contained 3.4 mol % of
P2O5. The sample containing a-wollastonite consumed
more phosphorus ions from SBF than the sample con-
taining b-wollastonite did, indicating that hydro-
xyapatite forming rate was faster in the a-wollastonite
sample than in the b-wollastonite sample.
Fig. 6. SEM images and EDS results of HCl-treated bioactive-glazed layer (a) and bioactive bulk glass (b).
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3.4. Hydroxyapatite formation on the HCl-treated
coating layer

When bioactive glass reacted in SBF, it has been
believed that hydroxyapatite precipitated onto the silica-
rich layer that was developed by the leaching of cations
from the glass. To examine this phenomenon in this
study, two different samples were prepared as follows.
First, the sample containing a-wollastonite reacted in
SBF for 100 h to obtain hydroxyapatite and then fol-
lowed by dissolving hydroxyapatite by treating the
sample in HCl with pH of 2 for 2 min. Second, the
bioactive bulk glass, which has the same composition as
the bioactive glaze, reacted in SBF for 100 h.
In the bioactive-glazed alumina, as shown in Fig. 6,

no silica-rich gel layer underneath the hydroxyapatite
was found, instead, some crystalline phases were
observed. The XRD study revealed that these crystalline
phases were fluorapatite as a major phase and with a
small amount of wollastonite.18 Moreover, an Energy
Dispersive Spectroscopy (EDS) result showed Ca2+,
Si4+ and P5+, which are the elements of wollastonite
and glass. This indicates that no silica-rich layer formed
in bioactive-glazed alumina. For the bioactive bulk
glass, however, no hydroxyapatite was found after 100 h
of reaction and a rough surface of a silica-rich layer
with some cracks was observed. EDS revealed it was
pure silica. Kim and Hench,25 in the study of Bioglass,
argued that an amorphous calcium phosphate film
formed on the SiO2-rich layer first, and then the amor-
phous film transformed into hydroxyapatite crystalline
phase by combining with OH- and CO3

2- from the solu-
tion. This silica-rich layer is a drawback for using
bioactive glass for implants because of its weak
mechanical strength. In the bioactive-glazed alumina,
however, no silica-rich layer was observed as explained
above, and this biomaterial could possibly show better
performance when it is implanted.
Next, the bioactive-glazed alumina treated with HCl

was reacted in SBF again, and its FT-IR results are
shown in Fig. 7.
Hydroxyapatite developed again in the bioactive-

glazed alumina treated with HCl within 24 h of reaction.

Fig. 7. FT-IR spectra of bioactive-glazed layer after HCl-treatment

and the layers after reaction in SBF for various times.
Fig. 8. Comparison of ion concentrations of reacted solution between bioactive-glazed layer after HCl-treatment and untreated sample after

reaction in SBF for the various times.
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The hydroxyapatite-forming rate of HCl-treated sam-
ples was almost the same as that of the non-treated
samples (Fig. 2).
We again measured the ion concentrations for the

HCl-treated bioactive-glazed alumina after reaction in
SBF and the results are shown in Fig. 8. The leaching
rate of silicon, which is a component of wollastonite,
was much lower in the HCl-treated sample than in the
untreated sample. This is because a large amount of
wollastonite had already dissolved out. However, the
decrease in the concentration of phosphorus ions, which
is due to the up-take of the ions from the SBF to form
hydroxyapatite, was almost the same for both samples.
This explains that even the presence of small amounts of
wollastonite in the coating layer after an HCl-treatment
will help the formation of hydroxyapatite.
Kokubo26 argued in his bioactive A/W glass-ceramic

studies that the release of considerable amounts of cal-
cium and silicon ions into SBF promotes hydro-
xyapatite formation. For the present study, however,
hydroxyapatite formed easily without a large amount
of ion leaching. It is thought that small amount of a-
wollastonite which is leached provides a favorable site
for hydroxyapatite nucleation like the silica-rich gel
layer.
4. Conclusions

When the bioactive-glazed alumina reacted in the
SBF, the following conclusions were drawn.

1. When the alumina was coated with bioactive

glass and fired at 1100 �C and 1200 �C, the glass
coat layer crystallized into b-wollastonite and
a-wollastonite, respectively.

2. The rate of a-wollastonite leaching was much

faster than that of b-wollastonite leaching when
reacted in SBF. Further, the rate of hydro-
xyapatite formation was faster in the sample
containing a-wollastonite than in the sample
containing b-wollastonite.

3. The hydroxyapatite-forming rate on the bioac-

tive-glazed alumina was much faster than that for
the corresponding bioactive bulk glass.

4. No silica-rich layer was found underneath the

newly formed hydroxyapatite in the crystallized
bioactive glaze, while the silica-rich layer devel-
oped on the corresponding bioactive bulk glass.
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