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In this work, powders of the composition (CaO 46- SiO, 34- P,O; 14.5- MgO 4- CaF, 1- MgF, 0.5) (wt. %) were thoroughly
mixed and melted in a muffle furnace. The melt was quenched in water to form glass. Three glass-ceramics were prepared
by sintering glass samples at three different temperatures 850, 900 and 950°C according to the exothermal peaks of DTA.
The DTA peaks correspond to the bioactive crystalline phases hydroxyapatite(HA) and wollastonite as confirmed by the
XRD data. Study of diameter-shrinkage co-efficient and bulk-density of samples revealed higher densification rate for the
range 900 - 950°C than that for the range 850 - 900°C.SEM and optical microscope results illustrated a tendency towards
closely packed structure and increasing grain size with the increase of sintering temperature. The samples were immersed
in SBF for 30 days at room temperature for in-vitro evaluation.EDS analysis, showing the presence of carbon(C) along
with calcium(Ca) and phosphorus(P) suggests the formation of hydroxycarbonate-apatite(HCA) phase that indicates the
bioactivity of the material which increases with the increase of sintering temperature.

INTRODUCTION

Glass-ceramics are the polycrystalline solid mate-
rials prepared by the controlled crystallization of parent
glassesaccording to the desired set of biological, structural
and mechanical properties [1]. Bioactive glass-ceramics
own the ability to make a bond with the bone tissues
in physiological environment [2]. Bioactivity of glass-
ceramics is measured by the rapidity of development of
hydroxycarbonate apatite (HCA) and its bonding with
the surrounding tissues [3]. The well known bioactive
glass-ceramics in orthopedics applications are calcium
phosphate based hydroxyapatite containing glass-
ceramics having chemical resemblance to the inorganic
component of bone and teeth. Small variations in Ca/P
ratios of calcium phosphate glass ceramics cause to
change the structural and biodegradation behavior of the
glass ceramics [4]. Apatite-wollastonite containing glass-
ceramics (A-W GC) are also well known for having in-
vitro and in-vivo stability and are difficult to be resolved
in physiological fluids [5]. Bioactive glass-ceramics
containing apatite and wollastonite phases are found to
have good mechanical properties like bending strength,
fracture toughness and young’s modulus etc, enabling
to be used in load bearing applications such as vertebral
prostheses etc [6-10]. Bioactivity and microstructure
of glass-ceramics are found to vary by compositional
changes and changes of preparation parameters [6,11].

Research is in progress on the preparation, micro-
structure characterization and biological evaluation of
bioactive glass-ceramics [12-18] and there is a great need
to prepare new bioactive glass-ceramics using every
possible compositional changes and changes of pre-
paration parameter because bioactivity and microstructure
properties of glass-ceramics are found to be greatly
affected by these important variations. The present
investigation is an attempt to prepare bioactive glass-
ceramics of the system (CaO 46- SiO, 34- P,0; 14.5- MgO
4- CaF, 1- MgF, 0.5) (wt. %) by melting the thoroughly
mixed powders in a muffle furnace and sintering the
glass powders at different temperatures according to the
DTA data. Microstructure characterization is carried out
employing thermal analysis using differential thermal
analyzer, crystallization studies using X-ray diffraction,
bulk densification and surface morphological studies
using scanning electron microscope. Energy dispersive
spectrum is used to investigate the in-vitro behavior of
the glass-ceramic samples after immersion in SBF for
thirty days.

EXPERIMENTAL
Sample Preparation

Figure 1 shows the flow chart for the preparation
of bioactive glass-ceramics. Thoroughly mixed powders
of the composition (CaO 46- SiO, 34- P,0, 14.5- MgO
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4- CaF, 1- MgF, 0.5) (wt. %) were melted in a muffle
furnace at 1500°C in a platinum crucible and the melt
was quenched in water to form glass. The glass was
powdered using agate mortar and pestle for several hours
and compacted under a pressure of 10° Pa in a hydraulic
press. 5 wt. % polyvinyl alcohol (PVA) was used as
organic binder for compaction. The glass compacts were
sintered at 850, 900 and 950°C for three hours according
to the exothermal peaks of DTA data, in a muffle furnace
operating at the ramp rate of 5°C/min. The samples
were maintained at 700°C for 1 hour for the creation of
nucleation sites before crystallization. The samples were
named as GC1, GC2 and GC3 respectively according to
sintering temperatures.

Manufacturing Flow Chart

Raw materials Characterization
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Figure 1. Flow chart of preparation of glass ceramics.

Sample Characterization

Thermal analysis was carried out on glass powder
using DTA apparatus (SDT Q600 V8.0 Build 95) from
room temperature to 1400°C with ramp rate of 5°C/min.
Microstructure characterization of the samples was
performed by X-ray diffraction (Panalytical X’Pert PRO
MPD 6-6 X-Ray Diffractometer) using Cu Kal radiation
(A = 1.54056 A) and data was evaluated using X’Pert
high score software.

Morphological study of the samples was performed
by optical microscopy (Leica DM 4000) and scanning
electron microscopy (JEOL, JSM 840A) using secondary
electron mode of imaging.

To study the densification behavior, diameter shrin-
kage co-efficient was determined by plotting a slope
of diameter shrinkage vs temperature and density was
calculated by using Archimedes equation.

Bioactivity of samples was investigated by immer-
sing the samples in simulated body fluid for thirty days
at 37°C. EDS was used for in-vitro characterization.

RESULTS AND DISCUSSION

Thermal Analysis

Figure 2 shows the DTA curves of glass. High glass
transition temperature T, (730°C) indicates the closely
packed structure and thermal stability of the glass system

[19]. The regular crystallization process begins at 850°C
which achieves saturation at 870°C indicated by the
exothermic peak, attributed to the crystallization of HA
phase, which also suggests the upper temperature limit
of the thermal stability of the glass [20]. The second
exotherm at 960°C corresponds to the crystallization of
wollastonite phase as confirmed by the XRD results.
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Figure 2. DTA graph of glass powder.

XRD Analysis

Figure 3 shows the XRD graphs of glass-ceramic
samples GC1, GC2 and GC3. Crystalline phases of
hydroxyapatite (HA) Ca,,(PO,);(OH), are the most
prominent with minor phases of wollastonite (CaO-Si,0)
in the graph of GC1. Graph of GC2 shows the slight
increase in peak intensities with the rise in sintering
temperature indicating the crystals growth. Formation
of wollasonite phases is much prominent in the graph
of GC3 showing the proficient growth of wollastonite
at the sintering temperature 950°C as confirmed by
DTA graph. The graph of peak intensities of dominant
phases vs temperature is shown in Figure 4. The average
crystallite size was calculated using Scherrer’s formula

3]
31 Crystallite size = 0.894/FWHM Cos 6

where 2 = 1.54 A is the wavelength of the X-ray,
FWHM is the full width at half maxima (in radian) of
the particular diffraction peak and @ is the corresponding
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Figure 3. XRD graphs of samples GC1, GC2 and GC3.
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Bragg’s angle of the diffraction peak. The crystallite
size (Figure 5) of HA increases uniformly from 34.7 nm
to 35.1 nm with the sintering temperature and that of
wollastonite enlarges from 23.2 nm to 23.4 nm in the
temperature range (850 - 900°C) and then from 23.4 nm
to 24.1 nm in the temperature domain (900 - 950°C),
showing the larger crystal growth of wollastonite which
is in accordance with the DTA data.
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Figure 4. Graph of peak intensity vs. sintering temprature.
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Figure 5. Graph of crystallite size vs. sintering temprature.
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Figure 6. Graph of lattice strain vs. sintering temperature.

Slight phase shifting occurs in GC2 which is more
prominent in GC3 due to the internal stresses which may
have originated due to the lattice distortions caused by
the incorporation of impurity atoms of different radii
at the lattice sites at higher temperatures [21]. Lattice
distortion or strain was calculated by the X’pert high
score software. It varied inversely to the crystallite size
against the sintering temperature as shown in Figure 6.

Densification of the samples

Behavior of diameter shrinkage of the samples with
the sintering temperature (Figure 7) was examined using
the formula:

Diameter Shrinkage = AD/D,= (D - D,)/D,

where D is measured diameter of sample at temperature
T and D, is the diameter of the sample at ambient tem-
perature. Diameter shrinkage co-efficient a, determined
by plotting a slope of AD/D, vs temperature is shown in
Figure 8.

Graphs of Figures 7 and 8 suggest the increasing
densification process by the reduction of pores and
diffusion of the particles along the grain boundaries at
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Figure 7. Graph of diameter shrinkage vs sintering temprature.
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Figure 8. Graph of diameter shrinkage coefficient vs sintering
temperature.
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higher temperatures. Rate of densification was higher
for the temperature domain (900 - 950°C) than that for
(850 - 900°C) because in lower range the crystalliza-
tion of hydroxyapatite phase was prominent but in the
higher temperature range, both the hydroxyapatite and
wollastonite crystallization contributed to the greater
densification process thus increasing the bulk density in
the higher temperature domain as shown in Figure 9.
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Figure 9. Graph of bulk density vs. sintering temperature.

Densities of all the samples were measured by
Archimedes equation [19]:

p=a*p,/(a-b)

where p = density of sample, a = weight of sample in
air, b = weight of sample in liquid, p,, = density of water.

Change in density from 850 - 900°C is found to be
2.4 g/cm’to 2.6 g/cm’® whereas from 900 - 950°C that is
2.6 g/lem’to 2.9 g/cm® showing the higher densification at
higher temperature as conformed by optical microscopy
and scanning electron microscopy. This change in den-
sities against temperature is shown in Figure 9.

Optical microscopy

Optical microscopy for the surface morphology was
carried out for each sample at 100 times magnification.
The small glazed regions in the micrographs show
the glassy matrix with fine crystals embedded in it as
shown in Figures 10a, 10b and 10c. The red spots in
the micrographs are associated with the hydroxyapatite
crystals. An increase in the grain growth is observed by
increasing the sintering temperature.

Scanning electron microscopy

Figures 11a, 11b and 11c are the scanning electron
micrographs showing the magnified images of GCI,
GC2 and GC3 respectively.

Small grains are attributed to wollastonite and
larger grains are of hydroxyapatite. Micrographs of GC2
and GC3 show that grains are being closely packed and

their densification increases by increasing the sintering
temperature that may be due to the efficient migration of
the materials from grain boundaries between the particles
thus forming necks and gradual elimination of vacancies
at the surface at higher temperature [3]. This behavior is
highly visible in GC3 due to greater atomic motion and
enhancement in crystalline size of wollastonite at higher
temperature.

¢) GC3
Figure 10. Optical micrograph of sample GC1 (a), GC2 (b)
and GC3 (c).
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of hydroxycarbonate apatite in physiological solution.
The mechanism of hydroxycarbonate apatite layer for-
mation may be explained by the increase in saturation
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Figure 11. SEM micrograph of sample GC1 (a), GC2 (b) and
GC3 (c).
In vitro characterization , | |
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After immersion of the samples (GC1, GC2 and KeV

GC3) in the simulated body fluid for 30 days at 37°C,

EDS (Figures 12a, 12b, 12c) confirms the bioactivity ¢) GC3

of all the samples by showing the presence of carbon  Figure 12. EDS spectrum of GC1 (a), GC2 (b) and GC3 (c)
along with Ca and P which corresponds to formation  after immersion in SBF.
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of surrounding fluid owing to dissolution of Na*, Ca?" or
Si*" ions from the surface of material and incorporation
of CO,* ions with OH ions that causes the formation of
new phases on the sample’s surface. EDS further reveals
that bioactivity increases with the sintering temperature
and it is highest for GC3.

CONCLUSIONS

1. CaO 46- SiO, 34- P,0O, 14.5- MgO 4- CaF, 1- MgF,
0.5 (wt. %) glass was prepared by conventional melt-
quench method.

2. Three glass-ceramics were prepared by sintering glass
samples at three different temperatures according
to the DTA data of nucleation and crystallization
temperatures.

3. XRD analysis of glass-ceramics samples revealed the
presence of two biologically active crystalline phases,
hydroxyapatite (HA) and wollastonite.

4. Crystalline phases enhanced with the increase of
sintering temperature and wollastonite phase was
more prominent in GC3.

5. Diameter shrinkage as well as diameter shrinkage
coefficients showed the higher densification of samp-
les in the temperature range 900 - 950°C than that in
range 850 - 900°C as conformed by optical microscopy
and SEM.

6. The in vitro test was performed by immersing the
samples in simulated body fluid for thirty days at
37°C. EDS analysis showed the presence of carbon
along with calcium and phosphorus suggesting the
formation of hydroxycarbonate apatite (HCA) phases
that indicates the bioactivity of the material which
increases with the sintering temperature.
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