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ABSTRACT : This research work is focused on the fabrication and characterization of glass-ceramics in
the system CaO-SiO,-ZrO,-CaF, Zirconia was selected due to its well-known mechanical stability and
biocompatibility as bone implant material. Glasses were prepared by melt-quenching technique and by
using two-step heat treatment these were converted to glass-ceramics. Differential Thermal Analysis (DTA)
was performed to find, the glass transition temperature (Tg) and the glass crystallization temperature (Tc).
X-Ray Diffraction (XRD) analysis was carried out to identify different crystalline phases developed during
heat treatment. Scanning Electron Microscopy (SEM) was used to study the surface morphology of the
samples. ZrO, addition showed remarkable effect on the DTA, which resulted in the shift of endothermic
and exothermic peaks. Wollastonite (CaSiO3), calcium zirconium silicate (Ca,ZrSi;O;,) and ZrO, were the
major crystalline phases observed. High content zirconia (15.5 wt. %) glass-ceramic showed high
mechanical strength. The results indicate that high mechanical strength glass-ceramics can be prepared

from the system CaO-SiO,-ZrO,-CaF,.
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1. INTRODUCTION

Glass-ceramics are polycrystalline materials, produced by
controlled crystallization of glasses having special
compositions [1]. These materials have higher mechanical
strength, toughness, refractory properties and lower thermal
expansion coefficient than glasses. Other advantages of the
glass-ceramics are their lower density and resistance to
chemical effects, temperature variations and wear as
compared to metals as implants [2].

Ceramic materials that are implanted in the living body are
known as bioceramics. These materials are now being
designed not only to replace damaged bone but also to
repair and regenerate defective tissue in vivo [3]. Some
glasses and glass-ceramic materials, when implanted in the
human body make a bond with natural bone and are known
as glass bones. A number of glasses and glass-ceramics
implants have been prepared after Hench et al. research [4]
that some silicate glasses can chemically bond with living
bone.

The use of bioceramics is revolutionizing the biomedical
field in its deployment as implants for humans. Many
implant materials made of ceramics have been used for the
past three decades. In the search to improve the
biocompatibility and mechanical strength of implant
materials, attention has been directed towards the potential
use of load bearing ceramics. The ceramic-based
biomaterials have been accepted after biological evaluation
through several in vivo and in vitro tests.

Some hard tissues require very high strength. Among
various structural ceramics, zirconia containing ceramics
have been widely researched during the last three decades;
because of their better toughness and strength properties.
Addition of an appropriate amount of zirconia can increase
the strength of the material while keeping it as bioactive.
The addition of zirconia to hydroxyapatite ceramics
notably increases the mechanical stability of ceramics.
Thus it can enhance the application possibilities of such
ceramics [5]. Apart from providing a toughening phase,
ZrO, is also well known for its biocompatibility traits [6].
It is also known that among the bioceramics, bio inert
materials like alumina and zirconia are candidate materials

for load bearing implants e.g. total hip replacement (THR),
knee joints etc. [7]. The use of zirconia in the ball heads of
total hip replacements (THR) was first introduced in 1988.
This method still persists as one of the current main
applications of zirconia. Zirconia and yttria stablized
zirconia have wider applications as hip joint heads,
temporary supports, hip and knee prostheses, dental
crowns, tibial plates. A study of in vitro drug release from
zirconia ceramics has also been carried out [8]. Although
zirconia is considered a bio-inert ceramic because when
implanted, it only shows a morphological fixation with the
surrounding tissues without any chemical or biological
bonding [9] but now research is going on glass-ceramics
containing appropriate amount of zirconia along with other
oxides to be used as bioactive material [10, 11,12]. A
recent research has been done by hydroxylation of yttrium
stabilized zirconia and studying it in vitro bioactivity by
examining the formation of bone-like apatite on its surface
in the simulated body fluid [13].

In the present work three glass-ceramics in the system
Ca0-Si0,-Zr0,-CaF, have been fabricated and
characterized for their properties with a view to be used as
high strength bioactive and bioinert implant materials.

2. MATERIALS AND METHODS

Analytical grade (99.9 %) calcium oxide, silicon oxide,
zirconium oxide and calcium fluoride were weighed and
thoroughly mixed in an agate mortar and pestle to obtain
glass compositions as given in Table 1. CaF, was added to
the initial composition in order to facilitate glass
processing. The mixed powders were then melted in a
platinum crucible in a preheated muffle furnace (Model
51314 Lindberg USA) at a temperature of 1550 ° C for 1
hour duration and then were poured on a stainless steel
plate to form glasses.
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Table 1 Glass Compositions in wt. %
Glass CaOwt. | SiO,wt. | ZrO,wt. | CaF, wt.
sample % % % %
BG- 7, 44.5 445 10.5 0.5
BG- Z, 44.5 41.5 135 0.5
BG- Z;3 44.5 39.5 15.5 0.5

Glasses were pulverized to fine powders of grain size less
than 45 um and compacted to circular pellets of diameters,
14 and 10 and 7 mm by hydraulic press (Model Carver
4350, USA) while exerting a pressure of 196 MPa. Some
powder of each composition was used for DTA analysis.
Differential thermal analysis (DTA) of these glass samples
was carried out to determine the glass transition
temperature (Tg) and crystallization temperature (Tc). For
this purposes thermal analyzer model [Simultaneous
DSC/TGA SDT-Q-600, Germany] was used. DTA was
carried out on powdered glass samples which were
examined up to temperature range from room temperature
to 1200°C at a heating rate of 20°C / min. From DTA
results suitable heat treatment program was established for
the conversion of glasses to their corresponding glass-
ceramics. The DTA curves of glass samples were
recorded.

Two-stage heat-treatment was used for conversion of
glasses to glass-ceramics. Glass pellets were heat treated at
the nucleation temperatures for 1 hour and at crystallization
temperatures for 2 hours. Some pellets were crushed into
fine powders for XRD analysis performance.
Identification of crystalline phases was carried out by X-
ray diffractrometer (Model Bruker D8 Discover, Germany)
performed at 40 kV and 40mA, by using a step size of 0.3°,
scan rate of 3% min. The XRD patterns were also recorded
in a 20 scan range 10°- 80° with Copper Ka 1 radiations.
Compressive strength of glass-ceramics was measured by
using Universal Testing Machine (Model 1000 Win wdw
100, China) at a crosshead speed of 0.5 mm/min. The
samples were circular in shape and of diameter 14 mm. The
compressive strengths of the samples were calculated by
using the equation: o, = Compressive strength= F/area = F/
nr where r =d /2. d is the diameter of the specimen
(mm) and “F” is the maximum compressive load during the
test (N) [14]

The surfaces of the glass-ceramic samples were then
examined by a Scanning Electron Microscope (SEM)
(Model JEOL JSM-6480 LV, JAPAN) - equipped with
Energy Dispersive Spectroscopy (EDS).

3. RESULTS AND DISCUSSION

Clear transparent glasses were prepared from all these glass
compositions containing, 10.5, 13.5 and 155 wt %
zirconia.

3.1. Differential Thermal Analysis

DTA was carried out to determine the glass transition
temperature Tg and crystallization temperature Tc of the
glasses. It was observed that addition of ZrO, had a
prominent effect on the DTA results, which is evident by
the shift in the endothermic and exothermic peaks. Figs.1
[(@), (b), (c)] show the DTA curves of the BG-Z; (base
glass), BG-Z, and BG-Zj, respectively
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Fig. 1 (a) DTA curve of BG- Z; showing Tg (780°C) and Tc
(1020 C).
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Fig 1, (b) DTA curve of BG- Z, showing (805C) and Tc
(1030°C).
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Fig.1(c) DTA curve of BG-Z3 showing Tg (775°C) and Tc
(1015°C)
Fig 1, (a) (b) (c) showing DTA curves of Z;, Z, and Z3,

The DTA curve of BG-Z; depicted an endothermic peak at
780°C corresponding to glass transition temperature Tg and
an exothermic peak at temperature 1020 C, which
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represents crystallization temperature Tc. The glass
crystallized in the temperature range (950°C-1060°C).
Fig.1b shows the DTA curve of BG-Z, This glass contains
3 wt. % more ZrO, and 3 wt. % less of SiO, than the base
glass. Glass transition temperature Tg was found at 805C
and crystallization temperature Tc at 1030°C. These data
indicate that an increase of ZrO, content up to 3 wt % had
increased the endothermic and exothermic peak
temperatures. This has already been investigated by
Maragha F. M et al. [15] that addition of ZrO, shifts
endothermic and exothermic peaks towards higher
temperatures. The glass crystallizes in the temperature
range (1000°C-1050°C). Fig.1c shows the DTA curve of
BG- Z; containing 5 wt. % more ZrO, at the expense of
SiO, than the base glass. In this curve glass transition
temperature was found at 775°C and crystallization
temperature at 1015°C and glass crystallized in the
temperature range (975°C-1075°C). The results indicated
that an increase of the zirconium oxide content beyond 5
wt. % decreased both the glass transition and crystallization
temperatures. It was also observed that not only, both the
temperatures decreased below the base glass (BG-Zj)
temperature, but also the major crystalline phase
(wollastonite) was converted into ZrO, phase.

These results have also been summarized in Table 2.

Table 2 Characteristics Temperatures of Glasses

Glass sample  Glass Transition Glass Crystallization
Temperature T, (°C)  Temperature T, (°C)
BG- 27, 780 1020
BG -7, 805 1030
BG-2Z; 775 1015

3.2 X-Ray Diffraction (XRD) Analysis
Figs. 2a, 2b and 2c show the XRD patterns of BGC-Z;
BGC-Z, and BGC-Z3, respectively.
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Fig. 2a XRD pattern of BGC- Z; showing phases A wollastonite, m
calcium zirconium oxide.

Regarding the compositions of the samples, BGC-Z;
containing 10.5 wt % of ZrO, showed two crystalline
phases namely wollastonite (CaSiOs) (card number: PDF#
29-372) and Calcium zirconium oxide (CaZrQyg) (card
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Fig 2b XRD pattern of BGC-Z2 showing crystalline phasesWollastonite I alciom arconium silicate
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Fig. 2 ¢ XRD pattern of BGC-Z; showing phases, A zirconium oxide,m
cyclo - wollastonite,® zirconium silicate.

Fig 2, (a) (b) (c) XRD patterns of BGC-Z;, BGC-Z, and BGC-Z;

number: PDF# 28-887). A glass-ceramic in the system
Si0,.Ca0-ZrO, processed with same technology also has
been investigated by De Aza et al. [16], and wollastonite
(CaSiOs3) was observed as the major crystalline phase in the
system. Fig. 2b shows the XRD pattern of sample BGC-Z,
containing 13.5 wt. % ZrO, The glass showed two
crystalline phases wollastonite (CaSiOj) (card number:
PDF# 29-372) and Calcium zirconium silicate
(CayZrSiy01;) (card number: PDF# 15-164). K.J. Hong et
al. have also prepared and studied a glass-ceramic in the
system CaO-ZrO,-SiO, under a single stage heat treatment
schedule. In the sintered glass-ceramic the same two
phases, wollastonite (CaSiO3z) and calcium zirconium
silicate (Ca2ZrSi,O;,) were identified [17]. These results
show that by increasing the ZrO2 content in the
composition, glass crystallizes at higher temperature and
different phases are observed. At this temperature, calcium
zirconium oxide (CaZrQg) phase was dissolved and a new
phase of calcium zirconium silicate (Ca,ZrSi,O1,) appeared
with the persistent of wollastonite phase. Wollastonite
phase remained the major crystalline phase in BGC-Z; and
BGC-Z,. The wollastonite phase was observed above
950°C. Fig. 2c shows XRD pattern of sample BGC-Z;
containing 15.5 wt. % ZrO, The behaviour of sample
BGC-Z; was quite different, by increasing zirconium oxide
content up to 15.5 wt. %, glass transition temperature
(775 C) and crystallization temperature (1015°C) both were
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decreased and zirconium oxide (ZrO,) (card number:
PDF# 34-1084) appeared as the major crystalline phase.
Wollastonite (CaSiOs;) and calcium zirconium silicate
(CayZrSi05,) phases were dissolved at this temperature
and cyclo-wollastonite and zirconium silicate were the new
phases observed. The over all results of XRD analysis for
these samples showed that for this particular system
wollastonite phase was observed as the major crystalline
phase for 10.5 and 13.5 wt. % addition of zirconia and with
the addition of 15.5 wt % zirconia; ZrO, was observed as
the major crystalline phase.
Different crystalline phases, which developed during the
heat treatment, are summarized in Table 3.

Table 3 Crystalline phases identified in glass-ceramics

Glass Ceramic Sample Phases Identified

BGC -2, Wollastonite, Calcium zirconium oxide

BGC -2, Wollastonite, Calcium zirconium silicate

BGC - Z; ZrO,, Cyclo Wollastonite, Zirconium
silicate

3.3 Mechanical Testing

Mechanical testing was carried out on samples BGC-Z,,
BGC-Z, and BGC-Z; to determine their compressive
strength. The strength curves are given in figure 3.
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Fig. 3 compressive strength of BGC-Z;, BGC-Z,, BGC-Z;

The stress-strain curves had a positive slope until a
maximum stress is reached. This maximum stress causes
the samples to crush and shows the maximum compressive
strength.

Compressive strengths of BGC-Z; BGC-Z, and BGC-Z;
determined by compression test are illustrated in Table 4. It
showed that by increasing zirconium oxide content
compressive strength also increased.

Table 5 Compressive Strengths of Samples

Glass Ceramic Sample Compressive strength MPa

BGC -7, 585.9
BGC -7, 691.2
BGC -Z; 791.6

3.4.2 SEM analysis

SEM analysis was carried out to study the surface
morphology of the samples. Fig. 4 a, b show SEM images
of the surfaces of BGC-Z, and BGC-Z,._
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Fig.4 b SEM image of BGC-Z,.

The SEM image of Fig. 4 a, shows the main crystalline phase as
wallostonite (CaSiO3) and small phase of calcium zirconium
oxide (CaZrQg). SEM image of Fig. 4 b shows the two phases
Wollastonite (CaSiOz) and calcium zirconium silicate
(CayZrSiz0yy).

4. CONCLUSIONS

In the present work clear transparent glasses have been
fabricated from the system CaO- SiO, -ZrO, -CaF.,.
Differential thermal analysis showed that by increasing the
amount of zirconia content up to 13.5 wt. % at the expanse
of silica, glass transition temperature and crystallization
temperatures both were increased whereas further increase
of zirconia content up to 15.5 wt. %, decreased both
temperatures. XRD analysis revealed that with the increase
of zirconia up to 13.5 wt. %, wollastonite (CaSiO3) was
observed as the major crystalline phase while higher
percentage addition of zirconia resulted in zirconium oxide
(ZrO,) being the major crystalline phase. Intensity of
wollastonite major peak was greater in composition
containing 10.5 % zirconia. Mechanical testing proved that
by increasing ZrO, content the compressive strength
increased
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