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Effect of glass—ceramic microstructure on its
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Two routes were used to obtain a glass—ceramic composed of 43.5wt % SiO, - 43.5wt % CaO
- 13wt % ZrO,. Heat treatment of a glass monolith produced a glass—ceramic (WZ1)
containing wollastonite-2M and tetragonal zirconia as crystalline phases. The WZ1 did not
display bioactivity in vitro. Ceramizing the glass via powder technology routes formed a
bioactive glass—ceramic (WZ2). The two glass—ceramics, WZ1 and WZ2, were composed of
the same crystalline phases, but differed in microstructure. The in vitro studies carried out on

WZ2 showed the formation of an apatite-like layer on its surface during exposure to a
simulated body fluid. This paper examined the influence of both chemical and
morphological factors on the in vitro bioactivitity. The interfacial reaction product was
examined by scanning and transmission electron microscopy. Both instruments were fitted
with energy-dispersive X-ray analyzers. Measurements of the pH made directly at the
interface of the two glass—ceramics were important in understanding their different behavior
during exposure to the same physiological environment.

© 2003 Kluwer Academic Publishers

1. Introduction

A surgical implant may be defined as an object
comprising non-living materials introduced into the
human body and designed to fulfil a specific function
over a specified time span [1, 2]. Basically, the important
properties of a material can be classified into four
categories: mechanical, physical, chemical and bio-
logical. Physical and mechanical properties control the
active functional characteristics of most implants, while
chemical and biological properties control the ability of
the implant to maintain its functionality throughout the
implantation time. The material selection, based on the
properties required for the application and characteristics
of the materials, determines the functional suitability of
the implant.

There has been an increasing interest in bioactive glass
and glass—ceramics in the past two decades, due to their
critical structural application within the human body,
mainly as bone bonding and bone substitute materials [3—
10]. The behavior of these groups of materials has
usually been related to their chemical composition, but a
careful study of their microstructure appears equally
important in order to understand their properties in the
physiological environment. This last point is particularly
interesting in the case of bioactive ceramics, glasses and
glass—ceramic materials, which showed the ability of
developing a strong bond to natural bone tissue after their
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implantation into animal and human bodies [11-15].
Several authors [16—19] have described the bonding
mechanism as a sequence of reactions between the glass
and glass—ceramic with the surrounding fluid. In most
instances, a silicon-rich layer was initially observed
followed by the formation of a calcium—phosphate-rich
layer [20-24].

Since the discovery of bioglasses by Hench et al. [25]
in the early 1970s, various types of ceramics, glasses and
glass—ceramics have been used as bone replacement
materials [26,27]. Most of them are based in the
Ca0O-MgO-P,05-Si0O, system [28-34]. Small amounts
of other constituents like CaF, or TiO, had also been
added to the initial composition, in order to facilitate
glass processing.

Natural bones and teeth are multiphase materials, thus
their combined properties are likely to be reproduced by
multiphase materials. Although composite fabrication
appears as a possibility to create such materials,
crystallization of glasses seems to be a very effective
way to simulate hard tissue in these applications.

In this study, a glass of the SiO, - CaO-ZrO, system
was processed by two dissimilar routes, in order to obtain
two different microstructures with the same glass—
ceramic composition. First, by heat treatment of a glass
monolith, a WZ1 glass—ceramic was obtained. Second,
by ceramizing the glass via a powder technology route
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similar to that employed for ceramics which eliminates
the formation of cracks in the glass ceramic specimen, a
WZ2 glass—ceramic was obtained. The main objective
was to examine the influence of both chemical and
morphological factors on the reactivity of the glass—
ceramics in a simulated body fluid (SBF). Changes in pH
at the glass—ceramic/SBF interface were measured. It
was important to record this parameter, as it was
indicative of the chemical changes taking place directly
at the interface. The product of the interfacial reactions
was examined by scanning and transmission electron
microscopy (SEM and TEM). The chemistry of the
interfaces was analyzed using energy dispersive X-ray
spectroscopy (EDS). X-ray spectra and elemental maps
were obtained when viewing images in secondary and
back scattered electron modes.

2. Materials and methods

The pseudobinary system CaO - SiO,—ZrO, shows a
peritectic invariant point at 1467° + 2°C [35]. In this
study, a glass composition corresponding to 87 wt %
CaO - SiO,—13 wt % ZrO2 was chosen, as it represents
the only composition in the system characterised by the
lowest melting temperature.

The starting materials composed of high-purity ZrO,
(99.99 wt % with low Hf content) and pseudowollaston-
ite (the high temperature polymorph of the chain-silicate
mineral wollastonite) were synthesized by a solid state
reaction at 1500 °C for 4 h from a stoichiometric mixture
of calcium carbonate (99.5 wt %) and high purity washed
Belgian sand (99.9 wt %). Details of pseudowollastonite
preparation and characterization can be found in previous
publications [36, 37].

At first, the powders were separately ground to a
particle size < 30 m. Next, the desired proportions of the
constituents were weighed out and thoroughly mixed
with the help of a small addition of acetone in a manual
agate mortar. In order to remove the volatile components,
the mixture was dried at 100 °C.

The dried powder was heat treated up to 1550°C,
which was 83 °C over the peritectic point temperature.
This process allowed a material of sufficiently low
viscosity to be produced, so that it could be poured out
onto a metal plate, avoiding at the same time any
possibility of devitrification. The processing time was
3 h, sufficient to obtain a good homogenization of the
melt. Afterwards, the melt was quenched in water.

The dried glass powder underwent differential thermal
analysis (DTA) at a heating rate of 10 °C/min, starting at
room temperature up to 1500 °C. The test was carried out
in a platinum crucible and under atmospheric conditions.
DTA results established the temperatures at which the
crystalline phases formed and their possible polymorphic
transformations. Based on the DTA results, several heat
treatments were performed in order to obtain glass—
ceramics of desired composition.

The glass—ceramic WZ1 was obtained by remelting
the glass powder at 1550°C over 3h in a platinum
crucible, followed by casting the melt on a metal plate.
Next, the glassy block was annealed at 875 °C and slowly
cooled down to room temperature, in order to eliminate
the stress formed during the cooling process. Finally, the
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glass—ceramic WZ1 underwent a heat treatment at 1100 °
for 1h.

A crack-free glass—ceramic (WZ2) was obtained by
grinding the glass block in an attrition mill until the
particles passed through a 30 um sieve. The material was
then isostatically pressed into a bar shape at 200 MPa.
Pellets were obtained from the bars and heat treated at
1100°C for 1h.

Samples of the glassy block WZ1 and glass—ceramic
WZ2 were studied by X-ray diffraction (XRD) using a
Siemens D-5000 instrument. The microstructures of the
WZ1 and WZ2 glass—ceramics were first examined by
conventional scanning electron microscopy (SEM) at
15kV using a Jeol JSM6300 model, fitted with EDS.

The WZ1 and WZ2 glass—ceramics were cut by a low-
speed diamond disc to prismatic pieces of 5 x 5 x 2 mm?
dimensions. These specimens were immersed in 100 ml
of SBF at human body temperature (36.6°C) in
polyethylene bottles [38]. The immersion period of the
material in SBF was up to 4 weeks. The choice of this
time span was based on the results obtained from
previous in vitro experiments performed in the same
media [39—41]. Changes in pH at the glass—ceramics-
SBF interface were determined daily using an ion-
sensitive field-effect transistor (ISFET-meter) of Siz;N,
type [42,43]. The superficial changes of the glass—
ceramics and the morphology of the polished cross
sections of the exposed specimens to SBF were first
studied in the SEM by secondary electron imaging,
followed by EDS analysis. The samples were prepared to
a 1 pm diamond paste finish, ultrasonically cleaned in
distilled water and thoroughly dried in air prior to carbon
coated.

The surface reaction product was examined using a
high resolution TEM, Jeol JEM 2010 fitted with LaBg
filament at 200keV. Specimens for the study were
prepared by dispersing the powder removed from the
exposed surfaces in a Petri dish filled with methanol. The
wet powder was picked up directly on carbon coated
TEM cooper grids of 200 mesh and coated with a thin
layer of carbon. Electron beam transparent particles were
chosen for TEM examination and examined by selected
area diffraction (SAD), low and high magnification
imaging, and EDS.

3. Results

The XRD pattern of the original, as-manufactured glass
block (Fig. 1) did not display any diffraction peaks
confirming the amorphous state of the sample. The DTA
results of the glass powder are shown in Fig. 2. A small
endothermic effect was observed at around 845°C,
which was attributed to the softening of the glass
(T, = 845°C). Thus, the temperature of 875°C was
chosen for annealing of the glass block. A strong
exothermic effect observed at around 980°C with a
small shoulder around 960°C were attributed to the
crystallization of tetragonal zirconia and wollastonite-
2M, respectively. This finding was confirmed by XRD
analysis of the quenched sample from 1050 °C (Fig. 3).
The small endothermic effect at ~ 1250°C was due to
the polymorphic transformation of wollastonite-2M into
pseudowollastonite  (Fig. 3). Finally, a strong
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Figure 1 X-ray diffraction spectra of the glass and the WZ1 and WZ2
glass—ceramics, both heated at 1100 °C for 1 h. CS-2M, wollastonite-
2M; ZT, tetragonal zirconia.
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Figure 3 XRD of the glass over the diverse range of processing
temperatures. CS-2M, wollastonite-2M; CS, pseudowollastonite;
ZT, tetragonal zirconia; ZM, monoclinic zirconia.

endothermic effect occurred at ~ 1460 °C which was
attributed to the initial melting of the glass, and agreed
with the temperature of the peritectic point of the
pseudobinary system CaO - Si0,—ZrO, [35].

Fig. 3 shows the XRD patterns obtained from the glass
over the diverse range of processing temperatures. A
partial devitrification occurred at around 950 °C due to
the nucleation of wollastonite-2M phase. As soon as the
temperature increased, the degree of material crystal-
linity had also increased. A certain number of peaks
corresponding to the monoclinic zirconia appeared as a
result of its partial tetragonal transformation to the
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Figure 4 Microstructure of the WZ1 glass—ceramic, (a) SEM image at
low magnification. CS-2M, wollastonite-2M; ZT, tetragonal zirconia;
RG, residual glass, (b) close up of the SEM image.

monoclinic form which occurred when the samples were
ground in preparation for the XRD analysis.

The XRD patterns of the WZ1 and WZ2 (Fig. 1)
showed that both glass—ceramics were composed of
wollastonite-2M and tetragonal zirconia.

SEM observation of WZ1 clearly showed that the
devitrification of the glass block occurred by segregation
of the two phases. Fig. 4(a) shows the wollastonite-2M
phase in shape of thin fibers radiating from the outer part
of the pellet to its center, while the tetragonal zirconia
phase precipitated in the inner part of the pellet. The
zones of the gray color corresponded to the residual
glass, which did not devitrified. A closed up observation
of the tetragonal zirconia precipitations (Fig. 4(b))
showed that they were formed of nearly equiaxial
rosettes, with an average diameter of =~ 150 + 10 pm.
The rosettes contained alternating radial dendrites of
tetragonal zirconia phase (white contrast) and dendrites
of wollastonite-2M phase (dark contrast).

Fig. 5 shows a secondary electron image at low
magnification of the microstructure of a crack-free
polished surface of glass—ceramic WZ2. This micro-
structure was characterized by a regular devitrification
containing closed round pores of a medium size of
~ 10 um.

The pH measurements, recorded directly at the
interface of the WZ2 specimen with the SBF solution,
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Figure 5 SEM image showing the microstructure of the WZ2 glass—
ceramic.
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Figure 6 Changes in pH recorded at the interface of the glass—
ceramics/SBE.

increased sharply from 7.25 to 8.9 in the first Smin of
immersion. After this time, the pH stabilized and
remained unchanged at the maximum-recorded value
of 8.9. Over the same period of time, the pH at the
interface with WZ1 fluctuated at a near-constant value of
7.25 (Fig. 6).

In contrast to the WZ2 specimen, there were no
morphological changes observed on the surface of the
WZ1 material after the one month exposure period to
SBE. To demonstrate this point, Fig. 7 shows the
microstructure of the polished cross-section observed
under the SEM. Therefore, the in vitro study in SBF
demonstrated the inability of the WZI to form a
CaO/P,0s-rich surface layer.

The surface of the WZ2 material after one month
immersion in SBF contained an HA-like phase with
characteristic globular morphology as shown in Fig. 8.
The globules formed a compact and continuous layer.
The cracks visible in the figure are artifacts caused by
drying of the specimen in air.

Fig. 9 shows a representative microstructure of the
polished cross-section of the WZ2 glass—ceramic after

894

Figure 7 SEM image of a cross-section microstructure of the WZ1
glass—ceramic after 1 month immersion in SBE.

Figure 8 The microstructure of the WZ2 glass—ceramic surface after 1
month immersion in SBF showing globular HA-like phase.

one month immersion in SBE and its relevant X-ray
maps for silicon, calcium and phosphorous elements.
This compositional microcharacterization of the inter-
face showed that the reaction zone was composed of two
chemically dissimilar layers formed on the glass—
ceramic surface. The outer layer, with an average
thickness of about 10um, was composed of a
CaO/P,0Os-rich phase, while the much thinner underlayer
(about 1/10 of the thickness of the outer layer) in direct
contact with the WZ2 substrate, was rich in silicon but
depleted in calcium.

The TEM technique was used to examine the
ultrastructure of the surface product formed after the
exposure of the WZ2 sample to SBF for one month. The
characteristic plate-like morphology of the HA-like
surface product at low magnification is shown in Fig.
10(a). EDS analysis performed on these thin crystals
confirmed the presence of calcium and phosphorous in
this region (Fig. 10(b)). High-resolution lattice imaging
of the HA-like crystals indicated that the individual
crystals formed a continuous phase by growing in direct
contact with each other. Images of (002) lattice planes
with 0.344 nm spacing were well resolved in many areas
(Fig. 10(c)), and these appeared to be defect free. The
measured lattice spacing from the negatives matched
well with the values for HA reported in the literature [44—



Figure 9 X-ray elemental maps of Si, Ca, P, and a relevant SEM image of the cross-section of the WZ2 glass—ceramic after 1 month immersion in

SBE

48]. When the specimen was appropriately oriented, the
selected area diffraction pattern displayed a sharp and
continuous ring of (111) planes corresponding to the
0.388 nm spacing. In addition, a sharp arc doublet of
(002) planes related to the 0.344nm lattices was also
present, indicating the preferential orientation of the HA-
like crystals in the layer (Fig. 10(d)).

The intermediate layer was found to be physically
continuous at a high magnification level. The SAD
pattern of this region showed that the phase was
amorphous (Fig. 11(a)). EDS analysis identified the
presence of SiO, in the layer (Fig. 11(b)).

4. Discussion

The in vitro results carried out in SBF for the two glass—
ceramics; WZ1 obtained by heat treatment of a glass
block, and WZ2 obtained by a combined sintering—
devitrification processing of the powdered glass, con-
cluded that each material displayed different in vitro
behavior in SBE.

WZ1 was not able to form a calcium phosphate layer
after one month in SBE. Its surface morphology remained
unchanged as observed by the SEM study of the polish
cross-section. Also, the pH measurements performed
directly at the interface recorded constant values
throughout the whole exposure period. Thus, these
observations dismissed the WZI1 material as being
bioactive. On the other hand, WZ2 showed a high
reactivity with the SBF, forming a well-defined HA-like
layer on its surface over the same immersion time. In this

case, the pH at the interface significantly increased from
the initial value recorded immediately after the SBF
immersion, indicating changes associated with the
surface bioactive behavior. SEM and TEM studies
including X-ray elemental maps also confirmed char-
acteristic chemical and structural changes associated
with the bioactivity.

The dissimilar behavior of WZ1 and WZ2 in SBF
appeared to be related to morphological and chemical
differences between the two glass—ceramics.

Overall the results suggested that the mechanism of
HA-like phase formation on WZ2 in SBF was similar to
that observed on silica-based and crystalline bioactive
materials [39,41]. It was found that the HA-like layer
precipitated from the SBF medium onto the amorphous
silica intermediate layer was due to the high pH
conditions (pH = 8.9) developed at the WZ2/SBF inter-
face. The increase in the pH reading resulted from the
ionic exchange of Ca™t™, released from the wollastonite-
2M network, for 2H;0" from the SBE.

Selected area diffraction performed in the TEM
showed that the crystallography of the newly formed
HA-like particles was similar to the mineral constituent
of cortical bone [49-51].

In WZ1, the formation of a heterogeneous micro-
structure containing wollastonite-2M and tetragonal
zirconia as crystalline phases, produced a residual
glassy phase of modified composition with regard to
the parent glass. Depletion of Ca*™ in the residual glass
by crystallisation of wollastonite-2M during the heat
treatment might have chemically stabilized the material,
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Figure 10 (a) TEM image of the surface product formed on WZ2 glass—ceramic after 1 month in SBF, (b) EDS analysis of the area, (c) high-
resolution TEM image of the HA crystals formed on WZ2 glass—ceramic after 1 month exposure to SBE (d) selected area diffraction pattern of the

region.

thus hindering the ionic exchange of Ca™" from the
wollastonite-2M network for 2H;0 " from the SBE. This
was confirmed by the constant pH value (pH=7.25),
recorded directly at the WZI1/SBF interface over the
immersion time in SBF solution. This behavior was in
agreement with the results obtained in previous research
carried out on different glasses as well as glass—ceramics
with polyvalent metal contents [52-54].

WZ1 displayed a microstructure with a high concen-
tration of Zr** ions in the center of the material. Such a
material was likely to loose its bioactivity due to the
formation of oxide and/or hydroxide multilayers on its
surface. A solubility limit of these multilayers needed
lower pH, that those required for the formation of the HA
layer. This effect stabilized the multilayers, making the
material inert. Gross et al. [52-54] also reported this fact;
that the addition of elements such as A1, Zr*+, Ta’t,
Ti*" etc. into glasses or glass—ceramics eliminates their
bioactivity by the formation of multilayers of oxides,
hydroxides, and multivalent layers composed of metal
carbonates on the surface of the materials.
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5. Conclusions

By making use of the CaO - SiO,—ZrO, system, a parent
glass was obtained from which two glass—ceramics with
different microstructures were developed. By heat
treatment of the glass, a glass—ceramic (WZ1) containing
wollastonite-2M and tetragonal zirconia as the crystal-
line phases, was obtained. The manufactured WZ1 did
not show in vitro bioactive properties.

Another glass—ceramic called WZ2 was obtained by
sintering—devitrification of the glass. This material
contained the same crystalline phases as glass—ceramic
WZ1, but demonstrated a very different microstructure.

The study proved the high reactivity of the WZ2 glass—
ceramic in a simulated body fluid for a period of one
month. The HA-like layer formed at the interface was
found to be compact, continuous and composed of many
small crystallites, whose ultrastructure resembled natural
cortical bone and dentine.

It was important to confirm that the high pH conditions
(pH=28.9) existing directly at the WZ2/SBF interface
were essential to promote HA-like precipitation. This
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Figure 11 (a) Selected area diffraction pattern of the intermediate
amorphous silica layer, (b) EDS analysis of the area.

finding suggested that the mechanism of HA-like phase
formation was similar to that on silica-based bioactive
materials previously studied in SBE.

A combination of chemical, structural and morpho-
logical factors were responsible for the different in vitro
behavior of the two glass—ceramics, both with a common
glass precursor.
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