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Abstract

Glass—ceramic materials based on diopside [CaMgSi,Ogl-wollastonite [CaSiOs]-fluoroapatite [Cas(POg4)3F]-sodium silicate [Na,SiOz]
system with TiO, or ZnO additives were successfully prepared and examined in vitro, by using a simulated body fluid (SBF) solution, to be
suitable for restorative dental and bone implant materials. In vitro bioactivity of the glass—ceramics was examined by using scanning electron
microscopy equipped with energy dispersive X-ray detectors (EDAX-SEM) and inductive coupled plasma emission spectroscopy (ICP).

The addition of TiO, showed a great positive effect on the bioactivity behaviour of the crystallized sample, while introducing ZnO to the glass
led to decrease the rate of apatite formation on the corresponding glass—ceramic sample. In vitro test of glass—ceramics containing sodium calcium
silicate solid solution showed higher bioactivity than that containing fluoroapatite. This fact indicated that the sodium calcium silicate solid

solution has higher bioactive index than fluoroapatite.

The coefficients of thermal expansion of the obtained glass—ceramic materials are between 97 x 1077 K™' and 127 x 1077 K™ in the 25—
600 °C temperature range and the Vicker’s microhardness values are between 4635 MPa and 6615 MPa.

© 2008 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Since the first discovery of bioglass by Hench et al. [1],
glass—ceramics have attracted more and more attentions in
biomedical application. Natural bone and teeth are multiphase
materials; their combination of properties probably can be
simulated only by multiphase materials. Crystallization of
glasses seems to be a very effective way to simulate hard tissues
for those applications where elastic modulus mismatch and
toughness are not important [2].

Apatite-based material has attracted considerable interest
for orthopedic [3] and dental applications [4] because of their
biocompatibility and tight bonding to bone, resulting in the
growth of healthy tissue directly onto their surface. Several
combinations between apatite and other phases have been
proposed in order to improve the poor mechanical properties of
apatite [5]. Hench [6] developed bioactive glasses and glass—
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ceramics of composition 45 SiO,, 24.5 Ca0, 24.5 Na,O and 6
P,Os wt%. Hydroxyl-apatite and apatite were the main crystal
phases of the glass—ceramics. Kokubo et al. [7] prepared an
apatite—wollastonite (A—-W) glass—ceramics comparable to
natural bone. This glass exhibits better mechanical properties
than other bioceramics and is able to strongly bond with bone.

The system Cas(PO,4);F-CaMgSi,O¢ provides fundamental
knowledge for the development of new kinds of ceramics,
glasses and bioglass—ceramics [8]. It is claimed that the
Cas(PO,);F-CaMgSi,0¢ glass—ceramics show a combination
of high mechanical strength, a high chemical resistance, and
good biocompatibility [9]. Salama et al. [10] prepared a new
bioglass—ceramics based on the stoichiometric compositions of
75 CaMgSi,Og—25 Cas(POy4)3F, with minor amounts of Na,O,
B,05 and TiO,. Salinas et al. [2] manufactured a bioactive
glass—ceramics from 3Ca0O-P,05—Ca0O-SiO,—CaMgSi,Og tern-
ary system.

Bioactivity can be defined as spontaneous communication of
materials in biological environment resulting in strong
adhesion between tissue and the materials [11]. However, it
should be stressed that bioactivity is not only a specific material
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property but also depends on the solution used for in vitro tests.
Many efforts have been made by researchers to investigate the
effect of solution type and materials composition on hydroxyl
carbonate apatite (HCA) layer formation [12]. TiO, is one of
the most common nucleating agents. The formation of bone-
like apatite on artificial materials is induced by functional
groups such as Si—-OH and Ti—OH [13]. Salama et al. [10] found
that the addition of TiO, enhanced the bioactivity behaviour of
glass—ceramics.

The introduction of small amounts of zinc oxide in bioactive
glass—ceramic materials for artificial bone could promote the
wounds to heal and increase the immunity of the human bodies.
Zinc oxide is an essential trace element that has stimulatory
effects on bone formation [14]. Kamitakahara et al. [15]
reported that the addition of zinc oxide to the bioactive glass—
ceramics controls the reaction between the bioactive glass—
ceramics and the surrounding body fluid.

The aim of the present work is to prepare varieties of bioglass—
ceramic materials characterized by suitable chemical, biological,
thermal and mechanical properties based on various contents
of the stoichiometric compositions of diopside (CaMgSi,Og),
fluoroapatite [Cas(PO,4)3F], wollastonite (CaSiO3), and sodium
silicate (Na,SiO;3) systems modified by the addition of TiO,
or ZnO.

2. Experimental
2.1. Glass composition and preparation

The glass compositions were calculated to give different
proportions of diopside [CaMgSi,Ogl-wollastonite [CaSiO3]-
fluoroapatite [Cas(POg4)3F]-sodium silicate [Na,SiOs]. The
calculated weight percentages of sodium silicate were
gradually increased from 5% to 25% at the expense of
wollastonite and at constant contents of fluoroapatite and
diopside phases. The base glass composition (i.e. G;) was
modified by the addition of TiO, or ZnO over 100 g glass
oxides, i.e. G, and Gjz. The chemical compositions of the
prepared glasses are given in Table 1.

Appropriate weight of reagent grade powders of CaCO3, SiO,
(quartz), MgCO3;, NH4-H,PO,, CaF,, Na,COj3, ZnO, and TiO,
were thoroughly mixed and melted in Pt-2%Rh crucible in an
electric furnace with SiC heating elements at 1350-1450 °C for
4 h. Melting was continued until clear homogeneous melt was

Table 1

Theoretical phase constituents and the respective oxide components of the glasses

obtained; this was achieved by swirling the melt several times at
about 30-min interval. The melt was cast into rods and as buttons,
which were then properly annealed in a muffle furnace at 500 °C
to minimize the strain.

2.2. Differential thermal analysis (DTA)

The thermal behaviour of the finely powdered glass sample
was examined using the SETARAM Labsys™ TG-DSC16.
The powdered sample was heated in Pt holder with another Pt
holder containing a-Al,O5 as a standard material. A uniform
heating rate of 10 °C min~ ' was adopted up to the appropriate
temperature of the glasses. The results obtained were used as a
guide to determine the temperatures for the heat treatment
applied to induce crystallization of the glasses.

2.3. Thermal treatment

The progress of crystallization in the glasses was followed
using double stage heat-treatment regimes. Crystallization was
carried out at temperatures in the region of the main DTA
exothermic peak determined for each glass. The glasses were
first heated according to the DTA results at the endothermic
peak temperature for 5 h, and then were followed by another
thermal treatment at the exothermic peak temperature for 10 h.

2.4. Material investigation

Identification of crystal phases precipitating during the
course of crystallization was done by examining X-ray
diffraction patterns obtained by using XSPEX, X-ray diffract-
ometer with search/match option, version 5.45, Diano
Corporation, Woburn, MA, USA. The crystallization char-
acteristics and internal microstructure of the resultant materials
were examined by using scanning electron microscopy (SEM),
where electron micrographs of representative samples were
obtained using Jeol, JXA-840 on electron probe microanalyzer
scanning electron microscope.

2.5. Properties
2.5.1. Thermal expansion measurements

The coefficients of thermal expansion of the investigated
glass—ceramic samples were carried out on 1.5-2.0-cm long

Glass no. Theoretical phase constituents (wt%) Oxide constitutions (mol%) Additives in g
over 100 g glass
oxide

Dio FA Wo NaS CaO MgO Na,O SiO, P,0s5 CaF, ZnO TiO,

G, 50 25 20 5 37.45 13.81 2.45 40.36 4.44 1.49 - -

G,-T 50 25 20 5 37.45 13.81 2.45 40.36 4.44 1.49 - 3.0

G,-Z 50 25 20 5 37.45 13.81 2.45 40.36 4.44 1.49 3.0 -

G, 50 25 10 15 32.46 13.88 7.39 40.31 4.47 1.49 - -

G; 50 25 - 25 27.42 13.95 12.37 40.27 4.49 1.50 - -

Dio = diopside, FA = fluoroapatite, Wo = wollastonite, NaS = sodium silicate.
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Table 2
ITonic concentrations (mM) in the simulated body fluid (SBF) solution and
human plasma

Occurrence Tons concentrations (mM)

Na* K" Mg?* Ca** CI- HCO™ HPO,~ SO*

103.0 27.0 1.0 0.5
147.8 42 1.0 0.5

Human plasma 142.0 5.0 1.5 2.5
SBF solution ~ 142.0 5.0 1.5 25

rods using Linseis L76/1250 automatic recording multiplier
dilatometer with a heating rate of 5°C min~'. The linear
thermal expansion coefficient was automatically calculated
using the general equation:

(AL 1
*=\T)\ar
where AL is the increase in length, AT is the temperature

interval over which the sample is heated and L is the original
length of the specimen.

2.5.2. Microhardness measurements
The microhardness of the investigated samples was
measured by using Vicker’s microhardness indenter (Model
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Fig. 1. DTA data of the glasses.
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HV-100 microhardness tester). The eyepiece on the microscope
of the apparatus allowed measurements with an estimated
accuracy of £0.5 um for the indentation diagonals. The
specimens were cut using a low speed diamond saw, dry ground
and polished carefully to obtain smooth and flat parallel
surfaces of glass—ceramic samples before indentation testing.
At least six indentation readings were made and measured for
each sample. Testing was made using a load of 100 g; loading
time was fixed for all glasses and crystalline samples (15 s). The
measurements were carried out under normal atmospheric
conditions. The Vicker’s microhardness value was calculated
from the following equation:

H, (kg/m?) = a7

where A is a constant equal to 1854.5 takes into account the
geometry of squared-based diamond indenter with an angle
136° between the opposing faces, P is the applied load (g) and d
is the average diagonal length (um). The microhardness values
are converted from kg/mm? to MPa by multiplying with a
constant value 9.8.

2.5.3. Invitro test

In in vitro bioactivity tests all the specimens were carried out
in polyethylene containers soaking the samples at 37 & 0.5 °C,
for 7, 14, and 21 days in 50 ml of Tris-buffered simulated body
fluid (SBF) solution, whose composition is shown in Table 2.
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Pieces were mounted vertically in a special polyethylene
scaffold to avoid deposition by gravity. The SBF solution was
prepared by dissolving reagent grade NaCl, NaHCO;, KClI,
KzHPO4'3H20, MgC126H20, CaClz, and Nast4 into
deionized water. The solution was buffered to pH 7.4 with
Tris-(hydroxymethyl)-aminomethane [(CH,OH); CNH;3] and
hydrochloric acid. Surface modifications of the materials were
studied by scanning electron microscope with energy dispersive
X-ray analysis (SEM-EDAX) Model Philips XL 30. The
variation of ion concentrations in the SBF solution after soaking
the sample was monitored by using inductive coupled plasma
(ICP) Model (Jobian Yvon Horiba Ultima 2000).

3. Results

The DTA data (Fig. 1) of the glass samples showed
endothermic effects at the 584—692 °C temperature range. This
effect represents the glass transition temperature (7;), at which
the atoms begin to arrange themselves in preliminary structure
elements subsequent to crystallization. Exothermic effects
observed at the 815-884 °C temperature range indicated that
the crystallization reaction takes place in the glasses.

Investigation of the glass—ceramic materials by X-ray
diffraction analysis revealed that predominant diopside
(CaMgSi,0g), fluoroapatite Cas(PO,);F, and wollastonite solid
solutions were crystallized from the base glass (G;, Fig. 2
Pattern I, Table 1). The addition of TiO, in the base glass, i.e.
G,-T, led to the crystallization of titanium diopside phase
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Fig. 3. changes in element concentrations of SBF solution due to soaking of glass—ceramic samples.
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(Fig. 2, Pattern II). On the other hand, ZnO-containing base
glass, i.e. (Fig. 2, Pattern III) crystallized predominantly into
pyroxene solid solution (zincain diopside) together with
fluoroapatite and wollastonite solid solutions.

The addition of 10 wt% and 20 wt% of sodium silicate
(Na,Si03) at the expense of wollastonite (CaSiOs), i.e. G, and
Gs, respectively led to the development of clinopyroxene solid
solution (MgSi03—CaMgSi,0g), sodium calcium silicate solid
solution and fluoroapatite phases (Fig. 2, Patterns IV and V).

Fig. 3 correlates the elemental concentrations of Ca, Na, Si,
and P in SBF solution with the immersion time. All ion
concentrations increased in the early stages of soaking in SBF
solution (after 7 days). The amounts of silicon and sodium were
increased, while calcium and phosphorous concentrations were
decreased with immersion time. The depletion in calcium and
phosphorous ions indicates that they are precipitating on the
material surfaces.

Figs. 4-13 show SEM and EDAX spectra obtained from the
glass—ceramic samples before and after soaking in SBF
solution. SEM micrographs of the polished surfaces of the
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Fig. 4. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G; before the immersion in the SBF solution.
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Fig. 5. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G after the immersion in the SBF solution.

glass—ceramic specimens before soaking in the SBF solution
are shown in Figs. 4a, 6a, 8a, 10a and 12a. These surfaces
generally exhibited regular textures without pores.

Apatite layer with different shapes and quantities were
formed on all samples after immersion in the SBF solution for
21 days. Needle-like growths were observed on the surface of
G, (Fig. 5a), while ball-like growths were presented on the
surfaces of G|-T and G,—Z (Figs. 7a and 9a, respectively).
Large cotton-like growths were formed in the surfaces of G,
(with 10 wt% CaSiO3), however the scanning electron
micrograph (Fig. 13a) of G; (free of CaSiO;) showed that
the apatite layer is formed as ball-like texture.

Figs. 4b—13b show a comparison of the EDAX spectra of
glass—ceramic surfaces before and after soaking in SBF
solution. EDAX traces (Fig. 4b) collected from the surface
of the sample G, before treatment in the SBF solution, showed
the presence of Ca, Na, Mg, Si, and P elements. After
immersion in the SBF solution for 21 days the EDAX spectra
revealed that, layer rich in Ca and P but poor in Si was detected
(Fig. 5b).
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Fig. 6. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G;-T before the immersion in the SBF solution.

A comparison of the EDAX spectra of G,—T before and after
soaking in SBF solution is illustrated in Figs. 6b and 7b,
respectively. It was observed that the newly formed layer was
mainly composed of calcium and phosphorous after soaking in
SBF solution for 21 days. Fig. 8b the EDAX trace of the surface
of glass—ceramic sample G;—Z before soaking in the SBF
solution, showed the presence of Ca, Na, Mg, Si, P, and Zn
elements. After immersion in SBF solution (Fig. 9b) the EDAX
spectra revealed that similar traces were obtained except the
peak intensity of the phosphorous element that was longer than
that of silicon peak.

The addition of Na,SiO5 instead of CaSiOs enhanced the
development of apatite layer on the surfaces of the crystalline
samples, i.e. (G, and Gj3). Figs. 10b and 12b represented the
EDAX spectra of the surfaces of glass—ceramic samples G, and
Gs, respectively (before immersion in SBF solution). The
presence of Ca, Na, Mg, Si, and P elements on the surface of
the studied glass—ceramics was recorded. The change in the
intensities of the EDAX spectra (Figs. 11b and 13b) obtained
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Fig. 7. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G;-T after the immersion in the SBF solution.

from the same samples after soaking in SBF solution showed
that significant peaks of calcium and phosphorous were
detected in the crystalline sample G,. However, short peak
of silicon was detected (Fig. 11b). Fig. 13b revealed that the
intensity of phosphorous peak was increased, while the peak of
silicon could not be detected.

The investigated glass—ceramics had microhardness values
between 4635 MPa and 6615 MPa and thermal expansion
coefficient values between 97 x 107" K~' and 127 x 10’
K™ ! in the 25-600 °C temperature range.

A summary of the crystalline phases formed, the thermal and
microhardness properties of the crystalline samples was
illustrated in Table 3.

4. Discussion

It is apparent that, the ease of crystallization of the prepared
glasses can be correlated to the presence of phosphate and
silicate networks, and to the possible phase separation which
took place in the glass even in microscale of the two phases
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Fig. 8. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G,—Z before the immersion in the SBF solution.

upon thermal treatment. It is well known that the addition of
P,0s5 to silicate glass composition promotes volume nucleation
and glass—ceramic formation as indicated by McMillan [16].

The occurrence of the various phases formed in the present
glasses was a function of the original glass compositions and
the crystallization parameters used. Investigation of the glass—
ceramic materials by X-ray diffraction analysis revealed that
predominant diopside, fluoroapatite, and wollastonite solid
solution phases were crystallized from the base G;. The
displacement of d-spacing lines of wollastonite-like phase
towards higher 26 value, gives an evidence that some of
diopside phases are accommodated in wollastonite forming
wollastonite solid solution [17].

Mineralogically, the addition of TiO, or ZnO in the base
glass, i.e. G;-T or G;—Z, respectively led to enhance the
crystallization of pyroxene solid solution (diopsidic-type)
instead of the proper diopside. This may be attributed to the
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Fig. 9. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G,—Z after the immersion in the SBF solution.

tendency of diopside to accumulate titanium [18] or zinc [19] in
its structure to form the solid solution.

On increasing of Na,SiO5 at the expense of CaSiOj; in the
glasses G, and Gg3, sodium calcium silicate solid solution phase
was developed together with pyroxene solid solution and
fluoroapatite phases. The present results, indicated that sodium
calcium silicate solid solution was developed instead of
fluoroapatite (Cas(PO,4);F) phase, as indicated from the shift of
d-spacing lines of XRD characteristics of the Na,Ca,SizOq
phase towards higher 26 values and the decrease of the intensity
of fluoroapatite phase. It seemed, therefore, that there is a
preferential tendency of sodium calcium silicate (Na,Ca,.
Si309) to capture P,Os in its structure [20].

Among implantable materials, some are known to form a
strong chemical bond with bone. Bone bonding is restricted to
surface reactive materials, the so-called bioactive materials.
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Fig. 10. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G, before the immersion in the SBF solution.

Bioactivity is thought to be a result of the chemical composition
of the biomaterials, based on leaching, dissolution, and
precipitation [21]. The in vitro study in the SBF solution of
the glass—ceramic samples revealed that each one showed
different bioactivity behaviours in in vitro test.

The mechanism of apatite formation on CaO-SiO,-based
glasses in SBF solution had been previously reported by
Ohtsuki et al. [22]. Briefly, when implant materials are exposed
to SBF solution, calcium ions are released from them and
silanol groups are formed on their surfaces. The formed silanol
groups seemed to induce heterogeneous nucleation of apatite.
Moreover, the released calcium ions increase the degree of
supersaturation by increasing the ionic activity product of
apatite and accelerate apatite nucleation. Once apatite nuclei
are formed, they grow spontaneously, since body fluid and SBF
solutions are supersaturated with respect to apatite even under
normal condition.

Ca
-
=
7
4
=
=
&
q
0 5 10
Energy KeV

Fig. 11. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen G, after the immersion in the SBF solution.

Fig. 3 shows the variation of elemental concentrations of Ca,
Na, Si, and P in the SBF solution during the immersion of
glass—ceramic samples. In the early stage of immersion, the
glass—ceramic samples and the concentration of all ions were
increased in the SBF solution. Therefore, the results obtained,
suggested that interaction occurred relatively between the SBF
solution and the glass—ceramic samples [10]. However, the
release of silicon from the glass—ceramics significantly
decreased with ZnO addition. This indicates that the reaction
between the glass—ceramic sample (G;—Z) and fluid was
suppressed and formation of silanol groups was also
suppressed. This may be attributed to the chemical durability
of the glass—ceramic sample is improved by the addition of ZnO
because of the nature of ZnO. ZnO is an amphoteric oxide and
shows very low solubility in the SBF solution [15]. Therefore,
the suppression of formation of silanol groups leads to the
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Fig. 12. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen Gj; before the immersion in the SBF solution.

suppression of apatite formation on the glass—ceramics, as seen
in the sample G,-Z.

Depletion of Ca and P concentrations and the increase of the
silicon in the SBF solution with the immersion time were

Table 3
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Fig. 13. (a) SEM micrograph and (b) EDAX of the glass—ceramic surface of
specimen Gj after the immersion in the SBF solution.

observed, these changes of ion concentrations may be
associated with the Ca—P rich layer formation. The decrease
of calcium and phosphorous concentrations in the SBF solution
during immersion of biomaterials indicates that they are
precipitated on the material surface [23].

Crystalline phases developed, thermal expansion and microhardness data of the investigated glass—ceramic materials

Sample no. Microhardness (MPa) Thermal expansion coefficients, o (% 1077 K™h Heat-treatment (°C/h) Phases developed
25-200 25-300 25-400 25-500 25-600

G, 6262 94 96 99 102 106 695/5 h—-885/10 h Diop + FA + Wo ss

G-3T 6615 85 90 93 94 97 680/5 h-870/10 h T-Diop + FA + Wo ss

G-3Z 6164 96 98 99 104 108 685/5 h—-875/10 h Z-Diop + FA + Wo ss

G, 5586 99 103 107 109 111 635/5 h-835/10 h Pyrox ss + FA + NCS ss

G; 4635 106 116 121 123 127 585/5h-815/10 h Pyrox ss + NCS ss + FA

Diop = diopside, FA = fluoroapatite, Wo ss = wollastonite solid solution, T-Diop = titanium diopside, Z-Diop = zincian diopside, NCS ss = sodium calcium silicate

solid solution, Pyrox ss = pyroxene solid solution.



1092 S.M. Salman et al./Ceramics International 35 (2009) 1083—1093

Further evidence to confirm the presence of apatite on the
surfaces of glass—ceramic samples with different magnitude,
was sought by using the EDAX and SEM techniques before and
after the soaking in the SBF solution.

Fig. 4b is the EDAX trace from the surface of the base glass—
ceramic G; before soaking in the SBF solution showing the
presence of Ca, Mg, Si, and P. EDAX spectra from the same
sample after immersion in the SBF solution for 21 days
revealed that significant peaks for Ca and P and short peak for
silica are due to the formation of the apatite layer [10].

The addition of TiO,, i.e. G,—T showed a great positive effect
on the bioactivity behaviour of the crystallized sample. It is clear
that the bioactivity of the studied glass—ceramic sample
containing TiO,, i.e. G;—T was higher than that sample TiO,-
free (e.g. G) as indicated from the EDAX patterns (Figs. 5b and
7b respectively). Fig. 6b revealed that the peak for silica was
disappeared, i.e. the surface of G;—T sample was completely
covered with apatite layer as compared with G, (Figs. 5a and 7a
respectively). This can be explained on the basis that the
formation of Ti—~OH groups on the surface of biomaterials after
soaking in SBF solution exhibits negative charge and hence, it
combines selectively with the positively charged Ca®* ion in the
fluid to form calcium titanate. Then, the surface, therefore,
gradually gains an overall positive charge. As a result, the
positively charged surface combines with the negatively charged
phosphate ions from the SBF solution to form apatite layer [13].

On the other hand, the addition of ZnO to the base glass, i.e.
G, decreases the bioactivity level of the corresponding glass—
ceramic sample. It is clear that the bioactivity of the studied
ZnO-containing glass—ceramic sample was lower than that of
Zn-free sample as indicated from EDAX patterns and SEM
micrographs. This may be due to the chemical durability of the
glass—ceramic sample, which is improved by the addition of
ZnO [15] and acts as a potent inhibitor of the crystal growth
of apatite phase [24]. It should be mentioned that the addition of
ZnO in small amount (i.e. 3 g) in the glass—ceramics has still
showed apatite forming ability (Fig. 9a). The reaction between
the glass—ceramics and body fluid governs not only its
bioactivity, but also its biodegradability. This suggests that it
can control the biodegradability of the glass—ceramics to some
extent without losing its bioactivity.

The modification of the base glass by increasing sodium
silicate Na,SiO3 component at the expense of wollastonite—
CaSiO; component was found to increase the bioactivity level.
This may be attributed to the formation of sodium calcium
silicate solid solution phase (P,Os—Na,Ca,Si;Og) at the
expense of fluoroapatite. Peitl et al. [20] demonstrated that
in vitro tests that fully crystallized Na,Ca,;Si309 glass—ceramics
are much more bioactive than any commercial bioactive
ceramics or other glass—ceramics. Hench et al. [25] found that
the onset time for apatite layer formation for Na,Ca;Si3;Oo-
containing glass—ceramics with 6 wt% P,0Os5 as solid solution
was less than Na,Ca,Si;09 without P,Os.

There was another evidence to confirm the increase of the
bioactivity with Na,SiO5/CaSiO; replacement by using EDAX,
SEM, and ICP techniques. It was found that the peak intensity
of the EDAX pattern of the phosphorous was increased at the

expense of silicon peak intensity by the addition of Na,SiO;
instead of CaSiOs.

The SEM micrographs showed that the surfaces of the glass—
ceramic samples G, and Gj after the immersion for 21 days in
the SBF solution were covered with the apatite layer (Figs. 11a
and 13a). This was also supported by the ICP measurements,
which showed that the concentrations of calcium and
phosphorous elements in the SBF solution were decreased
with the immersion time.

The thermal expansion coefficients («-values) decreased and
the microhardness increased of the glass—ceramic samples with
the addition of TiO,. While the addition of ZnO in sample G,-Z
and introduction of Na,SiO; at the expense of CaSiO; in
samples G, and Gj3 increased the «-values and decreased the
microhardness values of the studied crystalline samples. The «-
values of the studied glass—ceramics are between
97 x 1077 K" and 127 x 1077 K" in the 25-600 °C tem-
perature range and the microhardness values of these samples
were between 4635 MPa and 6615 MPa. The glass—ceramics in
the present study have high bioactivity, good thermal, and
mechanical properties, i.e. they can be used in dental restoration
and as bone implant materials.

5. Conclusions

Glass—ceramic materials based on diopside [CaMgSi,Ogl-
wollastonite [CaSiO3]—fluoroapatite [Cas(POy4);F]-sodium sili-
cate [Na,SiO3] system with TiO, or ZnO additives were
successfully prepared and examined in vitro to be suitable for
restorative dental and bone implant materials.

The addition of TiO, showed a great positive effect on the
bioactivity behaviour of the -crystallized sample, while
introduction of ZnO to the glass decreased the rate of apatite
formation on the corresponding glass—ceramic sample. In vitro
test glass—ceramics containing sodium calcium silicate solid
solution phase showed higher bioactivity than that containing
fluoroapatite phase. This fact indicated that sodium calcium
silicate solid solution phase has high bioactive index than
fluoroapatite phase.
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