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The mechanical properties of silicate glass-ceramics were evaluated based on the compressive strength tests. It was found
that Ta;O5 addition improved densification, refinement of the microstructure and toughening of the bodies. The maximum
compressive strength of the bodies with 1 mol% Ta;Os was increased 3-fold (245.92 +0.3 MPa) in comparison to undoped
glass-ceramics which was measured to be 89.04 +0.3 MPa, while for 3 mol% it became 4-fold (387.12 £0.4 MPa) greater. The
addition of TayOs stabilized the system by controlling the biodegradation of the glass-ceramics. It effectively depressed the
apatite formation as by addition of 3 mol% Ta;Os no apatite layer was observed. It may be concluded from this study that
mechanical and physical properties can be improved by the addition of TayOs, but at a cost of bioactivity. Still the optimized
composition having Ta;O5 < 1 mol% may provide appropriate strength of biomaterials for high load bearing applications.
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1. Introduction

Glass-ceramics are polycrystalline solids, par-
tially crystalline and partially amorphous. Due to
the presence of both crystalline and residual glassy
phase, glass-ceramics possess a combination of
valuable properties of both glasses and ceram-
ics [1]. Glass-ceramics have gain importance in re-
cent years due to their remarkable dielectric, struc-
tural, mechanical [2] and biocompatible proper-
ties [3] which find application in various fields of
telecommunication [4], architecture [5], and health
care [6]. The physical and chemical properties
of glass-ceramics mainly depend on the composi-
tion of glass, type and amount of the crystalline
phase, microstructure, the heat treatment procedure
and nucleating agents [7]. Glass-ceramics are also
considered as intrinsic composites because during
heat treatment the reinforcing phase is nucleated
from the parent glass, which, therefore, provides
toughness and mechanical strength to the poly-
crystalline solid [8]. Previously a number of stud-
ies have been made on doped glass-ceramics with
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different nucleating agents, such as TiO;, ZrO;,
P205, Y203, CCOZ, F6203, CI‘203, NiO, 7Zn0O and
V705 [9, 10], to obtain effective crystallization and
sinterability of the glass-ceramics. Naga et al. [11]
reported that doping of Ta;Os improved densifi-
cation, hardness and toughness of pure alumina.
It was stated that mechanical strength can be en-
hanced with addition of Ta;O5 to bioactive mate-
rial 45S5Bioglass®, the most extensively studied
material that has both osteoconductive and osteo-
productive abilities, so that it may be used for high
load bearing applications [12]. Furthermore, even a
small amount of TayOs inhibits bone bonding [13].
The present study aims to optimizing proper-
ties and investigating the effectiveness of Ta,Os
on the structural and biological characteristics of
Si0,-Ca0-Na,0-P,0s5 (45S5) glass-ceramics.

2. Experimental

2.1. Sample preparation

Five different batches of composition
(46.1 —x)Si0,—(x)TayO5—(26.9)Ca0—(24.4)Na, O-
—(2.6)P,0s, where x =0, 0.1, 0.5, 1.0, 3.0 (mol%)
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illustrated in Table 1, were melted at 1500 °C in a
Pt crucible for 2 hours and the melt was quenched
in water and dried. The obtained glass frits were
subsequently dry-crushed in an agate mortar and
pestle for several hours and then sieved to yield
a powder measuring <40 pm in particle size.
Thereafter, the powder was compacted into 15 mm
in diameter and 4 mm thickness disc shaped
pellets under hydrostatic pressure of 48 MPa.
The glass compacts were sintered for four hours
at crystallization peak temperature “T.’ (given
in Table 1), corresponding to the exothermic
peaks from Differential Scanning Calorimetric
(SDT-Q600 Thermal Analyzer) curves shown
in Fig. 1.

2.2. Structural and mechanical character-
ization techniques

The microstructural characterization of the
sample was performed by X-ray diffraction method
— XRD (Bruker D8 Discover Diffractometer) — us-
ing CuKo radiation (A = 1.54056 A) in 20 to 40°
20 range and the data were evaluated by JCPDS
reference data. Archimedes principle was applied
to study the densification behavior of the sam-
ples. Morphological examination of the samples
was performed by scanning electron microscope —
SEM (JSM-6480 LV, JEOL) — at an accelerat-
ing voltage of 15 kV, using a secondary mode of
imaging. Mechanical properties of the specimens
were evaluated by electronic universal tester (IN-
STRON, model 3384) having maximum load ca-
pacity of 150 kN. For compression strength tests,
specimens with circular shape, having 15 mm in
diameter and 4 mm thickness were used; the load
was applied at a crosshead speed of 0.5 mm/min
till the fracture point.

2.2.1.

The assessment of in vitro bioactivity of the
samples in the present study was carried out
in Kokubo’s SBF [14] with ion concentration
nearly similar to human blood plasma for thirty
days at 37 °C in static conditions and 0.1 cm™!
SA/V ratio was maintained for all immersed sam-
ples. XRD and SEM-EDX were used for in vitro
characterization.

In vitro bioactivity assays

3. Result and discussion

3.1. Differential
analysis

scanning calorimetric

The differential scanning calorimetric results
depicted in Fig. 1 illustrate that with increas-
ing amount of Ta;O5 in Si0,—CaO-Na; O-P,05
(45S5) glass-ceramic system from 0 to 3 mol%,
both glass transition and crystallization tempera-
ture decrease. The nucleating agent enhances the
tendency of crystallization by creating heteroge-
neous nucleating sites either by precipitation of
the nucleating agent or phase separation creating
separated and non-bridging oxygen ions that in
turn decrease the viscosity of the melt, which re-
sults in an increase of crystallization ability of the
glasses [9, 15]. The DSC results collected in Ta-
ble 1 indicate that Ta,Os was effective in induc-
ing crystallization, thus, enhancing crystallization
of the glass. The possible reason for this result is
that Ta™ ions have high field strength which in-
creases phase separation in the glass and alters the
basic structural unit; hence, enhancing the tendency
to crystallization of the glass.
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Fig. 1. The DSC thermogram of tantalum based glass-

ceramics showing crystallization temperature
(To).

3.2. X-ray diffraction analysis

The X-ray diffraction (XRD) patterns in
Fig. 2 show the presence of different crys-
talline phases. The peaks can be ascribed to
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Table 1. Glass transition temperature Ty and crystallization temperature T.

Sample ID Chemical composition Glass transition Crystallization
(mol%) temperature [T,] °C temperature [T.] °C
Ta0 46.1S10,—0Ta;05-26.9Ca0-24.4Na, 0-2.6P,05 546.9 837.7
Ta0.1  46.0S510,-0.1Ta;05-26.9Ca0-24.4Na; 0-2.6P, 05 540.1 824.6
Ta0.5  45.6Si0,-0.5Tay05-26.9Ca0-24.4Na; 0-2.6P,0s 506.8 818.9
Tal 45.1S10,—1Tay05-26.9Ca0-24.4Na, 0-2.6P, 05 449.4 763.1
Ta3 43.1Si02-3Ta,05-26.9Ca0-24.4Na; 0-2.6P, 05 3124 709.6
crystallization peaks observed in the XRD patterns.
+ Sodium calcium silicate PDF#23-0671 . . .
" u Pseudowollastonite PDF#TA.0874 The enhancement of crystalline phases with in-
1 Wohetoniile FRHHORIT creasing amount of Ta;Os is due to the fact that
- the oxides of transition metals increase the trend
3 ‘ o towards separation of phases, hence, enhance crys-
g . g tallization [16]. The average crystallite size of wol-
% ‘ ‘-‘ ?: 7‘7’ Er Ta3 lastonite main phase is calculated by Scherrer’s
E My \"‘r""*"j““mlflmW'h“N”‘T;\mfwr“‘F:f'“IWV“”‘W’W’”mM‘1*“”"““\WWW‘W“me formula:
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Fig. 2. Comparative X-ray diffraction patterns of (a)
Ta0, (b) Ta0.1, (c) Ta0.5, (d) Tal, (e)
Ta3 glass-ceramics (m — pseudowollastonite
(a-Ca3(Si309)); * — wollastonite (CaSiO3); ¢ —
sodium calcium silicate (NapCazSigO¢).

wollastonite (CaSiO3, PDF#029-372), pseudowol-
lastonite (x-Caz(SizOg), PDF#01-074-0874) and
sodium calcium silicate (Nay;Ca3zSigO1¢, PDF#023-
0671). Wollastonite is the main crystalline phase
present in all the samples. The results show an in-
crease in intensity of the peaks with the addition
of small concentration of Ta;O5 (0.1 to 3) mol%,
indicating crystal growth. The crystalline phases
in heat treated samples show a slight phase shift,
which originats from internal stresses caused by the
lattice distortion [15] due to addition of Ta,O5 nu-
cleating agent. The sample having 0 mol% Ta;0Os
shows the lowest crystallization, while the one hav-
ing 3 mol% Ta,0s displays much more enhanced
crystallization, which is confirmed by the strongest

half maximum (FWHM) of a particular diffraction
peak, 0 is Bragg’s angle of diffraction peak. The
average crystallite size (Fig. 3) increased uniformly
with the progressive addition of Ta;Os (from 0O to
3 mol%), indicating the growth of the crystal.

3.3. Morphological characterization

Scanning electron micrograph in Fig. 4 shows
the surface morphologies of Ta0, Ta0.1, Ta0.5, Tal
and Ta3 as-sintered samples. The SEM in Fig. 4a
of the sample Ta0 shows irregular shaped crystals
embedded in the glassy matrix. Small pits and cuts
observed on the surface indicate low microhard-
ness suggesting low mechanical strength, which
was also confirmed by the compressive strength
measurements. SEM in Fig. 4b of sample Ta0.1 re-
veals small globular shaped crystals spreaded all
over the surafce along with some larger crystals.

The pits are noticeably reduced with the addi-
tion of 0.1 mol% Ta,Os indicating improvement
in mechanical strength of the material though a
few pores and cracks are also observed. The larger
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Fig. 3. Change in crystallite size with Ta;Os concentra-
tion using Scherer’s formula.

sized grains observed in Fig. 4a and 4b are of pse-
dowollastonite type in accordance with XRD re-
sults. These grains have been decomposed with the
increase in concentration of Ta,Os >0.1 mol% in
the system, as shown in Fig. 4c of the sample Ta0.5,
where only small size grains scattered throughout
are observed. This result is in agreement with the
XRD findings. The surface morphology of Ta0.5
sample shows the diffusion of particles along the
grain boundaries, causing the vacancy annihilation,
ellimination of the porosity and coalescence of par-
ticles, significantly enhancing the density as well
as mechanical strength of the material. The SEM
in Fig. 4d of sample Tal displays small crystals
spread all over the surface along with few agglom-
erates dispersed. The SEM in Fig. 4e of sample
Ta3 shows coalescence of agglomerates, reduction
of porosity and the most densely packed structure.
Fig. 5 shows that with an increase in concentra-
tion of TayOs from O to 3 mol% the grain size de-
creased from 4.76 to 1.92 um and pore size reduced
to 0.39 pm.

3.4. Physical properties

Fig. 6 depicted that with a rise in apparent den-
sity of the glass-ceramics the compressive strength
also increased. This result is attributed to reduction
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Fig. 4. SEM micrographs of surfaces of glass-ceramics
(a) Ta0, (b) Ta0.1, (c) Ta0.5, (d) Tal and (e) Ta3,
respectievly.

in porosity and refinement of microstructure; in the
microstructure the size of crystals has the utmost
importance in preventing the propagation of cracks
in the whole structure. According to the Hall-Petch
effect, as the grain size decreases the strength and
toughness of the material increases; generally it can
be said that fine grain size strengthens the material.
The effect of incorporation of Ta;Os on the appar-
ent density of the samples (Fig. 6), indicates that
increasing the content of dopant (Ta;Os) enhances



Influence of Tay Os doping on mechanical and biological properties of silicate glass-ceramics 17

5.0 -
- i size )
Tasl 1N 18
=- =}
'S \% —1.6'5
N 4.0 2
= 3
EER L12 w
g @,
=8 -1.0:
@ 304 P
)
s \ )
(] 4
> 2o ; Los
4
20 \§
; : - : . 02

05 00 05 10 15 20 25 30 35

Ta concentration (mol %)

Fig. 5. The variation of grain size and porosity with
change in TapyOs concentration (mol%).
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Fig. 6. Apparent density and compressive strength as
function of TayOs5 concentration in mol%.

the apparent density. It may be assumed that small
jonic radius (0.7 A) of dopant Ta is responsible for
acceleration of densification process, as it is well
known that the smaller the ionic radius of dopant
the better the densification rate [11]. An enormous
rise in apparent density was observed when Ta;O5
dopant increased to 3 mol%, Ta3 glass-ceramic
showed superior density among others, indicating
the reduction of pores and diffusion of particles
along the grain boundaries.

3.5. Invitro analysis

Fig. 7 shows the XRD patterns of the surfaces
of the glass-ceramics after soaking in SBF for

30 days. For the glass-ceramics Ta0, sharp peaks
of HCAp ((Ca;o(PO4-CO,0Hg)(OH),), PDF#04-
0697) at 22.79° and 33.03° indicate well crystal-
lized apatite layer on the sample surface, which is
in accordance with the SEM image in Fig. 8. Addi-
tion of TayOs into the system caused suppression
of the apatite formation, the broad HCAp peaks
and reduction in width and intensity of 22.79° and
33.03° peaks, indicating low crystallinity and small
crystal size. The Tal glass-ceramics shows a broad
diffraction peak corresponding to HCAp crystal-
lized peaks at 20 ranging from 31° to 38°. No
HCAp peaks are observed for Ta3 glass-ceramics.
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Fig. 7. The XRD patterns for (a) Ta0, (b) TAO.1, (c)
Ta0.5, (d) Tal and (e) Ta3 glass-ceramics af-
ter 30-day immersion in Stimulated Body Fluid
(SBF).

Fig. 8 shows the SEM micrographs of all glass-
ceramics samples soaked in SBF for 30 days. The
apatite layer fully covered the surface of the sample
Ta0 indicating high degree of bioactivity, but with
addition of TayOs the bioactivity decreased, which
is in agreement with the findings of Imayoshi et.
al. [17] that addition of Ta;O5 to CaO-SiO, based
glass suppressed the rate of apatite formation. No
continuous apatite layer was formed after 30 days
of immersion in SBF solution, a few apatite crys-
tal precipitates were detected on the surface of the
glass-ceramics. The apatite layer has not formed on
the Ta3 glass-ceramics which is in agreement with
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the phase analysis (Fig. 7). The XRD and SEM-

to glass crystallization. The apparent density and

EDX results confirm the presence of apatite layer degree of crystallization was also enhanced with

only on the surfaces of the glass-ceramics having
TayO5 concentration less than 3 mol%.
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Fig. 8. SEM-EDX micrographs of surfaces of glass-
ceramics (a) Ta0, (b) Ta0.1, (¢) Ta0.5, (d) Tal
and (e) Ta3 after soaking in SBF for 30 days.

4. Conclusions

The incorporation of Ta;Os in the 45S5
glass-ceramic system shifted both nucleation and
crystallization temperature to lower values and
acted as a nucleating agent in the system, de-
creasing the viscosity and increasing the tendency

TayOs addition, which consequently improved the
compressive strength of the ceramics derivatives.
The in vitro analysis studies on Si0;—CaO-Na,O—
P,0Os glass-ceramics containing 0.1 to 2 mol%
Ta;Os showed that these glass-ceramic materials
are capable of bonding with the natural human
bone. It may be concluded that a small content of
TapO5 can effectively enhance the crystallization,
mechanical strength and control the biodegradation
of the glass-ceramics to make it suitable for high
load bearing applications.
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