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bstract

he crystallization behavior of PbO–TiO2–B2O3–SiO2 glasses in the presence of Bi2O3 as a nucleating agent were studied utilizing XRD, DTA,
EM. The glass samples heat treated in the range of 557–630 ◦C for different soaking times, all developed PbTiO (PT) with perovskite structure. It
3

as found that the addition of 0.5–1.0 mol% Bi2O3 resulted in the formation of homogenous, nano-structured glass ceramics with a mean crystallite
ize of 20–25 nm and PbTiO3 as the major crystalline phase. The dielectric constant and dissipation factors for the prepared glass ceramics were
n ∼140–400 and ∼0.04–0.4 ranges respectively.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Because of their outstanding ferroelectric, piezoelectric and
yroelectric properties, the great potential of BaTiO3 and
bTiO3 ceramics for certain applications have been recog-
ized for many decades. It is, however, difficult to prepare
hese materials via conventional ceramic route, because of
heir poor sinterability and fragility. There have been many
ttempts to utilize other fabrication methods such as glass
eramic process to make dense ceramics, with more controlled
icrostructure and better properties in this system. Despite the

xtensive research carried out to investigate and develop fine
rained, pore-free glass ceramics containing BaTiO3, PbTiO3
nd NaNbO3 ferroelectric phases, for decades1–14 they are still
nder investigation.15–19

The controlled crystallization of the perovskite-type lead
itanate (PbTiO3) was first reported by Herczog.1 The crys-
allization process of PbTiO3 in glasses was also studied by
ergeron and Russell2 who reported that nucleation proceeded

ia glass-in-glass phase separation. Kokubo and Tashiro3,4 have
tudied glass formation and the subsequent controlled crys-
allization of SiO2–Al2O3–TiO2–PbO glasses. Their prepared
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lass specimens were crystallized in a subsequent heat treatment
n the temperature range 620–750 ◦C. In this process it was either
ossible to precipitate perovskite type PbTiO3 from the initial
yrochlore-type PbTi3O7 phase or from the cubicoid PbTiO3
rystals. Several studies on to the crystallization of glass ceram-
cs containing ferroelectric PbTiO3 phase have demonstrated
he close relationship existing between the microstructure and
ielectric properties of these glass ceramics.5,6,9–11,14,16 Thakur
t al.15,20 reported that the small additions of Bi2O3 nucleating
gent markedly affected crystallization behavior and resulting
icrostructure of strontium titanate borosilicate glass ceramics

ontaining alkali oxides.
In the present work, an attempt was made to study the effect

f addition of Bi2O3 as a nucleating agent on the crystalliza-
ion behavior, microstructure and dielectric properties of PbTiO3
PT) glass ceramics. To the authors knowledge this nucleating
gent has never been used before in lead titanate glass ceramics.

. Experimental procedure

In order to prepare stable glasses, by giving consideration to

he compositions used by other investigators in the same field
nd on the basis of preliminary experimental results obtained
y the present investigators it was first decided to prepare glass
ompositions containing at least 30 mol% glass forming oxides

mailto:v_k_marghus@yahoo.com
dx.doi.org/10.1016/j.jeurceramsoc.2009.11.016
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at its first (S01) and second (S02) DTA exo-peak temperatures.
It can be seen that cubic and tetragonal PbTiO3 were developed
as the major crystalline phases at the first and second peaks
respectively.
454 S. Golezardi et al. / Journal of the Euro

SiO2 + B2O3). In this way an initial glass composition was for-
ulated by assuming a stoichiometric ratio of PbO/TiO2 = 1

s 35 PbO–35 TiO2–20 SiO2–10 B2O3. This glass specimen
as crystallized during cooling. Subsequently by increasing the
bO/TiO2 ratio in 0.25 steps, it became possible to prepare a
table glass with the ratio of PbO/TiO2 = 2 showing no signs of
rystallization (as proved by XRD). The above glass, entitled
s base glass in the following discussion, had a nominal com-
osition of 46.67 PbO–23.33 TiO2–20 B2O3–10 SiO2 (mol%).
ther specimens were prepared with the addition of 0.5 and
.0 mol% Bi2O3 to the base composition (specimens S0.5 and
1 respectively). Batches weighting 50 g containing the pro-
ortionate amounts of reagent grade chemicals Pb3O4, TiO2,
3BO3, SiO2 and Bi2O3 were thoroughly mixed in an agate
ortar and melted in alumina crucibles in the temperature range

f 1450–1470 ◦C. The melts were kept for 20 min at their respec-
ive melting temperatures and were stirred thoroughly to ensure
etter homogenization before casting into stainless steel molds.
he glasses were then annealed at 400 ◦C for 2 h and their amor-
hous nature checked by X-ray diffraction. In order to determine
he glass transition and crystallization temperatures, the glass
pecimens were subjected to differential thermal analysis (DTA)
tilizing a STA1400 Polymer Laboratories thermal analyzer
sing Al2O3 powder as a reference material. The heating rate
as 10 ◦C min−1 and the experiments were carried out in ambi-

nt −1200 ◦C range. On the basis of the DTA results, glasses
ere crystallized by subjecting them to various heat-treatment

chedules. X-ray diffraction patterns for resulting glass ceramic
amples were recorded employing JEOL-JDX-8030 diffrac-
ometer using nickel filtered Cu K� radiation. Working voltage
nd current were 40 kV and 80 mA, respectively. The patterns
ere recorded in the 2θ range of 5–80◦, in a step-scanning mode
ith a step size of 0.04◦ and a 0.75 s constant time per step. The

rystalline phases in each glass ceramic sample were identified
y comparing their XRD patterns with the standard patterns of
arious crystalline phases anticipated to be formed in the speci-
ens under the given processing conditions. The glass ceramic

amples were polished, etched with a solution containing equal
olumes of 5% HNO3 and 5% HF for 50 s and then coated with
thin film of gold for scanning electron microscopy (SEM)

bservations (PHILIPS-XL30). For measurements of dielectric
roperties of glass ceramics, both surfaces of samples were
round and polished using SiC powder for attaining smooth
urfaces to a thickness of 1 mm. The electrodes were made by
pplying silver paint on both sides of the specimens and drying at
oom temperature for 24 h. Capacitance and dissipation factors
f the samples were measured at 100 kHz at room temperature
tilizing LCR-800 SERIES (GW InsTek®) LCR meter.

. Results and discussion

.1. Differential thermal analysis (DTA) results
DTA traces of various glass samples are presented in Fig. 1.
or all the specimens a deviation in the base line is observed

n the temperature range of 440–475 ◦C (endothermic effect).
his is attributed to the change in specific heat occurring in

F
s

Fig. 1. DTA traces of glass specimens.

lass transition range. The onset temperature of the dip is usu-
lly attributed to the glass transition temperature (Tg) whereas
he minimum is assigned to the dilatometeric softening point
Ts). The exothermic peaks (Tc) are usually related to the glass
rystallization. The results have summarized in Table 1.

It can be seen that for all glass samples, two exothermic
rystallization peaks Tc1 and Tc2 appear in DTA plots.

.2. X-ray diffraction and crystallization results

On the basis of DTA results, glass samples were subjected
o various heat-treatment procedures. Fig. 2 depicts the XRD
atterns of specimen S0 (lacking Bi2O3) after 1 h heat treatment
ig. 2. XRD patterns of base glass after crystallization at its first (S01) and
econd (S02) DTA peaks.
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Table 1
Characteristic DTA peak temperatures of glass samples.

Sample Tg (◦C) glass transition temp. Ts (◦C) dilatometeric softening point Tc1 (◦C) first cryst. temp. Tc2 (◦C) second cryst. temp.

S0 (base glass) 445 470 556 617
S0.5 475 490 575 630
S
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XRD patterns of the heat-treated glasses S0.5 containing
.5% Bi2O3 are presented in Fig. 3a. These samples were heat
reated at their respective first (S0.5-1) and second (S0.5-2) DTA
eak temperatures for 1 h.

Fig. 3b depicts XRD patterns of the heat-treated glasses con-
aining 1% Bi2O3, heat treated at their respective first (S1-1) and
econd (S1-2) DTA exo-peak temperatures for 1 h.

It can be seen that all four glass ceramic samples represented
n Fig. 3a and b contained tetragonal perovskite as the major
hase and Pb2SiO4 as the minor phase. The shift in XRD peak
ositions in specimens of composition S1 in comparison with
ther glass ceramic samples is possibly due to the entering of
i3+ ions into the PbTiO3 crystal structure and formation of solid

olutions in these samples.
To study the effect of holding time at nucleation temperature

TN) on phase development and microstructure of the glass sam-
les they were subjected to various “nucleating” heat treatments.
he nucleation temperature (TN) of a glass is generally located

etween Tg and Ts and in this work it was taken as

N = Tg + TS

2
.

t

l

ig. 3. (a) XRD patterns of specimen (S0.5) containing 0.5% Bi2O3 after crystalliza
pecimen (S1) containing 1% Bi2O3 after crystallization at its first (S-1) and second
575 600

XRD patterns of some glass ceramic samples prepared from
lasses S0, S0.5 and S1 after nucleation and crystallization are
resented in Fig. 4a and b.

Samples S0-N1 and S0-N3 that prior to crystallization were
ubjected to a nucleation process for 1 and 3 h, respectively were
ound to contain tetragonal perovskite lead titanate as the major
hase with a trace amount of Pb2SiO4. The glass ceramic sam-
les S0.5-N1 and S0.5-N3 were again found to contain tetragonal
erovskite as the major phase and Pb2SiO4 as the minor phase,
ut it is clear that the intensity of XRD peaks are increased in
0.5 series, due to the addition of 0.5 mol% Bi2O3 to the system
Fig. 4a and b). Samples S1-N1 and S1-N3 contained a solid
olution of perovskite lead titanate as the major phase with a
race amount of Pb2SiO4. In XRD patterns of the latter glass
eramic samples it seems that the peaks corresponding to (1 0 1)
I/I0 = 100) and (1 1 0), have merged. This is possibly due to
he entrance of Bi3+ ions into the PbTiO3 crystal structure and
ormation of solid solutions in these samples.
Table 2 summarizes the heat-treatment conditions and crys-
allization products for all glass ceramic specimens.

The lattice parameters ‘c’ and ‘a’ and c/a ratio of tetragonal
ead titanate phase developed in glass ceramic samples were also

tion at its first (S0.5-1) and second (S0.5-2) DTA peaks. (b) XRD patterns of
(S-2) DTA peaks.
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Fig. 4. (a) XRD patterns of specimens lacking Bi2O3 (S0-N1) and containing 0.5% and 1% Bi2O3 (S0.5-N1 and S1-N1 respectively) after 1 h nucleation at TN
and crystallization at their first DTA peak for 1 h. (b) XRD patterns of specimens lacking Bi2O3 (S0-N3) and containing 0.5% and 1% Bi2O3 (S0.5-N3 and S1-N3
respectively) after 3 h nucleation at TN and crystallization at their first DTA peak for 1 h.

Table 2
Heat-treatment conditions and crystalline phases developed in various glass ceramic samples.

Specimen code Nucleation temp. TN (◦C) Holding time at TN (h) Crystallization temp. Tc (◦C) Holding time at Tc (h) Crystalline phases

S0-1 460 0 560 1 PT(c)
S0-2 460 0 620 1 PT(t) + PS
S0-N1 460 1 620 1 PT(t) + PS
S0-N3 460 3 620 1 PT(t) + PS
S0.5-1 485 0 575 1 PT(t) + PS
S0.5-2 485 0 630 1 PT(t) + PS
S.0.5-N1 485 1 575 1 PT(t) + PS
S0.5-N3 485 3 575 1 PT(t) + PS
S1-1 455 0 575 1 PT(ss) + PS
S1-2 455 0 600 1 PT(ss) + PS
S 575
S 575

S i2O3

c

s

w
d
a
o
d
(
s

p
N
t
N
t
o
d

1-N1 455 1
1-N3 455 3

0 = base glass, S0.5 = base glass + 0.5 mol% Bi2O3, S1 = base glass + 1 mol% B

alculated using Eq. (1) below.

in2
h k lθ = λ2

4a2 (h2 + k2) + λ

4c2 l2 (1)

here θ is diffraction angle corresponding to hkl planes in
egree, λ the wave length of the X-ray used in the experiment, ‘a’
nd ‘c’ are lattice parameters. The shift in XRD peak positions

f PbTiO3 in glass ceramic samples as compared with the stan-
ard PbTiO3 is reflected in the values of their lattice parameters
Table 3). It may due to the formation of lead titanate perovskite
olid solution crystallites.6

o
s
t
c

1 PT(ss) + PS
1 PT(ss) + PS

, PT = PbTiO3, t = tetragonal, c = cubic, ss = solid solution, PS = Pb2SiO4.

It can be seen that the lattice parameters ‘a’ of the perovskite
hases developed in the glass ceramic samples S0-N3 and S0.5-
3 are less than the reported value of standard PbTiO3, whereas

he same parameter is higher than standard for the specimen S1-
3 It is also obvious that the lattice parameters ‘c’ are less than

he standard for all of the three specimens and decrease in the
rder of S0.5-N3 > S1-N3 > S0-N3, hence it is closer to the stan-
ard value for the specimen S0.5-N3. In this way the c/a ratios

f the perovskite titanate phases developed in all of the above
pecimens are less than the standard value but this ratio is closer
o the standard for specimen S0.5-N3 and the smallest value
orresponds to specimen S1-N3 containing 1 mol% Bi2O3. This
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Table 3
Crystal structure, lattice parameters and axial ratios of perovskite lead titanate
phase developed in some glass ceramic samples.

Sample Crystal structure a (Å) c (Å) c/a

Standard PbTiO3 Tetragonal 3.899 4.1532 1.065
S0-N3 Tetragonal 3.880 3.999 1.031
S
S

m
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Fig. 6. SEM micrograph of specimen S0 (with no nucleant) after nucleation at
460 ◦C for 1 h and crystallization at 620 ◦C for 1 h.

F
a

n
(
r
t

0.5-N3 Tetragonal 3.880 4.076 1.050
1-N3 Tetragonal 3.915 4.003 1.022

arked reduction of the c/a ratio and its approach to the value of
1 (cubic phase) leading to more symmetrical crystals is prob-

bly the cause of the merging of XRD peaks corresponding to
1 0 1) and (1 1 0) planes, as mentioned above.

In perovskite titanate phase, the increase of c/a ratio is
esirable, because the higher c/a ratio normally increases the
olarizability and improves the ferroelectric properties.21

.3. Microstructural studies

Although some of the as received glasses; especially the spec-
mens containing the nucleating agent, showed very faint signs
f phase separation at high magnification SEM observations,
ut the glass-in-glass phase separation only became quite visi-
le after a hold at the nucleation temperature. Fig. 5 shows the
canning electron micrograph of glass sample S0.5 after heat
reatment at the nucleation temperature of 485 ◦C for1 h. The

icrograph exhibits a glass-in-glass phase separation, appar-
ntly occurred by a spinodal decomposition mechanism.

Figs. 6–9 depict the SEM micrographs of glass ceramic sam-
les obtained by heat treating some glasses according to the
rocedure represented in Table 2. Microstructure of the glass
eramic sample S0-N1 (Fig. 6) shows the crystallites of per-
vskite titanate phase distributed in the glassy matrix. In addition
o equiaxed crystallites, a few elongated crystallites are also
bservable, which are the result of exaggerated grain growth.
ig. 7 shows scanning electron micrograph of glass-ceramic

ample S0.5-N1. It seems that upon the addition of the nucle-
ting agent, even in the small quantity of 0.5 mol%, the size
f crystallites became much finer, interconnected and uniform,
n comparison with the specimen S0-N1 lacking the Bi2O3

ig. 5. SEM micrograph showing phase separation in glass S0.5 after nucleation
t 485 ◦C for 1 h.

t
s
T
S

F
4

ig. 7. SEM micrograph of specimen S0.5 with 0.5% Bi2O3, after nucleation
t 485 ◦C for 1 h and crystallization at 575 ◦C for 1 h.

ucleant. The microstructures of specimen S1-N1 and S1-N3
Figs. 8 and 9) show the continuation of the trend of particle size
eduction upon increasing the content of the nucleating agent and
he nucleation time.

It is interesting to note that the actual crystallite sizes of

he specimens as calculated from Scherrer’s equation are much
maller than the particles observed in the SEM micrographs.
hese sizes were ∼40, 25 and 20 nm for specimens S0-N3,
0.5-N3 and S1-N3, respectively. In fact most of the particles

ig. 8. SEM micrograph of specimen S1 with 1% Bi2O3, after nucleation at
55 ◦C for 1 h and crystallization at 575 ◦C for 1 h.
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Table 4
Dielectric constant (εr) and dissipation factor (D) at room temperature and
frequencies of 100 kHz for the prepared glass ceramic samples.

Sample εr D

S0 glass 90.2 0.031
S0-N1 256.1 0.24
S0-N3 273 0.21
S0.5-N1 274 0.33
S0.5-N3 392.2 0.39
S
S
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ig. 9. SEM micrograph of specimen S1 with 1% Bi2O3 after nucleation at
55 ◦C for 3 h and crystallization at 575 ◦C for 1 h.

bserved in the microstructures are crystalline aggregates com-
rising of numerous fine crystallites. Some micrographs (e.g.
ig. 8) clearly show the aggregates of tiny crystallites.

Therefore it can be concluded that Bi2O3 has actually acted as
n effective nucleation agent in these glasses and by increasing
he nucleation rate led to finer microstructures.

It can be postulated that like most of the nucleants in glass
ystems, Bi2O3 probably initiated or intensified the phase sep-
ration process in these glasses. The comparison of the glass
icrostructures, as stated above, clearly showed much more

nhanced phase separation in the glass specimens containing
i2O3. Other investigators also reported the occurrence of phase

eparation in the glasses of similar composition in the presence
f the latter oxide.12,15

In the lead borosilicate glass investigated here, a stable glass
etwork would be consisted of SiO4, BO3 and BO4 network
orming unites linked through the oxygens. Therefore B–O–B,
i–O–Si and B–O–Si bonds would be present in the glass net-
ork. With the addition of modifier ions, these linkages would
e broken giving rise to non-bridging oxygens. On the other
and in glasses with high PbO content, the coordination number
f Pb is four suggesting that PbO acts as a network former con-
isting of PbO4 tetrahedra.22 These tetrahedra are connected to
he other structural unites. Therefore it seems that TiO2 which
s preferentially present in the glass structure, as TiO6 octahedra
s the only oxide that would assume the glass modifier role in
his glass (though as an intermediate oxide it could also act as a
etwork former in some conditions). When the concentration of
iO2 is high and the desired coordination number of Ti+4 cations
re not satisfied, they could become structurally ordered with
espect to each other. These structurally ordered regions pro-
uce microheterogenities in the glass structure which may lead
o glass-in-glass phase separation. On the other hand, if the added
i+3 ions to the glass structure act as glass formers (like Pb+2),

he drive to satisfy the oxygen coordination along with their rela-
ively high ionic field strength, in comparison with Pb+2, adds an
dditional instability factor to the previously existing problem

f TiO2. This leads to the initiation of phase separation in these
lasses. The phase separation would result in the formation of
egions of high TiO2 content in the glass, which become effective
ucleation centres and accelerate the nucleation step of PbTiO3

p
T
o
s

1-N1 173.9 0.041
1-N3 139.8 0.044

rystallization, hence affecting the microstructure and properties
f resulting glass ceramics. This idea of PbTiO3 crystallization
ithin the phase separated regions of high TiO2 content have

lso been proposed by other investigators.23

.4. Dielectric properties

Dielectric constant (εr) and dissipation factor (D) at room
emperature are shown in Table 4. Obviously the dielectric con-
tant increases and decreases with addition of 0.5 and 1 mol%
i2O3 to the base glass composition, respectively. It is inter-
sting to note that increasing the holding time at nucleation
emperature led to a marked increase of dielectric constant (εr)
n the glass ceramic with 0.5 mol% Bi2O3. It may be caused by
ncreasing the percentage of crystallinity in this specimens, as
hown in XRD traces.

The measured dielectric constant for the above specimen is
mongst the highest values reported so far for these type of glass
eramics.

Several factors such as grain size, its distribution and
orphology, secondary phases, crystal clamping and intercon-

ectivity of crystallites in the glassy matrix affect the value of
ielectric constant; hence, it is quite difficult to explain the exact
auses behind the experimental observations in this regard. How-
ver, an attempt is made here to relate the dielectric properties
o microstructural and structural observations.

The microstructure of glass ceramic sample S0.5-N1 as
hown in Fig. 7 exhibited fine crystallites of isolated perovskite
ead titanate uniformly distributed in the glassy matrix.

A glass ceramic material is usually comprised of one or sev-
ral crystalline phases distributed in a glassy matrix. Therefore
t can be expected that the dielectric properties of the mate-
ial are influenced by the content, composition, particle sizes
nd the way of distribution of its constituent phases. The crys-
alline phases, glass matrix and the interfacial region existing
etween them each may have its own contribution to the polar-
zation processes occurring in the glass ceramic material as a
hole.
The resistivity differences existing between crystals and

lassy matrix may cause a charge build-up occurring in the
nterfacial region. This usually leads to a large space charge

olarization and elevation of dielectric constant values.15,24,25

herefore it can be deduced that the reduction of crystallite sizes
f the lead titanate phase, due to the addition of Bi2O3 nucleant,
uch as in specimens S0.5-N1 and S0.5-N3, by extending the
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nterfacial region has resulted in higher polarization effects and
arger dielectric constant values.

On the other hand in the glass ceramic S1-N3, containing
mol% Bi2O3, the drop of (εr) value in the specimen can pos-

ibly be attributed to the contribution of the crystalline phase.
t seems that in the above specimen despite the observed small-
st size of perovskite crystallites, the dissolution of Bi+3 ions in
bTiO3 that reduced the c/a ratio in the crystal lattice, played

he dominant role and decreased the dielectric constant value.
his can be related to the reduction of polarization effects due

he smaller value of the c/a ratio in the latter specimen as dis-
ussed above. On the other hand it can also postulated that the
ntrance of Bi+3 ions as donors into the crystal structure of
he perovskite phase, replacing Pb+2, perhaps has resulted in
he lowering of resistivity of the latter phase by creating point
efects that resulted in n-type semiconducting effects. A similar
ffect has previously been reported for La+3 additions to bar-
um titanate dielectric materials.26 On the basis of the values
f resistivities reported by other investigators15 and considering
he relatively low value of dissipation factor determined for the
lass specimen in the present study (Table 4) it can be assumed
hat crystalline phases had higher resistivity values as compared
o the glassy phase in the studied specimens. In this condition it
an be assumed that the semiconducting effect mentioned above
ight have reduced the resistivity difference existed between

rystalline and glassy phases in glass ceramics and resulted in
ess charge build-up at the interfacial regions that led to lower
pace charge polarization values. The latter effect might have
layed a predominant role in reducing the dielectric constant
pon addition of Bi2O3 to the base composition in amounts
xceeding 0.5 mol%.

It can also be inferred that increasing the nucleation time from
to 3 h in the case of specimen S0 (lacking nucleation agent)

ad almost no effect upon the values of its dielectric constant
nd dissipation factor (Table 4). This is an indication of the
neffectiveness of prolonged nucleation for the above specimen,
hereas in the case of specimen S0.5 the prolonged nucleation
ave exerted a marked effect as discussed above.

It is also interesting to note that in the case of specimen
1 the dissipation (loss) factor shows an almost 10-fold drop
s compared to the specimen S0.5. It is again very difficult to
ive a precise explanation to this, but perhaps it can mainly
e attributed to the space charge polarization effect. The rela-
ively high dissipation factor in specimen S0.5-N3, like its large
ielectric constant value, can be attributed to large space charge
olarization effect as discussed above. In this way the marked
rop in dissipation factors in specimens of series S1 in compari-
on with their S0.5 counterparts can be attributed to the reduced
esistivity difference and less pronounced space charge polar-
zation in specimens S1 owing to the semiconducting effect of
dded Bi+3 ions as discussed above.

. Conclusions
The crystallization behavior and microstructural characteris-
ics of various glass ceramic samples in the 46.67 PbO–23.33
iO2–20 B2O3–10 SiO2 mol% system with addition of 0.5 and

[2
Ceramic Society 30 (2010) 1453–1460 1459

.0 mol% Bi2O3 as a nucleating agent have been studied. Per-
vskite titanate was the major phase in all the glass ceramic
amples. The formation of nano-structured PbTiO3 glass ceram-
cs was confirmed for specimen containing 0.5 mol% Bi2O3 by
EM and XRD results. In glass ceramic containing Bi2O3, the
egree of phase separation is higher and the nucleation pro-
eeds faster during heat treatment. This resulted in fine-grained
icrostructures. The magnitude of the permittivity (εr) for the

pecimens containing 0.5 mol% Bi2O3, heat treated for 3 h at
85 ◦C and 1 h at 575 ◦C was ∼390 that was the highest value
mongst all the heat-treated samples. This value is also high
n comparison with most of the reported values for these glass
eramics.
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