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Abstract A series of glass comprising of SiO,-MgO-
B,03-Y,05-Al,05 in different mole ratio has been syn-
thesized. The crystallization kinetics of these glasses was
investigated using various characterization techniques such
as differential thermal analysis (DTA), thermo gravimetric
analysis (TGA), X-ray diffraction (XRD), and scanning
electron microscopy (SEM). Crystallization behavior of
these glasses was markedly influenced by the addition of
Y,0;5 instead of Al,O;. Addition of Y,0; increases the
transition temperature, 7T, crystallization temperature, 7
and stability of the glasses. Also, it suppresses the forma-
tion of cordierite phase, which is very prominent and det-
rimental in MgO-based glasses. The results are discussed
on the basis of the structural and chemical role of Y** and
AI** jons in the present glasses.

Introduction

The planar design of solid oxide fuel cell (SOFC) re-
quires suitable sealant to prevent the fuel gas and air
mixing during its operation. It should also provide insu-
lation with proper compatibility to the stack components
existing in SOFC. Apart from these it should exhibit
chemical stability in reducing and oxidizing atmosphere
[1, 2]. Conventional sealing materials do not meet the
above-mentioned requirements due to high working
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temperature (800-1,000 °C) of SOFC and steep change
in partial pressure of oxygen (2 x 10*-1 x 107'? Pa)
during fuel cell operation.

Suitable composition of glass and glass ceramics meet
most of the requirements of an ideal sealant [1, 3, 4].
During the operation of fuel cell, glasses get themselves
converted to glass-ceramics and the latter can have dif-
ferent thermal expansion due to crystallization of different
phases in glass matrix. Therefore, it is essential to under-
stand the crystallization behavior of glasses under the
influence of temperature and time.

In the present study, a series of SiO,—Al,O3—Y,03—
MgO-B,05 glasses of different compositions were syn-
thesized. Small amount of B,O5 is added to reduce the
glass transition temperature, T,. Al,O3 is known to prevent
the rapid crystallization of glass during heat treatment,
which also prevent the formation of detrimental phase of
cristobalite [4, 5]. Y,0O3 is responsible to increase the
thermal expansion coefficient [6]. In the MgO-Al,03-Si0,
system the formation of different phases take place during
crystallization. Among these one of the possible phase is
the cordierite (Mg,Al4SisO0,g) [7]. The cordierite phase
however, is detrimental for the SOFC stack since its ther-
mal expansion coefficient (2 x 10°%/°C) is very low as
compared to other components of the fuel cell [3]. The
crystallization behavior of the above mentioned glasses
were investigated using differential thermal analysis
(DTA), thermal gravimetric analysis (TGA), X-ray dif-
fraction (XRD), and scanning electron microscopy (SEM).

Experimental

The selected glass compositions used in the present study
with their labeling as GS1, GS2, GS3, GS4 are given in
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Table 1 Sample label with constituents in mol.%

Sample label SiO, Al,O3 Y,0;3 MgO B,0;
GS1 45 10 0 40 5
GS2 45 2 40 5
GS3 45 6 4 40 5
GS4 45 4 6 40 5

Table 1. The glasses were prepared by taking stoichiome-
tric amounts of different constituents in the form of oxides
and carbonates (purity =2 99.5%). For each batch appro-
priate mole fraction of initial ingredients were mixed under
the wet media (acetone) using mortar and pestle for 2 h.
The mixed powders of these samples were first dried in
oven at 150 °C and melted in alumina crucible at 1,550 °C.
The melt was held at this temperature for half an hour to
ensure homogenization. After this crucible was removed
from furnace and the melt was poured on the flat copper
plate and quenched by other copper plate in air to obtain
thick flakes. The as prepared glasses were characterized by
X-ray diffraction (XRD; D/Max Rint 2000 Rigaku, Tokya)
for the confirmation of glassy nature as well as to find out
the crystalline phases after heat treatment at 1,000 °C for 1,
9 and 100 h time duration. The glass transition temperature
(Ty) and crystallization temperature (7.) were determined
by DTA. The DTA analysis was performed in air on
powdered samples at the heating rate of 10 °C/min [Perkin
Elmer, USA]. The glass stability and weight loss was
checked by a TGA (Mettler) in the range of room tem-
perature to 1,200 °C at a heating rate of 10 °C/min in N,
atmosphere. Microstructural studies were carried out using
SEM (Joel, JSM-840A) on heat-treated sample of GS4
glass at 1,000 °C for 1, 9 and 100 h. For structural analysis,
glass pieces taken from different areas of sample after heat
treatment were mounted in a cylindrical mold using acrylic
powder and liquid. These mounted samples were
mechanically polished. The final polishing was done on
0.25 um diamond grit. In order to ensure smoothness of the
sample surface, the samples were examined under optical
microscope before etching. The samples were finally
etched with 20% hydroperchloric acid to reveal structure.
For SEM studies gold sputtering was done on the surface of
samples to make the surface conducting.

Results and discussion

The as prepared glasses of all the above four compositions
were found to be amorphous in nature as all of them
exhibited a broad peak in the X-ray diffraction pattern. A
typical XRD of GS4 sample is shown in Fig. 1. These glass
samples were further subjected to heat treatment at
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Fig. 1 XRD pattern of as prepared glass sample GS4 showing the
amorphous nature of the glass

1,000 °C for 1, 9 and 100 h time duration to understand the
nucleation kinetics of different phases with aging time at
elevated temperature. The X-ray diffraction patterns of all
the heat-treated glasses exhibit the formation of various
crystalline phases that were identified using powder dif-
fraction files (PDF). All the glass ceramics, where Y,O3
was added at the cost of Al,O5 exhibit only the formation
of MgSiO; and Mg,SiO,4 phases after heat treatment.
However, apart from these phases the sample GS1 addi-
tionally exhibited Mg ¢Al; 2Si; gO¢ solid solution phase
[PDF file no. 75-1568]. The volume fraction of this
Mgy Al »Si; §Og phase in GS1 was observed to increase
with increasing heat treatment duration at the cost of
MgSiO; phase as is evident in Fig. 2. This means that
aging time leads to growth of Mg ¢Al; »Si; gO¢ phase and
a decrease in MgSiOj; phase. According to Zdaniewski [8]
in MgO-SiO, based glasses, the early stage of crystalli-
zation occurs by formation of a SiO, rich solid solution
phase and subsequently in the latter stage an isomorphic
substitution of Mg>" and AI** occurs at different sites of
the unit cell. This substitution takes place in such a way
that the composition approaches to that of MggsAl; 5.
Si; gO¢ phase apart from formation of MgSiO; and
Mg,SiO,4 phases. The XRD pattern of this particular sam-
ple shows the shifting in XRD lines at lower angles with
increasing heat treatment duration indicating a change in
lattice parameter (Fig. 2). This might be attributed to
Mg Al »Si; §Og phase that is not a pure one but a solid
solution phase. Initially this phase nucleates as Si rich
phase and at latter stages of the heat treatment Al’* ions
occupy Si** ion sites. Since Al’* ions are larger than Si**
ions it would be responsible for the enhancement in lattice
parameter of Mg ¢Al; ,Si; gO¢ phase. However, the peak
shifting could not be observed in case of MgSiO; and
Mg,SiO, phases except variation in relative peak intensity.
This can be understood from the following chemical
reactions:
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Fig. 2 XRD pattern of glass sample GS1 after (a) 1 h heat treatment,
(b) 9 h heat treatment and (c¢) 100 h heat treatment at 1,000 °C
showing the presence of different crystalline phases

3MgO + 2Si0, — MgSiO; + Mg, SiO, (I stage)

3MgSiO; + 38i0, + 2A1,05 — MgSiO; + Mg,Al;SisOs
(I stage)

It is obvious from above reaction that in the beginning
the nucleation of solid solution silicon rich phase takes
place and at the latter stage the migration of ions takes
place and composition shifts to Mg,Al;SisO;g. On the
other hand, glasses containing Y,0; do not exhibit the
cordierite phase. A typical X-ray diffractogram for all the
glasses studied (GS1, GS2, GS3, GS4) and which were heat
treated at 1,000 °C for 9 h are shown in Fig. 3. Since,
thermodynamically Mg,SiO, phase is more stable as
compared to MgSiOs, the volume fraction of Mg,SiO4
phase keeps on increasing at the expense of MgSiO; phase
in all these samples as is evident in Fig. 3. The suppression
of cordierite phase in GS2, GS3 and GS4 samples could be
explained on the basis of the presence of extra cation like
yttria which increases the competition among other cations
which may prevent the formation Mg ¢Al; »Si; §Og phase
and excess amount of crystallization [9]. However, the field
strength of Y>* ion is less as compared to AI** ions in glass
compositions as shown in Table 2.

The TGA spectra of all four-glass samples (GS1, GS2,
GS3, GS4) are given in Fig. 4. Addition of Y,O;3
significantly increases the stability of the samples. In GS2
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Fig. 3 XRD pattern of glass samples (a) GS1, (b) GS2, (¢) GS3 and
(d) GS4 after 9 h heat treatment at 1,000 °C showing the variation in
peak intensities of different phases

Table 2 Field strength of Y, Si, Al, B and Mg cations

Elements Valency Ionic Ionic distance  Field strength

radius (re + r)A (Z + [(re + 1r)*]
(A)

Si 4 0.39 1.71 1.37

Y 3 1.06 2.38 0.53

Al 3 0.57 1.89 0.84

B 3 0.20 1.52 1.29

Mg 2 0.78 0.78 0.45

sample, addition of 2% Y,0; at the cost of Al,Oj3 signifi-
cantly decreases the percent weight loss relatively to
sample GS1. A further increase in Y,O5 content in samples
was found to improve the stability of the samples. In the
subsequent samples, addition of Y,Oj5 stabilizes, the glas-
ses and thereby decreases in the weight loss as indicated in
Table 3. This might be because of the less crystallization of
Y,0; rich glasses as compared to GS1 sample during heat
treatment. The above consideration is also supported by the
fact that the width of XRD peaks, which increase with
increasing Y,Os5 contents as can be seen from Fig. 3.
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Fig. 4 TGA spectra of (a) GS1, (b) GS2, (¢) GS3 and (d) GS4
samples showing the mass loss characteristics of these glass samples

Table 3 Glass transition temperature 7Ty, crystallization temperature
T., % weight in loss of the investigated glasses

Label T, (°C) T. (°C) % Change in weight
GS1 670 865 4.8

GS2 700 905 2.0

GS3 704 945 0.07

GS4 727 995 0.6

In order to check the glass transition and crystallization
temperature, the DTA was performed on these glasses with
the heating rate of 10 °C/min. A typical DTA curve for
GS2 and GS4 are given in Fig. 5a, b. Besides the glass
transition temperature, all the samples exhibit an exother-
mic peak. However, this exothermic peak is very weak in
GS1 sample. Apart from 7, and exothermic peak, the GS3
sample also showed a weak endothermic peak. In general,
Si0,-MgO-Al,O5 glasses undergo phase separation when
Al,Oj3 content is more than 5 mol.% in the glass compo-
sition [10, 11]. Phase separation in these glasses occurs
when a metal cation other than Si** has a certain degree of
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Fig. 5 DTA spectra of (a) GS2, and (b) GS4 samples showing the
exothermic peaks

ionic field strength as indicated in Table 2. However, it is
established fact that if there are several kinds of cations
having field strength high enough to attract oxygen ions
then phase separation does not occur due to competition
between the cations themselves [12]. But, in present case,
the phase separation could not be observed even the con-
tent of Al,Oj is more than 5 mol.% as reported in earlier
studies on the similar systems [8]. The tendency of Al,O;
to induce phase separation depends upon the occupancy of
AIP* cations in different interstitial sites. There can be four
or six coordination numbers of AI** cation with oxygen
giving rise to either tetrahedral AlO4 or octahedral AlQOg.
When it is tetrahedrally coordinated, it takes part as net-
work former. But at the same time, when the coordination
number changes to six, it works as network modifier [3].
Basically, the presence of cations of single and double
valence state such as Mg>* is known as network modifier
cations. A modifier induces such changes by breaking some
fraction of the Si—-O bonds thereby creating no bridging
oxygen and disturbing the tetrahedral silicate network. The
non-bridging oxygen (NBO) provides relatively weak
connections between the network forming atoms and the
network modifier cations. However, when other network
forming ions such as AI** and Y** are introduced into the
system, there is gradual conversion of NBO to bridging
oxygen (BO). In the present case, the AI** ions may be
tetrahedral coordinated so second exothermic peak could
not be observed in these samples. This indicates that phase
separation not only depend on Al,O3 content but also on
processing conditions of the samples. It is very interesting
to note that the addition of Y,Oj; in starting material in-
creases T, and T, with decreasing ratio of Al,O3/Y,03. This
might be attributed due to Y>* cation that is coordinating
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tetrahedrally and it acts as a glass former. Apart from this, a
decrease in Al,Os; content from GS1 to GS4 is also
responsible to an increase in T, and T, in all the glass
samples studied. Yttrium being larger size metal offers
higher coordination number [13] so it can act as network
former. However, the field strength of Y>" ion is less than
AIP* ion. Lahl et al. [5] suggested that when TiO,, Cr,03
and Ni are added in MgO based aluminosilicate glasses, it
enhances the activation energy of these systems whereas
7ZrO, decreases activation energy. The reason for this is
because of high field strength of hexavalent Zr** and Ti**
which leads to ordering characteristic in these glasses.

In order to understand the properties of these glasses
during long time exposure at high temperature it is essen-
tial to understand the variation in microstructure of these
samples during heat treatment. Out of all glasses, GS4
showed good stability in TGA analysis so a detail SEM
study was carried out for this sample.

Figure 6a—f shows the SEM micrographs of the GS4
sample after 1 (a and b), 9 (c and d) and 100 (e and f) hours
of heat treatment. The important feature in all these
micrographs are the uniformly distributed needle like pre-
cipitate, which can be seen throughout the structure. The

Fig. 6 SEM micrograph of
GS4 sample (a, b) after 1 h heat
treatment (c, d) after 9 h heat
treatment and (e, f) after 100 h
heat treatment at 1,000 °C
showing the transformation
characteristics of crystalline
phases

@ Springer

flow pattern existing in all the samples, which is more
pronounced at higher magnification, indicates that the
undercooled glass has developed more stresses during
quenching process. These areas have provided site for the
nucleation of crystalline phases in the glass matrix. In
general all the samples, which were heat-treated, exhibit
the simultaneous growth of the two different phases during
heat treatment, which is evident in all the micrographs
taken from different areas of the samples.

Figure 6a, b is SEM micrograph of GS4 sample aged at
1,000 °C for 1 h. It is evident from the micrograph that two
types of phases appear during heat treatment one fine long
needle type of structure and other coarser blunt needle. The
low magnified micrograph (Fig 6a) reveals the uniform
distribution of crystalline needle like phases in the glass
matrix. In the higher magnification micrograph (Fig. 6b)
these needle like structure is more clear. These crystalline
phases are Mg-rich, which were confirmed through elec-
tron probe micro-analysis (EPMA). Figure 7 is a typical
EDAX spectrum taken from these areas. It shows the
presence of Mg, Si and Ca elements. Our atomic absorption
spectrometer (AAS) analysis revealed that Ca is present in
traces (0.02188 wt.%). The analysis was done on five
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Fig. 7 EDAX spectrum of GS4 glass showing the presence of
elements in it

samples in which results varied from 0.02438 to
0.01870 wt.%. The presence of Ca in traces is because of
impurity in the raw material taken for preparation of
glasses. During course of melting it may get segregated to
form calcium silicate phase. Since such types of phases are
not present in our X-ray analysis so existence of such peak
does not carry any meaning. Initially MgSiO; phase
nucleates as fine needle like structure. During ageing, this
finely nucleated structure starts collapsing and turn out as
bigger structure. The structure appears to be a composite
type where crystalline phases, one comprising of MgSiO3
and another Mg,SiO4 which are embedded in glass matrix.
As the ageing time proceeds the volume fraction of
Mg,SiO, phase increases. Figure 6c, d is the micrograph of
the GS4 sample aged for 9 h where one can see the tran-
sition of MgSiO; phase into Mg,SiO4 phase. EPMA
showed higher concentration of Mg at coarser blunt needle
as compared to fine long needles. Since the X-ray analysis
confirmed the presence of MgSiO; and Mg,Si0, phases, it
is obvious that fine needle like structure comprising of
lesser amount of Mg represent for MgSiO; phase and
coarse blunt bright phase containing higher amount of Mg
represent Mg,SiO, phase (Fig. 6d). The process of this
growth is similar to that of well-known Ostwald-ripening
phenomenon [14].

In order to understand the growth of one phase at the
expense of another with passage of time at same heat
treatment temperature in detail, the samples taken from
different areas of GS4 glass were further given heat-treat-
ment at 1,000 °C for 100 h. Figure 6e, f is a typical
micrograph of such sample. The low magnification
micrograph reveals the banded morphology [15-17], which
exists at the edges as well as at the center of the sample.
The micrograph further supports our view that growth of
Mg,Si0O,4 phase occurs as the conditions (time and tem-
perature) becomes more favorable for it. A higher magni-
fication micrograph taken from brighter area (Fig. 6f)
reveals the morphological feature of Mg,SiO, phase that

get itself rearranged. The existence of more pronounced
banded structure (Fig. 6e) indicates that the volume frac-
tion of the second phase (Mg,Si0,) appears to be more as
time duration of heat treatment increases. The nucleation
and growth of the typical structure all along the edges of
the sample with a fine band is an indication of the fact that
second phase has nucleated from the defect sites where
stress concentration is more. On comparing the structure of
samples heat treated for 9 h taken from different areas
(central and edges), it can be concluded that the formation
and growth of Mg,SiO, phase is more rapid at the edges
(Fig. 6d) as compared to the central zone (Fig. 6¢). This is
because of the fact that this growth phenomenon is more
sluggish as both the phases belongs to the same family and
is dependent on temperature and aging time. Since, the
surface experiences the fluctuation in temperature more
rapidly as compared to inner core because of ‘‘on’’ and
““off”” conditions of the furnace during heat treatment at
the desired temperature, it develops more thermal stresses.
As the condition prevails for longer duration the nucleation
of MgSiO; takes place heterogeneously at these stress
concentration points which further transforms to Mg,SiO,
as thermodynamically it is more stable phase. This is the
reason that volume fraction of Mg,SiO, phase is more at
the edges as compared to center of the specimen. However,
in order to understand this growth and the resultant mor-
phology it is essential to go for longer aging time beyond
100 h.

As described above an important feature observed in the
sample GS4 heat-treated for 9 and 100 h is those two types
of structural features one corresponding to very fine (nee-
dle like) and another one (blunt type) of a structure
(Fig. 6d). The coherent matching between these two phases
and the flow pattern observed indicates that the earlier
nucleated MgSiO; phase is being transformed to another
phase Mg,Si0, of the same family having the same crys-
tallographic directions of their growth.

A study carried out using differential drop solution
calorimetric technique indicate that MgSiO5; (ilmenite)
transform to MgSiO; (pervoskite) structure and similarly
Mg,SiO, (spinel) also transforms to MgSiO5 (perovskite)
structure [18]. The ilmenite—pervoskite transition in
MgSiOj; is associated with 110.1 + 4.3 kJ/mole for the
enthalpy. In an another study on MgO-SiO, system on
interatomic potential model developed using columbic
term, a born repulsive term and a Vander Walls term for
oxygen—oxygen interaction indicate the transformation of
MgSiO; (ilmenite) to MgSiO5 (perovskite) and Mg,SiO,.
The feasibility of transformation is because of variation in
coordination number of Si (octahedral and tetrahedral)
[19]. Since MgSiO5 [20] and Mg,SiO,4 [21] exhibit same
crystal structure with variation in lattice parameter though
their nature of bonding varies as coordination number also
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Fig. 8 Variation of relative intensity with aging time in X-ray
diffractrogram for MgSiO; and Mg,SiO, phases present in GS4
sample when heat-treated at 1,000 °C

varies, it is possible that MgSiO5; phase can transform to
Mg,SiO, phase under the influence of thermal and con-
centration gradient. Our X-ray analysis revealed the pres-
ence of solid solution phase, MgSiO5; and Mg,SiO, phases.
Also the volume fraction of Mg,SiO,4 phase is increasing
with increase in heat treatment time. The EPMA analysis
also revealed that blunt type needles are of Mg-rich phase.
Based on above studies followed by support from literature
it can be said that the transformation of MgSiO3 phase to
Mg,SiO, phase occurs as the heat treatment duration is
increased. Because of the fact that both exhibit ortho-
rhombic crystal structure with variation in lattice parame-
ter, they will have the same crystallographic growth
direction.

The X-ray analysis indicates that the sample GS4 which
has been given heat treatment for 1 h at 1,000 °C contains
higher volume fraction (relative intensity 99%) of MgSiO;
phase. On subsequent increment in ageing time leads to a
decrease in the relative intensity of MgSiO; phase and an
increase in Mg,SiO4 phase (35-61%) as the aging time is
increased from 1 to 100 h as shown in Fig. 8. The micro-
structural features observed and the X-ray analysis done for
the glasses indicates that Mg,SiO,4 phase is more stable as
compared to MgSiO5 (Fig. 8). Since these two phases be-
longs to same category, the growth of thermodynamically
stable Mg,SiO, phase with increasing ageing time on the
expense of MgSiO; phase is obvious.

Conclusion

Si0,-Al,03-Y,03-MgO-B,0; glasses made were initially
amorphous which subsequently transferred into crystalline
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phases with the formation of MgSiO3 and Mg,SiO4 phases.
Apart from these phases, sample GS1 also exhibit the
presence of cordierite phase, which is detrimental for
SOFC. The volume fraction of the cordierite phase in-
creases with increase in the heat treatment time in the glass
sample GS1.

The addition of Y,O3; completely suppresses the for-
mation of cordierite phase in the rest of the glasses. Also, it
enhances the stability of the glasses. The volume fraction
of Mg,Si0,4 phase was observed to increase with increasing
heat treatment time. The SEM and XRD studies clearly
indicate that Mg,SiO, phase grows on the expense of
MgSiOj; phase, which is a stable one. The stability of the
samples increases with the addition of Y,05. The crystal-
lization and glass transition temperature is also found to
increase with the increase in yttrium content.
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