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Abstract The understanding of atomic-scale structure is a
prerequisite for establishing the physico—chemical behavior
of complex glass systems. To this end, positron annihila-
tion life time spectroscopy (PALS) is an atomic scale probe
capable of investigating the subnanoscopic free volume of
amorphous materials. In the present work, PALS has been
used to quantify the free volume changes as a function of
increasing substitution of B,0; by Al,Oj; in strontium boro-
silicate glasses intended to be used as sealant in solid oxide
fuel cells. The free volume parameters; ortho-positronium
(0-Ps) life time (73) and intensity (/;) show composition
dependant variations which are correlated to the molar vol-
ume and compactness of the glasses through a commuta-
tive free volume parameter, 1313. The effect of change in
nanoscopic free volume induced by the substitution of B,0;
by AL,O; on the glass transition temperature (7,), softening
temperature (7}), coefficient of thermal expansion (CTE) and
thermal stability of glasses have been studied. A remarkable
trend-based variation in these macroscopic properties with
change in free volume is observed. We envisage that the
findings of this work will provide new insights in establish-
ing subnanoscopic structure and thermo-physical property
correlation of complex glass systems containing multiple
network former and modifiers.
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1 Introduction

Inorganic glasses are technologically important materials
which find applications as substrates to optical components,
fiber glasses, radioactive waste containment, photochromatic
glass, chemically resistant sealing glasses in solid oxide fuel
cell (SOFC) and separator among others [1-6]. The oxide
glassy materials can be treated as complex, topologically
disordered networks with composition specific spatial
arrangement of oxide ions. The glass properties are known
to depend on such spatial ordering in atomic positions.
Adequate understanding of correlation between structure
and physical-chemical properties of inorganic glasses is
of fundamental interest. Atomic arrangement in glasses is
conventionally studied with several techniques like X-ray
diffraction [7], neutron diffraction [8—10], infrared (IR) spec-
troscopy [11], Raman spectroscopy [12, 13], nuclear mag-
netic resonance (NMR) spectroscopy [14, 15] and extended
X-ray absorption fine structure (EXAFS) [16]. However,
knowledge of atomic structure per se is not adequate for
description of glass structure and physical properties. It is
also necessary to probe the atomic-deficient space distribu-
tion in the glass matrix, especially at a sub-nanometer scale
[17]. The atomic scale free volume available in the glass
matrix due to its lack of long range order is a key param-
eter that governs the physical properties with compositional
feature of glasses [11, 18, 19]. Free volume in inorganic
glasses is essentially the excess volume in comparison to the
thermodynamically equilibrium crystal with same compo-
sition [20]. This is a characteristic feature for the structure
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of disordered solids due to their metastability. In general,
the sources of free volume nano-voids in glass structure are
due to electron density distribution of covalent bonds within
some atomic configuration [21, 22], fluctuations of structural
fragments frozen near glass transition [23] and geometrical
inconsistencies between different glass forming structural
units [20, 24, 25]. Positron annihilation lifetime spectros-
copy (PALYS) is one of the most sensitive techniques capable
of probing such fine free volume holes and is frequently used
to study amorphous polymeric materials [26-29] and glass
systems [11, 17, 30].

In general, various components in the glass composition
control the local structure and changes in speciation. Such a
variation in local ordering greatly affects the thermo-phys-
ical properties of SOFC glass sealants. Common network
formers like B,O; and SiO, are used in SOFC glass seal-
ants which form the basic three dimensional networks in
the glass structure and determine the thermal properties like
glass transition temperature (7,), glass softening temperature
(T,), coefficient of thermal expansion (CTE) and adhesion/
wetting with other SOFC components. Network modifiers
like BaO, SrO, CaO, MgO break the network, create non-
bridging oxygen species, maintain charge neutrality and
modify glass properties such as T, T, thermal stability and
CTE [31-33].

In the present study a series of strontium aluminoboro-
silicate glasses were prepared with systematic substitution
of B,0; by Al,O; in the glass composition. PALS was used
to quantify the composition dependant variation of free vol-
ume of glasses through the free volume scaling parameter,
1513. Thermo-physical properties of the glasses namely glass
transition temperature, softening temperature, coefficient of
thermal expansion and thermal stability of the glasses were
investigated through experimental techniques. Structural
parameters like molar volume, compactness, and thermo-
physical properties of glasses were evaluated vis-a-vis A1/
B** ratios in the glass compositions. Structure—property cor-
relations of glasses were established with the free volume as
the central structural feature.

2 Experimental

The glasses were prepared by conventional melt quench-
ing method where the batches were melted at 1500 °C and
poured onto a brass mould for glass making. The batch com-
position was designed with formula 455rO-xAl,0;—(45-x)
B,0;-10Si0, (wt%) with x varying between 0 and 30 wt%
at step size of 5 wt%. The batch materials used for glass
melting were SiO,, H;BOj;, Al,O; and SrCOj;. The batch
materials were mixed and melted in platinum crucible. The
glasses formed upon melt quenching were annealed for 1 h
at temperature ~T,, glass transition temperature, for release
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of thermal stresses incorporated in the glassy matrix. Each
batch was assigned with a code for ease of identification.
The code is denoted by abbreviations for each component
and a subscript value indicating the wt% of that component.
The glasses formed were analyzed for evaluation of proper-
ties. In the analyzed glass compositions Al,O; concentration
varies from O to 26.50 mol% compensating the variation of
B,0; from 51.84 to 19.41 mol%. Table 1 includes the batch
composition used for preparing the glasses and the code.

The PALS measurement of glass samples were performed
at room temperature using plastic scintillation detectors cou-
pled in fast—fast coincidence mode. The time dispersion used
for acquisition of PALS spectra was 12.5 ps and the time
resolution of the spectrometer was 260 ps (full width at half
maximum, measured using %°Co). Each specimen consisted
of a system of circular discs, of total size 10 mm diameter
and 1.2 mm thickness. A 2Na isotope positron source of
15 pCi activity sealed between two kapton foils (eight um
thick) was sandwiched between two identical sample discs.
More than 1x 10° counts were acquired in each PALS spec-
trum. In order to estimate the positron annihilation fraction
in kapton films as well as in source material, a reference
spectrum of Si single crystal was also acquired.

The glass transition temperature, 7, and crystallization
temperature, 7', of glass samples were determined by dif-
ferential scanning calorimetry (DSC) using Setsys 16, SET-
ARAM, France. DSC traces were recorded at heating rate
5 °C/min in the temperature range 25—-1200 °C. Thermal
stability of glasses was calculated as the temperature lag
between glass transition and first crystallization temperature,
Le. (T,=T,).

Thermal expansion of glass samples was measured
using a vertical pushrod type dilatometer of UNITHER-
MTM MODEL 1161 Dilatometer System, Anter Corpo-
ratiosn, USA. All measurements were carried out in air.
Thermal expansion of glass was measured in temperature
range 30-800 °C and at a heating rate of 3 °C/min. Sam-
ples used for these measurements were rod shaped with a
length of ~2.5 cm and diameter~ 0.5 cm. Linear coefficient

Table 1 Glass composition with code

Glass code Compositions (mol%)
SrO AL O, B,0; Sio,

StysB4sS o 34.82 0.00 51.84 13.34
Sry5A5B40S 0 3547 4.00 46.94 13.59
Sry5A,10B35S 10 36.14 8.16 41.85 13.85
SrysA5B30S 1o 36.84 12.48 36.56 14.12
Sry5A,0B55S 1 37.56 16.97 31.07 14.40
Sry5A,5B50S 1o 38.32 21.64 25.35 14.69
Sry5A30B15S 19 39.10 26.50 19.41 14.99
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of thermal expansion (CTE) a was calculated using the fol-
lowing equation:

L —-L, AL

O L (T, =Ty  LAT M

where, L, and L, are the lengths of the glass specimen at
start temperature T, under consideration and the end test
temperature T, respectively. Softening temperature (7;) of
the glass was marked at the temperature of maximum expan-
sion in the expansion plot recorded through dilatometer, fol-
lowing which contraction due to deformation sets in.

3 Results and Discussion
3.1 Subnanoscopic Free Volume Characteristics

The positron lifetime spectra of the glass systems were ana-
lyzed using the PATFIT computing program with a three-
component model [34]. A preliminary analysis of PALS data
after correction for positron annihilations in the source and
subtracting the background showed the presence of three
lifetime components. The first component was observed
to vary in the range of 120-160 ps for different samples.
In glassy materials, the short-lived component is usually
ascribed to para-positronium (p-Ps) annihilation and its
intrinsic lifetime being very short is not really affected by
the characteristics of the material [30, 35]. The intermediate
lifetime (7, ~ 300 ps) is due to annihilation of free positrons
with electrons from vacant sites in oxide materials [30]. The
longest component varies in the range of 590-650 ps and
is ascribed to the ortho-positronium (o-Ps) pick-off annihi-
lation in these materials. We attribute the longest lifetime
component 7; to the pick-off annihilation of o-Ps trapped in
small intrinsic voids (free volume) present in glass network.
Table 2 includes the PALS data recorded for glasses in the
investigated series.

The 75 can be considered as a measure of the free volume
hole size according to Tao-Eldrup model and the pick-off
intensity I; corresponds to number of these holes present in

the glass network [30]. From the data in Table 2 we observe
that in the investigated series of glasses, Sr,5B4sS, (without
Al,0O3) shows the highest 75 value and the least I5 value,
while Sry5A5,B 55, glass, with the highest Al,O; content, is
characterized by lowest 75 and highest /5 values. This implies
that the Sr,sB,5S;, is having lesser number but bigger free
volume holes, while the SrysA;B5S,, system is character-
ized by relatively large quantity of smaller holes. However,
no systematic variation of either z; or /5 is observed in the
intermediate compositions. The free volume hole radius, R;
was evaluated from the following correlation between o-Ps
pick-off lifetime (73) and R; [36]:

+ —sin

= l-——
2 R+AR 2z

1 R 1 ( 2

2zR >_1
R+ AR
The R; values obtained from the above equation is pre-
sented in Table 2, which also does not show any particular
trend w.r.t. the variation in glass composition. On the basis
of the data avalaible we are unable to provide any mechanis-
tic insights into the genesis of such variations of the 73 and
I; values with progressive substitution of B,0; by Al,O; in
the glass compositions. Hence we use a scaling free volume
parameter of T§I3 which can also be considered as a measure
of fractional free volume of the glass compositions. In a pre-
vious work, we used this scaling parameter to establish the
structure—property correlations in a mixed cation borosili-
cate glass composition as a function of La**/Sr** ratios [19].
In this report, the T§I3 values of glass samples are
plotted versus the AI>*/B3 ratios in the series of glasses
as shown in Fig. 1. In the same plot, variation of molar
volume of glasses is also shown for comparison. An ini-
tial observation that can be made from Fig. 1 is that the
molar volume, a macroscopic property, almost parallels
the increasing trend of the nanoscopic free volume param-
eter with increasing AI**/B3* ratio in the glass systems.
While the free volume parameter 13313 of the glass sys-
tem 45S5r0-xAl,0;—-(45-x)B,0;-10Si0, increases with
increasing ‘x’ till x =20 wt% (AI>*/B>* ratio = 0.546)
followed by a decrease, the molar volume shows a mono-
tonic increase with increasing AI**/B>* ratio. It may be

Table 2 PALS data of glass

Glass code PALS data
samples

73(ns) Error 1;(AU) Error 73313 R; (A)
SrysB4sS 1o 0.648 0.0220 18.20 2.40 4.952 0.894
Sry5A5B40S 1 0.6114 0.0122 23.55 1.58 5.382 0.776
Sry5A,0B35S 10 0.6272 0.0198 21.85 2.70 5.391 0.834
Sry5A,5B30S 10 0.6723 0.0230 18.52 2.35 5.627 0.966
St45A50B25S 10 0.6329 0.0136 24.43 1.89 6.193 0.846
St45A55B20S 10 0.6109 0.0127 26.77 1.93 6.103 0.775
Sry5A50B15S 0 0.5956 0.0135 28.10 2.31 5.937 0.718
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Fig. 1 Variation of free volume and molar volume against AI**/B3*
ratios in the glass composition

noted that there is a discernible change in the rate of
increase in the molar volume at an AI**/B** ratio of 0.546
marked by the maximum in free volume. The observation
of increasing free volume and molar volume of the glass
systems suggest the formation of a more open network
structure with substitution of B,0O; by Al,O; in the glass
composition.

Compactness 6 of a glass is a measure of the normal-
ized change of the mean atomic volume due to chemi-
cal interactions of the elements forming the network of
a given solid [37]. Consequently it is more sensitive to
changes in the structure of the glass network as compared
to the molar volume V,,. The compactness ¢ was calcu-
lated using the equation:

Z' GAi Z CiA;
i i

Pi 14
o= Y A )

p

where ¢;, A; and p; are the atomic fraction, atomic weight
and the atomic density of the ith element of the glass and p
is the measured density of the glass. The error in the density
measurement, and consequently in 6 was estimated to be
less than +1%.

Figure 2 shows variation of the compactness values
with AI’*/B3* ratio along with the free volume data as
estimated from PALS in order to understand the correla-
tive trend of the structural parameters. From the figure
it is evident that with progressive Al,0; substitution of
B,0; the compactness of the glasses decreases as a direct
consequence of increase in free volume.
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Fig. 2 Variation of free volume and compactness of glass with AI**/
B> ratios

4 Thermo-physical Properties of Glasses

In the investigated series of glasses, thermo-physical proper-
ties like glass transition temperature 7,, crystallization tem-
perature 7, and thermal stability 7,—T7, are determined from
the DSC thermogram of samples. Temperature profile of all
the glass samples obtained through DSC are superimposed
for comparison purpose and shown in Fig. 3. Straight lines
shown in the figure are guide to eye for a quick comparison
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of characteristic temperatures against compositions. Glass 6.4 ; ; ; ;
softening temperature 7, and coefficient of thermal expan- 6_2_' - 625 3'9,
sion CTE are determined experimentally from the thermal ] r620 2
expansion data elucidated by dilatometer. Figure 4 includes & 6'0'_ L \ -615 §
the plots of thermal expansion of glasses with temperature. El 584 % L 610 §'
A guide line shown in the graph illustrates the variation in E c6l o 605 &
T, with glass composition. Variation of all the characteristic £ -?D
parameters; glass transition temperature 7,, Glass soften- :Dt; 5.4 . - 600 g
ing temperature T}, thermal stability 7,,—7, and coefficient “e” 5.2 -595 g
of thermal expansion CTE are further correlated with the 1 \ / [ 590
change in free volume in the glass. 5'0__ u [ 585 3
Flgure 5 shows the variation of T, with increase in AP/ 87—
B3 ratio in the glass composition along with the free vol- 000 025 050 075 100 125 1.50
A*3B*3 ratio

ume data. The 7, of the glasses decrease with increasing
substitution of B>+ by AI** up to AI**/B3* ratio of 0.546,
followed by an increase at higher values.

The most significant observation from Fig. 5 is the
remarkable correspondence between the free volume param-
eter and the T,. With increase in AIP*/B3* ratios, the free
volume content in glasses pass through a maximum while
variation in T}, follows an exactly opposite trend and passes
through a minimum. 7, of amorphous materials is the onset
of transformation from glassy to a viscoelastic state marked
by segmental mobility beyond this temperature. Therefore,
free volume content in the glassy matrix is expected to
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Fig. 4 Thermal Expansion of glasses a St;sB45S,5, b SrysA5B40S 0,
¢ SrysA B3sS1g, d SrysA sB3oSg, € SrysAx0BysS o, £ S1y5A25B0S 0,
g S145A30B 15510

Fig. 5 Variation of free volume and glass transition temperature
against AI>*/B* ratios in glasses

influence the 7,. The decrease in 7, with increasing B,0;
substitution by Al,O; in the glass network can be explained
by the fact that space requirement for mobility is facilitated
by increased free volume and hence less thermal energy
required for segmental movements.

Glass softening temperature T, of a glass is determined
from the thermal expansion measurement by dilatometer
and is ascribed to a temperature where the viscous flow
changes to plastic flow, which means the temperature at
which the glass may slump under its own weight. In the
thermal expansion curve 7, corresponds to the temperature
of maximum expansion and beyond which there is a sud-
den fall in the curve due to piercing of the push rod into the
softened glassy matrix. Generally, T, and 7 though meas-
ured by different experimental techniques, both show simi-
lar trend with respect to composition and other functional
parameters [38—41]. For the investigated series of glasses, a
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Fig. 6 Variation of free volume and glass softening temperature ver-
sus AI**/B3* ratios in the glasses
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plot of variation of T, is shown against AI**/B** ratios in the
glass composition and compared with the free volume data
of glasses in Fig. 6. The variation of 7 in the investigated
series of glasses follows a trend similar to that observed for
T, with increasing AIP*/B3* ratio, the reason being the same
as invoked for the relation between T, and free volume of
glasses.

Both 7, and T of glasses are important parameters con-
sidering the applicability as SOFC sealant. T, corresponds
to a viscosity of 10" Pa.s and T, corresponds to a value of
103 Pa.s [38]. A seal glass is brittle below T, but viscous
above T,. The stress between the seal glass and the adjoin-
ing SOFC components induced by thermal expansion mis-
match during thermal cycling may generate cracks, which
are potential paths for gas leakage. These cracks can ‘self
heal’ by viscous flow of the seal glass above T, [42-44].
Therefore at SOFC operational temperature the viscosity of
a seal glass should be within 10°-10® Pa.s to provide her-
metic sealing. This means hermeticity of a seal glass can be
maintained by a T, value below the SOFC operating tem-
perature while relieving thermal stresses and self-healing
cracks. However, T of the seal glass should be close to
SOFC operating temperature to avoid excessive glass flow
under stack load. Above investigation may give an insight to
tune the free volume by judicious manipulation of the glass
composition so as to maintain the desired 7, and 7 value of
the sealing glass.

CTE of the seal glass is considered to be one of the most
important thermal properties for its application in SOFCs.
During cell operation CTE of seal glass should match
with those of other SOFC components to avoid thermal
stress. When there is a CTE difference, both tensile (for
CTE_  mponent > CTEy,s) and compressive (for CTE oonent
< CTEy,,,) stresses are possible at the interface. To avoid
thermal stress CTE difference should be within 1x 1076
°C~!. Tensile stress often leads to cracks at the interface in
the glass. Compressive stress to some extent can be tolerated
because the compressive strength of a seal glass is much
higher than the tensile strength but excessive compressive
stress causes delaminating of the glass from the interfacing
SOFC components. In practice, a CTE ranging from 9.0 to
12.0x 107 °C~! is desired for SOFC applications [4]. In
the investigated series of glasses, CTE of glasses were cal-
culated from the dilatometer experiment and plotted against
AI**/B3* ratios in the glass composition along with the free
volume data in Fig. 7.

A similar trend for both the free volume and CTE of
glasses is discernible from Fig. 7; both pass through a maxi-
mum at the same AI**/B3 ratio. In the investigated series of
glasses, it is observed that with increasing Al,O5 content in
the glass matrix as a substitute to B,0O5 the CTE increases
from 10.8 to 11.2x 107%°C~! and on further increase CTE
decreases to 9.1 x 107% °C~!. Similar observations of
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Fig.7 Plot of variation of free volume and CTE against AI**/B>*
ratios in the glasses

decreasing CTE with increasing Al,O5 content have also
been observed for other systems [4].

In general, thermal expansion arises due to an increase
in average bond length with increasing temperature. The
increase in bond length arises from the asymmetry of the
potential energy versus inter-atomic distance curve of the
Condon—Morse potential energy diagram [39]. In glassy
systems, CTE depends on the glass structure symmetry,
bond-bending, and molar-free volume. A decrease in glass
structure symmetry increases CTE, decreasing bond bending
increases CTE and increase in free volume increases CTE
[38]. A similar scenario is observed in the present case with
both the CTE and free volume following a similar trend.

The thermal stability of the glasses are quantified against
their hindrance to crystallization and calculated by 7,,—T,,
where T}, is the first crystallization temperature. Crystalliza-
tion is an unwanted process in a seal glass as it affects the
thermo-physical and thermo-chemical stability of the glass
in operational conditions. Though thermal stability is one of
the most critical requirements of SOFC seal glasses, devit-
rification of multi component glasses still remain an unre-
solved issue. Phase separation or microheterogenity in the
glass structure enhance crystallization. Any thermodynamic
parameter which favours the kinetics leads to devitrifica-
tion in glasses. In all the investigated glasses crystallization
temperature could not be noticed in the temperature range
25-1200 °C in the thermographs recorded by DSC. How-
ever, in all those glasses where crystallization behavior was
observed in DSC, the thermal stability was calculated and is
plotted against glass composition and free volume in Fig. 8.

From the figure it is observed that the thermal stabil-
ity of glasses decrease with increase in B,0; substitution
by Al,O;. In general Al,O; improves thermal stability of
seal glass by hindering phase separation when AI** ions
are 4-coordinated. However, in 6-coordinated state it acts
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Fig. 8 Thermal stability of glasses against AI**/B** ratios in the
glasses

as a modifier and enhances phase separation [38]. In the
investigated glasses as shown in Fig. 6, a decreasing thermal
stability with increasing substitution of B,O; by Al,O; may
be attributed to the increasing free volume which thermody-
namically favours the crystallization kinetics.

5 Conclusions

In summary, we posit that PALS is a useful technique to
probe the subnanoscopic free volume of multinuclear oxide
glasses and establish trend-based structure—property correla-
tions. In the investigated series of glasses we have found that
the AI**/B** ratios dependence of a host of thermo-physical
properties could be rationalized in terms of a singular free
volume parameter 15’13. This single parameter accurately
captures the changes in glass transition temperature, glass
softening temperature, coefficient thermal expansion, ther-
mal stability, molar volume and the compactness of the glass
systems as a function of progressive substitution of B,0;
by Al,O;. This indicates that the free volume can be uni-
versally applied in the prediction of macroscopic properties
of network glasses. Moreover, the approach can be applied
to understand the microstructural origins of glass proper-
ties. Thereby, the approach can also be applied to design
glasses with optimized properties based on their composi-
tion including sealants for SOFC applications.
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