
ORIGINAL PAPER

Alkaline Earth Based Borosilicate Glasses as Sealants in Solid
Oxide Fuel Cell Applications

M. S. Salinigopal1,2 & N. Gopakumar2 & P. S. Anjana1

Received: 13 September 2018 /Accepted: 7 February 2019
# Springer Nature B.V. 2019

Abstract
Alkaline earth based glasses of composition 35AO – 50B2O3 – 15SiO2 (A = Ba, Ca, Sr) was prepared by conventional melt
quenching technique. Density of the glasses was measured using Archimede’s method. X-ray diffraction patterns con-
firmed the amorphous nature of the glasses. This result was supported by scanning electron microscope (SEM) image. The
structure of the glasses was investigated by FT-IR spectroscopy. FT-IR spectrum revealed the characteristic bands due to
various borate and silicate structural units. FT-Raman spectroscopy was used to investigate the characteristic bands of
these glasses and its changes due to the presence of various alkaline earth metals. The microhardness of the glass samples
was measured by indentation technique. Microhardness of all glasses were high (6.9–7.1) GPa, reflecting higher bond
strength. The co-efficient of thermal expansion (CTE) were measured and lie within the range (8–10) × 10–6o C−1, which
was in good agreement with that of the other SOFC components.
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1 Introduction

Glasses are very versatile materials because they have contrib-
uted in various fields such as electro-optic devices, thermo
mechanical sensors, electronic devices, telecommunications
and sealants in solid oxide fuels (SOFC) [1]. Glasses emerge
as an important candidate in material science because it is easy
to synthesis, relatively cheap and has the ability to control
properties by varying the glass composition with chemically
controlling the materials in agreement with the required appli-
cations [2, 3]. Glasses are having a specified quality of non-
periodic internal arrangements which cannot be specified or
differentiated by X-ray diffraction analysisas true solid [4].

In recent years, improving the mechanical property, de-
crease of sintering temperature and the production cost are
becoming a challenge in developing new glassy materials.
Modifier addition decreases the glass viscosity, increases the
fraction of non-bridging oxygen containing borate and silicate

structural units. Therefore, the higher amount of non-bridging
oxygen decreases network connectivity and thus softening
temperature and melting point [5]. Borosilicate glass is one
of the choices for SOFC sealing [6].

Due to high energy efficiency, low noise, capability for in-
ternal fuel reforming, high power density and near zero emis-
sions, solid oxide fuel cells (SOFC) have got considerable at-
tention of researchers [7]. SOFCs have the capacity to change
the production and distribution of electrical energy because of
its high efficiencies and low emissions [8]. The development of
a consistently good quality and robust sealant is one of the
many challenges facing by researchers. Glass sealants are
promising due to its low leakage rate at operating temperature.
The thermal, mechanical and physical properties and viscosity
of the glass sealants can be controlled by tuning the glass com-
position [9]. High values of microhardness of glasses reflect the
higher bond strength of the glass network [10].

In the present work an attempt has been made to synthesis
35AO – 50B2O3 – 15SiO2 (A = Ba, Ca, Sr) glasses and study
their physical, structural, thermal and mechanical properties.

2 Experimental Techniques

Glass samples with composition 35AO – 50B2O3 – 15SiO2

(A = Ba, Ca, Sr) were prepared with sample code as BBS,
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CBS and SBS using conventional melt quenching technique.
The glass samples were prepared by taking required stoichio-
metric amounts of high purity BaCO3 (99.9%), B2O3 (99.9%),
SiO2 (99.9%), SrCO3 (99.9%) and CaCO3 (99.9%) all from
Sigma Aldrich. The stoichiometric amounts of these oxides in
mole percentage were mixed homogenously with the help of
an agate mortar for 2 h and dried in an oven and then ground to
fine powder. It was then melted at 1250 – 1280 °C in a Pt –
crucible in a high temperature furnace. The molten glass was
then poured into a pre-heated brass mould. The glass samples
were immediately transferred into a pre-heated muffle furnace
for annealing at 350 °C for 2 h to remove the stress due to
temperature gradient, which was caused by rapid cooling.
After annealing, the transparent glasses were obtained, which
were polished and ground to study the density, structural, ther-
mal and physical properties.

The prepared glass samples were subjected to X-ray dif-
fraction (XRD) study using X-ray diffractometer (Bruker
AXS D8 Advance) using CuK∞ radiation (λ = 1.5406 Ao) to
confirm the amorphous nature of glass samples. The density
of glass samples wasmeasured byArchimede’sprinciple using
water as immersion liquid. The Fourier transform infra-red
(FT-IR) spectra of the glass powder were recorded at room
temperature in the region 500–1600 cm−1 using Shimadzu
FT-IR spectrometer, Japan. FT-Raman spectra of the pow-
dered samples were recorded in the wavenumber range 500–
2000 cm−1 using Raman spectrometer (Alpha 3000 RA AFM
& RAMAN, WITec GmbH, Ul, Germany).

Co-efficient of thermal expansion (CTE) of the glass sam-
ples were measured with a push rod dilatometer (Misura 3.32
optical flex) at a heating rate of 10 °C/min and within the
temperature range 30 - 600 °C. Flat surfaces of the cylindrical
pellets of thickness 6–7 mm were used for the CTE measure-
ments. Vickers indentation technique was performed to mea-
sure the microhardness (MH) of glass samples using micro-
hardness tester (Leica model VMHT30M). Before the mea-
surements, the samples were diamond polished to get good
reflectance surface. By trial and error method, indentation load
was fixed at 50 g. Indentation was obtained by applying a 50 g
load for 5 s. An average of at least 10 indentations was taken
as the values of microhardness.

3 Results and Discussions

Figure 1 shows the XRD patterns of 35AO –50B2O3 – 15SiO2

(A = Ba, Ca, Sr) glasses. It shows two broad humps centered
at 2θ ~ 30o and 45o representing two amorphous matrices, one
for borate matrix and the other one related to silicate matrix
which reveal the amorphous nature of glasses with the long
range structural disorder [11]. This has been confirmed by
scanning electron microscope (SEM) result as shown in
Fig. 2. Macmillan [12] reported that thermo-physical

properties of glasses are highly dependent upon the composi-
tion. The density (ρ) and molar volume (Vm) of each glass
sample is given in Table 1. The molar volume (Vm) is evalu-
ated from density (ρ) by using the following equation:

Vm ¼ M
ρ

ð1Þ

Where M is molecular mass of formula unit [13].
The density of the present glasses decreases in the order of

BBS, SBS and CBS respectively as shown in Table 1. The
glass with BaO shows higher density (3.84 g/cm3), which is
due to the higher molecular weight of BaO (153.33 g/mol) as
compared to SrO (147.63 g/mol) and CaO (100.086 g/mol)
[1]. The density of glasses can be explained in terms of the
relation between the mass and volume of various structural
groups present in the the glass network. Hence density re-
sponds to how tightly the ions and ionic groups are packed
together in the network structure [14].

Varshneya [15] reported glass as a solution. Structural
changes can be related to variations in volume, so that it is
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Fig. 1 XRD patterns of 35AO-50B2O3-15SiO2 (A =Ba, Ca, Sr) glasses

Fig. 2 Scanning Electron Micrograph of 35BaO-50B2O3-15SiO2 glass
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important to study the structural changes of the glass network
in terms of molar volume rather than density. The molar vol-
ume decreases with increase in the density of the glasses,
described by Eq. (1). Here Vm is higher for glass containing
Ca2+ (29.40) and lower for glass having Ba2+ (25.44) (Fig. 3).

The vibrations of structural groups of atoms are not depen-
dent on the vibrations of other atoms [16]. Figure 4 represents
the FT-IR spectrum of all the glasses which reveals the char-
acteristic bands due to various borate and silicate structural
units. The FT-IR absorption bands in the borosilicate glasses
are mainly observed in three regions such as 1600–1200 cm−1,
1200–800 cm−1 and 800–600 cm−1 due to the asymmetric and
symmetric stretching of the B – O band of triangle [BO3]
units, the B – O stretching vibration of tetrahedral [BO4] and
Si – O – Si units and the bending vibration of symmetric BO3

units respectively [17].
The bands in the wavenumber range up to 550 cm−1 are

attributed to the deformation vibration in Si – O groups
containing SiO4 tetrahedra [18]. In this region, the bands
are observed at 524 and 541 cm−1 for barium borosilicate
glass, at 523 cm−1 for strontium borosilicate and at
516 cm−1 for calcium borosilicate glass. Here the bands
are shifted to the lower wavenumber and this change can
be attributed to cation vibration (Ba2+ to Sr2+ or Ca2+). In
the wavenumber range of 550–650 cm−1, the peak related to
B –O – B bending vibration for 35AO –50B2O3 – 15SiO2 is
shifted from 570 cm−1 to 568 and 566 cm−1 in calcium and
strontium containing borosilicate glasses respectively [19].
The bands observed in the range 650–700 cm−1 are

assigned to the bending of Si – O – B linkages [20]. The
peaks belonging to the stretching vibration of B – O bands
in di-, tri-, tetra- and penta- borate groups consisting of BO4

units as structural groups are in the wavenumber range
754–1198 cm−1. The peaks become sharp and the intensity
slightly decreases for calcium and strontium compared to
barium borosilicate glasses [21, 22]. The presence of a
weak band at 1539 cm−1which is attributed to B – O−

stretching vibrations in BO3 units [23], is gradually shifted
to higher wavenumber. The intensity decreases consider-
ably for calcium borosilicate and strontium borosilicate
glasses. These bands are assigned to asymmetric and sym-
metric stretching vibration related to non-bridging oxygen
atoms (NBOs) of trigonal BO3 units in metaborate chains
and rings, pyro and ortho borate groups [18].

The relative area of each component band can be calculated
using the deconvoluted FT-IR spectrum. Each component
band is related to some type of vibration in specific structural
groups. The concentration of the structural group is propor-
tional to the relative area of its component band [14]. The
deconvolution parameters such as component band center C
and relative area A of component bands can be used to calcu-
late the fraction N4 of BO4 units in the borate matrix. The inset
in Fig. 4. shows the deconvoluted spectrum of barium boro-
silicate glass. N4, the fraction of tetrahedrally co-ordinated
boron atom is defined as

N4 ¼ A4

A3 þ A4
ð2Þ

where A4 and A3 represent the relative areas of BO4 and BO3

units. It helps to quantify the effect of alkaline earth metal ions
to the relative population of BO4 and BO3 units [24]. To quan-
tify the N4 values of the glass matrix, the concentration of BO4

units in the region 800–1100 cm−1 and BO3 units the region
1100–1500 cm−1are taken. The quantity B4 in mol% (the form
of BO4 units) in B2O3 can be calculated as

B4 ¼ N 4 B2O3ð Þ ð3Þ

The component band center C (cm−1) and relative area A
(%) are used for calculations and the values obtained for N4

and B4 are tabulated in Table 2.The variation of fraction of
four co-ordination boron atoms N4 in 35AO –50B2O3 –
15SiO2 (A = Ba, Ca, Sr) glasses is shown in Fig. 5.The struc-
tural changes observed in the FT-IR spectra of Ba2+, Ca2+ and
Sr2+ doped glass matrix evidenced by the FT-IR investigation

Table 1 Variation of density,
molar volume, CTE and
microhardness of 35AO-50B2O3-
15SiO2 (A = Ba, Ca, Sr) glasses

Sample Code Density (g/cm3) Molar volume CTE (×10–6oC−1) Microhardness (GPa)

BBS 3.84 25.44 8.18 7.17

SBS 3.67 26.02 9.93 7.03

CBS 3.16 29.40 10.15 6.98
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Fig. 3 Variation of density and molar volume of 35AO-50B2O3-15SiO2

(A = Ba, Ca, Sr) glasses
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suggest that the alkaline earth cations play a network modifier
role in 35AO –50B2O3 – 15SiO2 (A = Ba, Ca, Sr) glasses.

Raman spectroscopy is a powerful tool to investigate the
network structural units and bonding structure of the glass

network. Raman spectra of 35AO – 50B2O3 – 15SiO2 (A =
Ba, Ca, Sr) glasses are shown in Fig. 6. Raman data can be
differentiate into three regions for analysis. The first region
from 400 to 850 cm−1 corresponds to the delocalized vibration
of Si – O – Si bonding from mixed stretching and bending
modes [25] and breathing vibrations of oxygen atoms in four
and three member rings of BO3 and BO4 structural units [26,
27]. The second region from 850 to 1200 cm−1 includes spec-
tral bands due to silicon Qn vibrational modes, where Q stands
for the tetrahedral symmetry of the SiO4 unit and n is the
number of bridging oxygen (BO) per Q unit to nearest silicate
tetrahedral [28]. The last region lies in between 1200 and
1600 cm−1 due to the stretching of B – O− bonds [O− =Non-
Bridging Oxygen (NBO)] attached to large borate (chain- and
ring- type metaborate) groups [21, 29].

The band at ~ 416 cm−1 is assigned to the vibrations of Si –
O- Si linkage (breathing, bending and rocking) [30]. The peak
at ~ 487 cm−1 in the SBS glass system is the characteristic of
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Fig. 4 FT-IR spectra of 35AO-
50B2O3-15SiO2 (A =Ba, Ca, Sr)
glasses

Table 2 Deconvolution parameters (component band center C (cm−1)
and relative area A (%)) for 35AO-50B2O3-15SiO2 (A = Ba, Ca, Sr)
glasses

Sample Code N4 B4

BBS C A 0.468 23.46
1435 3.16

1348 18.12

1238 14.14

1068 1.03

988 4.71

962 10.86

913 7.29

882 7.33

CBS 1400 0.26 0.614 30.83
1277 7.23

1185 2.83

1028 5.74

974 3.52
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840 6.47
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Fig. 5 Variation of fraction of four co-ordination boron atoms (N4) of
35AO-50B2O3-15SiO2 (A = Ba, Ca, Sr) glasses
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vitreous silica. This band is assigned to the vibration of the
Bridging Oxygen (BO) associated with higher membered
rings of tetrahedra in the three-dimensional silicate networks
[31]. The band at ~ 508 cm−1 appeared for BBS glass is due to
the symmetric vibration of the boroxyl rings. The bands in
between 750 and 790 cm−1 are assigned to the vibrations of
six membered borate ring. Silicate structural units are mainly
occurred in the second region (850–1200 cm−1). The bands in
this region are attributed to symmetric silicon - oxygen
stretching vibrations of silicate tetrahedral units with four,
three, two, one and zero NBO atoms termed as Q0, Q1, Q2,

Q3 and Q4 which belongs to isolated SiO4−
4 monomer, Si2O6−

7

dimmer, chains of SiO2−
3 , Si2O5 sheets and fully polymerized

units of SiO2 respectively [32, 33]. For CBS glass, the band
having intensities at ~923 cm−1 is appeared due to the Si – O−

symmetric stretching vibrations in Q2 silicate structural units
[34]. Raman peak observed in between 1000 and 1100 cm−1

are attributed to symmetric stretching vibration of SiO4 tetra-
hedral units with 2 NBOs [35]. The bands occurred in the
range1300–1800 cm−1 are caused by B – O bond stretching
vibration of BO3triagonal [36].i.e., the asymmetric stretching
vibration of BO3 triangular units in meta-borate, pyro-borate
and ortho-borate groups [37]. The intensity of all bands re-
mains almost constant for all glasses and no markable effect is
detectable due to the variation of alkaline earth metal cations
in the glass network. This confirms the structural stability of
the present glass systems.

Microhardness of the material is an important solid-state
phenomenon which is defined as the resistance offered by
the material under an applied stress to the motion of dislo-
cations deformation [38]. Microhardness of all glasses is as
shown in Table 1. Microhardness increases in the order
BBS (7.17 GPa), SBS (7.03 GPa) and CBS (6.98 GPa).
For the present glass systems, the increase in microhard-
ness is due to the strengthening of glass network [39]. It is
clear that there is a decrease in the hardness of the present
borosilicate glasses in the order of BBS,SBS and CBS

respectively. This can be attributed to the low field
strength of Ba2+ (0.26) as compared to that of Sr2+

(0.29) and Ca2+ (0.36). This variation can be linked with
the structural behavior of the glass network. The change
in the glass composition by alkaline earth metal ions
(from Ca2+ to Sr2+ and Ba2+ respectively), reduces the
glass resistance and forms NBO on the network formers.
Microhardness and NBO in the glass network have an
inverse correlation. NBO reduces the connectivity of the
glass network, hence lower the microhardness of the
glasses [40].

Co-efficient of thermal expansion (CTE) of the present
glass systems falls in the range (8–10) × 10–6 °C−1

which matches closely with that of other components of
SOFC. The alkaline earth metals in the borosilicate glass
network changes CTE [41]. Here the CaO (10.15) based
glass has highest CTE as compared to SrO (9.93) and
BaO (8.18). This is due to the strong glass network for-
mation in CaO and SrO based glasses and hence strong
bonding in the CaO and SrO based glasses compared to
BaO based glass. This can be related to the field strength
of the cations present in the systems ie., CTE is higher
for glass having CaO which can be attributed to the
highest field strength of Ca2+ (0.36) as compared to that
of Sr2+ (0.29) and Ba2+ (0.26) [42].

4 Conclusions

Glasses with composition 35AO – 50B2O3 – 15SiO2

(A = Ba, Ca, Sr) have been successfully synthesized
using conventional melt quenching technique and char-
acterized for structural and thermo-physical properties.
The density of the glass samples depends on the compo-
sition of glass network. The glasses do not show major
structural changes with the addition of Ba, Ca and Sr in
the borosilicate glasses. Microhardness of all glasses
(6.18–7.17) GPa are high which reflects the higher bond
strength of alkaline earth borosilicate glasses. The CTE for all
the glasses lies within the range (8–10) ×10–6 °C−1, which
matches with that of the other components of solid oxide fuel
cell. The good structural and thermal stability and the prom-
ising physical properties show that, the present borosilicate
glasses having alkaline earth metals are suitable for SOFC
sealant applications.
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