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Glasses with composition 50BaO-(5-x) Al;03-xR203-30B203-15Si05 (x = 0,5 and R = Nd, Gd, La, Dy) have been
synthesized by conventional melt quenching method. Controlled crystallization has been carried out to convert
these glasses to corresponding glass-ceramics. X-ray diffraction (XRD) technique has been used to identify the
crystalline phases formed in glass-ceramics. Archimede’s method has been used to measure the density of glass-
ceramics. The co-efficient of thermal expansion of all glass-ceramics lie within the range (11.60 — 12.81) x 107/

°C, which matches with that of the other components of solid oxide fuel cell. The interaction study of glass-
ceramics with Crofer22APU interface and Crofer22APU/Glass-ceramic/Crofer22APU showed no evidence of
interfacial failure and cracks. Hence the prepared glass-ceramics can be considered as a suitable candidate for
sealant materials in SOFC applications.

1. Introduction

Solid oxide fuel cell (SOFCs) is an emerging energy technology which
has many advantages over existing technologies; high electrical con-
version efficiency (over 60%), potential for carbon capture, no NO2
emission, fuel flexibility, low noise, and suppleness for transportation
and stationary applications. This technology may be a panacea for car-
bon capture visible of the separate fuel and air flow systems [1-3]. SOFC
has lower manufacturing cost and better power density as compared to
other fuel cells, but it requires gas tight hermetic sealants. Due to the
high operating temperature (600-1000 °C), selection of components
may be a crucial challenge for SOFC applications. The operating tem-
perature of SOFC is restricted by electrochemical reaction that affects
the efficiency of cell performance. High operating temperature is a
bonus for fuel utilization and for performance of a SOFC system. How-
ever the cost of the materials and also the lack of long term stability are
the most disadvantages of this technology. Hence the recent research
focuses on the event of intermediate SOFC with an operating tempera-
ture range of 600 °C-800 °C. This can reduce the system cost and more
over enhance the long-term stability [3].

One of the most important challenges for intermediate temperature
SOFC technology is that the development of suitable sealing materials to

separate fuel and air. Reliable seals must be capable of tolerating high
temperature operations above 500 °C and rigorous oxidizing and
reducing environments. The seals also have to maintain long-term per-
formance stability at the operating temperature and endure thermal
cycles during routine operation. For obtaining a hermetic seal/inter-
connect interface, some basic requirements must be fulfilled. Firstly,
glass-ceramic seal should bond strongly in addition as adhere well to the
interconnect. Secondly, the interface should be very thin in order that
the residual stresses at the interface are minimum. In addition to this, at
seal-interconnect interface, diffusion of chromium from interconnect
(interconnects having Cr content like Crofer22APU) into glass seal
should be minimal. Diffusion of glass seal constituents into the inter-
connect should even be avoided so as to retain stable network structure
[4].

Glass and glass-ceramic sealants are developed due to their
extremely low leakage rate at SOFC operation temperature. The thermal
properties and viscosity of glass based sealants is tailored by tuning the
composition and crystalline volume fraction of the glass matrix to satisfy
the wants for sealing materials [5,6]. Seals must have long-term stability
and not cause degradation of adjacent materials at the elevated tem-
peratures and within the harsh environments typical to SOFC operation.
The performance and life time of a seal reply upon the degree to which
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Table 1
The composition of glass-ceramics for interaction study.
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Sample code Composition (mol%)

BaO AlyO3 Nd,03 Gd,03 Dy,03 Lay03 B,O3 SiO,
BABS 50 5 - - - 30 15
BNBS-5 50 0 - - - 30 15
BGBS-5 50 0 30 15
BDBS-5 50 0 - - 30 15
BLBS-5 50 0 - - - 5 30 15

gas flows within the fabric and at the interface is inhibited. Therefore,
failure of seals is that the results of cracking/damage within the bulk and
gaps or separation at the interface [7].

Glass—ceramics are extensively studied due to the wide range of
properties available by way of the modification of composition. Alkaline
earth metal based silicate glasses and glass-ceramics are reported to be
potential materials as sealants for such applications [8]. Alkaline
earth-based aluminosilicate glasses had been extensively studied as
candidate for sealing glasses. Sohn et al. had investigated the thermal
and chemical stability of the BaO-Aly03-Lay03-SiO2-BoO3system. They
found that the CTE increased with BaO content and a maximum value of
~11 x 1079 °C™! is obtained for 40% of BaO and B,03/SiO5 = 0.7 [9].

Ley et al. studied the SrO-Al;03-Lay03-SiO2-B203 glass system with
varying CTE within the range of (8-13) x 107® °C™! [10]. Amongst
different glass systems, the SiO rich alkaline earth metal system has
been identified collectively of the foremost promising one for SOFC
application [11].

The present study reports the interaction between Crofer22APU
interconnect and 50Ba0-(5-x)Aly03-xR503-30B203-15Si0-(x = 0,5 and
R = Nd, Gd, Dy, La) glass-ceramics by varying the rare earth ions.

2. Materials and methods

Barium alumino borosilicate glasses with composition 50BaO-(5-x)
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Fig. 1. XRD patterns of 50BaO-(5-x) Al,03- xR,03-30B,03-15Si0, (x = 0, 5 and R = Nd, Gd, La, Dy) glass-ceramics.
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Aly03-xR203-30B203-15Si05 (x = 0, 5 and R = Nd, Gd, Dy, La) were
prepared by normal melt quench method. The oxides/carbonates
[BaCO3 (99.9%), B203 (99.9%), SiOs (99.9%), Al,O3 (99.9%),
Nd203(99.9%), Gd203(99.9%), Lag03(99.9%) and Dy203 (99.9%)]
purchased from Sigma Aldrich were used as raw materials. The stoi-
chiometric amounts of these chemicals were mixed in an agate mortar
for 2 h with distilled water as medium. The powders were dried in an
electric oven and melted in a platinum crucible. Depending on the
composition, glasses were melted in the temperature range 1250 to
1285 °C. The melts were poured into a pre-heated brass mould and then
immediately transferred into a preheated muffle furnace for annealing at
350 °C for 2 h to remove the residual stress due to temperature gradient,
which is produced by rapid cooling. After annealing the glass samples
were cooled to room temperature. Finally, the transparent glasses were
formed. Depending on the composition of the glasses, they were heat
treated in the range 800-920 °C to form glass-ceramics (Table 1).

The structural analysis was done using X-ray diffractometer (Bruker
AXS D8 Advance, Germany) with CuK, radiation having a wavelength of
1.5406 A to identify the formation of crystalline phases in glass-
ceramics. The densities of the glass-ceramics were measured by Archi-
medes principle using water as immersion liquid. The co-efficient of
thermal expansion of glasses and glass-ceramic samples were measured
with a push rod dilatometer (DIL 402 PC Netzsch, Germany) 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 measurements. In order to find out the suitability of the presently
prepared glass-ceramics as sealing materials in SOFC, an interaction
study of glass-ceramic with interconnect material was done. In the
present study, we used Crofer22APU as interconnect material. Fine
powder of glass-ceramics was mixed with 5% PVA in ethanol and this
paste was used as filling material between two plates of Crofer22APU
with dimension 1 x 1 cm?. This diffusion couple was heat treated at
700 °C for 10 h in oxidizing atmosphere. After taking the cross-section of
the heat-treated samples, they were mounted in epoxy, ground and
polished to a mirror like finish. The polished samples were lightly etched
with HF and coated by gold. The microstructure was observed using
Scanning Electron Microscope (EVO-ZEISS).

3. Results and discussions
3.1. X-ray diffraction studies (XRD)

X-ray diffraction (XRD) patterns of glass—ceramics are given in Fig. 1.
Crystalline peaks are observed in glass-ceramics. The patterns observed
from the heat treated samples show a reduction in the amorphous hump
and the development of peaks corresponding to the formation of new
crystalline phases that are identified using ICDD database files. The
crystalline phases present in the 50Ba0-5A1,03-30B203-15Si05 glass-
ceramic are BaAl,SioOg, a-BaAl,;SioOg and BaSiO3 and are confirmed
by comparing the standard data with ICDD card numbers 88-1048 for
a-BaAl,SioOg (Hexagonal), 38-1450 for BaAl,Si;Og (Monoclinic) and
70-2112 for BaSiO3 (orthorhombic).

In the case of Nd;03, Gd203 and Dy»03 added systems, the less stable
monoclinic celsian (BaAl,Si2Og) phase is replaced by more stable silicate
based crystalline phases such as Nd,Si»O7 (tetragonal) and Nd4SizOq2
(hexagonal) for Nd»,O3 added systems, GdSiOs (monoclinic), Gd2Si2O7
(orthorhombic) for Gd,03 added systems and Dy5Si2O7 and Dy,SiOs for
Dy»03 added systems. The formation of these phases is confirmed by
comparing with ICDD card numbers 89-5347, 42-0171, 74-1795,
72-2062, 46-0398 and 40-0289 for NdsSioO7, Nd4Siz012, GdsSiOs,
Gd,Si207 and Dy»SisO7 and Dy,SiOs phases respectively. In the case of
LapOs3 added systems, the monoclinic celsian (BaAlySizOg) phase is
replaced by the borate based crystalline phases such as LazBOg and
LaBOs. The formation of these phases is confirmed by comparing with
ICDD card numbers 50-1379, 73-1149 respectively. Celsian exist in two
polymorphs such as hexacelsian (a-BaAl;SipOg) and monocelsian
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Fig. 2. Variation in the density (p) of 50BaO-(5-x) AlyO3-

xR203-30B203-158i05 (x = 0, 5 and R = Nd, Gd, La, Dy) glass-ceramics.

(BaAlySizOg) [12]. Bahadur et al., had reported that during initial stages
of crystallization, Si rich phases are nucleated in the glass matrix and in
the later stage, other cations occurred the site during crystallization
[13]. In the present study, less symmetric phases such as hexacelsian
(a-BaAlySinOg) and celsian (BaAl,SioOg) are formed in 50BaO-5A-
1503-xR203-30B203-15Si0, glass-ceramics. With the addition of rare
earth oxides, the amount of hexacelsian (a-BaAl;SizOg) and celsian
(BaAl,SizOg) phases decreased and rare earth oxides. based crystalline
phases are formed which leads to the creation of more stable
glass-ceramics The formation of crystalline phase depends on the
chemical nature of the intermediate oxides and the existing local
arrangement of the cations within the glass matrix [13,14].

Arora et al. reported that in barium-based aluminosilicate glass-
—ceramics, barium aluminum silicate, BaAl,Si>Og (Hexagonal), is one of
the major crystalline phases. It is observed that during heat treatment
celsian (BaAl,Si»Og) and hexacelsian («-BaAl,Si»Og) phases are formed.
The increase in the duration of heat treatment transforms the hex-
acelsian phase into monoclinic celsian phase [12]. In some
barium-based glass network, the hexacelsian and celsian phases are
detected as minor phases [15]. With the addition of rare-earth oxides to
the alumina borosilicate network, RE5Si>O7 crystalline phases and other
rare-earth based silicate phases are formed which results in high
co-efficient of thermal expansion [16]. LaBOs crystalline phase is
formed due to the tendency of La®'to co-ordinate with triangular
co-ordinated boron. Mahapatra et al. observed the crystalline phase
(LaBO3) in the devirtification of (25-x)SrO-20 LasOs3-(7-x)
Al;03-40B,03-8Si0; glass systems [17].

3.2. Density

The density of 50BaO-(5-x)Al;03-xR203-30B203-15Si05 (x = 0, 5
and R = Nd, Gd, Dy, La) glass-ceramics is 3.92 g/cm® (BABS), 4.48 g/
em® (Nd,03), 4.52 g/cm® (Gd,03), 4.88 g/cm® (Dy,05) and 4.32 g/cm®
(LayO3). Density of glass-ceramics increases with the addition of rare
earth oxides (Nd203, Gd203, Dy2O3 and LayO3) (Fig. 2). Glass-ceramic
density is higher for Dy,0; added glass-ceramics (4.88 g/cm®)
compared to that of Gd;03 (4.52 g/cm3), Nd,03 (4.48 g/cm3) and Lay03
(4.32 g/cm®) based glass-ceramics. The increase in density of glass-
—ceramics is due to the formation of high density crystalline phases in it.
The density is higher for the crystalline phases Dy,SiOs (6.65 g/cm®)
and Dy»Si,07 (7.12 g/cm®) than that of Gd,SiOs (6.61 g/cm®), GdySiz 07
(5.93 g/em®), NdySiz07 (5.25 g/cm®), LagBOg (5.39 g/cm®) and LaBO3
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Fig. 3. Linear thermal expansion of 50Ba0O-(5-x) Aly03-xR203-30B203-15Si0, (x = 0, 5 and R = Nd, Gd, La, Dy) glass-ceramics.
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(5.11 g/cm®). Higher density results in the compactness of the network
structure [18]. The increase in density depends not only with the crys-
talline phases but also with the increase in cationic field strength (CFS)
of RE>* ions. The density is higher for Dy,03 based glass-ceramic due to
the high CFS of Dy>* (3.64 A~2) ion than that of Gd®>" (3.62 A™2), Nd®*
(3.41 ;\’2) and La3t (2.81 10\’2) ions. Increase in cationic field strength
(CFS) implies densification of network structure, resulting in higher
density [18,19].

3.3. Co-efficient of thermal expansion (CTE)

The linear thermal expansion curves of the glass-ceramics doped
with rare earth oxides Nd;Os3, Gd203, LayO3 and Dy2O3 are shown in
Fig. 3. The co-efficient of thermal expansion (CTE) is calculated from the
linear expansion curve by taking its slope. The variations of the co-
efficient of thermal expansion for glass-ceramics are shown in Fig. 4.
There is an increase in CTE of glass-ceramics with the addition of rare
earth ions (Nd>*, Gd®*, La®* and Dy>*) in the network structure. The co-
efficient of thermal expansion lies in the range (CTE) (11.60 — 12.81) x
107%/°C with the addition of rare earth ions (Nd**, Gd**, La®" and
Dy>*") in the network structure. The co-efficient of thermal expansion
(CTE) values are 11.60 x 107/ °C for parent glass-ceramic (BABS) and
12.81 x 1076/ °C, 12.53 x 107%/°C, 12.06 x 1076/ °C, 12.28 x 107/
°C for NdyO3, Gd,03, LapO3 and Dy,03 added glass-ceramics respec-
tively. The CTE is higher for Nd203 added glass-ceramic as compared to
that of LayOg3, Dy20O3 and Gd,O3 added glass-ceramics.

The co-efficient of thermal expansion of glass-ceramics mainly de-
pends on the nature and amount of crystalline phases and also micro
structural arrangement of crystalline phases in the glass-ceramic matrix
[20,21]. The lower CTE value of Lay;O3 added glass-ceramics compared
to that of its base glass-ceramic is due to the low CTE of the crystalline
phases formed. The borate based crystalline phases, LagBOg and LaBOs,
have very low co-efficient of thermal expansion compared to that of
silicate based crystalline phases. In the present glass-ceramics prepared
silicate based crystalline phases are formed except La;O3 added system.
The CTE increases for Nd303, Gd20sand Dy,Osadded glass-ceramics due
to the presence of silicate based crystalline phases (Dy;SioO; and
DyZSi05, GsziOs, Gdzsi207, ngSizO7 and Nd4Si3012 for DY203, Gd203
and Nd;Osadded glass-ceramics respectively) having high CTE than the
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Fig. 5. . SEM images of the interface between glass-ceramics and Crofer22APU heat treated at 700 °C (a) BABS (b) BNBS-5 (c) BGBS-5 (d) BLBS-5 (e) BDBS-5.

borate phases. The co-efficient of thermal expansion of glass-ceramic 3.4. Interaction studies

mainly depends on the crystalline phase and volume of the crystalline

phase in the glass-ceramic matrix [22-24]. The CTE values of the present Bonding behavior of glass-ceramics with Crofer22APU has been
glasses and glass-ceramics match with the requirement of a sealing investigated. Fig. 5 (a-e) represents a cross-sectional SEM image of the
material in SOFC applications (CTE = 9 - 13 x 107%/°C) [25]. interface between the 50Ba0-(5-x)Al;03-xR203-30 BoO3-15Si05 (x = 0,

5 and R = Nd, Gd, Dy, La) glass-ceramics and Crofer22APU interconnect
material after heat treatment at 700 °C for 10 h in oxidizing atmosphere.
Two different zones are observed within the figure, one representing the
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glass-ceramic sealant and therefore the other region represents the
Crofer22APU. The high degree of bonding and compatibility at the
interface means no obvious cracks are found on the interfaces. An honest
adhesion between the glass-ceramic sealant and Crofer22APU inter-
connect is observed. An interface having continuous crack free surface
indicates an honest physical compatibility between the two materials
[26,27]. Tt is clear from Fig. 5(a-e) that, all the sealing glass-ceramics
bonded well to the metallic part as no bubbles and cracks are
observed at the interface. A limited inter diffusion of Cr and Ba across

the boundary is observed, which is required permanently adhesion be-
tween metal and glass-ceramic [28]. Batfalsky et al. (2006) had reported
that BaO containing glass-ceramics interacted chemically with chromia
alloys forming BaCrO4, which led to the separation of glass-ceramics
from the alloy matrix which is due to the thermal expansion mismatch
[29]. Within the present study, we don’t observe a serious enhancement
in Cr diffusion after heat treatment at 700 °C for 10 h and no adverse
reactions at interface are observed. This is often a sign of the absence of
BaCrO4 phase formation. The micro structural study of the interfaces
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Crofer22APU/glass-ceramic/Crofer22APU [Fig. 6(a-e)] showed that the
interfaces remained joined together with no evidence of cracking sug-
gesting good thermal compatibility between the glass-ceramic sealant
and Crofer22APU [30]. The Crofer22APU/glass-ceramic/Crofer22APU
interfaces are more or less defect free for this glass-ceramic composi-
tion when viewed after 10 h of warmth treatment at 700 °C glasses. All
the sealing glass-ceramics bonded well to the metallic interconnect and
no gaps are observed even at the sides of the joints. However, the
Crofer22APU/glass-ceramic/Crofer22APU interfaces showed an inter-
action zone between the glass-ceramic and Crofer22APU interface at
700 °C temperature [30,31]. All the prepared glass-ceramics
50Ba0-(5-x) Aly03-xR203-30B203-15Si03 (R = Gd, Nd, Dy, La and x
=0, 5) contain ByO3 which may be a volatile material. Hence there’s a
chance of interaction of B»O3 at the glass-ceramic/Interconnect inter-
face. Batfalsky et al. reported that the degradation of B,O3 containing
sealants under humidified reducing conditions is due to the formation of
volatile species [29]. But no such effects are observed within the present
study. Further, since no chromate formation has been observed in any of
the investigated diffusion couples, negligible chromium depletion are
often expected at the phase boundary (Crofer22APU/Glass-ceramic).

4. Conclusions

Barium alumino borosilicate glasses with composition 50BaO-(5-x)
Al303-xR203-30B203-158i05 (x = 0, 5 and R = Nd, Gd, Dy, La) has been
prepared by normal melt quench method successfully and converted to
glass-ceramics by controlled crystallization. The density of glass-
ceramics increases with the addition of Nd2Os, Gd2Os, Dy.0O3 and
Lay0s. Glass-ceramic density is higher for Dy,03 added glass-ceramics
(4.88 g/cm3) compared to that of GdpO3 (4.52 g/cm3), Nd,O3 (34.48
g/cm®) and Lay03 (4.32 g/cm®) based glass-ceramics. The increase in
density of glass—ceramics is due to the formation of high density crys-
talline phases in it. The density is higher for the crystalline phases
Dy,SiOs (6.65 g/cm®) and Dy,SizOy (7.12 g/em®) than that of Gd,SiOs
(6.61 g/cm?), GdySin07 (5.93 g/cm®), NdySi07 (5.25 g/cm?), LasgBOg
(5.39 g/crn3) and LaBOs3 (5.11 g/cm3). There is an increase in CTE of
glass-ceramics with the addition of rare earth ions (Nd>*, Gd3*, La®*
and Dy>") in the network structure. The co-efficient of thermal expan-
sion lies in the range (CTE) (11.60 — 12.81) x 107%/°C for with the
addition of rare earth ions (Nd3*, Gd®*, La®" and Dy>") in the network
structure. Glass-ceramics [50BaO-(5-x) Al;O3- xR503-30B503-15Si05
(R = Gd, Nd, Dy, La and x = 0, 5)] with Crofer22APU interface and
Crofer22APU/Glass-ceramic/Crofer22APU sandwich model have been
successfully synthesized. Glass-ceramic/Crofer22APU interface and
Crofer22APU/Glass-ceramic/Crofer22APU sandwich model subjected
to 700 °C for 10 h in air atmosphere showed no evidence of interfacial
failure and cracks. All the presently prepared glass-ceramic seals have
shown good adhesion with Crofer22APU interconnect. The seals are
found intact after heat treatment at 700 °C for 10 h. The 50BaO-(5-x)
Aly03- xR203-30B203-15Si05 (R = Gd, Nd, Dy, La and x = 0, 5) glass-
ceramics have no major enhancement in Cr diffusion and no adverse
reactions at interface. Hence the presently prepared glass-ceramics can
be used as sealant material in SOFC applications due to the matching of
co-efficient of thermal expansion with the other components of SOFC
and no adverse reactions at interface.
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