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Four compositions in the BaO-Al,03-SiO, system modified with B,03; were investigated with regard to
their use as glassy seals in anode supported SOFC or iT-SOFC. The glassy system studied contains varying
percentages of SiO,, Al,03, B,03, and high content of BaO as modifier (67-74%-wt). Their glass transition
(Tg) and maximum densification point lies between 630 and 680°C, and 734 °C to 828 °C, respectively.
The viscosities of the four glasses are situated between 107 to 10° Pa.s, in the sealing range (730-830°C).

Heat treatment at 850 °C, revealed crystalline phases identified as BaAl,Si,Os (hexacelsian) and BaSiOs.
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The thermal expansion coefficient (TEC) of the obtained glasses (8.8-10.5 ppm/K) was comparable to
zirconia (YSZ) electrolyte, and shows chemical compatibility and high characteristic bond strength (up to
33 £ 7 MPa). The compositions with higher BaO content in the system studied seem to be good candidates
for iT-SOFC sealant application.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Solid oxide fuel cell (SOFC) has emerged as one of the most
challenging energy conversion technology because of its higher
efficiency, and environment friendly nature [1-4]. Nevertheless, it
is a common sense that the commercializing of the planar SOFC
technology depends on the seals development [5-7].

Several glassy systems have been proposed each one showing
different features, among these e.g. those based on alkaline earth
metals such as barium. However because chemical interaction with
metallic compounds as chromium, which typically comprises both
metal interconnects (Crofer22APU mainly) and ceramics, degrada-
tion may occurs as a function of time allocated to highly volatile
species consisting of chromium (CrO,(OH), and/or CrOs3), formed
when the chromium oxide is in contact with gaseous oxidizing
atmosphere react with barium oxide, producing barium chro-
mate (BaCrO,4) having thermal expansion coefficient (TEC) around
22 ppm/K. As a consequence this thermal gradient would be disas-
trous for the integrity of the sealant.

* Corresponding author. Fax: +34 91 372 0623.
E-mail address: jbartolo@icmm.csic.es (J.F. Bartolomé).
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Fortunately advances have been made in the last 10 years
to reduce to acceptable levels the harmful effect of chromium
volatilization [8-13]. The application of protective layers on the
surface of the interconnectors has proven an effective method to
inhibit the volatilization of Cr and its subsequent reactions with
barium, as well as poisoning the cathode chambers at operational
temperatures. The best results were obtained using Lag 9Srq 1(CrOs)
layers at temperatures up to 900 °C. Around 850 °C, the kinetics of
chromium vaporization is further reduced. Therefore the problem
of Cr diffusion associated with ceramic systems containing barium
has been successfully reduced [14-17].

From the above considerations the use of systems contain-
ing alkaline earth became widely feasible. The present work is
an attempt to engineering, development, and selection of seal-
ing glasses composition adequate for planar iT-SOFC sealing
applications, based on the barium boron-aluminosilicate system
(BaO-B,03-Al,03-Si0;) chosen due its thermal-mechanical prop-
erties and desirable phase formation trend [18-20].

The ternary system BaO-Al,03-SiO, is arelevant source for syn-
thesis of new materials that presents valuable and at the same time,
specific properties as corrosion resistance, mechanical strength,
thermal stability, impermeability for gases and water, and even
protection from ionizing radiation [21]. Compositions from this
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Fig. 1. Oxide modifier rich part of the BaO-SiO,-Al,03 equilibrium diagram with the batch compositions and the compatibility triangle (BS-B2S-BAS2); B=Ba0, A=Al, 03,

S$=Si0,. Adapted from [23,25].

system that presents considerable mechanical strength (up to
100 MPa) are found throughout the BaO-Al,03-SiO, phase dia-
gram. These specific advantages have leaded to a progressive use
of glass-ceramics originated from this system, in a wide variety of
applications like coatings, reinforced glasses, and sealings [21-23].
The subsolidus region of the BaO-Al,03-Si0O, system in a temper-
ature interval of 1200-1400°C, was choose due to the fact that
the main desirable phase-formation processes occur within this
temperature range [24-26].

On the other hand, the use of BaO-SiO,-Al,03 system or glass
applications requires high melting temperatures [27]. Because of
this, it is necessary the addition of a flux to reduce the processing
temperature-within practical limits (<1500 °C). Consequently, in
order to reach adequate viscosity to cast the melt glass, part of the
glass-forming SiO, was replaced by B,03 [18].

2. Material and methods
2.1. Materials

For glass making SiO,, and Al,03 were used as oxides, H3BO3
was used as the source for B,03; and Ba(OH); for BaO. Powders of
technical grade SiO2 (>99.5%) and of reagent grade of BaO (Merck)
and H3BO3 (Merck) were used for preparation of the glasses.

2.2. Glass compositions criteria

Four glass compositions labeled BAS-4, BAS-5, BAS-6, and BAS-
7, belonging to BaO-SiO,-Al,03 (BAS) system. The equilibrium
diagram (Fig. 1) used as reference materials under equilibrium
conditions falls within the compatibility triangle A(BS-B2S-BAS2)
that have potential to crystallization of barium silicate phases such
as BaSiO3(BS), Ba,Si04(B2S), with high thermal expansion coeffi-
cients (about 10-14 ppm/K) and BaAl;SiOg, hexa-celsian phase (up
to 8 ppm/K) [22].

In these compositions, the amount of BaO (RO as modifier
oxide)ranges around 70 wt% and Al, O3 (intermediate oxide) ranges

Table 1
Selected batch compositions (%-wt) of the glasses with their labeling: BAS-4, BAS-5,
BAS-6, and BAS-7.

ID BaO B203 Si02 A1203
BAS-4 74 4 19 3
BAS-5 72 3 20.5 4.5
BAS-6 67 10 17 6
BAS-7 69 9 17.5 4.5

between 3 and 6% wt. The addition of Al,03 stabilizes the glass
against most environments as well act as a glass former and con-
tribute to the 3-dimensional connectivity in aluminosilicates glass
compositions.

In order to reach adequate viscosity to cast the melt glass, part
of the glass-forming SiO, was replaced by B,03 as similar func-
tion oxide. These are combination of qualities that can favorably
be applied for seals [5,28]. The same procedure is depicted in the
Table 1.

The Fig. 2 shows the batch compositions studied located on the
barium rich part of the BaO-SiO,-B,03 phase diagram where the
glass—ceramic compositions are located close to the quasi-binary
line BaSiO3-BaB,04 [18]. This system has two congruently melt-
ing end-members, the eutectic point of this binary system (point D
Fig. 2) is located at 940° +4°C and 56 wt% BaO SiO,.

Although BAS system has already proposed for SOFCs, mere
novelty is no proof of value, the farewell performance at hostile’s
environments and mainly the approach based on phase diagrams
analyses are highlights. In the isoplethal studies described in the
previous analyses, we anticipate the crystalline phases which
occurred during the firing of the melt under equilibrium conditions.
Thus we can use the data obtained from the phase diagram analyses
as a function of temperature. On eye tracking in the present state of
the art of SOFC seal research, the only general conclusion that one
can reliably draw from the available literature is: there is no single
material that can be consider as universal sealant material for SOFC
application [28].
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Fig. 2. Oxide modifier rich part of the BaO-Si0,-B,03 equilibrium diagram with the batch compositions, local eutetic (point H) at 940° +4°C and 56% (wt%) de BaO SiO;.

Adapted from [28].

Finally without prejudice to the aforesaid, we argue that we have
proposed a way forward to attack the seal problem. To summarize,
the main criteria presently used for selection the glass composition
include: (i) the presence of Barium silicate compounds due to its
high TEC (10-12 ppm/K), mechanical strength (>100 MPa) and hex-
acelsian phase characterized by a considerable TEC (up to 8 ppm/K),
(ii) the liquidus temperature effect promoted by B,03 [29,30].

2.3. Experimental procedure

Batch formulations were calculated considering the weight
losses for H3BO3 and Ba(OH),. Raw materials in adequate propor-
tion for 40 g batch size were mixed, after mixing, the total mass was
melted in an alumina crucible at 1500 °C for 2 h in a vertical furnace
operated at a heating rate of 10 °C/min in air, and quenched in a pre-
heated mould. Then the glasses were annealed at 50 °C below their
glass transition temperature (Tg) to removal the thermal stresses.
The bulk glasses were milled into powder in the range of 20-40 pm.

The Differential Thermal Analysis (DSC) of the glass powders
were carried out in air (Setsys 16, SETARAM, France) at a heat-
ing rate of 10°Cmin~" to find out the characteristics temperatures.
Glass powders were isostatically pressed (200 MPa) to cylindrical
green samples of 1 cmin height and 0.6 cm in diameter. The thermal
expansion coefficient (TEC) and sintering behaviour of the green
and glass—-ceramics samples after devitrification for 2 h at 850°C
were measured in air using a DIL802 Bahr Germany dilatometer with
heating rate of 10°C min~!.

To verify the crystalline phases in the studied compositions after
thermal treatment (850°C for 2 h), samples were characterized by
X-ray diffractometry (XRD) using a Bruker D8 model in the range
of 10-70° (20) with step size of 0.02° s~! with CuKa radiation as
X-ray source.

A side view hot stage microscope (HSM) EM 201, with image
analysis system and electrical furnace, 1750/15 Leica, was used. The
measurements were conducted in air at heating rates of 10 °C/min

on cylinder-shaped samples, 4mm in height and 2 mm in diam-
eter. The samples are placed on 10 x 15 x 1 mm alumina (>99.5%)
supports. The sintering process of each glass was studied from the
variation in area (A) of the samples as a function of temperature, as
determined by the HSM software [31].

On the basis of the characteristic points obtained by hot stage
microscopy (HSM) in the range 6 <log(n) <10, (n in Pa.s), the exper-
imental viscosity points were fitted to the Vogel-Fulcher-Tamman
(VFT) Equation, the constants of the equation were calculated by
linear regression. Then, fitting all the experimental figures with a
function of the type n(T)=A+B/(T-Tp), and changing the value of
the constants A, B and Ty until the highest level of the regression
coefficient r2 was obtained (~99%) [32].

For studying the interface with zirconia (YSZ), glass cylindri-
cal green body was joined with YSZ substrate at the temperature
of 850 °C. Prior to the bonding, YSZ surfaces were polished down
to 1mm and ultrasonically cleaned with acetone and ethanol
for 10 min. Microstructure near the interface (cross-section), was
investigated on surfaces polished with silica carbide and colloidal
silica suspension, by scanning electron microscopy SEM (Hitachi
S-4300) coupled with energy dispersive spectroscopy (EDS).

The adherence behaviour of the glass—ceramic/zirconia inter-
face was evaluated by the Shear bond strength (os) using a
mechanical testing machine (SHIMADZU AutoGraph AG-X, Japan)
with a 5-kN load cell at a crosshead speed of 0.05 mm/min until
failure. The load at fracture (F, in N) was recorded and the adhesion
area (A, in mm?) was measured. The o results (in MPa) were calcu-
lated using o5 =F/A. The shear bond strength results were averaged
over 10 tests per composition.

After bond strength test, all fracture surfaces were analyzed
using a stereomicroscope (Leica MZ6, Switzerland) for failure anal-
ysis. The mode of failure was classified as follows: cohesive failure
(coating glass—-ceramic remains on the substrate surface), and
adhesive failure (delamination of the coating glass—ceramic from
the zirconia substrate). Some specimens were further selected for
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Fig. 3. DSC heating curves of BAS series glasses in air recorded at a heating rate of 10°Cmin~!. Where: T, = glass transition temperature, T = onset of crystallization peak,

T, = maximum crystallization peak.

Table 2

Characteristics temperatures and TEC of the glass samples. Where: Tg=onset
of glass transition temperature Ty =temperature of the onset of crystallization,
T, = temperature of the first crystallization exothermic peak, ATy =Tx-Tg (Glass sta-
bility during heating), and S, = Tx-Tws(sinterability parameter).

Glass Ty (°C) T¢(°C) T, (°C) ATx(°C) Sc(°C) @y TEC
(RT to 700°C (ppm/K))

BAS-4 643 850 865 207 80 9.7

BAS-5 678 857 886 179 76 10.5

BAS-6 670 756 782 86 24 8.8

BAS-7 680 758 788 78 -9 9.6

profilometer (Talysurf CLI 500, Taylor Hobson, Leicester, UK) that
maps the surface by putting a stylus in mechanical contact with the
sample. The arm has 90° conisphere diamond styli with 2 um nom-
inal radius tip. The data sampling interval in X and Y was 0.5 pm
and 2.5 pmrespectively. The resolution of Z-scale was 32 nm. Addi-
tionally, some fracture surfaces were selected for Scanning Electron
Microscopy (SEM, Phenom G2, Netherlands) analyses.

3. Results and discussion

Fig. 3 depicted the DSC curves for all the glassy samples, and
revealed that the glass transition occurs in range of the tempera-
ture from 640 to 680°C. The exothermic reactions resulting from
the release of energy during crystallization are represented by the
exothermic peaks shown in Fig. 3: one crystallization tempera-
ture of great intensity (Tp) from 780 to 880°C and the onset of
crystallization (Tx) was also identified around 800 °C. This Figure
also shows that the crystallization temperature increase with Al; 03
content (Table 1).

In this particular case, Al,O03 act as glass former producing an
increase in Ty (onset of glass transition), and Tx (onset of crys-
tallization peak) values [33,34]. The main results of this analysis
are predicted in Table 2. The significant temperature difference
ATy =Tx-Tg=179°C defined in terms of resistance to crystalliza-
tion of a glass toward heating, shows by the sample labeled BAS-5,
means a large ability of the glass to flow, accommodate mechanical
stresses arising from possible TEC mismatch [34].

The X-ray diffraction patterns of the devitrified samples after
2h at ~850°C, temperature preliminarily defined from thermal

analysis, are presented in Fig. 4. After devitrification, barium alu-
minosilicate (BAS2) was the predominant phase detected by XRD,
along with BaSiO3 (barium silicate(BS)). The patterns showed that
Ba,Si04 (barium orthosilicate(B2S)), also was formed.

The phase diagrams tell us that the compositions lies in the sub-
solidus region inside the compatibility triangle (BS-B2S-Celsian).
This region of the diagram states that the equilibrium phases are
BAS-B2S-Celsian [26]. Aslight variation from phase diagram occurs
and is related with shifting from equilibrium states due to kinetic
effects. Particularly for this system, (BAS), where phase separation
is facilitate by addition of boron [18].

The information supplied by means of BaO-Al,03-SiO; ternary
phase diagram (Fig. 1) support the analyses obtained by the XRD
patterns (Fig. 4). For BAS-6 and BAS-7 samples, one of which
with 10% and 9% (wt) of B,03, respectively, one broad peak (2-
theta ~ 14°) originated from BaB,04 was observed, which is a
typical feature of borate amorphous environment. The B,O3 com-
pounds, in the glass compositions with small concentrations, below
9wt%, were not detected by X-ray difractometer. The hump of
the boron diffuse diffraction decreased until nearly vanished (BAS-
4-BAS-5) due to crystallization of the glasses. The remaining
diffraction lines pattern can be associated with a complex phase
mixture consisting of barium silicates (pyro and ortho) and proba-
bly unreacted BaO.

Furthermore, the present data are consistent with those
established for the BaO-BaSi,05-Al,03 subsystem, which ver-
ify the existence of celsian to hexacelsian inversion and Barium
silicate-hexacelsian join. As a result, its appearance (hexacelsian)
along with Barium silicates phases in the XRD spectra is fully justi-
fied [35].

The decrease in the area of the samples as a function of the tem-
perature for all the glass samples studied by means of the Hot-Stage
Microscopy (HSM) results is shown in Fig. 5. The shape of the nor-
malized area versus temperature curves indicates that the BAS-4
and BAS-5 glasses soften over a considerable temperature range
indicating glassy behavior [36]. There is a slight expansion behavior
observed at the temperature range in which crystallization occurs
(870-1050°C). However, the samples BAS-6 and BAS-7 exhibit a
constant trend until 1080 °C before wetting, which is a character-
istic of materials exhibiting transformations towards heating, and
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Fig. 4. XRD pattern of BAS series glassy samples heat treated at 850 °C for 2 h. The PDF files No 01-077-0185, 00-038-1450 and, 01-070-2112 which are corresponding to

BaAl,Si; Og (hexacelsian), BaAl,Si, Og(monoclinic), and BaSiOs, respectively, are shown.
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Fig. 5. Glasses compositions area variations (A/Ao) from HSM as function of temperature for the BAS series glasses. Tys = temperature of maximum shrinkage and Tyg = half

ball temperature.

also may indicate occurrence of significant crystallization for BAS-7
sample [37].

A comparison between DSC and HSM curves of all the inves-
tigated glasses obtained at a heating rate of 10°C/min in the
temperature range of 100-1000°C (Fig. 6), reveals that sin-
tering (temperature of first shrinkage =Tgs point), precedes the
onset of crystallization (Tx) process in all studied glassy samples,

except for the sample BAS-7 (Fig. 6d). The DSC/HSM combined
curves shows that the onset of crystallization for BAS-7 glass
(Tx =759 °C) starts before the material has reached the maximum
density (Tys =temperature of maximum shrinkage=765.12°C),
consequently inhibiting a complete sintering process. The consid-
erably presence of crystals increases viscosity and consequently
gives a partially incomplete densification of the glass-ceramic seal.



636 M,J. Da Silva et al. / Journal of the European Ceramic Society 36 (2016) 631-644

Exo
Exo
o
g T
< T
< 8 = T
@ i 2
< 3 = S
z 8 3
3 < 2
E oy
z g 3
2 2
0’4 T T T T T T T T
200 400 600 800 1000 200 400 600 800 1000
Temperature(°C) Temperature(°C)
12
Exo Exo
b -
—_ T é 8
= z g o
< 1 o Z
g 2 < 2
< 2 3 3
(0] 3 { =
® b4 =
4 2
, . ’ . ; s : ; . , . ' . . . : .
200 400 600 800 1000 200 400 600 800 1000

Temperature(°C) Temperature(DC)

Fig. 6. Diferential Scanning Calorimetry (DSC) thermograms and glass compositions area variation (A/Ag) curve by means of Hot Stage Microscopy(HSM), obtained under
same temperature scale and the same heating rate for samples: (a) BAS-4; (b) BAS-5; (c) BAS-6; and (d) BAS-7. Tgs = first shrinkage point, Tys =temperature of maximum
shrinkage and Ty = onset of crystallization peak.

Log Viscosity n (Pa.s)

BAS-7

BAS-5 BAS-6
1 BAS-4

T T T T T

T T T T T 1
700 800 900 1000 1100 1200 1300

Temperature(°C)

Fig. 7. Viscosity-temperature curve for all glasses obtained from Hot Stage Microscopy (HSM).



M,J. Da Silva et al. / Journal of the European Ceramic Society 36 (2016) 631-644 637

2
14
g
= 0
3
=I~D
= =14
5
24
B ' ' v : . , ' ' . r . ,
300 400 500 600 700 800 900
Temperature(°C)
BAS4 EASS
= 8350 BAS-7
T=745°C L i T=7610

i = Egn e .

Fig. 8. Linear shrinkage rate vs temperature diagram for BAS parent compositions. Trs and Tys are the first and the maximum shrinkage points, respectively.

0 8 _-0,30—
= BAS-4
07 BAS-5
™ AS-7
—~ %87 BAS-6
=
© ’ _0,20—
=
—
P
0,0 T T T T T T T T T T T 1
100 200 300 400 500 600 700

Temperature (°C)

Fig. 9. Thermal expansion (TEC) curves of glasses measured between RT and 700°C (RT to 700°C (ppm/K)). Expanded area, temperature range: 250-400°C, showing
ortho-hexa transformation. Heating rate of 10°C/min, in air.



638 M. Da Silva et al. / Journal of the European Ceramic Society 36 (2016) 631-644

Table 3
Results obtained for linear shrinkage as function of temperature at 1000 °C of the glassy systems BAS-4 BAS-5 BAS-6 and BAS-7 with constant heating rate of 10.0°C/min
()
Glass Tes (°C) Tus (°C) % T =0 Linear shrinkage rate
d [l%/dt] %10~/ (min~")
BAS-4 645 745 12.9
BAS-5 653 828 24.2
BAS-6 634 734 9.5
BAS-7 654 753 10

Fig. 10. SEM images of the polished glass—ceramic/zirconia interface cross-section of glass BAS-4 (a), BAS-5 (b), BAS-6 (c), and BAS-7 (d), after thermal treatment at 850 °C

for 2 h.

Table 2 lists the characteristic temperatures for glasses as
obtained by HSM (Ts and Tys) and DSC (Tg, Tx and Tp) accompa-
nied with the values of sinterability parameter (Sc), where S. =Tx
(onset of crystallization temperature)—Tys. At this point is con-
venient to define this parameter by wish is possible to measure
the ability of sintering in contrast to crystallization, the greater Sc
more independent the kinetics of these processes are [32,37,38].
For BAS-7 sample (Fig. 6b) the onset of crystallization was located
within the range of sintering temperature, thus S is negative. A
negative S. means that crystallization may hinderthe completion of
sintering by increasing the viscosity of the material, glass sintering
precedes crystallization in the remaining (BAS-4, BAS-5, and BAS-6)
compositions, and consequently S. is positive. Thus, it seems that
well-sintered and at the same time partially crystallized glasses can
be obtained. The Fig. 7 exhibits the viscosity of the four glasses as
a function of temperature. The experimental points, derived from
HSM images are situated between 107 e 109> Pa.s, in the sealing
range (730-830°C) [31,32]. Although the rheological behaviour of
the samples BAS-5 and BAS-7, are quite similar, can be verified in
viscosity vs. temperature curves that the viscosity increases with

Ba2* content. For the BAS-6 sample, the content of B,03 (10% wt)
contributes to lower the viscosity, since the glassy oxide network
of boron consists of two dimensional triangles, with no consider-
able linking in three dimensions which results in a fragile network
connectivity. Spectra (MAS-NMR) obtained from BAS glasses series
for additional applications (optical) performed with 29Si and 11B
nucleus revealed that silicon, and boron atoms have mainly four-
fold coordination [39]. These considerations help us to explain why
the BAS-6 has the lowest viscosity values among the BAS parent
glasses [40].

The viscosity of parent glasses BAS-4, BAS-5, BAS-6 and BAS-
7, lies in the range of ~107-10%5Pa.s at joining temperature
(730-830°C), and 106-107- at working temperature (900°C) [41].

Since the BaZ* field strength force(0.25v.u.—valence units), is
the lowest among alkaline-earth cations, and assuming that Ba2*
act as modifier in the glass network, high concentrations of diva-
lent ions like Ba2* weaker bonding at lower field strength [42].
Thereby resulting in decreased viscosity with Ba2* content caused
by gradients in field strength comes from this modifier ion (Fig. 7).
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Due to its low mobility a slower ion Ba2* that finds itself in
the region of lower field strength is slowed down to high field
strength and then get back to the boundary, this is the so called
“self-regulating effect” [43]. The lower the strength of the Oxygen-
modifier bond, lower is the tendency to separate into two liquids.
Thus viscosity measurements shall reflect the compositions of the
liquid phase present and the effectiveness of the gradient in ionic
field strengths (AIFS) between the glass former and oxygen and the
modifier cation and oxygen [44].

In order to investigate the shrinkage behavior of the glass-
samples in detail, and consequently determine T, the sintering
shrinkage rate curve for the BAS glass ceramics series was plotted
(Fig. 8). The sealing temperature (T, ) defined as the temperature
at which the densification and sintering reach the maximum for a
given material is an important parameter in the design of sealants,
since these materials should be tight at working temperature of the
cell. This temperature is dependent of the melt compositions.

The choice of particle size can affect the sinterization by
transport mechanisms involved in compounds formation or by dis-
tribution of the particles throughout the melt. In one hand small
particle sizes (<20 pm) of glass powder accelerate melting, homog-
enization and densification. But in the other hand, the use of very
fine particles has associated problems too: lower resistance to crys-
tallization indicating more difficult to control crystallization and
tendency of glasses to collapse before adhering to the substrate
[34,45].

The heating heat for the experiments in the present study were
performed at 10°C/min where its contraction was initially rapid
and then more slow as it approached near full density [46]. We do
not advocate faster or slower heating heats for essay involving glass
samples. Rather, we advocate a moderate rate allowing it sufficient
time to accommodate naturally to the next temperature.

According to sintering shrinkage rate plots (Fig. 8), glasses BAS-
4, BAS-6, and BAS-7 have shrunk to almost the same rate (around
10 x 10~ min™!). There are slight changes in shape of the samples
evident from the inset photographs of Fig. 8 and there is a shift in
the temperature of first shrinkage (Tgs) for BAS-4, BAS-5, and BAS-7
(around 650°C) in relation to BAS-6 (634 °C).

In addition, we can observe from Fig. 8 that maximum shrinkage
(Tws) of glass BAS-5 has occurred at 828 °C whereas for the remain-
ing samples the same point of shrinkage has occurred at 734°C
(BAS-6) and around 750°C (BAS-4-BAS-7). This peak in shrinkage
rate curve corresponds to the increased densification due to liquid-
phase sintering, which is characterized by the rearrangement of the
particles and the viscous flow of the melted glassy phase. Therefore
it is clear that the addition of boron oxide has reduced the soften-
ing point of these glasses. The presence of a liquid phase capable
of dissolving some of the solid particles produces a mass transport
path that is geometrically the same that grain boundary produce
in the sintering process involving only the solid phase. This is the
case for the samples BAS-6 and BAS-7 that contains a consider-
able amount of B,03 (10% and 9% wt, respectively), the presence
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Fig. 12. Failure patterns, SEM micrograph (left side) and 3D profilometer image (right side), for BAS-4 and BAS-5 coating glass-ceramic (Region B) on YSZ substrate (Region

A).

of this compound can accelerate an alternative mechanism of mass
transport.

During sintering, shrinkage started at 653 °C (BAS-5 glass sam-
ple) and had a single maximum around 830°C. For the glasses
BAS-4, BAS-6 and BAS-7 the sinter process started approximately at
the same temperature, but the sintering rate was lower and reaches
a maximum at lower temperatures: 745°C, 734°C, and 753°C,
respectively. In other words, in the process of linear shrinkage dur-
ing liquid phase sintering, the first and faster shrinkage step occurs
when the liquid component is melted (B,03), and the amount of
shrinkage depends on the volume of liquid that is formed [38].

As a result, slower shrinkage rates (BAS-4, BAS-6, and BAS-7),
occur probably because numerous points of contact of a particle

with the adjacent begin to compete with each other for diffusing
through the melted glassy matrix. White elongate crystals mor-
phology growing in the amorphous material, e.g.: BAS-7 sample
(vide Fig. 10d), attributed to barium silicate phase, competed with
each other during growth by means of interactions between neigh-
boring needles-shaped crystals, and darker needle shaped crystals
in the amorphous matrix attributed to hexacelsian [47]. The gray
areas possibly are the residual amorphous glass phase consisting
of barium-boron-silicate. Surface diffusion competes with densi-
fication mechanism and lead to coarsening (grain growth) of the
microstructure. In other words, the sintering mechanism involves
interplay between densification and coarsening and increases the
average pore size, consequently reduces the rate of shrinkage. The
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Fig. 13. Failure patterns, SEM micrograph (left side) and 3D profilometer image (right side), for BAS-6 and BAS-7 coating glass-ceramic (Region B) on YSZ substrate (Region

A).

linear shrinkage point of maximum is the point where grain growth
(coarsening) starts to become significant.

As is listed (Table 3) the sintering rate of the specimens BAS-6,
and BAS-7, which includes the highest B, 03 content in all samples,
is lower than the other two remaining samples (BAS-4 and BAS-
5). This clearly indicates that B,O3 composition plays an important
role in the decrease of the sintering rate. As a result the densifi-
cation, at lower temperatures, was enhanced by the liquid phase.
Whereas, the remaining group with lower B,03 (4% wt and 3%
wt, BAS-4 and BAS-5, respectively) achieved more rapid densifi-

cation. For glassy systems which grain boundaries cannot exist, the
densification occurs by viscous flow, and if crystallization occurs
during sintering (Fig. 8) the viscous flow is impeded. The interac-
tion between kinetic of crystallization and densification can result
in microstructures with accentuated level of porosity (e.g., BAS-
7). This competition between the contacts of the particle causes a
decrease in the linear shrinkage rate of both, the solid and the liquid
phase sintering [48].

For sintering behavior too high Ba2* content (BAS-4) is detri-
mental, probably due to saturation. Table 3 summarizes the results



642 M,J. Da Silva et al. / Journal of the European Ceramic Society 36 (2016) 631-644

obtained for linear shrinkage as function of temperature for all vit-
reous samples. It is important to notice that according to these
results, the optimum sintering temperature or the maximum den-
sification is an indication of the suitable joining temperature to a
specific composition.

It is well know that barium borate can be normally used to
decrease the sintering temperature of glass-ceramic as a flux agent
because of its low-melting properties [46]. Although, only the
presence of BaO-B,03; compounds cannot interfere totally on the
physical properties of the melts, opposite effects on the sinter-
ing kinetics may occur such as decelerating the sintering kinetics
by crystallization. The presence of high BaO compositions (>70%
wt, BAS-4) results in formation and subsequent growth of barium
silicate crystals and residual Ba* not reacted.

The dilatometric curves of the barium boron aluminosilicates
glass system devitrified after 2h at 850°C are shown in Fig. 9.
Thermal Expansion Coefficient (TEC) values are summarize in
Table 2. As is well know, the presence of [3-cristobalite phase in
the BaO-Al,03-Si0O, system, results in a inflexion in the Thermal
Expansion Curves from S to « structure type at about 200 °C. There
is no such inflexion at 200 °C, and in fact, the formation of Cristo-
balite must be avoid because cause cracking at conditions of high
temperatures. It also found that the hexacelsian phase (inflexion
around 300°C) can be a trigger to a reversible structural trans-
formation into orthorhombic form followed by a volume change
around 3% [49].

The formation of undesirable celsian phase was retarded
probably due to the high kinetic barrier associated with the trans-
formation from hexacelsian to celsian [50], as a result the curves
are smooth and do not show considerable signs of transformation,
except the sample BAS-7 that exhibits discontinuity around 300 °C,
due to the ortho <> hexa transformation [51].

In a first approximation, the dilatometric curves were linear in
a wide temperature range, in other words the TECs did not depend
much on temperature. The values of the respective TEC in the tem-
perature range from RT to 700 °C (iT-SOFC-working temperature)
vary from 8.8 to 10.5 ppm/K in a range acceptable for components
of sealing materials in intermediate temperature fuel cells: YSZ
electrolyte and Ni-YSZ anode (10.5 ppm/K), LSM (La-Sr-Mn) Cath-
ode (12.2 ppm/K) [28]. This means that if the respective crystalline
phases are combined with other crystalline or residual amorphous
phases, an appropriate TEC can be adjusted, mainly for BAS-5 and
BAS-4 glasses. The expansions measured by dilatometric essays
are strongly affected by the structural environment of the samples
[52].

Earlier results obtained by FT-IR and MAS-NMR spectra [39]
showed that the BAS glasses series main network were constitutes
of Q2 units, and B,03 formed the triangular BO3. Addition of BaO
up to 70% (wt) produced relevant modifications in the distribution
of Q units. The increase of the Q1 and Q3 species at detrimental of
Q2 units parts, is one of those modifications [53-56].

The higher Al;03/B, 03 ratio (1.5), presents by BAS-5, authorize
that B3* ions go to react with Al,03 by forming the tetrahedrons
AlO4 and the remainder will react with B,03 producing non-
bridging oxygen (NBO), consequently has to weaken the vitreous
network and expansion has to increase.

Since the BAS-5 glass gets better TEC for ratios
[Al,03]/[B203]=1.5, BaO concentration should not be chosen
larger than 72% wt in order to avoid that BO3 units re-converted
into BOy, strengthening the network and as result thermal expan-
sion decreases with modifier. Reversal trend is observed for BAS-6
and BAS-7 samples (<70% wtBaO). This effect is called “boron
anomaly”, depending on the glass composition, boron assume
three or fourfold coordination [45-46].

The TEC obtained (8.8 to 10.5ppm/K) are very near to YSZ
electrolyte. Hence, from the expansion mismatch point of view,

the compositions are suitable as sealants for SOFC applications
[11,57-59]. Therefore, the compositions confirm the behavior as
predict by the phase diagram as well as designed.

The SEM micrographs of the polished cross-section of the
glass—ceramic/zirconia interface, after thermal treatment at 850 °C
for 2h are shown in Fig. 10. The glasses show chemical compati-
bility with zirconia, where no interfacial reaction was detected. A
tendency toward immiscibility and the presence of droplets shaped
immiscibility regions of small dimensions, which are either solid or
hollow, can be observed in the BAS-4 (Fig. 10a) and BAS-5 (Fig. 10b)
samples microstructures. It can be seen that the nucleation and
growth of crystalline phase has taken place in the glass matrix [60].
These types of phases are developed during controlled crystalliza-
tion by providing heat treatment between glass transition (Tg) and
melting temperature (Tp,).

In the case of the polished cross-section of the BAS-6 (Fig. 10c)
and BAS-7 (Fig. 10d) samples, the dark zones probably have glassy
boundary to the formed crystals. Some flake-like particles can
also be observed. The de-vitrified glasses are composed of the
main phases: BaSiO3 bright elongated crystals growing within
the glass matrix, and BaAl,SiOg needle-shaped dark grey crystals
[47,61]. In sample BAS-7crystallization process starts uniformly
and crystalline growth is taking place in different bands apparently
segregate to the surface (Fig. 10d).

The extent of diffusion of constituent elements from the YSZ
into the glass and vice-versa has been observed through EDS line
scanning (Fig. 11). All the Glass seals bonded well to the YSZ sub-
strate and no gaps or microcraks were observed even at the edges of
the joints. The relative concentration profile of Ba is approximately
constant across the interface suggesting the absence of diffusion
barriers for this element. A good wetting regime and continuous
interfaces with minimal reaction zones, no cracks or gaps, were
revealed after cross-section and polishing. No significant diffusion
of Ba into the YSZ or formation of B-rich reaction product was
observed [62,63].

Typical failure patterns in the shear strength test for the speci-
mens are shown in Figs. 12 and 13. BAS4 and BAS5 samples (Fig. 12)
show mainly cohesive failure i.e., coating glass-ceramic (region B)
remains on the substrate surface (region A). A close look at the fail-
ure mode showed that this was not straightforward. On the other
hand, BAS-6 and BAS-7 (Fig. 13) show adhesive failure (delami-
nation of the coating glass—ceramic from the substrate ceramic)
[64,65]. The crack can propagate though the weakest layer that in
this particular case is the interface. The BAS 5 specimens exhibited
the highest characteristic bond strength (33 &7 MPa), followed by
the BAS 4 (19 +4 MPa) and the BAS 6 and BAS 7 samples (9 + 2 and
4 + 1 MPa respectively).

The bonding properties between the substrate and the sealant
may be related with the BaO content. It was expected that the zir-
conia substrate and the sealant should have similar TECs to produce
a stable bond. Therefore the joining temperature and the thermal
stress induced by it are critical parameters to select a seal [7]. For all
the samples, the thermal stresses induced are very similar. So the
difference between the values of bonding strength must be related
with higher crystallization process of the BAS 6 and BAS-7 samples
(BaSiO3 elongated crystals and BaAl,SiOg needle-shaped crystals),
that reduce strains [64].

4. Conclusions

New glass ceramics in the BaO-Al,03-Si0;, system modified
with B,03 were investigated for sealing iT-SOFCs at temperature
range of 700-850°C.

The sealing temperature (T, ) for all the compositions has
occurred in the range of 730-830 °C, This temperature is dependent
of the melt compositions.
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Devitrification heat treatment at 850°C, which is in the
intermediate operation temperature range of SOFCs revealed crys-
tallization, and phases were identified by XRD as BaAl,Si;0g
(hexacelsian), and pyro-ortho barium silicates.

Crystallization process that take place in the glass—ceramic
compositions with BaO content (69% wt) studied in this work,
inhibits the complete sintering process of the sample. Therefore, the
considerably presence of crystals in these compositions increases
viscosity and consequently gives a partially incomplete densifica-
tion of the glass-ceramic seal (S¢ = —9).

The thermal expansion coefficient (TEC) of the obtained glass-
ceramic after devitrification heat treatment was comparable to
zirconia (YSZ) electrolyte (8.8-10.5 ppm/K), and shows chemical
compatibility (no interfacial reaction was detected by SEM-EDS).
Adhesion test revealed homogeneous interface between the
glass—ceramic and the YSZ electrolyte. The fracture pattern of the
glass ceramic specimens with higher BaO content was mainly cohe-
sive and with higher values of shear strength (19 £4and 33 +£ 7 MPa
respectively), while glass-ceramics with lower BaO content and
therefore higher crystallization process, demonstrated higher per-
centage of interfacial failure and lower values of shear strength
(942 and 4+ 1 MPa respectively).

In conclusion, the compositions with higher BaO content, in the
system studied in this paper are found to be promising candidates
for sealing at moderate temperature (700-850°C) in planar SOFC
application. For the particular case of BAS-5, shown compatible
CTE with YSZ, such combination of pyro and ortho-barium sili-
cate phases along with a minor concentration of hexagonal celsian
phase crystallizes and favors TEC matching, micro-structural sta-
bility, and desirable mechanical properties. Because of this BAS-5
glass is the most promising sample for SOFC sealing application.
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