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Abstract—The infl uence of the cerium oxide concentration on the properties of glasses and glass ceramics of the 
SiO2–Al2O3–CaO–Na2O–MgO–K2O–B2O3–CeO2 system as potential adhesive and sealing materials for solid 
oxide fuel cells was studied. According to the data of differential scanning calorimetry, variation of the CeO2 
concentration does not appreciably infl uence the glass transition and crystallization temperatures of glasses. As 
the cerium oxide concentration is increased, the linear thermal expansion coeffi cient increases for the glasses 
but decreases for the partially crystalline samples. The gluing temperature of the glass sealants prepared allows 
their use for joining YSZ solid electrolytes with interconnectors of Crofer22APU type in solid oxide fuel cells..
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The development of a sealant preventing mixing 
of gases and fuel in the course of solid oxide fuel cell 
(SOFC) operation is one of the key problems to be 
solved in the development of stably operating SOFCs 
[1]. Numerous requirements are imposed upon sealants 
for SOFCs. These include chemical stability in both 
oxidizing and reducing atmospheres, high electrical 
resistance to avoid shorting between cell components, 
appropriate linear thermal expansion coeffi cient (LTEC), 
capability to operate at high temperatures (800–1000°С) 
for a long time, etc. [2, 3]. Glasses and glass ceramics 
meeting to a suffi cient extent all the requirements 
imposed upon SOFC sealants show promise in this 
respect [4]. The advantage of glassy sealants is that 
glasses at high temperatures of SOFC operation are in 
the viscous-fl ow state, which reduces the mechanical 
stress between SOFC components [5, 6]. However, 
the possibility of partial or complete crystallization of 
glass in the course of SOFC operation is its drawback. It 

leads to a decrease in the glass viscosity and can cause 
cracking of the sealant, which, in turn, will make the 
whole structure untight [7–10]. Furthermore, glass can 
chemically interact with the interconnector material [11]. 
However, despite these drawbacks, high-temperature 
silicate glasses proved themselves as sealing materials 
withstanding the SOFC operation conditions for 1000 h 
without signifi cant degradation of properties [12–14]. 

There are numerous studies dealt with alkaline 
aluminosilicate glasses as materials for SOFC sealants. 
Chou et al. tested Al–Ba–Ca–K–Na–Si and Sr–Ca–
Y–B–Si glasses as potential SOFC sealants [15–17]. 
In particular, Al–Ba–Ca–K–Na–Si glasses in contact 
with YSZ and with AI-SI441 ferrite stainless steel 
were studied [15]; it was found that the glass remained 
chemically stable and did not enter into any reactions in 
the course of keeping at 750°C for 1000 h or cycling in 
the temperature interval 50–750°C with a heating rate 
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of 5 deg min–1. The behavior of Al–Ba–Ca–K–Na–Si 
in contact with YSZ and SS441 aluminized stainless 
steel under the conditions of keeping at 750 and 800°C 
for 1000 h in a 5% H2/N2 stream was studied in [16]. 
No signs of the reaction of the glass with YSZ ceramic 
and with SS441 steel were detected after the experiment 
completion. Sr–Ca–Y–B–Si glasses were also studied 
in contact with YSZ ceramic and with AI-SI441 ferrite 
stainless steel. In the stack assembled from three unit 
cells, the glass degraded at the operation temperature 
of 800°C to form SrCrO4 because of the presence of 
chromium impurity in the steel [17].

Qi et al. [18] studied as sealants glasses of the com-
positions 45SiO2−15Al2O3−25BaO−15MgO and 60Si
O2−10Al2O3−10ZrO2−5CaO−15Na2O. As they found, 
the use of the SiO2−Al2O3−ZrO2−CaO−Na2O glass as 
a sealant is preferable, because it is chemically resistant 
to Crofer22APU alloy. The stability of the 54.39SiO2–
11.26Al2O3–9.02CaO–13.78Na2O–8.37MgO–
1.67K2O–0.9B2O3–0.61Y2O3 glassy sealant in contact 
with Mn1.5Co1.5O4-coated Crofer22APU and with YSZ 
ceramic was studied in [2]. This glass was found to be 
promising for use in SOFCs, because it has suitable lin-
ear thermal expansion coeffi cient (8.5 × 10–6 and 10.9 × 
10–6 K–1 for the initial glass and for the glass ceramic, 
respectively) and does not react with the interconnector 
material after 500-h cycling in the interval 25–850°C. 
It should be noted, however, that there are rare pores 
in the bulk of this glass, which can lead to degradation 
of the material in the course of longer operation at high 
temperatures.

This study deals with the infl uence exerted by the 
cerium oxide concentration on the properties of SiO2–
Al2O3–CaO–Na2O–MgO–K2O–B2O3–CeO2 glasses, 
which are of interest as glassy sealants for SOFCs.

EXPERIMENTAL

As components of the batch for preparing the 
glasses, we used CaCO3 (chemically pure grade), 
Na2CO3 (chemically pure grade), SiO2 (hydrous), 
K2CO3 (ultrapure grade), B2O3 (ultrapure grade), MgO 
(ultrapure grade), Al2O3 (ultrapure grade), and CeO2 
(chemically pure grade), preliminarily calcined to 
constant weight. The component ratios corresponded 
to the calculated compositions given in Table 1. We 
studied four glass compositions (denoted as 0.61Y2O3, 
0.61CeO2, 1.0CeO2, and 2.0CeO2). The component 

ratio in the cerium-free formulation was taken from [2]; 
the other formulations were obtained by replacing fi rst 
yttrium oxide and then also partially aluminum oxide 
by cerium oxide. The batch was calcined at 600°C for 
30 min, after which it was cooled to room temperature 
and pressed in pellets 10 mm in diameter. Corundum 
crucibles fi lled by 3/4 were placed in a LinnHighTherm 
HT 1800 furnace with MoSi2 heaters.

To obtain the maximum homogeneous glass, we used 
stepwise heating schedule. In the fi rst step, the furnace 
was heated to 1050°С over a period of 3 h and kept 
at this temperature for 30 min. Then, the temperature 
was raised to 1400°С over a period of 1 h, and the 
melt was kept at this temperature for 3 h. In the third 
and fourth steps, the furnace was heated to 1450 and 
1480°С, respectively, over a period of 15 min and kept 
at these temperatures for 15 min. Glass samples were 
prepared by casting the melt into a glassy carbon mold. 
To relieve thermal stresses, the glass was annealed at 
575°С for 20 min, with the subsequent slow cooling to 
room temperature.

The chemical composition of the glasses was 
determined by X-ray fl uorescence spectroscopy (XFS). 
Measurements were performed with a Shimadzu XRF-
1800 consecutive wave-dispersive X-ray fl uorescence 
spectrometer.

To confi rm the amorphous structure of the samples and 
study the phase composition of the crystallized glasses, 
we used X-ray diffraction analysis. Measurements were 
performed in the interval 2θ = 10°–70° with a Rigaku 
DMX2200 diffractometer with a vertical goniometer 
and a graphite monochromator using CuKα radiation. 

To fi nd LTEC of the samples, we performed 
measurements with a Tesatronic TT-80 dilatometer 
equipped with a TESAGT 21HP probe (measurement 
interval ±200 μm, sensitivity 0.01 μm) in the 
temperature interval 50–600°С. LTEC is defi ned as 
the derivative of the linear expansion with respect to 
temperature. Therefore, it is convenient to calculate 
LTEC by presenting the temperature dependence of the 
relative expansion Y in the form of a certain function 
and then differentiating it analytically. In our case, the 
experimental data in the interval 298–673 K are well 
described by the following function:

                  
(1)
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where T is the absolute temperature, and a, b, c, and d 
are empirical coeffi cients.

Hence, LTEC (α), which is the derivative of function 
(1), will be described by the function

                    
(2)

The mean value of α in a certain temperature interval 
can be found from expression (2). The problem is solved 

by integration over this temperature interval and division 
by the width of this interval:

                        
(3)

where T1 and T2 are the boundaries of the temperature 
interval.

For the chosen temperature interval, we obtain

Fig. 1. X-ray diffraction patterns of SiO2–Al2O3–CaO–Na2O–
MgO–K2O–B2O3–Y2O3–CeO2 glasses after the synthesis. 
(2θ) Bragg angle; the same for Figs. 2 and 5.

Fig. 2. X-ray diffraction patterns of samples pressed from the 
glass powder after annealing.

2θ, deg 2θ, deg

The characteristic temperatures of crystallization and 
glass transition were determined by differential scanning 
calorimetry (DSC) with an STA 449 F1 Jupiter thermal 
analyzer (Netzsch). Measurements were performed in 
platinum crucibles in an argon atmosphere (fl ow rate 
20 mL min–1). The heating rate was 10 deg min–1; mea-
surements were performed in the temperature interval 
50–950°С. Analysis of the DSC spectra and peak sepa-
ration were performed using the Netzsch program pack-
age.

To determine the gluing temperature, the preliminarily 
prepared glass powder mixed with ethanol was applied 
onto a ceramic support made of yttria-stabilized zirconia 
(YSZ). The gluing temperature was determined in a 
tubular furnace under the conditions of heating to a 
preset temperature, keeping at this temperature for 
10 min, and cooling. The temperature at which a smooth 

(4)

homogeneous glass drop well wetting the surface was 
formed was considered as the gluing temperature.

The microstructure of the materials was examined 
with a MIRA 3 LMU scanning electron microscope 
(Tescan, Czechia) equipped with an INCA Energy 350 
microanalysis system with an Oxford Instruments X–
MAX 80 energy-dispersive spectrometer.

RESULTS  AND  DISCUSSION

The compositions of the glasses studied in this work, 
according to the preset stoichiometry and results of 
X-ray fl uorescence spectrometric analysis, are given in 
Table 1. Slight difference between the analytical data 
and preset composition may be due to weak scattering 
of X-ray radiation on light elements (B2O3). We have 
found that additions of cerium oxide infl uence the 
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external appearance and viscosity of the glasses. For 
example, the sample without CeO2 is colorless, whereas 
the glass with the maximal content of cerium oxide 
(2 wt %) is yellow. The viscosity of the melt increases 
with increasing CeO2 concentration.

The amorphous structure of the samples was 
confi rmed by X-ray diffraction analysis. Figure 1 shows 
the X-ray diffraction patterns of the samples. They allow 
a conclusion that all the samples are glassy. It should be 
noted, however, that in the X-ray diffraction pattern of 
sample 1.0CeO2 there are small peaks corresponding to 
crystalline Al2O3, suggesting incomplete dissolution of 
aluminum oxide in the glass melt.

To perform dilatometric measurements, we prepared 
two types of specimens: rectangular parallelepipeds 
cut from the bulk glass and bars pressed from the glass 
powder. The bars prepared by pressing were placed in 
a furnace, heated to 950°С, kept at this temperature 
for 10 min, and then slowly cooled in the furnace to 
room temperature. The X-ray diffraction patterns of the 
pressed glasses after cooling (Fig. 2) contain peaks of 
crystalline inclusions corresponding to the following 
compounds: diopside (CaMgSi2O6), wollastonite 
(СаSiO3), nepheline [KNa3(AlSiO4)4], and forsterite 
(Mg2SiO4). The specimens cut from the bulk glass were 
not subjected to additional treatment and had amorphous 
structure.

Table 1. Calculated and experimentally determined (by XFS) compositions of SiO2–Al2O3–CaO–Na2O–MgO–K2O–B2O3–
Y2O3–CeO2 glasses

Glass
Content of indicated oxide, wt %

SiO2 Al2O3 CaO Na2O MgO K2O B2O3 Y2O3 CeO2

0.61Y2O3:
calculated composition [2]
XFS

54.39
55.22

11.26
11.21

5.02
5.17

13.78
14.67

12.37
10.57

1.67
1.58

0.9
0.73

0.61
0.57

–
–

0.61CeO2:
calculated composition
XFS

54.39
51.25

11.26
12.87

5.02
5.39

13.78
14.05

12.37
12.94

1.67
1.49

0.9
0.92

–
–

0.61
0.33

1.0CeO2:
calculated composition
XFS

54.39
52.49

10.87
12.45

5.02
5.32

13.78
14.05

12.37
12.86

1.67
1.51

0.9
–

–
–

1
0.61

2.0CeO2:
calculated composition
XFS

54.39
53.12

9.87
12.59

5.02
5.44

13.78
13.23

12.37
11.88

1.67
1.48

0.9
–

–
–

2
1.2

Table 2. Linear thermal expansion coeffi cientsa calculated for the temperature interval 298–673 K

Sample
Αtheor Αglass Αpress 

K–1

YSZ10 solid electrolyte 9.03 × 10–6

Crofer22APU interconnector 10.57 × 10–6

0.61Y2O3 9.40 × 10–6 9.90 × 10–6 11.00 × 10–6

0.61CeO2 9.40 × 10–6 9.03 × 10–6 11.50 × 10–6

1.0CeO2 9.43 × 10–6 9.73 × 10–6 10.59 × 10–6

2.0CeO2 9.50 × 10–6 9.86 × 10–6 10.66 × 10–6

a αtheor, LTEC of the glass, calculated using Appen method; αglass and αpress, LTEC of the glass and glass ceramic, respectively, determined by 
processing dilatometric curves.
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Figure 3 shows the dilatometric curves for 
(a) amorphous and (b) crystalline specimens.

The values obtained by analysis of the dilatometric 
curves are presented in Table 2 in comparison with 
those for the materials used for SOFC fabrication: 
YSZ10 ceramic (zirconia stabilized with 10% yttria) 
and Crofer22APU alloy. 

The dilatometric measurements show that the LTEC 
values for the glassy sealants studied are within the 
acceptable interval (αYSZ10–αCrofer22APU). As the content 
of cerium oxide in the glass is increased, LTEC of 
the amorphous samples increases, whereas that of the 
crystalline samples decreases. Such behavior of the 
thermal expansion coeffi cient is probably associated 
with a change in the crystallization mechanism upon 
introduction of cerium oxide into the glass composition. 
For example, as shown in [19], introduction of even 
1 mol % cerium oxide into the glass composition leads 
to a change in the crystallization mechanism from two- 
to three-dimensional. Nevertheless, our results show 
that replacement of yttrium and aluminum oxides by 
СеО2 considerably decreases the difference between the 
LTEC values of the glass and SOFC materials.

Figure 4 shows the DSC data for the glasses. 
According to the data obtained, variation of the cerium 
oxide content from 0.61 to 2.0 wt % infl uences the glass 
transition, Tg, and crystallization, Tc, temperatures of the 
glass insignifi cantly.

The gluing temperatures determined from the 
experimental data were as follows: 1090°С for 
0.61Y2O3 and 0.61CeO2; 1100 and 1110°С for 1.0CeO2 
and 2.0CeO2, respectively. On the whole, the gluing 

Fig. 3. Dilatometric curves obtained for (a) monolithic amorphous and (b) pressed crystalline specimens. (Δl/l0) Relative elongation 
and (T) temperature.

Fig. 4. DSC curves of SiO2–Al2O3–CaO–Na2O–MgO–K2O–
B2O3–Y2O3–CeO2 glasses. (Т) Temperature.

Fig. 5. X-ray diffraction patterns of samples after gluing the 
glass with a YSZ support.

(a) (b)

T, °CT, °C

T, °C

2θ, deg
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temperatures of the glassy sealants do not exceed the 
maximum admissible temperature for refractory 
alloys such as Crofer22APU and its analogs, used as 
SOFC interconnectors. The X-ray diffraction patterns 
of the samples after gluing with the ceramic support 
(Fig. 5) contain refl ections corresponding to crystalline 
phases of cerium oxide, YSZ ceramic, and diopside 
(CaMgSi2O6).

The electron micrographs of YSZ/glass sealing 
couples, taken in the SEI (secondary electron) and BSE 
(backscattered electron) modes, are shown in Fig. 6. As 
can be seen, the glasses exhibit good adhesion to the 
material. Rare pores are seen in the bulk of the glass phase, 
but the porosity is not through and does not signifi cantly 
affect the characteristics of the electrochemical cell.

CONCLUSIONS

(1) Properties of SiO2–Al2O3–CaO–Na2O–MgO–
K2O–B2O3–CeO2 glasses were studied. An increase in 
the CeO2 concentration infl uences the glass transition 
and crystallization temperatures of the glasses 
insignifi cantly. As the cerium oxide concentration is 
increased, the linear thermal expansion coeffi cient 
increases for amorphous and decreases for glass–

ceramic samples; i.e., the difference between the linear 
thermal expansion coeffi cients of the amorphous and 
glass–ceramic materials decreases.

(2) The results of determining the gluing temperature 
of the glasses and the analysis of the electron micrographs 
of glass/YSZ ceramic sealing couples show that the 
glasses studied can be used as glassy sealants for solid 
oxide fuel cells, as they ensure tight gluing of the 
components at temperatures lower than the maximum 
permissible temperature for interconnector materials 
such as Crofer22APU alloy and its analogs.
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