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Abstract: Two glass-ceramics sealants for solid-oxide fuel cells (SOFC) in the system BaO/SrO-
MgO-B2O3-SiO2 have been analysed according to relevant sealing parameters such as sintering and
crystallization of the glass powders and dilatation and viscosity evolution with crystallization of glass-
ceramic compacts. Special emphasis is given to the crystallization kinetics and mechanism, crystalline
phases formed and the role of viscosity in the whole sealing process. The slower crystallization rate
of the strontium-containing glass composition results in good joining with the interconnect steel
before the glass starts to crystallize and increases its viscosity. This avoids and excessive sealing
temperature and offers better compatibility with the start up and working temperature of an SOFC
(750–850 ◦C).
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1. Introduction

Solid oxide fuel cells (SOFC) have experienced a great development due to their high
efficiency in electrical energy generation without the emission of pollutant gases [1,2].
The improvement of these devices includes the production of glass-ceramic sealants with
suitable mechanical properties to fulfil the cells requirements in order to prevent gas
leakages and ensure the optimal cell performance [3,4].

The glass sealant application is carried out in powder form, which requires a milling
and sieving process to obtain suitable particle sizes for each sealing application method
(paste technology with a robot dispenser, tape casting, screen printing, etc . . . ). The glass
powder will sinter and crystalize following the start-up heating program of the SOFC up
to the operation temperature around 800 ◦C with the subsequent increase in viscosity in
the transformation from glass into a glass-ceramic, which leads to a stable and rigid seal.
The presence of crystalline phases in the glass-ceramic with thermal expansion coefficient
compatible with those of the stack components ensures a good thermomechanical behavior
after prolonged thermal treatment at the operation temperature and versus thermal cycling
of the stack. The glass composition must be designed then to ensure a good fitting of its
thermal properties to this thermal program, and the glass crystallization must provide
highly stable and compatible crystalline phases [5,6]. There is a vast body of research done
on this topic that has been reflected in more than 500 papers (Scopus) in the last twenty
years. Some papers are dealing directly with the optimization of the processing parameters
of the sealant glass-ceramics, and some examples can be found in [7–13].

Two glass compositions within the system BaO/SrO-MgO-B2O3-SiO2, 7.5B(Ba) and
10B(Sr) have been selected due to their suitable thermal expansion coefficient, sinterability
and adherence to the substrates to be sealed (mainly the interconnect material Crofer22APU
or Crofer22H and the YSZ electrolyte). The thermal, mechanical and gas-tightness proper-
ties of these compositions have been discussed in previous papers [14,15], and in this work,
we only focus on the sintering/crystallization behaviour of glass powders of different
particle sizes optimized to obtain dense glass-ceramic pieces for the dilatation or viscosity
measurements and/or suitable sealing pastes to produce glass-ceramic coating layers. The
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crystallization kinetics and mechanism have also been studied using differential thermal
analysis (DTA). Finally, the evolution of the glass-ceramics thermal expansion and viscosity
with the crystallization thermal treatment has been measured, identifying the best glass
composition for sealing.

2. Materials and Methods

Two glass compositions in the system BaO/SrO-MgO-B2O3-SiO2 were prepared,
one with BaO and named 7.5B(Ba) (27BaO.18MgO.7.5B2O3.47.5SiO2mol%.) and another
containing SrO and named 10B(Sr) (27SrO.18MgO.10B2O3.45SiO2 mol%.). They were
melted following the same procedure previously described in [14]. The molten glass was
poured into brass moulds to get bulk glass samples and also in water to obtain glass frits.
The glass frits were milled in a planetary mill using agate mortars, and the powders were
sieved to obtain fractions with different particle size (<40 µm, <63 µm, <80 µm, 80–20 µm
and 100–20 µm). The particle size distributions were characterized with a Mastersizer from
Malvern Panalytical.

The glasses were chemically analysed using a X-ray fluorescent spectrometer MagiX
2400 (Malvern Panalytical, Malvern, UK), and B2O3 was determined by inductively coupled
plasma atomic emission spectroscopy (ICP-OES) in a spectrometer Agilent 700 Series
(Agilent Scientific Instruments, Santa Clara, CA, USA) [16].

Differential thermal analyses (DTA) of the glass powders were performed with a
DTA/DSC/TG model Q600 (TA Instruments, New Castle, DE, USA) at different heating
rates from 2 to 40 K/min. Transition temperature (Tg), the temperature of beginning of crys-
tallization (Tx) and crystallization peak temperatures (Tp) were determined. The following
calculations were performed from DTA curves: Avrami parameter (n) by Ozawa [17] and
Avramov equations [18,19]; the activation crystallization energy from Kissinger, Takhor and
Augis- Bennet equations (KTAB) [20]; and m (dimensionality of crystal growth), determined
with the help of Marseglia and Matusita equations [21,22].

The sintering and flow behaviours of the glass powders with different particle sizes
were studied by hot-stage microscopy (HSM) with a Hesse Instruments microscope (Hesse
Instruments, Lower Saxony, Germany) with Leica-Microsystems optics (Leica Microsys-
tems, Wetzlar, Germany) and image analysis EMI. Alumina plates were used as substrates
for the glass powder samples. More details about the procedure can be found in [13].

Pressed pellets of glass powders with particle sizes 80–20 µm (powders were sieved
using a sieve of 80 µm and then another of 20 µm, and this is the fraction between the two
sizes) for 7.5B(Ba) and <63 µm for 10B(Sr) were prepared (these sizes were optimal to obtain
dense glass-ceramics). The pellets were treated during 24, 100, 300, 800 and 1500 h at 800 ◦C
for 7.5B(Ba) and at 750 ◦C for 10B(Sr) (heating rate 5 ◦C/min, cooling rate 1 ◦C/min), and
the samples were rectified for dilatometric measurements. The two glasses have different
viscosity–temperature curves, so these different treatment temperatures were chosen in
order to obtain high densification while avoiding deformation of the glass-ceramic pieces
so they keep their shape.

Dilatometric curves for the original glasses and pressed pellets were measured at
5 ◦C/min up to 800 ◦C, and the TEC was calculated between 200 and 500 ◦C in order to be
compared with the starting glass and the typical SOFC interconnect steal (Crofer22APU and
Crofer22H). A Netzsch Gerätebau402 EP dilatometer (Netzsch, Selb, Germany) equipped
with a silica support was used [13].

A beam-bending viscometer VIS401 Bahr Thermoanalyse (Bahr-Thermoanalyse GmbH,
Hullhorst, Germany) was used with a three-point configuration with a separation of 40
mm between the two inferior points. The samples were rectangular bars of base glass and
glass-ceramics ∼45 × 4 × 3 mm. The glass-ceramic bars were obtained by uniaxial press
of glass powders followed by thermal treatments at 800 ◦C for 7.5B(Ba) and 750 ◦C for
10B(Sr) up to a maximum time of 100 hours. The measurements were carried out applying
constant loads between 10 and 200 g and a heating rate of 2 ◦C/min [14].
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3. Results and Discussion
3.1. Chemical Analysis

The chemical composition of the glasses was measured first in order to have control
of the concentration of oxide formers and modifiers and then on the melting process. The
second objective was the identification of the possible volatilization of B2O3 due to the high
melting temperature employed and its low thermal stability compared with the alkaline-
earth oxides [23] in these compositions. This oxide considerably improves the adherence of
the sealing glass. Table 1 shows the theoretical and analyzed compositions in mol%. and
weight %.

Table 1. Theoretical and analyzed compositions.

Glass 7.5B(Ba) 10B(Sr)

Component *
Theoretical Analized Theoretical Analized

mol%. wt%. mol%. wt%. mol%. wt%. mol%. wt%.

SiO2 (± 0.3) 47.5 34.6 48.95 35.40 45 39.0 45.77 39.50
MgO (± 0.05) 18 8.8 15.67 7.60 18 10.5 17.03 9.86
BaO (± 0.3 **) 27 50.2 26.93 49.70 - - 0.60 0.27
SrO (± 0.3 **) - - 0.09 0.11 27 40.4 26.41 39.3
B2O3 (± 0.05) 7.5 6.3 7.52 6.30 10 10.1 10.00 10.00
K2O (± 0.03) - - 0.19 0.21 - - 0.16 0.22

Na2O (± 0.05) - - 0.66 0.49 - - 0.20 0.18
CaO (± 0.02) - - - - - - 0.15 0.12

* Deviations for the measurements in wt%. ** Deviations of ±0.03 and 0.02 for BaO and SrO respectively, when in
concentrations lower than 3%.

No relevant changes have been detected in any of the analysed glasses. All the main
components presented a minimum variation of the percentage, except for MgO, whose
percentage diminishes in both glasses with losses of 6 and 14 wt% for the composition of
Sr and Ba, respectively. These losses can be associated with volatilizations of this oxide at
the melting temperature.

On the contrary, no volatilization of B2O3 was observed after the melting process, since
both compositions showed practically the same analysed and theoretical values. There
were several impurities in both compositions of alkaline and alkaline-earth oxides, which
could have come from impurities in the raw materials and small contaminations during
the melting process.

3.2. Sintering Behaviour

Initially, different particle sizes (<40 µm, <63 µm, <80 µm, 80–20 µm and 100–20 µm)
were investigated in order to obtain the optimum densification of the glass-ceramics after
thermal treatment. The highest densification for the glass powder pellets and bars was
obtained with the particle size 80–20 µm for 7.5B(Ba) (treatments at 800 ◦C) and for 10B(Sr)
with the size <63 µm (treatments at 750 ◦C). Relative densities between 0.99 and 0.98 and
contraction in volume between 35 and 39% were obtained. These sizes together with
that <40 µm with an average particle size of 13 µm, from now on designated as fine
powder, were selected to study the sintering kinetics employing different heating rates
using hot-stage microscopy (HSM). The size of this fine powder was optimized for the
sealant application with a dispenser robot, tape casting or screen printing in an SOFC
simulator. The selected particle size distributions are shown in Figure 1 and with detailed
values in Table 2.
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Figure 1. Particle size distribution of the two studied fractions (a) 7.5B(Ba) and (b) 10B(Sr). 

Table 2. Particle sizes of the glass powders (± 0.5 µm). 

Composition Designation D(v,0.1) D(v,0.5) D(v,0.9) 

7.5B(Ba)  
80–20 μm 8.1 44.5 100.6 

Fine 5.3 13.0 38.7 

10B(Sr)  
<63 μm 3.1 22.2 54.2 

Fine 5.3 13.0 56.4 

Three heating rates were used for the study by HSM (2, 5 and 10 °C/min). The rate 
for the start-up and sealing in an SOFC is normally slow since a high rate can produce 
temperature gradients provoking stresses in the materials and leading to cracks and cur-
vatures with the consequent failure of the stack. The more relevant heating rate for a SOFC 
is then 2 °C/min. Figure 2a,b shows the HSM curves (area variation A/A0 as a function of 
temperature) for both compositions 7.5B(Ba) and 10B(Sr), respectively. Table 3 summa-
rizes the characteristic temperatures obtained from these experiments, which include first 
shrinkage (TFS), maximum shrinkage (TMS), softening temperature (TS), half ball (THB) and 
flow (TF) [24].  

In Figure 2a,b, the increase in heating rate gives a delay in the beginning and end of 
sintering as well as the rest of the following processes: softening, half ball and flow. A 
greater particle size produces a similar effect. The values of these temperatures can be 
found in Table 3. An expansion of the samples is observed in the high-temperature region 
due to a foaming phenomenon, which is more remarkable with the smaller particle size. 
This foaming is due to the elimination of gases such as CO2 as described in [10]. It is not 
observed for a particle size of 80–20 μm. This phenomenon makes the determination of 
the softening as well as half-ball temperatures difficult. 

The best densification was obtained for a heating rate of 5 °C/min for both fine pow-
der and 80–20 μm but when pellets are prepared and treated at 800 °C for different times, 
the greater size leads to better relative density around 0.98, and in this way, this particle 
size was used for preparing bulk glass-ceramics pellets and bars for dilatometry and vis-
cosity measurements. 

In the case of 10B(Sr), both particle sizes provide good densification. The best results 
were obtained when pellets were prepared from the particle size <63 microns and treated 

Figure 1. Particle size distribution of the two studied fractions (a) 7.5B(Ba) and (b) 10B(Sr).

Table 2. Particle sizes of the glass powders (± 0.5 µm).

Composition Designation D(v,0.1) D(v,0.5) D(v,0.9)

7.5B(Ba)
80–20 µm 8.1 44.5 100.6

Fine 5.3 13.0 38.7

10B(Sr)
<63 µm 3.1 22.2 54.2

Fine 5.3 13.0 56.4

Three heating rates were used for the study by HSM (2, 5 and 10 ◦C/min). The rate
for the start-up and sealing in an SOFC is normally slow since a high rate can produce
temperature gradients provoking stresses in the materials and leading to cracks and
curvatures with the consequent failure of the stack. The more relevant heating rate for
a SOFC is then 2 ◦C/min. Figure 2a,b shows the HSM curves (area variation A/A0
as a function of temperature) for both compositions 7.5B(Ba) and 10B(Sr), respectively.
Table 3 summarizes the characteristic temperatures obtained from these experiments, which
include first shrinkage (TFS), maximum shrinkage (TMS), softening temperature (TS), half
ball (THB) and flow (TF) [24].

In Figure 2a,b, the increase in heating rate gives a delay in the beginning and end of
sintering as well as the rest of the following processes: softening, half ball and flow. A
greater particle size produces a similar effect. The values of these temperatures can be
found in Table 3. An expansion of the samples is observed in the high-temperature region
due to a foaming phenomenon, which is more remarkable with the smaller particle size.
This foaming is due to the elimination of gases such as CO2 as described in [10]. It is not
observed for a particle size of 80–20 µm. This phenomenon makes the determination of the
softening as well as half-ball temperatures difficult.

The best densification was obtained for a heating rate of 5 ◦C/min for both fine
powder and 80–20 µm but when pellets are prepared and treated at 800 ◦C for different
times, the greater size leads to better relative density around 0.98, and in this way, this
particle size was used for preparing bulk glass-ceramics pellets and bars for dilatometry
and viscosity measurements.

In the case of 10B(Sr), both particle sizes provide good densification. The best results
were obtained when pellets were prepared from the particle size <63 microns and treated at
750 ◦C for different times (heating rate 5 ◦C/min) so this size was used for pellets and bars
preparation. The temperatures of 800 and 750 ◦C for 7.5B(Ba) and10B(Sr) were adjusted to
avoid sample deformation.
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Figure 2. HSM curves for compositions (a) 7.5(Ba) and (b) 10B(Sr).

Table 3. Characteristic temperatures from HSM curves.

Glass Fraction Heating Rate (◦C/min)
TFS ± 10 TMS ± 10 TS ± 10 THB ± 3 TF ± 3

(◦C)

7.5B(Ba)

Fine
2 673 723 778 974 1040
5 694 740 790 990 1049

10 703 752 807 1025 1060

80–20 µm
2 673 729 970 988 1028
5 704 761 995 1003 1090

10 704 765 1000 1007 1102

10B(Sr)

Fine
2 717 754 800 867 1030
5 719 755 810 906 1045

10 734 771 826 921 1086

<63 µm
2 722 756 803 952 1030
5 723 769 811 974 1041

10 735 776 850 1010 1078

3.3. Influence of the Glass Powder Particle Size and the Heating Rate in the DTA Characteristic
Temperatures: Crystallization Mechanism

Figure 3 shows the DTA scans at different heating rates and for the two selected
particle sizes for each composition. As previously mentioned, the very fine powder is the
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one practically used for the sealing application, but other particle sizes 80–20 microns and
<63 were those optimized to obtain glass-ceramic well-densified pieces [14,15].
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Figure 3. DTA curves for (a) 7.5B(Ba) and (b) 10B(Sr) compositions at different heating rates.

The DTA curves provided the characteristic temperatures, which are represented
in Table 4. There is a wide peak of crystallization with two maxima, which indicate the
presence of two crystallization peaks occurring at similar temperatures. For the calcula-
tion of each peak temperature, the signal was adjusted to two Gaussian peaks and the
maximum of each gaussian was taken as the peak temperature, Tp1 and Tp2 in Table 4.
When increasing the heating rate, all the crystallization temperatures shifted to higher
temperatures. The nucleation time decreased with higher heating rates, reducing the nuclei
formation and further crystallization and leading to crystallization peaks appearing at
higher temperatures [25,26].

The particle size had a similar effect on the temperatures, so when increasing the
particle size, the crystallization peaks shifted to higher temperatures.
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Table 4. Characteristic temperatures obtained from the DTA curves.

Glass Particle
Size

Heating Rate
(◦C/min)

Tg ± 7 Tx± 9 Tp1 ± 9 Tp2 ± 9 Tg − Tx

◦C

7.5B(Ba)

Fine

2 630 707 745 786 77
3 632 710 751 803 78
5 634 725 763 807 91

10 640 736 779 831 96
15 645 746 788 843 101
20 645 754 794 850 109
30 647 762 809 864 115
40 649 766 817 873 117

80–20 µm

2 635 711 749 796 76
3 635 721 753 807 86
5 635 729 769 822 94

10 638 738 782 839 100
15 640 748 792 845 108
20 642 757 798 858 115
30 648 765 812 871 117
40 650 772 821 878 122

10B(Sr)

Fine

2 636 725 774 842 88
3 642 730 779 856 88
5 651 746 789 877 95

10 653 748 802 893 95
15 657 758 808 910 100

<63 µm

2 640 734 776 845 94
3 647 743 782 860 97
5 653 750 795 881 98

10 654 755 807 906 101
15 662 763 818 915 102

Another relevant value in Table 4 is the parameter Tx − Tg; this difference indicates
the glass stability versus crystallization. The largest this value, the higher the glass thermal
resistance versus crystallization. This parameter is slightly higher for 10B(Sr), so this
composition will crystallize slower than 7.5B(Ba).

In order to study the crystallization mechanism, the Avrami parameter (n) was calcu-
lated. The calculation has been done in two ways, firstly employing Ozawa equation [17]
and then the Avramov equation [18,19] to confirm the obtained results. Figure 4 shows
Ozawa plots for 7.5B(Ba) glass, and all the fits showed a regression (r2) equal to 0.97 or
higher. Together with the fitted lines, the medium value of n is given with its deviation,
so for both studied sizes n is ~1. No variation of the n parameter with temperature was
observed.
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Figure 4. Determination of the n parameter from Ozawa representation for 7.5B(Ba) glass.

Figure 5 shows the results using the Avramov equation for 7.5B(Ba) glass; all the fits
gave a regression coefficient (r2) equal to 0.96 or higher. The medium value n is indicated
inside the graphs together with its deviation, 1.2 ± 0.2 for the fine powder and 1.0 ± 0.2
for the size 80–20 µm, so for both studied sized n ~ 1. Again, no variation of this parameter
with temperature was observed.

The two employed methods for the calculation of n parameter are similar, although
slightly superior values were obtained from the Avramov method, both can be approached
to n ~ 1 in composition 7.5B(Ba).
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Figure 5. Determination of the n parameter for 7.5B(Ba) glass: Avramov method.

The same procedure was employed for 10B(Sr) composition. The Ozawa plots (figure
not shown) for the fine powder and for <63 µm provided fits with a regression coefficient
(r2) equal to 0.97 or higher. The medium n value was 0.8 ± 0.1 for the fine size and 0.9 ± 0.1
for the size <63 µm, so for both studied sizes, n is ~ 1. Similar to the previous composition,
there was no variation of the n parameter with temperature.

The results obtained by the Avramov method for the glass 10B(Sr) (figure not shown)
provided fits with a regression coefficient (r2) of 0.96 or higher. The average value of n
together with its deviation was 1.2 ± 0.1 for the fine size and 1.3 ± 0.1 for <63 µm, so for
both sizes, n ~ 1 and similarly, no variation of n with temperature was observed.

Again, the two employed methods for the calculation of n parameter lead to similar re-
sults although also slightly higher for the Avrami method. All n values for this composition
are close to 1.

Once the n value was determined, the calculation of the activation energy has been
carried out for the two crystallization peaks, taking into account two hypotheses:

(1) n = m, for which the KTAB equations have been employed.
(2) n 6= m, for which the Marseglia and Matusita equations have been employed, the m

value has been obtained from this last equation.

The results of both hypotheses were applied for the two particle sizes for both compo-
sitions, and results are only shown for the fine size (Figure 6a,b). The values obtained for
the activation energy from the fits of these equations are summarized in Tables 5 and 6.
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Figure 6. Representations of Kissinger, Augis-Bennet and Takhor on the left and representations of 
Marseglia and Matusita on the right for the two crystallization peaks and the fine particle size for 
composition (a) 7.5B(Ba) and (b) 10B (Sr). 
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For both compositions, the m value is approximately 1 for all the studied sizes, so
n ~ m ~ 1. Once the n and m values were obtained, and taking into account that n value
does not change with temperature, the crystallization mechanism can be determined
from Donald´s work [27], concluding that the studied glass powders have a preferential
superficial crystallization mechanism.

Table 5. Activation energies for 7.5B(Ba) glass.

Activation Energy (KJ/mol)

Particle Size

Fine 80–20 µm

Peak 1, Ea1 Peak 2, Ea2 Peak 1, Ea1 Peak 2, Ea2

Kissinger 364 ± 12 335 ± 13 365 ± 14 358 ± 11
Takhor 381 ± 12 353 ± 13 383 ± 14 377 ± 11

Augis-Bennett 372 ± 12 344 ± 13 374 ± 14 367 ± 11
Marseglia 372 ± 12 344 ± 13 374 ± 14 367 ± 11

Matusita (m) 0.98 0.97 0.98 0.97
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Table 6. Activation energies for 10B(Sr) glass.

Activation Energy (KJ/mol)

Particle Size

Fine <63 µm

Peak 1, Ea1 Peak 2, Ea2 Peak 1, Ea1 Peak 2, Ea2

Kissinger 523 ± 20 312 ± 20 439 ± 22 290 ± 16
Takhor 541 ± 20 331 ± 20 456 ± 22 309 ± 16

Augis-Bennett 532 ± 20 322 ± 20 447 ± 22 299 ± 16
Marseglia 532 ± 20 322 ± 20 447 ± 22 299 ± 16

Matusita (m) 0.98 0.97 0.98 0.97

The KTAB equations are valid in this case, since n ~ m ~ 1. The obtained values for
7.5B(Ba) do not show a large dependence of the activation energy with the particle size,
although the size 80–20 µm shows slightly higher values in the second crystallization peak
and practically equal for the first peak. Both peaks present similar activation energies for
the two particle sizes; this is because they are very close in temperature. The barium glass
(55(Ba)) (without boron) presents activation energies of 464 KJ/mol [28] about 100 KJ/mol
more than the energy calculated for the 7.5B(Ba) composition, so the addition of B2O3
significantly reduces the crystallization activation energy.

Similarly, KTAB equations are valid for 10B(Sr) glass, since n ~ m ~ 1. The obtained
values show a larger dependence of the activation energy with the particle size for the first
peak. Similar values in the activation energy of the second peak were obtained for both
sizes. The activation energy difference between the two peaks is higher due to their larger
difference in temperature.

The two studied compositions undergo a surface crystallization mechanism, and the
activation energy of the barium compositions is similar in both peaks and around 350
KJ/mol, while the activation energy for the strontium one is between 540–440 KJ/mol for
the first crystallization peak and around 300 KJ/mol for the second one. These data are in
agreement with a lower tendency for crystallization of the strontium glass.

3.4. Thermal Expansion

The study of the crystallization kinetics revealed a crystallization rate higher for the
fine sizes, but the final crystalline phases after long thermal treatments (from 24 to 1500
hours) are the same employing a different particle size. The study of the evolution of the
crystalline phases with the thermal treatment showed a stabilization of the main phases
after 100h in both compositions. All the details of crystalline phases present and final mi-
crostructures were previously reported in [14,15]. The predominant crystalline phases were
BaSi2O5 (BS2), BaMg2Si2O7 (BM2S2), Ba5Si8O21 (B5S8), Ba2Si3O8 (B2S3) and Ba3B6Si2O16
(B3B6S2) for composition 7.5B(Ba) and SrMgSi2O6 (SMS2), SiO2, SrSiO3 (SS) and SrB2Si2O8
(SB2S2) for composition 10B(Sr). The glass-ceramics microstructure investigated showed a
low degree of crystallization for glass-ceramic 10B(Sr) with 24h of thermal treatment but
much higher for 7.5B(Ba).

Figure 7a,b shows the dilatometric curves for 7.5B(Ba) and 10B(Sr) glass-ceramics as a
function of the thermal treatment. The dilatometric values obtained are summarized in
Table 7 together with the values for the starting glasses and the TEC of the interconnect
and electrolyte.
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Table 7. Thermal expansion coefficient of the studied glass-ceramics.

TEC 200–500 ◦C ± 0.5
(10−6 K−1) 7.5B(Ba) 10B(Sr)

Glass 9.7 9.2
24 h 12.4 9.2

100 h 11.0 9.0
300 h 9.7 9.0
800 h 10.4 9.1

1500 h 10.1 9.5

Crofer22APU 11.2
Crofer22H 11.2

8YSZ [22] 10.5 (25–1000 ◦C)

The TECs of 7.5B(Ba) and 10B(Sr) base glasses are 9.7·10−6 K−1 and 9.2·10−6 K−1,
respectively, and both values fit well the 8YSZ TEC (10.5·10−6 K−6) [29] and are very close
to those of Crofer22APU and Crofer22H (typical interconnect materials) with a value of
11.2·10−6 K−1. The composition 7.5B(Ba) showed an increase of TEC after 24 h and 100 h of
thermal treatment with values of 12.4 and 11·10−6 K−1, respectively. After 24 h, the main
crystalline phase in the glass-ceramic is BaSi2O5 with a high TEC (12.9·10−6 K−1 between
100–800 ◦C) [30]. There is an increase in BaMg2Si2O7 (TEC = 10.0·10−6 K−1 between 100–
600 ◦C) [31] from increasing the treatment time, and new phases appear, albeit in a lower
amount, such as Ba5Si8O21 (TEC = 14.5·10−6 K−1 between 100–800 ◦C) and Ba2Si3O8 (TEC
= 13.2·10−6 K−1 between 100–800 ◦C) [31]. Despite the fact that the same crystalline phases
were formed after 100 h exposure, their ratio still changed, as did the TEC. The decrease
in TEC after 100 and 300 h is attributed to a greater presence BaMg2Si2O7 phase. After
300 h of thermal treatment, the TEC remained constant up to 1500 h, so the boron phase
Ba3B6Si2O16 precipitating at 800 h seems not to affect TEC, since it is in less proportion in
comparison to the other phases. The glass-ceramics softening after 24 and 100 h of thermal
treatment occurring at high temperature in Figure 7a is due to the presence of residual
glassy phase.

Crystals 2021, 11, x FOR PEER REVIEW 12 of 17 
 

 

800 h 10.4 9.1 
1500 h 10.1 9.5 

Crofer22APU 11.2 
Crofer22H 11.2 
8YSZ [22] 10.5 (25–1000 °C) 

The TECs of 7.5B(Ba) and 10B(Sr) base glasses are 9.7∙10−6 K−1 and 9.2∙10−6 K−1, respec-
tively, and both values fit well the 8YSZ TEC (10.5∙10−6 K−6) [29] and are very close to those 
of Crofer22APU and Crofer22H (typical interconnect materials) with a value of 11.2∙10−6 

K−1. The composition 7.5B(Ba) showed an increase of TEC after 24 h and 100 h of thermal 
treatment with values of 12.4 and 11∙10−6 K−1, respectively. After 24 h, the main crystalline 
phase in the glass-ceramic is BaSi2O5 with a high TEC (12.9∙10−6 K−1 between 100–800 °C) 
[30]. There is an increase in BaMg2Si2O7 (TEC = 10.0∙10−6 K−1 between 100–600 °C) [31] from 
increasing the treatment time, and new phases appear, albeit in a lower amount, such as 
Ba5Si8O21 (TEC = 14.5∙10−6 K−1 between 100–800 °C) and Ba2Si3O8 (TEC = 13.2∙10−6 K−1 be-
tween 100–800 °C) [31]. Despite the fact that the same crystalline phases were formed after 
100 h exposure, their ratio still changed, as did the TEC. The decrease in TEC after 100 and 
300 h is attributed to a greater presence BaMg2Si2O7 phase. After 300 h of thermal treat-
ment, the TEC remained constant up to 1500 h, so the boron phase Ba3B6Si2O16 precipitat-
ing at 800 h seems not to affect TEC, since it is in less proportion in comparison to the 
other phases. The glass-ceramics softening after 24 and 100 h of thermal treatment occur-
ring at high temperature in Figure 7a is due to the presence of residual glassy phase. 

0 100 200 300 400 500 600 700 800

0.000

0.002

0.004

0.006

0.008

0.010
 7.5B(Ba) Glass
 24h
 100h
 300h
 800h
 1500h
 Crofer22APU
 Crofer22H

dL
/L

o

T (ºC)

(a)

 

 

 
 Figure 7. Cont.



Crystals 2021, 11, 737 13 of 17

Crystals 2021, 11, x FOR PEER REVIEW 13 of 17 
 

 

0 100 200 300 400 500 600 700 800

0.000

0.002

0.004

0.006

0.008

0.010
 10B(Sr) Glass
 24h
 100h
 300h
 800h
 1500h
 Crofer22APU
 Crofer22H

dL
/L

o

T (ºC)

(b)

 

 

 
 

Figure 7. Thermal expansion of the original glasses and glass-ceramics (a) 7.5B (Ba) treated at 800 
°C and (b) 10B (Sr) treated at 750 °C at different times. 

The 10B(Sr) glass-ceramics behave differently because thermal expansion seems not 
to be so much affected by crystallization; the TEC value keeps practically constant from 
the glass to the glass-ceramic with 1500 h of thermal treatment. As previously mentioned, 
the XRD characterization was published in [14,15]. The only thermal expansion data 
found in the literature correspond to the SrSiO3 phase (TEC = 11.2∙10−6 K−1 between 100–
800 °C) [32]. In spite of the high TEC of the SrSiO3 phase, the global value of the glass-
ceramic is similar to that of the starting glass, so the rest of the phases could present TECs 
that do not differ much from that of the glass. The softening after 24 and 100 h of thermal 
treatment (Figure 7b) is again attributed to the presence of the residual glass, which is 
especially relevant in the glass-ceramic of 24 h, also observed in the corresponding micro-
structure [14]. 

3.5. Glass-Ceramics Viscosity 
The increase in viscosity of the glass-ceramics with respect to the starting glass is a 

key issue, since the seal must acquire a certain mechanical stability for the suitable perfor-
mance of the stack. The evolution of viscosity of the glass-ceramics at high temperature as 
a function of the crystallization degree has been studied by the “beam-bending” method. 

The thermal treatment temperature chosen for the 7.5B(Ba) composition was 800 °C, 
and the starting glass shows a viscosity of log η ~ 6.8 dPa.s at this temperature [15]. For 
the composition 10B(Sr), the chosen temperature for the thermal aging was 750 °C, and 
the starting glass has a viscosity of log η ~ 8.6 dPa.s at this temperature [15].  

Glass-ceramic bars treated at 800 °C for 7.5B(Ba) (Figure 8) and 750 °C for 10B(Sr) 
(Figure 9) during different times were employed for the viscosity measurement. In both 
cases, the glass-ceramics viscosity has been compared with the starting glass viscosity de-
termined with the same technique.  

In the case of 7.5B(Ba), the evolution of viscosity undergoes an important increase 
after 10 minutes of thermal treatment. This composition behaves as a rapid crystallizing 
glass. The increase in viscosity within the thermal treatment time takes place gradually, 
presenting the higher value after 100 h. Due to this high increase in viscosity, it is difficult 
to compare the viscosity values between the glass-ceramics and the starting glass, so the 
temperatures at which a viscosity of log η = 10.5 dPa.s is reached are calculated. The start-
ing glass shows this viscosity at 690 °C, and the glass-ceramics treated during 10 minutes, 

Figure 7. Thermal expansion of the original glasses and glass-ceramics (a) 7.5B(Ba) treated at 800 ◦C
and (b) 10B(Sr) treated at 750 ◦C at different times.

The 10B(Sr) glass-ceramics behave differently because thermal expansion seems not
to be so much affected by crystallization; the TEC value keeps practically constant from
the glass to the glass-ceramic with 1500 h of thermal treatment. As previously mentioned,
the XRD characterization was published in [14,15]. The only thermal expansion data
found in the literature correspond to the SrSiO3 phase (TEC = 11.2·10−6 K−1 between
100–800 ◦C) [32]. In spite of the high TEC of the SrSiO3 phase, the global value of the
glass-ceramic is similar to that of the starting glass, so the rest of the phases could present
TECs that do not differ much from that of the glass. The softening after 24 and 100 h
of thermal treatment (Figure 7b) is again attributed to the presence of the residual glass,
which is especially relevant in the glass-ceramic of 24 h, also observed in the corresponding
microstructure [14].

3.5. Glass-Ceramics Viscosity

The increase in viscosity of the glass-ceramics with respect to the starting glass is a key
issue, since the seal must acquire a certain mechanical stability for the suitable performance
of the stack. The evolution of viscosity of the glass-ceramics at high temperature as a
function of the crystallization degree has been studied by the “beam-bending” method.

The thermal treatment temperature chosen for the 7.5B(Ba) composition was 800 ◦C,
and the starting glass shows a viscosity of log η ~ 6.8 dPa.s at this temperature [15]. For the
composition 10B(Sr), the chosen temperature for the thermal aging was 750 ◦C, and the
starting glass has a viscosity of log η ~ 8.6 dPa.s at this temperature [15].

Glass-ceramic bars treated at 800 ◦C for 7.5B(Ba) (Figure 8) and 750 ◦C for 10B(Sr)
(Figure 9) during different times were employed for the viscosity measurement. In both
cases, the glass-ceramics viscosity has been compared with the starting glass viscosity
determined with the same technique.

In the case of 7.5B(Ba), the evolution of viscosity undergoes an important increase after
10 min of thermal treatment. This composition behaves as a rapid crystallizing glass. The
increase in viscosity within the thermal treatment time takes place gradually, presenting
the higher value after 100 h. Due to this high increase in viscosity, it is difficult to compare
the viscosity values between the glass-ceramics and the starting glass, so the temperatures
at which a viscosity of log η = 10.5 dPa.s is reached are calculated. The starting glass
shows this viscosity at 690 ◦C, and the glass-ceramics treated during 10 min, 1 h, 10 h,
24 h and 100 h of thermal treatment have this viscosity at 901, 905, 909, 923 and 925 ◦C,
respectively. An increase in temperature of ~ 200 ◦C between the glass and the glass-
ceramic within 10 min of thermal treatment and other smaller increases of temperature of
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10–15 ◦C between 10 h and 24 h took place. Finally, the viscosity values seemed to stabilize
after 100 h, coinciding with the stabilization of the crystallized barium silicate phases.
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temperature 750 ◦C.

The viscosity evolution with the treatment time is slower for 10B(Sr) with respect to
7.5B(Ba). The viscosity of the glass and the glass-ceramic after 24 h of treatment shows
similar values at low temperature; this is due to the low crystalline fraction of the 24 h
glass-ceramic. The high increase in viscosity occurs between 24 and 30 h of thermal
treatment. The glass-ceramics at 30 and 100 h show similar viscosity values, probably due
to a stabilization of the crystalline phases as observed by XRD [14,15].

In order to check the viscosity values, the same process was used for the 10B(Sr)
composition. The base glass presents a viscosity of log η ~ 11 at 697 ◦C, and the glass-
ceramics with 24, 30 and 100 h of thermal treatment had this viscosity value at 709, 891 and
898 ◦C, respectively. Again, there was an increase of temperature of ~ 200 ◦C between the
glass and the glass-ceramic with 30 h of thermal treatment, which shows a strong increase
in viscosity. Then, the values stabilized after 100 h of treatment.

The viscosity requirements at the operation temperature of the cell (> 109 dPa.s) are
satisfied for both compositions. For the composition 7.5B(Ba), this viscosity was reached
very quickly, but for 10B(Sr), an additional treatment time is necessary between 24 and 30 h
to acquire the suitable viscosity.

The fast crystallization behaviour of the 7.5B(Ba) requires practical sealing tempera-
tures of 1000 ◦C in order to get a good gas-tight seal with the SOFC interconnect materials
Crofer22APU or Crofer22H; nevertheless, this is possible at lower temperatures (850 ◦C)
with the 10B(Sr) composition [15].

4. Conclusions

The present article describes the influence of the glass powder particle size in the
sintering/crystallization of two glass-ceramic compositions suitable for sealing SOFC, the
crystallization mechanisms and the evolution of thermal expansion and viscosity due to
crystallization during the sealing process.

The chemical analysis of the as-melted glasses shows that there is no volatilization
of boron oxide during the calcination and melting. The glass-ceramics obtained after
the optimization of the particle sizes and heating rate of both compositions presented
relative densities around 0.98. These excellent densifications favour suitable gas-tightness
properties of the seals.
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The values of the Avrami parameter (n) are close to n ~ 1 for all studied compositions
and sizes. Both methods for the determination of the n parameter, i.e., Ozawa and Avramov,
provide similar values. Moreover, it was observed that this parameter does not significa-
tively vary with temperature in any case. Both compositions showed a preferential surface
crystallization mechanism independently of the particle size. The glass 10B(Sr) shows
slightly less tendency versus crystallization, presenting activating energies of 540–300
KJ/mol, slightly higher than those of 7.5B(Ba) around 350 KJ/mol.

The evolution of the TEC with the degree of crystallization was kept between 9–
12·10−6 K−1; these values are suitable for sealing the SOFC interconnect and electrolyte.
This property did not change for 10B(Sr) and kept practically constant up to the maximum
thermal treatment time of 1500 h. There was an increase in TEC for 7.5B(Ba) at short
treatment times, but it stabilized from 300 h keeping its value up to 1500 h.

The glass-ceramics viscosity showed values superior to log η = 9 dPa.s, in agreement
with the viscosity requirements for the stack at the operation temperature of 750–800 ◦C.
Composition 7.5B(Ba) behaves as a fast-crystallizing glass acquiring a high viscosity just
only after 1h of thermal treatment. On the contrary, 10B(Sr) requires an additional time
between 24 and 30 h to acquire the suitable viscosity. The slower crystallization rate of
10B(Sr) results in good joining with the interconnect steel before the glass starts to crystallize
and increases its viscosity. This avoids an excessive sealing temperature and offers better
compatibility with the start up and working temperature of a SOFC (750–850 ◦C).
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