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Abstract  16 

The objective of this paper is to illustrate a variety of studies carried out to improve the quality of 17 
some particular glass-ceramic joining materials for SOFC based on measured properties such as gas-18 
tightness and mechanical resistance. First, the sealing conditions have been optimized for the two 19 
selected compositions in the system MgO-BaO/SrO-B2O3-SiO2. Once the joining materials have been 20 
optimized, the gas-tightness has been measured as a function of the glass-ceramic crystallization 21 
degree, its thermal cycling behaviour and the influence of a reducing atmosphere on this property. 22 
The electrical resistance at high temperature has also been studied. Subsequently, the chemical 23 
compatibility of the joints steel/glass-ceramic has been evaluated by means of the analysis of the 24 
cross-sections using SEM and EDX. Furthermore, the stability of the joints has also been studied as a 25 
function of the crystallization degree, the resistance versus thermal cycling and the influence of a 26 
reducing atmosphere. Finally, the mechanical resistance of the joints regarding flexural loading has 27 
been characterized employing a 4-point bending method at room temperature and at relevant high 28 
temperatures varying the seal thickness. Overall, the results verify that the developed and tested 29 
materials are promising for long term stable SOFC and SOEC application in advanced stack designs 30 
aiding prolonged lifetime under thermal-cyclic conditions. 31 

 32 

1 Introduction 33 

The processing of the sealant material is a key issue that influences the quality of the joint between 34 
the SOFC stack components and the glass-ceramic sealant [1]. A poor gas-tightness will affect the 35 
stack performance negatively and will contribute to its degradation [2]. A good processing control 36 
will also affect the long term resistance and stability of the joints within the environment of the 37 
coexisting oxidizing and reducing atmospheres of the cell [3]. If the glass does not provide a good 38 
sealing ability, there will be areas of easy access for the gases in the joints seal/interconnect and 39 
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seal/electrolyte interfaces, which will favour interfaces degradation and as a consequence deteriorate 40 
the joint through the formation of undesirable corrosion products [4,5]. Additionally, the seal itself 41 
and also its joints with the stack components must withstand different mechanical stresses resulting 42 
from the planar configuration and its modular character, including both compressive and tensile 43 
stresses [6]. Another important quality is that the seals must work as electrical insulators between the 44 
repetition units. As a consequence, not only the seals have to be electrical isolators but also it must 45 
join well with the stack materials [2]. The adhesion of a glass correlates with its viscosity at joining 46 
temperature tolerable for the SOFC components. In parallel, interfacial reactions between glass seal 47 
and the components are governed by their thermodynamic equilibrium at the specific temperature as 48 
well. Thus the joining process influences inevitably various specifics of the glass sealant. 49 

The measurement of the mechanical properties of the steel/glass-ceramics joints is difficult since the 50 
results are highly influenced by the configuration of the test and the size of the samples, in such a 51 
way that components of other forces (not only the one subject of the measurement, i.e. additional 52 
unwanted bending) can influence the measurement [7,8,9]. Although there are many papers in the 53 
literature that report on mechanical properties, the comparison of results turns out to be complicated 54 
due to this problem. 55 

In order to compare results regarding joint strengths, it is necessary to separate the results with 56 
respect to the type of test and the applied force types. As a consequence, the tensile tests provide 57 
values around 0.5-18.2 MPa (average values for different sealants) when they are measured at room 58 
temperature [10], the higher value corresponds to the glass-ceramic V1649 based on the SrO-La3O3-59 
B2O3 glass system developed by the company 3M [11].Values increase from 16.7 MPa when the 60 
measurements were carried out in air up to 31.3 MPa when measured in wet H2 as reported for the 61 
glass-ceramic GC-9 measured at room temperature, a glass-ceramic based on the BaO-CaO-La2O3-62 
ZrO2-Al2O3-B2O3-SiO2 glass system [12, 13]. In fact, the values decrease when the property is 63 
measured at an application relevant higher temperature, the highest obtained value is 16.5 MPa at 64 
700ºC for the glass-ceramic GC-18 [14] and 11.9 MPa at 800ºC for the glass-ceramic GC-9 measured 65 
in wet H2. The thermal aging at high temperature of the last glass-ceramic appears to increase the 66 
traction resistance values. 67 

The results corresponding to the shear strength obtained at room temperature give values between 68 
0.9-47.1 MPa [14]. The glass-ceramic GC-18 based on the BaO-CaO-Al2O3-SiO2-B2O3 (BCASB) 69 
system yields the higher values measured in this torsion test. This glass-ceramic also provides higher 70 
values at high temperature [14]. The glass-ceramic GC9 displays an increase of the shear resistance 71 
with thermal aging time of the sealant material (800 ºC/1000 h) [13]. 72 

Finally, values obtained by 4-point flexural tests at room temperature range between 22 and 55 MPa 73 
[10]. The glass-ceramic H reinforced with silver particles provides here the higher value [15]. 74 
Nevertheless, a glass-ceramic abbreviated type B provides the reported best value of 30 MPa at a 75 
relevant high temperature for this application [16, 17]. In general, thermal treatment time improves 76 
also the results regarding flexural strength at both room and high temperature [10]. 77 

The objective of this paper is to illustrate a variety of studies carried out to improve the quality of 78 
some particular glass-ceramic joining materials for SOFC based on measured properties. First, the 79 
sealing conditions have been optimized for two selected compositions in the system MgO-BaO/SrO-80 
B2O3-SiO2. Once the joining materials have been optimized, the gas-tightness is measured as a 81 
function of the glass-ceramic crystallization degree, its thermal cycling behaviour and the influence 82 
of a reducing atmosphere on this property. The electrical resistance at high temperature has also been 83 
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studied. Subsequently the chemical compatibility of the joints steel/glass-ceramic has been evaluated 84 
by means the analysis of the cross-sections using SEM and EDX. Furthermore, the stability of the 85 
joints has also been studied as a function of the crystallization degree, the resistance versus thermal 86 
cycling and the influence of a reducing atmosphere. 87 

Finally, the mechanical resistance of the joints regarding flexural loading has been characterized 88 
employing a 4-point bending method at room temperature and at relevant high temperatures varying 89 
the seal thickness.  90 

2 Experimental procedure 91 

2.1 Materials preparation and thermal and structural characterization 92 

Two glass-ceramic compositions within the BaO/SrO-MgO-B2O3-SiO2 system were studied in this 93 
work. The first composition is based on BaO (27BaO·18MgO·7.5B2O3·47.5SiO2, mol%.) and the 94 
second is based on SrO (27SrO·18MgO·10B2O3·45SiO2 mol%.), named 7.5B(Ba) and 10B(Sr), 95 
respectively. Melting details for these two glass compositions have been reported previously in [18].    96 

The dilatometric, thermal and some mechanical properties of these glasses and corresponding glass-97 
ceramics can also be found in [18]. The glasses have been milled in acetone, using agate balls and 98 
jars in a planetary mill. Glass powders with a particle size D(v,0.5) = 13 µm, have been employed in 99 
the sealing tests. 100 

The viscosity-temperature curves of the glasses were measured combining a rotation method for low 101 
viscosity ( <104 dPas) and a beam bending method for high viscosities ( : 1013-109 dPa s). The 102 
viscosity of glass-ceramic samples was measured by beam bending and the parallel plate methods. 103 

The viscosity at high temperature was measured with a Haake viscometer with a sensor E1700 104 
according to the ISO 7884-2 standard [19]. The beam bending viscometer was a VIS401 (Bahr 105 
Thermoanalyse) in a 3 points configuration with a separation of 40 mm between the two inferior 106 
points. The samples characterized by this technique were rectangular bars of base glass and glass-107 
ceramics with dimensions ~45 mm x 4 mm x 3 mm. The glass-ceramic bars were obtained by 108 
uniaxial press of glass powders and thermal treatment during 24 and 100 hours at 800ºC for the 109 
composition 7.5B(Ba) and 750ºC for the composition 10B(Sr). The measurements were carried out 110 
applying constant loads between 10 and 200 g employing heating ramps of 2ºC/min from room 111 
temperature to the deformation temperature. 112 

X-ray diffraction experiments were carried out using a Rigaku diffractometer, model Ultima IV 113 
(Tokio, Japan) equipped with a furnace and monochromatic =1.5418 Å). The scan 114 
was 10-70º (2 ) with a step of 0.02º. The samples were heated employing a heating rate of 2ºC/min at 115 
different temperatures between 40 and 1000ºC depending on the composition and experiment. The 116 
diffractograms were acquired at different rates 7, 2 or 0.5º/min. At intermediate temperatures, the 117 
temperature was stabilized for 15 min before starting the XRD scan and it was kept constant to the 118 
end of the experiment. The following thermal treatment was employed for powders of composition 119 
7.5B(Ba): from room temperature up to 1000ºC during 10 minutes and cooling up to 800ºC and 120 
stabilization for 24 hours. The following thermal treatment was employed for powders of 121 
composition 10B(Sr): from room temperature to 850ºC and stabilization for 10 hours.  122 

 123 
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2.2 Sealing experiments 124 

The application of the glass powder has been performed employing three different techniques: paste 125 
technology by hand, using a dispenser robot and screen printing. 126 

2.2.1 Sealing substrates 127 

The seal is in direct contact with the electrolyte of the half cell (electrolyte/anode) and the 128 
interconnect material. As interconnect material, two types of steel were employed Crorfer22APU and 129 
Crofer22H (ThyssenKrupp AG). These steels have been specially designed for its use as 130 
interconnects for IT-SOFC. Different thicknesses and shapes were used depending on the properties 131 
to be measured. The substrates were cleaned before the application of the glasses with ethanol in an 132 
ultrasounds bath for 5 minutes. The compositional details and some properties of the steels 133 
Crofer22H and Crofer22APU can be found in [20,21]. The steel Crofer22H developed on the basis of 134 
Crofer22APU shows better resistance against corrosion and less Cr evaporation, which reduces the 135 
cathode contamination. 136 

2.2.2 Robot dispenser 137 

For robot dispensing with a syringe, a binder containing 5% Ethylcellulose dissolved in -Terpineole 138 
was prepared.  A paste was obtained by mixing 82 wt.% of glass and 18 wt.% of binder solution. The 139 
paste was manually mixed, homogenized and dispersed by ultrasound in order to avoid the formation 140 
of agglomerates. The glass paste application was carried out with a x-y-robot dispenser. The samples 141 
for the gas-tightness measurement and electrical resistance tests of the seals were prepared by this 142 
technique. Two Crofer22APU steel square substrates of 50 mm x 50 mm and 2 mm thickness, one of 143 
them with a hollow of 10 mm of diameter was used to allow the gas diffusion in the sample interior 144 
(dual atmosphere exposition). Two layers were deposited in order to apply a total mass of 1 g, 145 
between layer applications; the glass paste was dried in a heat chamber at 55ºC. Zirconia spacers of 146 
180 µm were used in order to maintain a minimum seal thickness.  147 

2.2.3 Screen printing 148 

This technique of seal application was employed due to its high speed and the possibility to apply the 149 
glass paste in defined areas with a certain thickness in a single step. The pastes employed with these 150 
processing techniques are slightly less viscous [22] and contain a bigger proportion of binder 151 
solution. Moreover, the binder solution contains more diverse mixture of organic additives than the 152 
paste employed for the dispenser robot, between them: butyl glycolate, Mowital and Hypermer. The 153 
conditions of viscosity and content in binder employed were previously optimized for the sealant 154 
application in large stacks [23]. This technique was employed to get samples for the determination of 155 
the mechanical properties of the joints [15]. The steel substrates were bars of Crofer22APU of 25 156 
mm x 6 mm x 4 mm, for the determination of the fracture strength by means of bending tests. 157 

The steel substrates are fixed by means of a magnetic table in order to prevent their movement. The 158 
paste is deposited on a net of certain thickness and geometry, which allows the positioning of the 159 
paste in the desired areas when pressure is applied.  160 

After the process, the samples are dried during 12 hours in a stove (55ºC). The bars were sealed 161 
together with the aid of a joining jig designed for this purpose.  162 
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2.2.4 Sealing 163 

The sealing process was adjusted for each of the studied compositions. In all cases, a dead load was 164 
applied in order to increase the contact between the samples to be sealed. Glass composition 165 
7.5B(Ba) was heated up to 1000ºC (2ºC/min), stabilization at this temperature for 10 minutes, then 166 
cooling down up to 850ºC, stabilization at this temperature for 10 hours and then cooling up to room 167 
temperature at 2ºC/min. For glass composition 10B(Sr), the heating is only up to 850ºC and 168 
stabilization at this temperature also for 10 hours. In both cases, there was intermediate step at 350ºC 169 
for 30 minutes to burn out all the organic components being present in the glass pastes. 170 

Some samples were thermally cycled to evaluate the influence of this treatment on the microstructure 171 
of the sealant and to evaluate some properties after annealing. The cycling program consisted of 172 
heating up to 750ºC (10ºC/min) and stabilization for 5 hours and cooling down to room temperature 173 
at a rate of 1ºC/min with a total number of 50 cycles.  174 

2.3 Gas-tightness measurements 175 

The gas-tightness was measured for sandwich samples Crofer22APU/glass-ceramic 176 
seal/Crofer22APU and Crofer22H/glass-ceramic/Crofer22H with a hollow of 10 mm of diameter in 177 
one of the steel plates which allowed the passage of gases to the samples  interior. The detection 178 
equipment was a helium leakages detector UL200 (Inficon) employing a difference of pressure of 1 179 
bar [9, 24]. 180 

The influence of the degree of crystallization on the gas-tightness property was also determined. The 181 
selected thermal treatments were 24, 100, 300 and 800 hours, respectively, at 800ºC. The gas-182 
tightness of the joints was measured after these thermal treatments at room temperature. The 183 
influence of the thermal cycling (again 50 cycles) was also assessed. 184 

In order to study the influence of a reducing atmosphere on this property and on joints with a certain 185 
degree of crystallization (24 and 100 hours at 800ºC), a thermal treatment was carried out of 100 186 
hours at 800ºC in a 4% H2 in Ar atmosphere. 187 

2.4 Electrical resistance at high temperature 188 

The electrical resistance was determined using the gas-tightness test sandwich samples. The 189 
measurements were carried out via four points testing of the sealing using 4 platinum wires [25]. The 190 
resistance of the samples at room temperature was higher than 2 G . The measurements were carried 191 
out up to 850ºC employing a heating ramp of 2ºC/min and applying a potential difference of 5 V. The 192 
measurements were carried out in a resistive electrical furnace which apply the potential difference to 193 
the sample through a transformer and measure the resistance [9]. The electrical resistance 194 
measurements were carried out using sandwich samples of 7.5B(Ba) and 10B(Sr). 195 

2.5 Chemical compatibility of the seals 196 

The chemical compatibility of the sealant materials was assessed from microscopic investigations of 197 
transversal section of the joints employing electron microscopy and EDS chemical analysis. Samples 198 
were thermally treated up to 800 hours at 800ºC before characterization, followed by thermal cycles 199 



 
6 

and treatment in reductant atmosphere, in the end evaluating sealant interphases and glass-ceramic 200 
microstructure. 201 

Several electron microscopes as well as optical microscopes were employed for the investigation of 202 
the samples  microstructure. A table SEM model TM-100 (Hitachi) was employed for the 203 
investigation of the fracture surfaces and for obtaining images at low magnification. A FE-SEM 204 
model Mira3 (Tescan) with a coupled X-ray fluorescence spectrometer for disperse energy (EDX) 205 
Silicon Drif Detector (SDD)-X-MaxN from Oxford Instruments was used for the observations at high 206 
magnification. A SE Cambridge Stereoscan 360 with EDX spectrometer from Oxford Instruments 207 
was also used. 208 

2.6 Fracture strength of the joints 209 

The fracture strength of the sealed steel bars according to the procedure described in 2.2.3 was 210 
measured using a four-point bending configuration. The procedure described in DIN EN 843-2:2007-211 
03 [26] was followed. The separation between the inferior supports was 40 mm and superior 20 mm. 212 
The displacement scan was 0.01 mm/min. The tests were carried out employing an Instron 1362 tests 213 
machine with a load cell of 1.5 kN (Interface 1210 BLR) and a coupled tubular furnace. The 214 
displacement was recorded with a ceramic bar coupled to a linear variation differential transformer 215 
Sangamo, LVDT, precision 1.25 µm). The heating rate was 2ºC/min employing a preload of ~ 2 N. 216 
These measurements were carried out at room and high temperature, where an alumina support was 217 
employed. 218 

3 Results and discussion 219 

3.1 Dilatometric properties and viscosity of the glasses 220 

The dilatometric properties of the selected compositions have been reported already in [18]. The Tg 221 
of 7.5B(Ba) glass is 655ºC and 675ºC for 10B(Sr). Figure 1 shows the experimental viscosity data 222 
points adjusted with equations VFT and MYEGA [27]. Both equations provide a good fit. At the 223 
sealing temperatures of 800-950ºC, both compositions possess viscosities between 104-107 dPa·s, so 224 
a good bonding with the cell components can be expected. The maximal sealing temperature for 225 
SOFCs is debatable due to the oxidation and creep behavior of the ferritic stainless steels used as 226 
stack parts [28]. Joining tests with reactive air brazes have been carried out up to 1050°C with a 227 
dwell time of 30 min, which can be seen as a limiting boundary condition for the sealing process 228 
development [29].  229 

3.2 Sealing stability and gas-tightness 230 

A dispenser robot was used to apply the glass sealant on Crofer22APU steel plates and hence to 231 
obtain gastight joints, according to the description 2.2.2. The sealing program, gas-tightness values, 232 
final thickness of the seal and glass viscosity are summarized in Table 1. 233 

The glass composition 10B(Sr) revealed an excellent gas-tightness of 10-9 mbar·l /s, even superior to 234 
the gas-tightness requirements for such -7 mbar·l /s per cm of union) [30]. The final 235 
thickness of the sealants is ~ 215 µm, which fits the desired thickness range in stacks of 236 
Forschungszentrum Jülich (between 200 and 250 µm) [31] On the contrary, the composition 237 
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7.5B(Ba) provides a rather low gas-tightness 10-4 mbar·l /s and a higher thickness of ~ 430 µm. This 238 
composition possesses a larger sealant thickness due to its higher crystallization rate and hence 239 
higher viscosity. The viscosities reached during the sealing process which are presented in Table 1, 240 
reveal a good wettability of the substrate since for a good joining the glass must present viscosities in 241 
the 104  107  [3]. The 242 
but the fast crystallization at this temperature leads to an increase of viscosity when increasing the 243 
crystalline fraction [32] and as a consequence there is a limited wettability of the substrate and a 244 
higher seal thickness that leads to a poor gas-tightness.   245 

In order to improve the gas-tightness of composition 7.5B(Ba), different sealing programs were 246 
employed, using also higher temperatures and loads to enhance the softening and wettability on the 247 
steel, favouring the sealing kinetics. The experiments are also summarized in Table 1. Increasing the 248 
sealing temperature and the applied load improves the gas-tightness significantly. The sealing at 249 
950°C with a load of 1200 g improves the leakage rate by two orders of magnitude (10-6 mbar·l/s), 250 
but this apparent gas-tightness is still below the requirements.  251 

The experiments described in the following focused more on the increase of the temperature but for a 252 
short joining time (10 min) since above 1000°C the steel softens significantly. An additional 253 
treatment at 850°C provides then a seal with higher crystallization degree and so enough mechanical 254 
stability at high temperature is expected. The gas-tightness reaches 10-7 and 10-10 mbar·l/s at 1000 255 
and 1050°C, respectively. In these cases, the gas-tightness values improve 3 and 6 orders of 256 
magnitude, respectively, fulfilling the gas- -7 mbar·l/s). In spite of the 257 
excellent gas-tightness values obtained at 1050°C, the temperature of 1000°C was chosen for sealing 258 
due to the high chromium diffusion from the steal to the glass-ceramic as concluded from the green 259 
color displayed by the glass-ceramic sealed at 1050ºC and the respective specimens that were broken 260 
for inspection.   261 

Once the sealing program has been selected, two sandwich samples were prepared employing 262 
Crofer22H to investigate the differences in gas-tightness and so, the adherence differences between 263 
them. The same gas-tightness values were obtained employing different steels and no differences in 264 
terms of adherence appear to exist.   265 

3.2.1 Evolution of the gas-tightness with the crystallization degree and thermal cycling 266 

The joints discussed in the previous part were treated at 800ºC in air, a typical operation temperature 267 
of planar SOFCs, and employing different types of treatment which simulates the crystallization of 268 
the sealant materials during stack operation. In this way, it is possible to study the evolution of the 269 
gas-tightness with the expected operation time in a realistic way. Moreover, the joints were thermally 270 
cycled (50 cycles) in order to evaluate the influence of this thermal cycling in the property. The gas-271 
tightness was measured in all cases at room temperature after each thermal treatment; the obtained 272 
results are summarized in Table 2.  273 

The annealing at 800°C up to 800 h does not change the obtained gas-tightness for the composition 274 
7.5B(Ba). It keeps constant for all the selected treatment times. After the thermal cycling, the gas-275 
tightness of this composition decreased to 1·10-6 mbar·l/s, so the requirements were not fulfilled for 276 
these materials. The decrease in the gas-tightness can be a result of mechanical stresses caused by 277 
fast heating and cooling rates during the thermal cycling, which leads to the formation of small 278 
micro-cracks. The occurrence of such cracks can also be related to the lower percentage of glassy 279 
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phase for this composition, since the glassy phase potentially helps to release stresses close to 280 
operation temperature, i.e. above Tg [9, 33].  281 

The gas-tightness behavior for composition 10B(Sr) is different. This composition keeps the gas-282 
tightness requirements for all the studied thermal treatments although after 300 h of thermal 283 
treatment, the gas-tightness slightly decreases to -7 mbar·l/s, probably due to the 284 
appearance of small pores and resulting low porosity associated with local contractions after the 285 
precipitation of crystalline phases with higher density than that of the initial starting glass. After the 286 
thermal cycles, this composition verifies still a high gas-tightness, with values similar to those 287 
obtained after sealing, so the fast heating and cooling rates during the thermal cycling appear not to 288 
affect this property in this case. The greater amount of glassy phase of this composition is one of the 289 
factors helping to the good stability since it favors stress relaxation. The higher mechanical strength 290 
of this composition versus composition 7.5B(Ba) [18] is another factor explaining the better response 291 
of the seal with respect to thermal cycling.  292 

3.2.2 Effect of a reductant atmosphere on gas-tightness 293 

In SOFCs, air is used as oxidant and fuel (e.g. H2, CH4, biogas, reformed diesel) as reductant, so it is 294 
interesting to study the effect of the high temperature treatments (800°C) in a reducing atmosphere 295 
on the gas-tightness of the joints. In this case, a single thermal treatment of 100 h in an Ar 296 
atmosphere with a 4% H2 was used. The selected samples were joints that were initially sealed in air 297 
(according to the optimized sealing programs described in the experimental part) with a certain 298 
degree of crystallization (24 and 100 h at 800°C). The introduction of the reducing atmosphere in the 299 
cell is generally carried out once the seal has acquired a pre-determined crystallization, which is 300 
expected to provide a suitable mechanical stability.  301 

The composition 10B(Sr) provides an excellent gas-tightness obtained for all samples treated in 302 
reducing atmosphere ( -9), verifying a high stability in this environment. On the contrary, the 303 
barium composition revealed a decrease in the gas-tightness values leading to values (10-5-10-6), 304 
smaller than those required and as a consequence this composition possesses low stability in 305 
hydrogen atmosphere. 306 

3.3 Crystalline phases after the sealing process  307 

High temperature X-ray diffraction has been employed during a thermal treatment very similar to the 308 
sealing program.  309 

Figure 2a shows the results for 7.5B(Ba) glass composition. The first scan is carried out 1 minute 310 
after reaching 1000ºC; the temperature was not stabilized for a longer time since a short sealing 311 
treatment is being employed (10 minutes). The diffractogram at 1000ºC shows as the first crystalline 312 
phases BaSi2O5, BaMg2Si2O7 and Ba3Si5O13. The phase BaSi2O5 becomes the main phase at all 313 
studied temperatures and times although the peaks of the phase BaMg2Si2O7 also increase in terms of 314 
its intensity being the second predominant phase. When increasing the crystallization time, the phase 315 
Ba3Si5O13 disappears and it appears as a new phase Ba5Si8O21. After finishing the thermal treatment 316 
the phases are BaSi2O5, BaMg2Si2O7 and Ba5Si8O21. These are the same phases determined in [18] 317 
for a constant treatment at 800ºC (without heating up to 1000ºC).   318 
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Figure 2b shows the XRD results at high temperature for the glass composition 10B(Sr) employing 319 
the sealing program described in the experimental part. 320 

After reaching 850°C, the peaks corresponding to the phase Sr2MgSi2O7 can be observed and there 321 
are other diffraction peaks which assignation has not been possible as already explained in [18]. The 322 
peaks increase in intensity with the treatment time being Sr2MgSi2O7 the predominant phase after 323 
completing the sealing treatment. After the thermal treatment, the diffraction peaks are coincident 324 
with those obtained in [18], so there is no difference in the precipitated crystalline phase when 325 
employing a higher thermal treatment temperature.  326 

3.4 Electrical resistance of the joints at high temperature 327 

The electrical resistance after sealing at high temperature was evaluated using a four-point set-up. 328 
Figure 3a represents the resistance as a function of temperature for the two characterized glass 329 
compositions. The magnification shown in the inset indicates that both compositions provide good 330 
isolating properties although the strontium composition in general leads to higher resistance at the 331 
testing temperatures. 332 

All joints yielded 333 
decreases with increasing temperature. Table 3 presents the resistivity of each joint at different 334 
temperatures. The requirements for th 3 a typical stack 335 
operation temperature of 800°C, so both compositions fulfill the requirements for these materials. 336 
Composition 10B(Sr) has a higher resistance at the temperatures presented in Table 3 although the 337 
resistivity values are in the same order of magnitude for both compositions, except at 700°C, where 338 
composition 10B(Sr) possesses an insulating character.  339 

The composition presenting better isolating properties was selected to evaluate the evolution of this 340 
property with the crystallization degree. For this purpose, a joint with 10B(Sr) glass composition with 341 
300 h of treatment at 800ºC was chosen. Figure 3b represents the difference of resistivities between 342 
a joint after sealing and another one with 300 h of thermal aging. In case of the aged sample, a high 343 
increase in resistivity is observed. Table 3 also shows the resistivity values of both samples at 344 

, while the joint 345 
just af346 
approximately one order of magnitude in the resistivity is confirmed when increasing the 347 
crystallization degree. 348 

The crystalline phases not only provide mechanical stability at high temperature, but also provide a 349 
higher insulating character, hence, improving the electrical behavior of the stack. 350 

 351 
3.5 Chemical compatibility of the joints 352 

The previously described joints where embedded, cut and polished for the investigation of 353 
microstructures by SEM and EDS. In order to study the chemical compatibility, the Crofer22APU-354 
glass ceramic-Crofer22APU joints after sealing and after 800 h of thermal treatment at 800°C in air 355 
were selected. In this way, it is possible to observe the evolution of the joints and the glass-ceramic 356 
microstructure from the sealing process up to a short treatment period simulating the stack operation. 357 
The thermally cycled samples were also selected and the joints treated under reduced conditions (4 % 358 
H2/Ar), in order to study how these two phenomena, affect the joints and microstructures. 359 
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3.5.1 Composition 7.5B(Ba) 360 

Fehler! Verweisquelle konnte nicht gefunden werden. shows the cross-section of the joint with 361 
composition 7.5B(Ba) after sealing according to figure 1 schedule. The void observed in the images 362 
is a result of the sample breakage for inspection after sealing. Figure 4A presents a general image in 363 
which it is possible to observe the outer and central zones of the joint. A high porosity is observed in 364 
the outer zones probably due to the insufficient evaporation of the binder employed for the 365 
application of the glass powder. The glass-ceramic exhibits a good densification and high 366 
crystallization degree (Figures 4B and C) after the sealing, the small cracks detected can be the 367 
reason why this composition did not reach a high gas-tightness compared with composition 10B(Sr) 368 
although they can also be due to the mechanical opening of the sample, for example the big 369 
transversal crack (Figure 4B) can be associated to this process. The detailed image of the interface 370 
between the glass-ceramic and the steel Crofer22APU demonstrates an excellent bonding with 371 
presence of crystallization at the interface.  372 

The EDX point analysis (Figure 4C, table 4) reveals a structure and composition very similar to that 373 
presented in [18] for the glass-ceramic after 24 h of thermal treatment at 800°C. The spectra 1 and 2 374 
indicate the presence of Ba, Si and O corresponding to barium silicate BaSi2O5, although the 375 
identification by EDX of the different present barium silicates in this glass-ceramic is complicated 376 
due to their close stoichiometry. The spectra 3 and 4 correspond to the phase with elongated crystals 377 
and with darker contrast containing Mg: BaMg2Si2O7. Finally, the spectra 5 and 6 correspond to the 378 
remaining vitreous phase. 379 

The interface steel/glass-ceramic was investigated in more detail by an EDX line scan (not shown). 380 
The elemental analysis does not reveal the existence of any intermediate layer between glass-ceramic 381 
and steel although there is a slight diffusion of steel elements towards the glass-ceramic, indicating 382 
that the native formed chromium oxide layer has been dissolved during the sealing process providing 383 
a suitable joining.  384 

3.5.2 Composition 10B(Sr) 385 

Fehler! Verweisquelle konnte nicht gefunden werden.A is a general view of the joint cross-section of 386 
composition 10B(Sr) after sealing at 850oC for 10h (figure 1), where it is possible to observe that the 387 
sample possesses a closed porosity and a lower degree of crystallization than composition 7.5B(Ba). 388 
If we compare the microstructures of the glass-ceramic in the joint with that of the glass-ceramic 389 
after 24 h of thermal treatment at 750°C, the increase of temperature in 100°C leads to a clear 390 
increase in the crystallization as well as in the size of the crystallites [18]. Fehler! Verweisquelle 391 
konnte nicht gefunden werden.B and C shows the detail of the interface seal-steel and the very 392 
good adherence between glass-ceramics and Crofer22APU with crystal growth starting from the 393 
interface. The steel surface seems to enhance nucleation. Fehler! Verweisquelle konnte nicht 394 
gefunden werden.C and D (table 5) show the zones of point analysis by EDX. The spectra 1 and 2 395 
correspond to the phase Sr2MgSi2O7 with similar proportion of Si and Sr. Spectra 3 and 4 correspond 396 
to a phase with stoichiometry SrMgSi2O6, formed by crystals with dark contrast and with bigger size 397 
than the previous phase. The dark points of small size correspond to spectra 5 and 6 which present 398 
SiO2 enrichment. The spectra 7 and 8 correspond to the remaining glassy phase and 9 to the steel 399 
Crofer22APU. Spectra 10 and 11 correspond to crystals of the phase Sr2MgSi2O7 close to the steel 400 
interface. The crystallites within this area closer to the steel show a slight presence of Cr and Fe that 401 
diffused from to steel to the glass-ceramics.  402 
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The linear elemental analysis obtained for both interfaces between steel and seal after joining (not 403 
shows) indicates that there is no formation of a new layer and no diffusion of Fe and Cr from the 404 
steel. In case of the inferior interface, a good bonding is also observed but there is a significant 405 
diffusion of Cr from the steel up to ~ 3 µm into the seal.  406 

The EDX elemental analysis across the interfaces steel-glass-ceramic treated at 800ºC for 800 h 407 
(Figure 6 B and D) reveals in both cases the presence of a layer enriched in Cr, Mn and O of ~ 2-3 408 
µm thickness. The formation of this layer indicates a possible formation of (Mn, Cr)3O4, the 409 
formation of this layer has been widely described in the literature [34, 35, 12, 36, 37, 38, 39, 40] in 410 
the surface of ferritic stainless steels constituted by Fe, Cr and Mn such as Crofer22APU. This layer 411 
is a stable coating [39] and less reactive than Cr2O3, which can also be formed in the steel surface. 412 
The presence of this layer prevents the chromium evaporation and hence it minimizes the steel 413 
corrosion and it also avoids the possible formation of strontium chromates with high TEC (21-23 · 414 
10-6 K-1 , 25-1000°C [41]) which can cause the physical separation of seal and steel. Another positive 415 
aspect of this layer is that it improves the sealing interface acting as a transitional layer between 416 
metal and the glass-ceramic seal. 417 

The mapping of the interface inferior steel-glass-ceramic (Figure 7.) confirms the presence of the 418 
spinel layer previously described since Cr and Mn is concentrated between steel and glass-ceramic. 419 
There is no diffusion of steel elements through the layer, which confirms the stability provided by 420 
this layer against steel degradation. The mapping also allows the identification of some of the 421 
crystalline phases such the phase with stoichiometry SrMgSi2O6 with higher Mg content which 422 
corresponds with the zones of high concentration of this element. The zones with high Si content 423 
correspond to the SiO2 reach phase. Although the Sr is distributed in all the analysed areas, it is 424 
possible to distinguish zones with a higher concentration of this element corresponding to the phase 425 
Sr2MgSi2O7. 426 

The cross-section of the samples treated in reducing atmosphere and after thermal cycling revealed 427 
similar good bonding characteristics (figures not shown). The thermally cycled samples showed as 428 
expected a higher crystallization degree but a stable joint. 429 

3.6 Fracture strength of the joints 430 

In order to determine the fracture stress of the joints at room and high temperature steel bars of 431 
Crofer22APU were sealed with glasses of the two selected compositions according to the 432 
experimental procedure and with the optimized sealing programs. 433 

After sealing, the samples were rectified in order to obtain two flat surfaces and they were 434 
mechanically tested using 4-point bending. The fracture stress was then determined for samples with 435 
different sealing thickness.  436 

Figure  shows the load-displacement curves as a function of temperature and sealant thickness. The 437 
bars sealed and tested at room temperature have a linear loading curve up to fracture, which 438 
demonstrates the brittle behavior of this type of materials; this behavior is observed for one layer 439 
applied by screen printing as well as two layers of glass-ceramic. The linear behavior disappears at 440 
800°C, and the samples fail at lower loads compared to those measured at room temperature.   441 

In fact, the composition 10B(Sr) characterized at 700°C reveals a curve with a non-linear trend, 442 
where the plastic deformation continues for a long loading time so high deformations are obtained 443 
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and the joint breaks finally at higher load values. In this case, the viscoelastic-plastic flow influenced 444 
by the remaining glassy phase promotes a ductile behavior at temperatures above Tg [16, 33] acting, 445 
in this case, as a reinforcement mechanism of the joint and indicating also a stress relaxation effect 446 
due to the presence of the glassy phase [33]. This behavior occurs independently of the sealant 447 
thickness and indicates - racks produced during the test due to 448 
the glassy phase softening explaining the higher mechanical resistance of these samples.  449 

In assess the origin of the massive deformation of the samples of 10B(Sr) composition during the 450 
high temperature measurements due to its lower refractory character compared with composition 451 

- -ceramic bars with the same 452 
thermal treatment (850°C during 10 h) (graph not shown) [10]. A strong increase on viscosity of the 453 
glass-ceramic was observed so the massive softening of this material is discarded at 700°C as well as 454 
800°C since it possesses high viscosities between 1012  109.5 dPa·s in the temperature range between 455 
938  950°C. 456 

Table 6 summarizes the flexural strength obtained as a function of the seal thickness and temperature 457 
of testing. Composition 7.5B(Ba) offers a medium resistance of 42 MPa at room temperature. These 458 
values are superior to those reached for the 10B(Sr) composition with values of 30 MPa. This is 459 
probably due to the higher sealing temperature of the barium composition that provides a better 460 
adherence between the steel and the glass-ceramic although it also leads to higher degradation of the 461 
steel. 462 

Both seals present a decrease of resistance with the increase of temperature with reduction in the 463 
values of ~ 75 % for the barium composition and ~ 66 % for the strontium composition at 800°C, 464 
providing values of 11 and 10 MPa, respectively. The larger values are obtained for the strontium 465 
composition at 700°C, with resistances of 65 MPa, due to the already mentioned reinforcing effect of 466 
the glassy phase fluency. This behaviour evidences the positive influence of the presence of glassy 467 
phase in the mechanical properties in this case.   468 

The influence of the thickness of the sealant shows a slightly negative tendency onto this mechanical 469 
property in the case of composition 7.5B(Ba) although the values are constant within the 470 
measurement deviation. However, for the composition 10B(Sr), this influence is remarkably 471 
negative, diminishing the strength values at larger thickness. This influence can be explained by the 472 
compressive stresses produced during cooling that is induced by the differences in TEC between 473 
glass-ceramic and steel, which provoke an increase in the traction resistance. The residual 474 
compressive stress is higher for higher TEC difference [17]. This effect is more important for the 475 
strontium composition, as can be observed in Figure 9.a, due to the greater difference in TEC 476 
between the glass-ceramic and the Crofer22APU [18]. According to this argument, the 7.5B(Ba) 477 
glass-ceramics should have a smaller difference in TEC with Crofer22APU leading to a lower 478 
residual stresses in the joint.  479 

The Weibull distribution was employed to check the reliability of these values, due to the bigger 480 
number of tested barium composition samples and taking into account the relevance of the number of 481 
tests when using this distribution only the results of this composition were used for a statistical 482 
analysis. Figure  shows the results of the two parameter Weibull distribution for bars sealed with one 483 
and two layers of glass-ceramics 7.5B(Ba). Note, although used here for discussion, strictly the 484 
statistical analysis requires a larger specimens number of ~30, hence the analysis presented here is 485 
only used to reveal tendencies in materials behaviour. 486 
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The Weibull moduli are between 5.7 and 6.1, with a small increase of the reliability of the samples 487 
with larger thickness, however considering limited specimens number and statistical uncertainty, 488 
these can be considered as being identical; these values are similar to those obtained for sintered bars 489 
of this composition after 24 hours of treatment [18] which revealed a value of 6.4.  490 

As expected, the strength values of the joints are smaller than those of bulk materials due to 491 
differences in the sintering and processing conditions, use of binder, plastificants, etc..., which affect 492 
the final glass-ceramics microstructure and in particular its porosity.  493 

If the obtained values are compared with those described in the literature employing the same type of 494 
test with similar sealant thickness, the values of 42 MPa obtained at room temperature for 495 
composition 7.5B(Ba) are superior to those described in the literature with values of 34 and 25 MPa 496 
for the seals H-P and B [16,17], respectively, and similar to the values of 30 MPa obtained for 497 
composition 10B(Sr). At 800°C, the value ~ 10 MPa obtained for both compositions is 10 times 498 
higher than that obtained for the seal H-P with values ~ 1 MPa but less that the one presented by the 499 
seal B with values of ~ 30 MPa. Nevertheless, the best values of resistance (65 MPa) obtained at 500 
700°C for composition 10B(Sr) are superior to those of seals tested in a similar configuration. 501 

4 Conclusions 502 

Through the optimization of sealing programs, gas-tight joints were obtained for two glass-ceramic 503 
compositions which fulfill the requirements for SOFC operation. The 7.5B(Ba) composition requires 504 
a higher sealing temperature (1000°C) to achieve the appropriate gas-tightness due to its higher 505 
crystallization rate, high viscosity and poor wettability. The sealing temperature of this composition 506 
is a drawback for its use as IT-SOFC sealant material, since the steel may suffer larger degradation 507 
and may even soften at these temperatures. In contrast, the 10B(Sr) composition has sufficient gas-508 
tightness when it is sealed at the typical temperature employed for these materials (850°C). For this 509 
composition, the gas-tightness values meet the requirements in all studied cases: evolution with time 510 
of thermal treatment in air (degree of crystallization of the seal), thermal cycling response and 511 
thermal treatment in reducing atmosphere. The barium composition has low stability of gas-tightness, 512 
showing values below those required after thermal cycling and thermal treatments in reducing 513 
atmosphere. 514 

The crystalline phases obtained during and after sealing do not vary when using higher temperatures 515 
than those employed for the preparation of bulk glass-ceramics from glass powder. The final phases 516 
are BaSi2O5, BaMg2Si2O7, Ba3S5O13 and Ba5Si8O21 for the 7.5B(Ba) composition and Sr2MgSi2O7 517 
for the 10B(Sr) composition. The main crystalline phases were not altered, so the use of different 518 
temperatures is not stimulating the precipitation of new crystalline phases. 519 

The high temperature electrical resistance of joints fulfills the electrical requirements for SOFC seals. 520 
The 10B(Sr) composition showed a higher resistivity than the barium composition. The crystalline 521 
phases contribute to the insulating character, since an increase in electrical resistance occurs after 522 
thermal aging. 523 

A study of the cross-section of the sealed samples showed greater stability of the 10B(Sr) joints due 524 
to the formation of a Cr and Mn spinel, which confers stability to the interface. This layer reduces the 525 
evaporation of Cr from the steel and the diffusion of steel elements to the glass-ceramic seal, as well 526 
as helping to minimize the formation of corrosion products. Although the formation of this layer is 527 
not observed after sealing, it is detected after thermal treatments in reducing atmosphere, in air and 528 
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after thermal cycling. This layer does not appear in case of the 7.5B(Ba) joints, where Cr diffusion 529 
from steel to the glass-ceramic was found. 530 

The 10B(Sr) composition presents greater stability of the joints with thermal cycling because of its 531 
higher content in residual glassy phase, which helps to release the stresses produced during thermal 532 
cycling. 533 

Flexural strength values obtained at room temperature (42 MPa) were higher for the 7.5B(Ba) 534 
composition due to the excellent densification of this composition in the center of the joints. The 535 
strength values at 800°C show a decrease by 66  75 % (~ 10 MPa) compared to room-temperature 536 
results for both compositions. The 10B(Sr) composition presents the best strength results at 700°C 537 
with a value of 65 MPa. Load-displacement curves show linear behavior at room temperature, which 538 
is transformed into a nonlinear behavior as the test temperature increases. At 700°C, the 10B(Sr) 539 
composition curves exhibit a ductile behavior, which indicates a viscous deformation effect of 540 
residual glassy phase. This phenomenon reinforces the strength of the joint, probably due to the self-541 
healing of cracks caused during testing through the viscoelastic/plastic deformation of the glassy 542 
phase. The value obtained at 700°C is higher than the values found in the literature for SOFC sealing 543 
materials. 544 

Overall, the results verify that the developed and tested material is promising for long term stable 545 
SOFC and SOEC application in advances stack designs aiding prolonged lifetime under thermal-546 
cyclic conditions. 547 
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Figure 3.a. 567 
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Figure 3.b. 569 
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Figure 7. 592 
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Figure 9. a and b 596 
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Tables 

 

Table Fehler! Nur Hauptdokument. Sealing in air, gas-tightness and final thickness of the joints 

steel/glass-ceramic/steel   

Composition Sealing programme Gas-

tightness 

(mbar·l/s) 

Final 

thickness 

(µm) 

(dPa·s) 

7.5B(Ba) 850°C /10 h /800 g  -4 430 5.6 

10B(Sr) -9 215 5.5 

7.5B(Ba) 950°C / 10 h / 1200 g                                        
-6 200 4.0 

7.5B(Ba) 1000°C / 10 min + 850°C / 10 h / 1200 g            
-7 150-200 3.4 

7.5B(Ba) 1050°C / 10 min + 850°C / 10 h / 1200 g          
-10 150-200 2.7 

 

 

Table 2. Gas-tightness (mbar·l/s) of the joints Crofer22APU/glass-ceramic/Crofer22APU as a 

function of the treatment time at 800ºC and after thermal cycling 

Composition After 

sealing  

24 h 

 

100 h  300 h 

 

800 h 

 

Thermal 

cycling 

7.5B(Ba) -  -  -  -  -  1 · 10-6 

10(Sr) -  -  -  -  -  -  
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Table 3. Electrical resistance at high temperature of the joints 

Composition R 700°C  R 750°C R 800°C R Tmax 

(M ·m) 

7.5B(Ba) 924 129 12 4.0 (840°C) 

10B(Sr) 4440 606 38 4.2 (840°C) 

10B(Sr)  

300 h /800°C 

3519 929 185 26.2(840ºC) 

 

Table 4. Elemental analysis corresponding to figure 4. 

Spectra 

 (% at) 

O Mg Si Ba Phase 

1 
 -    

2 
 -   

3 
    BaMg2Si2O7 

4 
    

5 
     

6 
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Table 5. Elemental analysis corresponding to figure 5. 

Spectra 

 (% at) 
  Mg Si    Phase 

1 -    - -  
Sr2MgSi2O7 

2 -    - -  

3 -    - -  Stoichiometry 

SrMgSi2O6 4 -    - -  

5 -  -  - - - 
Rich in SiO2 

6   -  - - - 

7 -    - -  Residual glassy 
phase 8      -  

9 - - - -   - Crofer22APU 

10 -    - -  
Sr2MgSi2O7 

11 -       

Table 6. Flexural resistance at room and high temperature as a function of the seal thickness  

Composition Sample Thickness 

(µm) 

Room 

temperature* 

High temperature** 

 Testing 
temperature 
(°C) 

 

7.5B(Ba) One layer 256 ± 28 42 ± 8 800 11 ± 0.9 

Two layers 375 ± 45 37 ± 10 800 10 ± 0.3 

10B(Sr) One layer 238 ± 47 30 ± 11 800 10 ± 0.3 

700 65 ± 9 

Two layers 349 ± 39 19 ± 8 700 38 ± 6 

Number of tested samples: * 5 for 10B(Sr) and 9-11 for 7.5B(Ba)  ** 3 at high temperature. 
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Figure captions 

 
Figure 1. A) Viscosity-temperature curves for the glasses 7.5B(Ba) and 10B(Sr). Fit of the 
experimental points: VFT equation (continuous lines) and MYEGA equation (dot lines). B) Viscosity 
curves versus Tg/T for the glasses 7.5B(Ba), 10B(Sr), window glass and silica, the continuous lines 
show the fit with MYEGA equation. 
 
Figure 2  A) High temperature X-ray diffraction of composition 7.5B(Ba). Heating rate 2°C/min and 

-0h and 2°/min for the rest of scans. B) High temperature 
XRD of composition 10B(Sr). . 
 
Figure 3 A) Electrical resistance of the joints with compositions 7.5B(Ba) and 10B(Sr) after the 
sealing and at high temperature. B) Electrical resistance at high temperature of the joints with 
composition 10B(Sr) after sealing and after 300 h of thermal treatment at 800°C 
 
Figure 4.  SEM images of the joint Crofer22APU-glass-ceramic 7.5B(Ba) after sealing (black void 
due to the opening of the sample for inspection). A) General image of the joint showing outer and 
central areas, B) Detail of the joint between steel and sealant and C) Microstructure of the seal and 
EDX elemental analysis.  
 
Figure 5. SEM images of the joint Crofer22APU-glass-ceramic seal 10B(Sr) after sealing at 850oC 
for 10h. A) General image of the joint showing the outer and central areas. B) and C) Detail of the 
joint between steel and sealant. C) and D) Microstructure of the seal and punctual elemental analysis 
by EDX.  
 
Figure 6. Magnification of the interface superior steel Crofer22APU/glass-ceramic and B) EDX 
linear analysis. C) Magnification of the interface inferior steel/glass-ceramic and D) EDX linear 
analysis. Glass-ceramic of composition 10B(Sr) treated at 800°C for 800 h. 
 
Figure 7. EDX elemental mapping for the joint inferior steel-glass-ceramic 10B(Sr) treated at 800°C 
for 800h. 
 
Figure 8. Load-deformation curves for the bars sealing with one or two layers applied by screen 
printing as a function of testing temperature for compositions 7.5B(Ba) and 10B(Sr). 
 
Figure 9 A) Influence of the seal thickness on the flexural resistance values, left composition 
7.5B(Ba), right composition 10B(Sr). B) Weibull distribution for bars joined with one or two layers 
of glass-ceramic 7.5B(Ba).  
 
 
 
 
 
 
 
 


