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Abstract 15 

One of the essential components for ensuring the long service life of solid oxide cell (SOC) 16 

stacks is the sealant used. Therefore, in this work, an experimental investigation of the glass 17 

ceramic sealant (GCS) fracture process was carried out using an Acoustic Emission (AE) 18 

based approach. A series of tensile tests at room temperature were performed and the acoustic 19 

activity emitted was recorded by two AE sensors. An AE signal analysis was then performed 20 

using two approaches: wave mode identification and frequency content analysis. To 21 

understand the fracture process of the GCS, the analysis was supported with prior knowledge 22 

of the GCS microstructure and a post-test visual analysis. This demonstrated the presence of 23 

low-frequency failure mechanisms (50-400 kHz) such as debonding, fiber pull-out and 24 

matrix cracking, and high-frequency mechanisms (> 400 kHz) such as fiber breakage. The 25 

results confirm the suitability of using the acoustic emission approach for monitoring failure 26 

events and show its potential application in SOC stacks monitoring.  27 
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 33 
1. Introduction 34 

 35 

Today, the global race for sustainable energy and industrial decarbonisation has greatly 36 

boosted the scaling up of hydrogen technologies [1]. In this respect, the solid oxide cell 37 

(SOC) is considered a promising technology, as its potential to generate and store power in 38 

highly efficient and sustainable way has been widely shown [2]. In particular, the planar solid 39 

oxide cell (SOC) stack consists of a top plate and a bottom plate, ceramic cells, metallic 40 

interconnectors and contact materials on the anode and cathode sides. In addition, it requires 41 

the use of a sealing material, made of glass ceramic that entraps the gases inside the stack 42 

and also functions as an electrical insulator [3]. This diversity of materials and the fact that 43 

in operation an SOC stack is subjected to significant thermal gradients results in the 44 

generation of important mechanical stresses due to the different thermal expansion 45 

coefficients of the materials and its deformation [4, 5]. As a result, the sealants may fracture, 46 

preventing the optimal operation of the SOC stack. Due to the adverse environment in which 47 

they operate, the direct inspection and/or monitoring of the sealants using current 48 

electrochemical techniques such as electrochemical impedance spectroscopy (EIS) is 49 

practically impossible [6]. 50 

 51 

For this reason, the glass ceramic sealant (GCS) has been the subject of several developments 52 

and research has focused on improving its thermomechanical behavior in different operating 53 

conditions [7-9]. In this respect, Wei et al. [10] characterized the mechanical behavior of 54 
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sealants under tensile and bending strengths at room temperature. Smeacetto et al. [11] 55 

studied the chemical and thermo-mechanical compatibility of a proposed glass ceramic 56 

sealant, based on a sodium-calcium-alumino-silicate glass ceramic, with Crofer22APU and 57 

yttria-stabilized-zirconia (YSZ) and found an excellent performance of the sealant in the 58 

experiments. Goel et al. [12] investigated the influence of Bi2O3 addition on the sintering and 59 

crystallization behavior, flow properties of diopside (CaMgSi2O6) based glass ceramics. 60 

According to the results, the glass-ceramic turned out to be a potential sealant for applications 61 

in SOFC stacks. Malzbender et al. [13] characterized the mechanical behavior, fracture and 62 

creep of different sealant materials subjected to both room and high temperatures. On the 63 

other hand, Gross et al. [14] improved the mechanical properties of sealants by adding fillers 64 

as reinforcements.  65 

More recently, Zhang et al. [15] proposed a novel Al2O3-glass composite as sealant for use 66 

in SOFC stack and the results demonstrated an excellent thermo-mechanical performance 67 

Likewise, Timurkutluk et al. [16] demonstrated the thermos-mechanical reliability of 68 

different types and configurations of ceramic glass sealants through tensile and short stack 69 

leakage tests. Other studies on this subject have also been reported in recent years [17-20]. 70 

However, there are few reports in literature on understanding the formation and propagation 71 

of fractures in the glass-ceramic sealant used in SOC stacks. Hence, the interest in the use of 72 

non-destructive techniques (NDTs) to monitor and evaluate their mechanical degradation has 73 

increased. NDT is a technique that has been widely used for several years in engineering 74 

fields such as civil [21, 22], aeronautical and space [23, 24], geothermal [25, 26] and material 75 

engineering [27, 28]. However, only a few works has been undertaken to evaluate the 76 

mechanical degradation of SOC stacks. In this way, Surgeon et al [29] studied the mechanical 77 

response, damage development and the AE activity of barium-magnesium aluminosilicate 78 



- 4 - 
 

(BMAS) glass-ceramic reinforced with Tyranno silicon carbide (SiC) subjected to tensile 79 

loadings. The results allowed the differentiation of different fracture mechanism such as 80 

matrix micro-cracking, matrix macro-cracking, interface debonding and delamination 81 

cracking. Jiayu Li et al. [30] applied an AE method for detecting the fracture process, as well 82 

as the onset condition for fracture damage in a single cell. A characterization of the emission 83 

pattern was provided, namely: pattern A (cathode vertical cracking), B (cathode 84 

delamination) and C (vertical cracking in the electrolyte), which exhibited predominant 85 

frequencies of about 130 kHz, 240 kHz and the widest frequencies, respectively. Similarly, 86 

Sato et al. [31] investigated the mechanical performance of solid oxide fuel cells in simulated 87 

environments using AE. Their findings also showed vertical cracking and delamination in 88 

the cathode, as well as vertical cracking in the electrolyte. On the other hand, Malzbender et 89 

al. [4] investigated the correlation between the occurrence of failure and the operating 90 

conditions of SOCs based on acoustic emission. The experiments were performed with 91 

multiple thermal heating-cooling loops, but no quantitative data was provided to implement 92 

a diagnostic system based on AE.  93 

 94 

In view of the above, and as far as the authors are aware, no acoustic emission research has 95 

been conducted involving the type of glass ceramic sealant used here, and so the study poses 96 

a further challenge in identifying the sealant’s fracture mechanisms. Therefore, current 97 

experimental research seeks to provide initial knowledge for understanding the fracture 98 

process of this type of ceramic by means of the AE) approach. To this end, annular butt joint 99 

specimens entrapping glass-ceramic sealant in the radial and circumferential directions were 100 

subjected to tensile loadings in order to monitor and analyze the acoustic activity of the tests.  101 

The AE analysis was carried out using the Fast Fourier Transform (FFT) technique, thus 102 
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calculating the frequency spectrum of the AE waves. Scanning electron microscopy and 103 

energy dispersive X-ray spectroscopy (SEM/EDS) was then used to elicit the microstructure 104 

and chemical composition of the glass-ceramic sealant and support the AE analysis. Finally, 105 

a post-test analysis of the fractured piece was carried out in order to corroborate the results 106 

and support the explanation of the fracture process.  107 

 108 

2. Materials and testing methods 109 

 110 

2.1 Specimens preparation  111 

The standard ceramic glass material used as sealant in SOC stacks at Forschungszentrum 112 

Jülich GmbH is used in this work. It is a material composed of barium-calcium-silicate glass, 113 

a glass H and reinforced with 13 % wt. yttria-stabilized-zirconia fibers [32, 33]. The chemical 114 

composition of the glass H is provided in Table 1.The coefficient of thermal expansion (CTE) 115 

of the glass H is9.6 x 10-6 K-1 (from 200 °C to 600 °C) and the CTE for glass H reinforced 116 

with YSZ fibers is 9.3 x 10-6 K-1 (from 200 °C to 600 °C) [34].  117 

 118 

Table 1. Chemical composition of glass H (in Wt. %) [33]. 119 

 BaO SiO2 CaO Additions 

Wt. % 48.2 29.8 6.1 Al2O3, B2O3 

V2O5, ZnO 

 120 

Annular butt joint specimens, made of Crofer 22 APU, were prepared in accordance with the 121 

model suggested by Gross et al. [33]. The CTE for the Crofer22 APU is 11.4 x 10-6 K-1 (from 122 

20°C to 600 °C). Therefore, the coefficient of thermal expansion of the Crofer 22 APU and 123 
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the glass-ceramic sealant are compatible within the SOC stack . The glass-ceramic sealant 124 

was deposited radially and circumferentially on the surface of the butt joints with a 24 mm 125 

external radius and 12 mm internal radius. The specimens were thermally bonded at 850 C 126 

for 100 hours to crystallize the glass H and then cooled at a rate of 2 K/min (no flaws yielded 127 

during the cooling process), as is currently being conducted for the SOC-stacks operated at 128 

Forschungszentrum Jülich GmbH.  129 

 130 

In addition, to ensure stable monitoring of the acoustic waves emitted by the fracturing of the 131 

material, each specimen was fitted with 70 mm long cylindrical waveguides. At one end of 132 

these, conical bases were fixed to position the AE sensors, as can be seen in Fig. 1. 133 

 134 

 135 

Fig. 1. Schematic of the annular butt joints used as specimens in the tensile tests 136 

measurements [33]. 137 

 138 

 139 
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2.2. Tensile loading measurement 141 

The tensile loading measurements were carried out on a pneumatic stress testing bench at 142 

room temperature, as is shown in Fig. 2. The specimens were mounted in the internal frame 143 

of the machine and held in place by fastening screws placed at both ends of the specimen. 144 

The AE sensors were mounted on the conical bases and fixed by a copper housing. Thus, 145 

each of the specimens was subjected to a tensile load applied at a rate of 0.5 mm/min. The 146 

acoustic activity emitted during testing was then recorded electronically in the AE equipment. 147 

 148 

 149 
 150 

Fig. 2. Schematic of the AE sensors and cylindrical-shaped samples set-up for tensile tests. 151 

 152 

2.3. AE monitoring equipment 153 

The AE monitoring system included a set of AE sensors (VS160-NS) with a frequency range 154 

of between 100 and 450 kHz, a set of AE wide-band pre-amplifiers (AEP5H) with a gaining 155 

band of 40 dB at 50 ohms, as well as the AMSY-6 digital 12-channel AE Vallen measurement 156 

system (MB6-V1) equipped with four +/- 10 V parametric input channels to monitor the 157 

temperature. Real time data recording and post data management were performed on both 158 

Vallen Sysveri R2017 software [35] and Matlab [36]. The AE sample rate was set to 10 MHz 159 
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and the TR (transient data) sample rate was set to 5 MHz. The noise from external sources 160 

was filtered by establishing a detection threshold of 40 dB in accordance with the results 161 

obtained in the characterization background noise test. The correct setting up of the AE 162 

sensors was then verified by the Hsu-Nielsen test [37].  163 

 164 

2.4 Post-test analysis 165 

In order to verify the fracture of the ceramic glass sealant, it was embedded in epoxy resin to 166 

be metallographically prepared. The cross-section of the samples were analyzed with 167 

Scanning Electron Microscopy (SEM) using ZEISS Sigma VP and the chemical composition 168 

was measured with energy-disperse X-ray spectroscopy (EDS, Oxford EDS X-maxN). 169 

Finally, the fracture surface of the failed specimens was physically and visually analyzed in 170 

order to find their relation with the fracture mechanisms found in the acoustic emission 171 

analysis. 172 

 173 

3. Analysis of the results 174 

3.1 Analysis of the AE measurements 175 

 176 

The AE monitoring of the tensile loading of the specimen yielded 900 data containing 177 

continuous, transient and noise acoustic emission sources. Therefore, a signal discrimination 178 

routine based on signal duration was applied as suggested in [38]. As is shown in Fig. 3, it 179 

was possible to identify four clusters of data. First, signals falling within cluster I were 180 

characterized by low amplitude, long duration and continuous sources; signals located in 181 

cluster II were characterized by a spike and short duration signals, i.e. electromagnetically 182 

induced noise [39,40]; cluster III was mostly made up of transient signals that contained the 183 
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important information to be analyzed; and, cluster IV was mainly characterized by saturated 184 

signals. It is of interest to note the change in slope between region I and region III, which 185 

indicates the transition between continuous and transient signals. In particular, the signals in 186 

region III arise from spontaneous release of energy during cracking and show a linear 187 

correlation [38, 41]. Accordingly, the criterion proposed here for filtering the data was to 188 

consider only those of burst type, i.e. signals from Cluster III and some from Cluster I that 189 

could satisfy the condition of an amplitude greater than 40 dB and a duration greater than 190 

2000 µs. 191 

 192 

Fig. 3. Diagram of amplitude versus duration of acoustic emission signals from tensile 193 

loading, categorized in four regions I to IV, depending on the duration. 194 

 195 

Fig. 4 displays the resulting correlation between the peak AE amplitude of events and the 196 

tensile force over time. Importantly, an event is represented by a pair of points (i.e. signals 197 

from channel 1 and channel 2). Based on this, it is clear that most of the acoustic activity 198 

collected during the application of the tensile load was kept below 70 dB, except for the event 199 
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that coincided with the end of the test at 11 kN maximum load. However, this event showed 200 

data saturation, so was not suitable for analysis. A possible explanation for the low 201 

amplitudes could be inferred from the size of the crack or the speed of crack propagation.  202 

The highest concentration of activity coincides with the specimen’s fracture point. The steep 203 

slope of the tensile curve can be attributed to the elastic crack propagation of internal flaws 204 

or cracks. Interestingly, there is clearly a region where the acoustic activity apparently ceases, 205 

between 200 and 230 s, which is probably due to a pore or defects saturation effect. 206 

 207 
Fig. 4. AE correlation diagram of a representative specimen tested at room temperature and 208 

prepared with glass-ceramic sealant, showing the peak amplitude and tensile loading vs the 209 

testing time: events from channel 1 and channel 2.  210 

 211 



- 11 - 
 

 212 

Fig. 5. Evolution of load and cumulative number of hits during tensile test of glass ceramic 213 

sealant. 214 

Fig. 5 reveals the evolution of the tensile loading and cumulative number of AE hits as a 215 

function of time. The cumulative number of hits started rising sharply right after application 216 

of tensile load. However, immediately after the first change in the evolution of the load (i.e. 217 

first proportional limit at roughly 1800 kN), which is indicated on the plot, the damage to the 218 

glass ceramic sealant is slower. It is probable that the first cumulative hits are due to the 219 

appearing of micro-cracks in the matrix and then a combination of macro-cracks and fiber-220 

matrix debonding or delamination. A hypothesis that is confirmed later. Noteworthy that 221 

there is a slight flattening of the cumulative hits curve just before the failure takes place. This 222 

flattening coincided with the region of apparent ceasing of acoustic activity observed earlier 223 

in Fig. 6. This finding is consistent with that of Surgeon et al. [29] who observed a saturation 224 

crack zone in some of the tensile experiments with BMAS glass-ceramic matrix reinforced 225 

with SiC fibers. The final failing of the glass-ceramic specimen triggered the cumulative hits.  226 
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 227 

Fig. 6. Evolution of load and AE energy during tensile test of glass ceramic sealant. 228 

 229 

The evolution of AE energy and the tensile force as a function of time are given in Fig. 6. 230 

The AE energy initiated to increase just after the first proportional limit. Interestingly there 231 

is also a flattening in the AE energy curve between 200 and 230 s, which coincides with the 232 

commented above. This finding may result from the fact that since there is no acoustic 233 

activity, there is no propagation of the energy wave. Similarly, the failing of the glass ceramic 234 

sealant triggered the Ae energy.     235 

In order to explain the fracture process of the glass ceramic sealant under investigation, three 236 

representative cases are considered in the following analysis. For further reference, the three 237 

cases have been defined in Fig. 6 as events I, II and III and are enclosed in red. 238 

 239 
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 240 

 241 

Fig. 7. AE signal obtained from channel 1 and 2 of event I: long view (a-b) and initial 242 

fragment of the signals (c-d). 243 

 244 

Fig. 7 illustrates the signals obtained from event I during the tensile test: 100 seconds after 245 

the onset of the test. The long view from channel 1 (Fig. 7a) shows a signal of the transient 246 

type with several peaks of amplitude, the most representative being the burst that reaches 3 247 

mV. In the case of channel 2 (Fig. 7b), the signal is also of the transient type but with a lower 248 

amplitude than the first one. The difference in amplitude in the signal pair is a clear evidence 249 

of the attenuation experienced by the signal on reaching channel 2. A probable explanation 250 

for this phenomenon may be the direction of the radiation from the emission source which 251 

may not be the same for both sides due to the geometry of the specimen. 252 

 253 

In an attempt to relate the AE waveforms to a possible wave mode and, hence, to a fracture 254 

mechanism as suggested by many of the existing published studies [41-43], the signals are 255 

analyzed in detail as they appear in Fig. 7 (c-d). The solid vertical line indicates the trigger 256 

time, tt; whereas the solid horizontal lines indicate threshold amplitude, TA. In both cases the 257 
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threshold was set at 0.1 mV (40 dBAE). During the trigger time, a difference of 5 µs was 258 

clearly shown between the signal of channel 2 and that of channel 1. This difference may be 259 

attributed to the orientation of the AE source. By comparing these waveforms with the results 260 

of previous research based on wave modes analysis [41-43], it could be determined that there 261 

was no indication that these waveforms would be related to the fundamental guided wave 262 

modes. However, it was interesting to observe that these types of waveforms occurred in 263 

cases where the waveguide design generated a change in the wave propagation modes, which 264 

in this particular case was the rod wave mode, as was previously reported in [38].  265 

 266 

As there were not enough elements to relate the previously reviewed wave modes to the 267 

fracture mechanisms, an FFT was performed on the signals. The frequency spectra of both 268 

signals are shown in Fig. 8. A visualization of the frequencies allows two frequency ranges 269 

to be distinguished, the first between 0 and 200 kHz, and the second ranges from 200 kHz to 270 

400 kHz. However, there are some small peaks above 400 kHz that are outweighed by the 271 

other frequencies. For the example of channel 1, Fig. 8a, the frequency spectrum shows 272 

several peaks, the highest being 132 kHz. Then, in the next frequency range, the highest peak 273 

is 230 kHz. On the other hand, in the example of channel 2, Fig. 8b, the frequency peak in 274 

the first range was 170 kHz, while for the next range it was 240 kHz.  275 
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   276 

 277 

Fig. 8. Signal frequency spectrum of channel 1 (a) and channel 2 (b). 278 

 279 

As suggested by various researchers [39, 44-46], and considering that in both examples the 280 

signals are dominated by low frequencies, it can be inferred from the above that these events 281 

can be attributed to the debonding and fiber pull-out mechanisms. For the glass ceramic 282 

sealant used here, the YSZ fibers are placed in the H glass perpendicular to the tensile force. 283 

Therefore, when the specimen is subjected to the tensile force, the fibers tend to separate 284 

from the H-glass (i.e. fiber pull-out), just as with the rest of the crystals, forming two fracture 285 

surfaces or cleavage planes in accordance with the theory of the fracture of ceramics [47, 48]. 286 

It is assumed that the onset of the crack was in one of the pores or in some defect of the glass 287 

ceramic sealant, as these are high stress concentration fields. As there is no evidence of high 288 

frequencies, it can be deduced that there was no breakage of YSZ fibers and, therefore, this 289 

event is only related to the fracture occurring between the glass H, the YSZ fibers and the 290 

crystals, i.e. debonding.  291 

 292 
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The second example, event II, contains a pair of signals with the AE waveforms shown in 293 

Fig. 9. The transient signal from channel 1 presents several peaks of amplitude, the highest 294 

one reaching nearly 2 mV, in Fig. 9a. The signal from channel 2, on the other hand, has 295 

amplitude peaks almost half of those shown in the signal of channel 1, Fig. 9b. This difference 296 

in amplitude may be due, as explained above, to the speed of cracking or crack size. 297 

 298 

As for the wave mode analysis, it can be seen that in this particular case, the trigger times 299 

were similar, at 40 µs, on the basis of which it can be assumed that radiation from the source 300 

was similar towards both sensors. In this context, the waveforms do not present features that 301 

relate them to the wave modes established for thin plates [30]. However, as explained above, 302 

the wave modes osberved in both cases fall within the classificaction of the rod mode.   303 

 304 

Fig. 9. AE signal obtained from channel 1 and 2 of event II: long view (a-b) and initial 305 

fragment of the signals (c-d). 306 

 307 

The frequency content of the signal pair is shown in Fig. 10. The analysis uses the 308 

classification of the frequency range defined above, i.e. 0 to 200 kHz and 200 to 400 kHz. 309 
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Accordingly, channel 1 has a low-frequency peak of 134 kHz, while channel 2 has a peak of 310 

170 kHz. In the high frequency range, on the other hand, the frequency peak coincides in the 311 

pair of spectra, 242 kHz. However, in both signals the low frequency predominates, which 312 

can be attributed to delamination and fiber pull-out mechanisms.  313 

 314 

Furthermore, some traces of higher frequency can be seen, 411 kHz in the case of channel 1, 315 

which can be attributed to fiber cracking, but due to its low magnitude does not interfere with 316 

the predominant low frequency values.  317 

. 318 

Fig. 10. Signal frequency spectrum of channel 1 (a) and channel 2 (b). 319 

 320 

Further illustration of the identification of the fracture mechanisms can be given using the 321 

signals from event III, Fig. 11. The AE waveforms of the signal from channel 1 (Fig. 11a) 322 

and channel 2 (Fig. 11b) show quite interesting behavior. In both cases, the trigger time 323 

occurred later than in previous ones, in which it was almost immediate. A possible 324 

explanation for this event may be the position of the emission source with respect to that of 325 

the sensors or the path taken by the signal towards them.  326 
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In this case, the wave mode analysis also did not make it possible to determine whether there 327 

were fundamental wave modes for the plates. Therefore, as in the cases analyzed above, the 328 

wave mode observed here was the rod mode. 329 

 330 

Fig. 11. AE signal obtained from channel 1 and 2 of event III: long view (a-b) and initial 331 

fragment of the signals (c-d). 332 

 333 

The frequency spectra for the two analyzed signals are shown in Fig. 12. This reveals a 334 

frequency peak in the low frequency range of 170 kHz, and then a peak at 335 kHz in the 335 

second frequency range, but also significant frequency peaks above 400 kHz. In the example 336 

of channel 2, Fig. 12b, there is also a frequency peak at 170 kHz in the first range of frequency 337 

and 235 kHz in the second range of the frequency. 338 
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Fig. 12. Signal frequency spectrum of channel 1 (a) and channel 2 (b). 339 

 340 

Above these, there appear to be significant frequency peaks such as 482 kHz, and some 341 

between 500 and 700 kHz. These latter frequencies did not occur previously, which suggests 342 

another fracture mechanism such as fiber breakage [39, 44-46]. Yet, when considering the 343 

specific structure of the glass ceramic sealant considered here, these high frequencies may 344 

be attributed to either YSZ-fibers breakage or crystals breakage. 345 

 346 

3.2 Post-test analysis 347 

The analysis of the microstructure and chemical composition of the glass-ceramic sealant 348 

was performed after the tests by means of scanning electron microscopy and X-ray diffraction 349 

(SEM/EDS). The combination of both methods enabled the identification of several 350 

crystalline phases after the joining, as already studied by Brendt et al. [49]. Fig. 13 (a) reveals 351 

the microstructure of the sealant (glass H) on SEM images, with and EDS-analysis in Fig. 13 352 

(b). Accordingly, the following chemical elements were found: zinc, silicon, aluminum, 353 

yttrium, zirconium, barium, calcium and oxygen. All phases detected are oxides: (Ba, Si) 354 

oxide, (Ba, Si, Ca) oxide, (Ba, Si, Al) oxide and YSZ. According to [49], the silicate phases 355 
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correspond to two different barium silicates (Ba2Si3O8 and Ba5Si8O9), celsian (BaAl2Si2O8) 356 

and walstromite (BaCa2Si3O9), as confirmed by the X-ray diffraction measurement. After 357 

100 hours at 850 °C the glass H was not completely crystallized and a residual glass phase 358 

was observed as well as some pores. Fig. 14 shows EDS-measurements of silicon, zirconium, 359 

aluminum and calcium. This made it possible to better distinguish the different crystalline 360 

phases in the image, in particular the needle-like form of the (Ba, Si, Al) oxide phase. In 361 

addition, the comparison of silicon and zirconium pointed to the interaction between the 362 

YSZ-fibers and glass H, as well as the appearance of zirconate at the edges. 363 

 364 

 365 

 366 

Fig. 13: a) SEM-image of glass-ceramic sealant composed of glass H enriched with YSZ-367 

fibers and b) EDS-analysis of a sample taken from the SEM-picture 368 

 369 

 370 

 371 
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 372 

Fig. 14: EDS-measurement of silicon, zirconium, aluminum and calcium, four components 373 

of glass H enriched with YSZ. 374 

 375 

.In order to complement and verify what was analyzed previously, it was proceeded to 376 

visually review one of the pieces, Fig. 15. The seams seen on the inner and outer part of the 377 

specimen were created during the bonding process, their main component is barium 378 

chromate, and are formed on the three-phase steel/glass/air boundary.    379 
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 380 

Fig. 15. Butt joint after tensile test. 381 

 382 

Careful inspection of the specimen allows the lines of cracks formed in the quadrant enclosed 383 

by the solid line to be distinguished. Therefore, combining this with the previous analysis, it 384 

can be inferred that the crack began in a pore in this zone, or in any of the defects of the 385 

material, and once these became saturated because of the redistribution of internal stress 386 

fields, the debonding of the fracture surfaces began, without there being any breakage of 387 

fibers or crystals, but rather the pull-out of fibers and crystals from the matrix (i.e., the base 388 

of glass H).  389 

 390 

4. Discussion 391 

In the previous sections, a detailed acoustic emission analysis was carried out to define the 392 

fracture mechanisms of a glass ceramic composite, commonly required in the hermetic 393 

sealing of planar solid oxide cells under tensile loads. The experiments were carried out at 394 

room temperature.  395 

 396 
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As is shown above, data discrimination based on signal duration and amplitude made it 397 

possible to focus only on those signals with information relevant to the analysis, as well as 398 

facilitating data management. However, it is apparent that valuable information was omitted 399 

during the filtering process. An important finding is the fact that the events in cluster III, the 400 

transient signals, showed a linear trend that coincides with that previously proposed by [38].  401 

 402 

On the other hand, the correlation of the amplitude of the events and stress load with time, as 403 

is shown in Fig. 4, made it clear that from the beginning of the application of the tensile load 404 

acoustic activity probably appeared due to the attraction forces generated between the 405 

different crystals, fibers and glass phase in the H-glass, i.e., the distribution of stresses in the 406 

internal planes of the ceramic glass. An important finding was of a stress saturation zone, 407 

probably in the pores or defects, towards the end of the test, which created a region with no 408 

acoustic activity. An implication of this behavior, in accordance with the fracture theory in 409 

ceramics [47], is that when these stress concentration points become saturated, they cannot 410 

find a way to alleviate this energy, as some ceramics exhibit small plastic zones and can 411 

release the energy, as a result, these become potential fracture nuclei. In addition, it is 412 

important to recall that there were also residual thermal stresses generated during the cooling 413 

process of the glass ceramic. 414 

 415 

Parametric analysis based on signal amplitude shed light on AE waveforms but it was not 416 

possible to attribute these to any AE source event, as there were no previously published 417 

works to serve as a reference. Similarly, the application of the modal acoustic emission was 418 

not satisfactory because in this specific case rod waveguides were used that avoided the 419 

application of plate wave theory [41-43]. However, it was interesting to find that the wave 420 
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mode that governed the experiments was the rod mode. This is because the wave of the 421 

propagated signal is transformed into the guided wave modes of the waveguide geometry 422 

[38]. 423 

 424 

As far as the frequency analysis is concerned, it can be noted that the frequency ranges found 425 

in this work fell within the frequency range considered in the current literature as an 426 

appropriate range, namely 10 to 550 kHz, for the analysis of glass fiber reinforced composite 427 

materials [50]. Accordingly, it was found that the dominant frequencies, in the first two 428 

examples, were in the range of 0-200 kHz, followed by others with lesser magnitude in the 429 

range of 200-400 kHz. Both were considered low frequency, but it was possible to attribute 430 

them to the debonding mechanism, which relates to the perpendicular separation of the 431 

fracture surfaces through the action of tensile loading. As explained above, this debonding 432 

could have occurred between the YSZ fibers and matrix, without breaking the fibers, which 433 

is known as fiber pull-out [51]. Also, however, the breaking of the H-glass could have 434 

occurred, i.e., matrix cracking. However, it was not possible to define which frequency is 435 

related to each of them.  436 

 437 

The information shown in Fig. 11 was highly interesting, as it was an event that occurred 438 

within the limit of the glass ceramic sealant, whose maximum recorded load was 11 kN. The 439 

frequency spectra in this specific case showed a large number of peaks across the entire range 440 

under consideration. Of particular interest were those above 400 kHz, which were not 441 

observed in the two previous examples. This was a clear finding of another fracture 442 

mechanism known as fiber breakage, a result that coincided with that observed by other 443 

researchers [44-46]. It made sense because it was an event that occurred prior to the failure. 444 
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By means of a SEM/EDS analysis, it was known that the glass ceramic sealant was 445 

constituted of a matrix of glass H reinforced with YSZ fibers and some residual glass phases, 446 

which facilitated the interpretation of the results. 447 

 448 

On the other hand, the hypotheses arising from the above results were tested by means of a 449 

visualization test carried out on one of the fracture surfaces of the specimen. Most 450 

importantly, possible crack paths were found on the surface where the possible initiation of 451 

the fracture was assumed. In this sense, the microstructure of the material was a key part in 452 

explaining what happened inside the ceramic glass during the test. The observed findings are 453 

supported by the theory of failure in glass ceramics [47]. 454 

 455 

Ultimately, it is important to note that in this experiment it was not possible to assign a 456 

particular frequency to each of the microscopic failure mechanisms found here: matrix 457 

cracking (i.e., glass H cracking), debonding and fiber pull-out (i.e., between glass H and YSZ 458 

fibers or crystals) and YSZ fiber breakage.  459 

 460 

5. Conclusions 461 

 462 
The experiments conducted in this study demonstrated the promising application of the 463 

acoustic emission technique for the monitoring of the mechanical degradation of planar SOC 464 

stacks. Special emphasis has been given to the glass ceramic composite material frequently 465 

used as a seal between the individual cells of SOC stacks.  466 

 467 
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Compared to other methods of noise signal discrimination, the method based on AE signal 468 

duration has proven to be simple and quick to apply. However, it has been found that its 469 

major drawback was the assignment of a criterion to determine the duration values that would 470 

allow a distinction between low and high durations. 471 

 472 

In addition, the effect of the use of waveguides on the identification of possible wave modes 473 

was demonstrated. Therefore, an important contribution to the topic has been the discovery 474 

that in these experiments, the predominant wave mode was the rod mode.  475 

 476 

On the other hand, the use of the FFT technique allowed for calculation of the frequency 477 

spectra in each of the examples considered here. Therefore, based on the results of previous 478 

research, the main contributions were a) for a frequency range from 50 to 400 kHz, having 479 

found that at 27% and 54% of the application of the tensile load the possible fracture 480 

mechanisms are present, considering the type of material and test, were the debonding and 481 

pull-out of the fibers, as well as some of the crystals from the H-glass surface and the cracking 482 

of glass H; and b) for frequencies higher than 400 kHz, the microscopic fracture mechanism 483 

identified was that of the breakage of the YSZ fibers or some of the crystals found in the 484 

composite material.  485 

 486 

Finally, although it was not possible to assign specific frequencies to each of the fracture 487 

mechanisms present in these experiments, the results provide valuable information for 488 

understanding the fracture mechanism in the type of material used here. Therefore, it is 489 

recommended to develop more experiments supported by other techniques such as FEM 490 

modeling or electromagnetic emission.   491 
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