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The objective of this paper is to illustrate a variety of studies carried out to improve the quality of some particular glass-ceramic joining materials based on measured properties such as gas-tightness and mechanical resistance and demonstrate the feasibility of using the proposed materials for solid oxide fuel cells (SOFC) and solid oxide electrolysis cells (SOEC) applications. First, the sealing conditions have been optimized for the two selected compositions in the system MgO-BaO/SrO-B2O3-SiO2. Once the joining materials have been optimized, the gas-tightness has been measured as a function of the glass-ceramic crystallization degree, its thermal cycling behavior and the influence of a reducing atmosphere on this property. The electrical resistance at high temperature has also been studied. Subsequently, the chemical compatibility of the joints steel/glass-ceramic has been evaluated by means of the analysis of the cross-sections using SEM and EDX. Furthermore, the mechanical and chemical stability of the joints has also been studied as a function of the crystallization degree, the resistance vs. thermal cycling and the influence of a reducing atmosphere. Finally, the mechanical resistance of the joints regarding flexural loading has been characterized employing a 4-point bending method both at room temperature and at relevant high temperatures varying the seal thickness. Overall, the results verify that the developed and tested materials are promising for long term stable SOFC and SOEC applications in advanced stack designs aiding prolonged lifetime under thermal-cyclic conditions.
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INTRODUCTION

The processing of the sealant material is a key issue that influences the quality of the joint between the SOFC stack components and the glass-ceramic sealant (Lessing, 2007). A poor gas-tightness will affect the stack performance negatively and will contribute to its degradation (Fergus, 2005). A good processing control will also affect the long term resistance and stability of the joints within the environment of the coexisting oxidizing and reducing atmospheres of the cell (Weil, 2006). If the glass does not provide a good sealing ability, there will be areas of easy access for the gases in the joints seal/interconnect and seal/electrolyte interfaces, which will favor interfaces degradation and as a consequence deteriorate the joint through the formation of undesirable corrosion products (Haanappel et al., 2005; Rodríguez-López et al., 2016). Additionally, the seal itself and also its joints with the stack components must withstand different mechanical stresses resulting from the planar configuration and its modular character, including both compressive and tensile stresses (Blum et al., 2011). Another important quality is that the seals must work as electrical insulators between the repetition units. As a consequence, not only the seals have to be electrical isolators but also it must join well with the stack materials (Fergus, 2005). The adhesion of a glass correlates with its viscosity at joining temperature tolerable for the SOFC components. In parallel, interfacial reactions between glass seal and the components are governed by their thermodynamic equilibrium at the specific temperature as well. Thus, the joining process influences inevitably various specifics of the glass sealant.

The measurement of the mechanical properties of the steel/glass-ceramics joints is difficult since the results are highly influenced by the configuration of the test and the size of the samples, in such a way that components of other forces (not only the one subject of the measurement, i.e., additional unwanted bending) can influence the measurement (Nielsen et al., 2008; Smeacetto et al., 2008; Cela Greven, 2014). Although there are many papers in the literature that report on mechanical properties, the comparison of results turns out to be complicated due to this problem.

In order to compare results regarding joint strengths, the results with respect to the type of test and the applied force types should be discussed separately. As a consequence, the tensile tests provide values around 0.5–18.2 MPa (average values for different sealants) when they are measured at room temperature (Rodríguez-López, 2016), with the higher value corresponding to the glass-ceramic V1649 based on the SrO-La3O3-B2O3 glass system developed by the company 3M (Timurkutluk et al., 2015). Values increase from 16.7 to 31.3 MPa when measured at room temperature in air and wet H2, respectively, as reported for the glass-ceramic GC-9, based on the BaO-CaO-La2O3-ZrO2-Al2O3-B2O3-SiO2 glass system (Lin et al., 2012, 2015). In fact, the tensile strength in wet H2 decreases to a maximum of 16.5 MPa at 700°C (Stephens et al., 2009) and 11.9 MPa at 800°C for the glass-ceramics GC-18 and GC-9, respectively. The thermal aging at high temperature of the latter glass-ceramic appears to increase the traction-resistance values.

The results corresponding to the shear strength obtained at room temperature give values between 0.9 and 47.1 MPa (Stephens et al., 2009). The glass-ceramic GC-18 based on the BaO-CaO-Al2O3-SiO2-B2O3 (BCASB) system yields the higher values measured in this torsion test. This glass-ceramic also provides higher values at high temperature (Stephens et al., 2009). The glass-ceramic GC9 displays an increase of the shear resistance with thermal aging time of the sealant material (800°C/1,000 h; Lin et al., 2015).

Finally, values obtained by 4-point flexural tests at room temperature range between 22 and 55 MPa (Rodríguez-López, 2016). The glass-ceramic H (system BaO-CaO-V2O5-ZnO-Al2O3-B2O3-SiO2) reinforced with silver particles provides here the higher value (Wei et al., 2015). Nevertheless, a glass-ceramic abbreviated type B (system BaO-CaO-Al2O3-SiO2) provides the reported best value of 30 MPa at a relevant high temperature for this application (Zhao, 2013; Malzbender et al., 2014). In general, thermal treatment time improves also the results regarding flexural strength at both room and high temperature (Rodríguez-López, 2016).

The objective of this paper is to illustrate a variety of studies carried out to improve the quality of some particular glass-ceramic joining materials and demonstrate their feasibility to be used in SOFC and SOEC applications. First, the sealing conditions have been optimized for two selected compositions in the system MgO-BaO/SrO-B2O3-SiO2. Once the joining materials have been optimized, the gas-tightness is measured as a function of the glass-ceramic crystallization degree, its thermal cycling behavior and the influence of a reducing atmosphere on this property. The electrical resistance at high temperature has also been studied. Subsequently the chemical compatibility of the joints steel/glass-ceramic has been evaluated by means of the analysis of the cross-sections using SEM and EDX. Furthermore, the stability of the joints has also been studied as a function of the crystallization degree, the resistance vs. thermal cycling and the influence of a reducing atmosphere.

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



EXPERIMENTAL PROCEDURE


Materials Preparation and Thermal and Structural Characterization

Two glass-ceramic compositions within the BaO/SrO-MgO-B2O3-SiO2 system have been studied in this work. The first composition is based on BaO (27BaO·18MgO·7.5B2O3·47.5SiO2, mol%.) and the second is based on SrO (27SrO·18MgO·10B2O3·45SiO2 mol%.), named 7.5B(Ba) and 10B(Sr), respectively. Melting details for these two glass compositions have been reported previously in Rodríguez-López et al. (2017).

The dilatometric, thermal and some mechanical properties of these glasses and corresponding glass-ceramics can also be found in Rodríguez-López et al. (2017). The glasses have been milled in acetone, using agate balls and jars in a planetary mill. Glass powders with a particle size D(v,0.5) = 13 μm, have been employed in the sealing tests.

The viscosity-temperature curves of the glasses were measured combining a rotation method for low viscosity (η < 104 dPas; temperatures higher than 950°C) and a beam bending method for high viscosities (η: 1013-109 dPa·s; temperatures between 650 and 750°C). The viscosities of glass-ceramic samples were measured by beam bending.

The viscosity at high temperature was measured with a Haake viscometer with a sensor E1700 according to the ISO 7884-2 standard (ISO 7884–2, 1987). The beam bending viscometer was a VIS401 (Bahr Thermoanalyse) in a three points configuration with a separation of 40 mm between the two inferior points. The samples characterized by this technique were rectangular bars of base glass and glass-ceramics with dimensions ~45 × 4 × 3 mm. The glass-ceramic bars were obtained by uniaxial press of glass powders and thermal treatment for 24 and 100 h at 800°C for the composition 7.5B(Ba) and 750°C for the composition 10B(Sr). The measurements were carried out applying constant loads between 10 and 200 g employing heating ramps of 2°C/min from room temperature to the deformation temperature.

X-ray diffraction experiments were carried out using a Rigaku diffractometer, model Ultima IV (Rigaku, Tokio, Japan) equipped with a furnace and monochromatic radiation CuKα (λ = 1.5418 Å). The scan was 10–70° (2θ) with a step of 0.02°. The samples were heated employing a heating rate of 2°C/min. The diffractograms were acquired at different rates 7, 2, or 0.5°/min. The temperature was stabilized for 15 min before starting the XRD scan and it was kept constant to the end of the experiment. The following thermal treatment was employed for powders of composition 7.5B(Ba): from room temperature up to 1,000°C during 10 min and cooling down to 800°C and stabilization for 24 h. The following thermal treatment was employed for powders of composition 10B(Sr): from room temperature to 850°C and stabilization for 10 h.



Sealing Experiments

The application of the seal has been performed employing two different techniques: paste technology using a dispenser robot and screen printing.


Sealing Substrates

The seal is in direct contact with the electrolyte of the half cell (electrolyte/anode) and the interconnect material. As interconnect material, two types of steel were employed Crofer22APU and Crofer22H (ThyssenKrupp AG). These steels have been specially designed for its use as interconnects for IT-SOFC. Different thicknesses and shapes were used depending on the properties to be measured. The substrates were cleaned before the application of the glasses with ethanol in an ultrasounds bath for 5 min. The compositional details and some properties of the steels Crofer22H and Crofer22APU can be found in Data (2010), ThyssenKrupp VDM Gmb (2010). The steel Crofer22H developed on the basis of Crofer22APU shows better resistance against corrosion and less Cr evaporation, which reduces the cathode contamination.



Robot Dispenser

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



Screen Printing

This technique of seal application was employed due to its high speed and the possibility to apply the glass paste in defined areas with a certain thickness in a single step. The pastes employed with these processing techniques are slightly less viscous (Federmann et al., 2019) and contain a bigger proportion of binder solution. Moreover, the binder solution contains more diverse mixture of organic additives than the paste employed for the dispenser robot, among them: butyl glycolate, polyvinyl butyral (Mowital) and a non-ionic polymeric surfactant (Hypermer). The conditions of viscosity and content in binder employed were previously optimized for the sealant application in large stacks (Steinberger-Wilckens et al., 2011). This technique was employed to get samples for the determination of the mechanical properties of the joints (Wei et al., 2015). The steel substrates were bars of Crofer22APU of 25 × 6 × 4 mm, for the determination of the fracture strength by means of bending tests.

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

After the process, the samples are dried during 12 h in a stove (55°C). The bars were sealed together with the aid of a joining jig designed for this purpose.



Sealing

The sealing process was adjusted for each of the studied compositions. In all cases, a dead load was applied in order to increase the contact between the samples to be sealed. Glass composition 7.5B(Ba) was heated up to 1,000°C (2°C/min), stabilization at this temperature for 10 min, then cooling down to 850°C, stabilization at this temperature for 10 h and then cooling down to room temperature at 2°C/min. For glass composition 10B(Sr), the heating was only up to 850°C with a stabilization at this temperature for 10 h. In both cases, there was an intermediate step at 350°C for 30 min to burn out all the organic components being present in the glass pastes.

Some samples were thermally cycled to evaluate the influence of this treatment on the microstructure of the sealant, to evaluate some properties after annealing. The cycling program consisted of heating up to 750°C (10°C/min) and stabilization for 5 h and cooling down to room temperature at a rate of 1°C/min for 50 cycles.




Gas-Tightness Measurements

The gas-tightness was measured for sandwiched samples Crofer22APU/glass-ceramic seal/Crofer22APU and Crofer22H/glass-ceramic/Crofer22H. These samples have a hollow of 10 mm of diameter in the center of one of the steel plates which allows the passage of gases to the samples' interior. The detection equipment was a helium leakages detector UL200 (Inficon) employing a difference of pressure of 1 bar (da Cruz Payão Filho et al., 2000; Cela Greven, 2014).

The influence of the degree of crystallization on the gas-tightness property was also determined. Thermal treatments were carried out for 24, 100, 300, and 800 h, respectively, at 800°C. The gas tightness of the joints was measured after these thermal treatments at room temperature. The influence of the thermal cycling (again 50 cycles) was also assessed.

In order to study the influence of a reducing atmosphere on this property and on joints with a certain degree of crystallization, a thermal treatment for 100 h at 800°C in a 4% H2 in Ar atmosphere was carried out.



Electrical Resistance at High Temperature

The electrical resistance was determined using the gas-tightness test sandwich samples. The measurements were carried out via four points testing of the sealing using 4 platinum wires (Cela Greven et al., 2013). The resistance of the samples at room temperature was higher than 2 GΩ. The measurements were carried out up to 850°C employing a heating ramp of 2°C/min and applying a potential difference of 5 V. The measurements were carried out in a resistive electrical furnace which apply the potential difference to the sample through a transformer and measure the resistance (Cela Greven, 2014).



Chemical Compatibility of the Seals

The chemical compatibility of the sealant materials with the steel and electrolyte was assessed employing scanning electron microscopy (SEM) and EDS chemical analysis of transversal cross sections of the joints.

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



Fracture Strength of the Joints

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




RESULTS AND DISCUSSION


Dilatometric Properties and Viscosity of the Glasses

The dilatometric properties of the selected compositions have been reported already in Rodríguez-López et al. (2017). The glass transition temperatures (Tg) are 655°C and 675°C for 7.5B(Ba) and 10B(Sr) glasses, respectively. Figure 1 shows the experimental viscosity data points adjusted with equations VFT and MYEGA (Mauro et al., 2009). Both equations provide a good fit. At the sealing temperatures of 800–950°C, both compositions possess viscosities between 104 and 107 dPa·s, so a good bonding with the cell components can be expected. The maximal sealing temperature for SOFCs is debatable due to the oxidation and creep behavior of the ferritic stainless steels used as stack parts (Quadakkers et al., 2003). Joining tests with reactive air brazes have been carried out up to 1,050°C with a dwell time of 30 min, which can be seen as a limiting boundary condition for the sealing process development (Weil et al., 2005).


[image: Figure 1]
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 vs. Tg/T for the glasses 7.5B(Ba), 10B(Sr), window glass and silica, the continuous lines show the fit with MYEGA equation.




Sealing Stability and Gas-Tightness

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


Table 1. Sealing in air, gas-tightness, and final thickness of the joints steel/glass-ceramic/steel.

[image: Table 1]

The glass composition 10B(Sr) revealed an excellent gas-tightness of 10−9 mbar·l /s, even superior to the gas-tightness requirements for such materials (≤ 10−7 mbar·l /s per cm of joint; Eichler et al., 1999). The final thickness of the sealants is ~215 μm, which fits the desired thickness range in stacks of Forschungszentrum Jülich (between 200 and 250 μm; Steinberger-Wilckens et al., 2006). On the contrary, the composition 7.5B(Ba) provides a rather low gas-tightness 10−4 mbar·l /s and a higher thickness of ~430 μm. This composition possesses a larger sealant thickness due to its higher crystallization rate and hence higher viscosity. The viscosities reached during the sealing process which are presented in Table 1, reveal a good wettability of the substrate since for a good joining the glass must present viscosities in the 104-107 dPa·s (Weil, 2006). The viscosity of 7.5B(Ba) glass at 850°C (log η ~ 5.6) is suitable for sealing but the fast crystallization at this temperature leads to an increase of viscosity when increasing the crystalline fraction (Meinhardt et al., 2008) and as a consequence there is a limited wettability of the substrate and a higher seal thickness that leads to a poor gas-tightness.

In order to improve the gas-tightness of composition 7.5B(Ba), different sealing programs were employed, using also higher temperatures and loads to enhance the softening and wettability on the steel, favoring the sealing kinetics. The experiments are also summarized in Table 1. Increasing the sealing temperature and the applied load improves the gas-tightness significantly. The sealing at 950°C with a load of 1,200 g improves the leakage rate by two orders of magnitude (10−6 mbar·l/s), but this apparent gas-tightness is still below the requirements.

The experiments described in the following focused more on the increase of the temperature but for a short joining time (10 min) since above 1,000°C the steel softens significantly. An additional treatment at 850°C provides then a seal with higher crystallization degree and so enough mechanical stability at high temperature is expected. The gas-tightness reaches 10−7 and 10−10 mbar·l/s at 1,000 and 1,050°C, respectively. In these cases, the gas-tightness values improve three and six orders of magnitude, respectively, fulfilling the gas-tightness requirements (≤ 10−7 mbar·l/s). In spite of the excellent gas-tightness values obtained at 1,050°C, the temperature of 1,000°C was chosen for sealing due to the high chromium diffusion from the steal to the glass-ceramic as concluded from the green color displayed by the glass-ceramic sealed at 1,050°C and the respective specimens that were broken for inspection.

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


Evolution of the Gas-Tightness With the Crystallization Degree and Thermal Cycling

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


Table 2. Gas-tightness (mbar·l/s) of the joints Crofer22APU/glass-ceramic/Crofer22APU as a function of the treatment time at 800°C and after thermal cycling.

[image: Table 2]

The annealing at 800°C for 800 h does not change the obtained gas-tightness for the composition 7.5B(Ba). It keeps constant for all the selected treatment times. After the thermal cycling, the gas-tightness decreased to 1·10−6 mbar·l/s, so the requirements were not fulfilled for this composition. The decrease in the gas-tightness can be a result of mechanical stresses caused by fast heating and cooling rates during the thermal cycling, which lead to the formation of small micro-cracks. The occurrence of such cracks can also be related to the lower percentage of glassy phase for this composition, since the glassy phase potentially helps to release stresses close to operation temperature, i.e., above the glass Tg (Chang et al., 2010; Cela Greven, 2014).

The gas-tightness behavior for composition 10B(Sr) is different. This composition keeps the gas-tightness requirements for all the studied thermal treatments although after 300 h of thermal treatment, the gas-tightness slightly decreases to around ≤ 5·10−7 mbar·l/s, probably due to the appearance of small pores and resulting low porosity associated with local contractions after the precipitation of crystalline phases with higher density than that of the initial starting glass. After the thermal cycles, this composition still guaranties a high gas-tightness, with values similar to those obtained after sealing, so the fast heating and cooling rates during the thermal cycling appear not to affect this property in this case. The greater amount of glassy phase of this composition is one of the factors helping to obtain the good stability since it favors stress relaxation. The higher mechanical strength of this composition vs. composition 7.5B(Ba) (Rodríguez-López et al., 2017) is another factor explaining the better response of the seal with respect to thermal cycling.



Effect of a Reductant Atmosphere on Gas-Tightness

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

The composition 10B(Sr) provides an excellent gas-tightness obtained for all samples treated in reducing atmosphere (≤ 2·10−9 mbar·l/s), verifying a high stability in this environment. On the contrary, the 7.5B(Ba) composition revealed a decrease in the gas-tightness values leading to values (10−5-10−6), smaller than those required and as a consequence this composition possesses low stability in hydrogen atmosphere.




Crystalline Phases After the Sealing Process

High temperature X-ray diffraction has been employed during a thermal treatment simulating the sealing program.

Figure 2A shows the results for 7.5B(Ba) glass composition. The first scan is carried out 1 min after reaching 1,000°C; the temperature was not stabilized for a longer time since a short sealing treatment is being employed (10 min). The diffractogram at 1,000°C shows as the first crystalline phases BaSi2O5, BaMg2Si2O7 and Ba3Si5O13. Results show that BaSi2O5 is the main phase at all studied temperatures and times although the peaks of the phase BaMg2Si2O7 also increase in terms of its intensity being the second predominant phase. When increasing the crystallization time, the phase Ba3Si5O13 disappears and it appears as a new phase Ba5Si8O21. After finishing the thermal treatment the phases are BaSi2O5, BaMg2Si2O7, and Ba5Si8O21. These are the same phases determined in Rodríguez-López et al. (2017) for a constant treatment at 800°C (without heating up to 1,000°C).
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FIGURE 2. (A) High temperature X-ray diffraction of composition 7.5B(Ba). Heating rate 2°C/min and scan rate 2θ: 7°/min at 1000°C and 800°C−0 h and 2°/min for the rest of scans. (B) High temperature XRD of composition 10B(Sr). Heating rate: 2°C/min and scanning rate 2θ: 0.5°/min.


Figure 2B shows the XRD results at high temperature for the glass composition 10B(Sr) employing the sealing program described in the experimental part.

After reaching 850°C, the peaks corresponding to the phase Sr2MgSi2O7 can be observed and there are other diffraction peaks which assignation has not been possible as already explained in Rodríguez-López et al. (2017). The peaks increase in intensity with the treatment time being Sr2MgSi2O7 the predominant phase after completing the sealing treatment. After the thermal treatment, the diffraction peaks are coincident with those obtained in Rodríguez-López et al. (2017), so there is no difference in the precipitated crystalline phase when employing a higher thermal treatment temperature.



Electrical Resistance of the Joints at High Temperature

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


All joints yielded an electrical resistance at room temperature higher than 2 GΩ, the resistance decreases with increasing temperature.

Table 3 presents the resistivity of each joint at different temperatures. The requirements for these materials are resistivities ≥103 Ω·m at a typical stack operation temperature of 800°C, so both compositions fulfill the requirements for these materials. Composition 10B(Sr) has a higher resistance at the temperatures presented in Table 3 although the resistivity values are in the same order of magnitude for both compositions, except at 700°C, where composition 10B(Sr) possesses an insulating character.


Table 3. Electrical resistance at high temperature of the joints.
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The composition presenting better isolating properties was selected to evaluate the evolution of this property with the crystallization degree. For this purpose, a joint with 10B(Sr) glass composition with 300 h of treatment at 800°C was chosen. Figure 3B represents the difference of resistivities between a joint after sealing and another one with 300 h of thermal aging. In case of the aged sample, a high increase in resistivity is observed. Table 3 also shows the resistivity values of both samples at different test temperatures. The aged sample shows values of 185 MΩ·m at 800°C, while the joint just after sealing has a resistivity of 38 MΩ·m at the same temperature. So an increase of approximately one order of magnitude in the resistivity is confirmed when increasing the crystallization degree.

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



Chemical Compatibility of the Joints

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


Composition 7.5B(Ba)

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


[image: Figure 4]
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. (C) Microstructure of the seal and EDX elemental analysis.


The EDX point analysis (Figure 4C, Table 4) reveals a structure and composition very similar to that presented in Rodríguez-López et al. (2017) for the glass-ceramic after 24 h of thermal treatment at 800°C. The spectra 1 and 2 indicate the presence of Ba, Si and O corresponding to barium silicate BaSi2O5, although the identification by EDX of the different present barium silicates in this glass-ceramic is complicated due to their close stoichiometry. The spectra 3 and 4 correspond to the phase with elongated crystals and with darker contrast containing Mg: BaMg2Si2O7. Finally, the spectra 5 and 6 correspond to the remaining vitreous phase.


Table 4. Elemental analysis corresponding to Figure 4.
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The interface steel/glass-ceramic was investigated in more detail by an EDX line scan (not shown). The elemental analysis does not reveal the existence of any intermediate layer between glass-ceramic and steel although there is a slight diffusion of steel elements toward the glass-ceramic, indicating that the native formed chromium oxide layer has been dissolved during the sealing process providing a suitable joining.



Composition 10B(Sr)

Figure 5A is a general view of the joint cross-section of composition 10B(Sr) after the sealing program, where it is possible to observe that the sample possesses a closed porosity and a lower degree of crystallization than composition 7.5B(Ba). If we compare the microstructures of the glass-ceramic in the joint with that of the glass-ceramic after 24 h of thermal treatment at 750°C, the increase of 100°C leads to a clear increase in the crystallization as well as in the size of the crystallites (Rodríguez-López et al., 2017). Figures 5B,C show the detail of the interface seal-steel and the very good adherence between glass-ceramics and Crofer22APU with crystal growth starting from the interface. The steel surface seems to enhance nucleation. Figures 5C,D and Table 5 shows the zones of point analysis by EDX. The spectra 1 and 2 correspond to the phase Sr2MgSi2O7 with similar proportion of Si and Sr. Spectra 3 and 4 correspond to a phase with stoichiometry SrMgSi2O6, formed by crystals with dark contrast and with bigger size than the previous phase. The dark points of small size correspond to spectra 5 and 6 which present SiO2 enrichment. The spectra 7 and 8 correspond to the remaining glassy phase and 9 to the steel Crofer22APU. Spectra 10 and 11 correspond to crystals of the phase Sr2MgSi2O7 close to the steel interface. The crystallites within this area closer to the steel show a slight presence of Cr and Fe that diffused from to steel to the glass-ceramics.


[image: Figure 5]
FIGURE 5. SEM images of the joint Crofer22APU-glass-ceramic seal 10B(Sr) after sealing at 850°C for 10 h. (A) General image of the joint showing the outer and central areas. (B,C) Detail of the joint between steel and sealant. (C,D) Microstructure of the seal and punctual elemental analysis by EDX.



Table 5. Elemental analysis corresponding to Figure 5.
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The linear elemental analysis obtained for both interfaces between steel and seal after joining (not shown) indicates that there is no formation of a new layer and no diffusion of Fe and Cr from the steel. In case of the inferior interface, a good bonding is also observed but there is a significant diffusion of Cr from the steel up to ~3 μm into the seal.

The EDX elemental analysis across the interfaces steel-glass-ceramic treated at 800°C for 800 h (Figures 6A–D) reveals in both cases the presence of a layer enriched in Cr, Mn, and O of ~2–3 μm thickness. The formation of this layer indicates a possible formation of (Mn, Cr)3O4, the formation of this layer has been widely described in the literature (Mantel, 2000; Yang et al., 2003, 2004; Chou et al., 2008; Smeacetto et al., 2009, 2013; Lin et al., 2012; Kaur et al., 2013) in the surface of ferritic stainless steels constituted by Fe, Cr, and Mn such as Crofer22APU. This layer is a stable coating (Kaur et al., 2013) and less reactive than Cr2O3, which can also be formed in the steel surface. The presence of this layer prevents the chromium evaporation and hence it minimizes the steel corrosion and it also avoids the possible formation of strontium chromates with high thermal expansion coefficient TEC (21–23·10−6 K−1, 25–1,000°C; Chou et al., 2007) which can cause the physical separation of seal and steel. Another positive aspect of this layer is that it improves the sealing interface acting as a transitional layer between metal and the glass-ceramic seal.


[image: Figure 6]
FIGURE 6. (A) 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.


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


[image: Figure 7]
FIGURE 7. EDX elemental mapping for the joint inferior steel-glass-ceramic 10B(Sr) treated at 800°C for 800 h.


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




Fracture Strength of the Joints

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

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

Figure 8 shows the load-displacement curves as a function of temperature and sealant thickness. The bars sealed and tested at room temperature have a linear loading curve up to fracture, which demonstrates the brittle behavior of this type of materials; this behavior is observed for one layer applied by screen printing as well as two layers of glass-ceramic. The linear behavior disappears at 800°C, and the samples fail at lower loads compared to those measured at room temperature.


[image: Figure 8]
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).


In fact, the composition 10B(Sr) characterized at 700°C reveals a curve with a non-linear trend, where the plastic deformation continues for a long loading time, in that way, high deformations are obtained and the joint finally breaks at higher load values. In this case, the viscoelastic-plastic flow influenced by the remaining glassy phase promotes a ductile behavior at temperatures above Tg (Chang et al., 2010; Zhao, 2013) acting as a reinforcement mechanism of the joint and indicating also a stress relaxation effect due to the presence of the glassy phase (Chang et al., 2010). This behavior occurs independently of the sealant thickness and indicates a possible “self-healing” effect of the cracks produced during the test due to the glassy phase softening explaining the higher mechanical resistance of these samples.

In order to asses the origin of the massive deformation of the samples of 10B(Sr) composition during the high temperature measurements due to its lower refractory character compared with composition 7.5B(Ba), the viscosity was measured using “beam-bending” of glass-ceramic bars with the same thermal treatment (850°C during 10 h; graph not shown; Rodríguez-López, 2016). A strong increase in viscosity of the glass-ceramic was observed so the massive softening of this material is discarded at 700°C as well as 800°C since it possesses high viscosities between 1012 and 109.5 dPa·s in the temperature range between 938 and 950°C.

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


Table 6. Flexural resistance at room and high temperature as a function of the seal thickness.
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Both seals present a decrease of the flexural resistance with the increase of temperature with reduction in the values of ~75% for the barium composition and ~66% for the strontium composition at 800°C, providing values of 11 and 10 MPa, respectively. The larger values are obtained for the strontium composition at 700°C, with resistances of 65 MPa, due to the already mentioned reinforcing effect of the glassy phase fluency. This behavior evidences the positive influence of the presence of glassy phase in the mechanical properties in this case.

The influence of the thickness of the sealant shows a slightly negative tendency onto this mechanical property in the case of composition 7.5B(Ba) although the values are constant within the measurement deviation. However, for the composition 10B(Sr), this influence is remarkably negative, diminishing the strength values at larger thickness. This influence can be explained by the compressive stresses produced during cooling that is induced by the differences in TEC between glass-ceramic and steel, which provoke an increase in the traction resistance. The residual compressive stress is higher for higher TEC difference (Malzbender et al., 2014). This effect is more important for the strontium composition, as can be observed in Figure 9A, due to the greater difference in TEC between the glass-ceramic and the Crofer22APU (Rodríguez-López et al., 2017). According to this argument, the 7.5B(Ba) glass-ceramics should have a smaller difference in TEC with Crofer22APU leading to a lower residual stresses in the joint.


[image: Figure 9]
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).


The Weibull distribution was employed to check the reliability of these values, due to the bigger number of tested barium composition samples and taking into account the relevance of the number of tests when using this distribution only the results of this composition were used for a statistical analysis. Figure 9B shows the results of the two parameter Weibull distribution for bars sealed with one and two layers of glass-ceramics 7.5B(Ba). Note, although used here for discussion, strictly the statistical analysis requires a larger specimens number of ~30, hence the analysis presented here is only used to reveal tendencies in materials behavior.

The Weibull moduli are between 5.7 and 6.1, with a small increase of the reliability of the samples with larger thickness, however considering limited specimens number and statistical uncertainty, these can be considered as being identical; these values are similar to those obtained for sintered bars of this composition after 24 h of treatment (Rodríguez-López et al., 2017) which revealed a value of 6.4.

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

If the obtained values are compared with those described in the literature employing the same type of test with similar sealant thickness, the values of 42 MPa obtained at room temperature for composition 7.5B(Ba) are superior to those described in the literature with values of 34 and 25 MPa for the seals H-P and B (Zhao, 2013; Malzbender et al., 2014), respectively, and similar to the values of 30 MPa obtained for composition 10B(Sr). At 800°C, the value ~10 MPa obtained for both compositions is 10 times higher than that obtained for the seal H-P with values ~1 MPa but less than the one presented by the seal B with values of ~30 MPa. Nevertheless, the best values of flexural resistance (65 MPa) obtained at 700°C for composition 10B(Sr) are superior to those of seals tested in a similar configuration.




CONCLUSIONS

Through the optimization of sealing programs, gas-tight joints were obtained for two glass-ceramic compositions which fulfill the requirements for SOFC operation. The 7.5B(Ba) composition requires a higher sealing temperature (1,000°C) to achieve the appropriate gas-tightness due to its higher crystallization rate, high viscosity and poor wettability. The sealing temperature of this composition is a drawback for its use as IT-SOFC sealant material, since the steel may suffer larger degradation and may even soften at these temperatures. In contrast, the 10B(Sr) composition has sufficient gas-tightness when it is sealed at the typical temperature employed for these materials (850°C). For this composition, the gas-tightness values meet the requirements in all studied cases: evolution with time of thermal treatment in air (degree of crystallization of the seal), thermal cycling response and thermal treatment in reducing atmosphere. The barium composition has low stability of gas-tightness, showing values below those required after thermal cycling and thermal treatments in reducing atmosphere.

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

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

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

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

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

Overall, the results verify that the developed and tested material is promising for long term stable SOFC and SOEC application in advances stack designs aiding prolonged lifetime under thermal-cyclic conditions.
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