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Introduction

The choice of an appropriate material that can be implemented as a sealing material in SOC technologies is a rather tricky subject to address. When combining the mechanical, thermal, chemical, electrical and design constrains (Figure 1), the list of the materials is shrank to a very small number of potential candidates.

Figure 1 -Technical constraints associated with seals in SOC stacks.

Among this impressive list of technical constraints, the high temperature of operation combined with the limited amount of forces that can be applied to ensure the seal compression are the most restrictive ones. When considering a seal geometry with long length of sealing barrier, the limitation of the mechanical force that can be applied is indeed a very strong constraint in term of design. The electrical constraints, with seals that have to ensure an electric insulation between layers is another very specific constraint of SOC, that prohibit the use of metallic seals solution in most of the SOC mechanical interfaces. For all these reasons, mineral-based materials providing electrical properties, thermal and mechanical resilience at high temperature, together with sealing properties compatible with the SOC technical constraints are commonly used as sealant in SOC stacks. The glass vitroceramic and ceramic materials are part of the materials implemented in SOC technologies as sealing cement between the interconnect layers.

With the double objective of improving the global sealing performances and the understanding of the behavior and properties of the vitro-ceramic during its different life phases extended studies of the vitroceramic formation and evolution as well as mechanical tests of sealed connection between stack inner layers materials have been performed.

Scientific Approach

Studies performed on sealants in the present study interact with stack developments. The stack design corresponds to the description given in [1] [START_REF] Cubizolles | Stack Optimization and Testing for its Integration in a rSOC-Based Renewable Energy Storage System[END_REF] [START_REF] Mougin | Development of a Solid Oxide Electrolysis Stack Able to Operate at High Steam Conversion Rate and Integration into a SOE System[END_REF]. It was based on thin B1211 / Page 3-8 interconnects using 0.2 mm AISI441 ferritic stainless steel sheets. It comprised electrode supported cells of 100 cm² in active area. A nickel-mesh and an LSM contact element were set in the H2 and O2 compartments respectively. A cross flow design was chosen. Sealing was achieved with a commercial ceramic glass. A vermiculite plate was added to ensure the electrical insulation between two adjacent interconnects, but also to complete the sealing and to precisely position the cell. To optimize the sealing and the electrical contact, a mechanical loading was applied on the stack by external system. Therefore the sealing of the outer structure of the stack and of the inner gases chamber is ensured by the vitroceramic paste deposited below the SOC cell or between two interconnector layers. This glass paste allows the formation of sealing barriers with complex geometries, featuring after drying a high mechanical strength. After its deposit, the seal goes through three different life phases. The first one is the initial transformation of the glass paste, following well-defined multi-step thermal cycles and goes through a debinding phase. The second phase is the formation of the vitro-ceramic, during this phase the sealing interfaces are formed between the stack materials. The glass structure is evolving, devitrification and nucleation can be observed in the material bulk. The third phase is related to the aging of the vitro-ceramic glass during the stack operational lifetime. In this final life phase, the glass goes through increasing levels of temperature for long periods of time.

The scientific approach chosen to address the studies of a complex material such as the vitro-ceramic was to focus on each of these life phases starting with the first and second in order to define optimized conditions for the vitro-ceramic formation with a reference thermal cycle. A second strand of the studies focuses then on the definition of a reference mechanical test protocol to assess the sealing performance of the vitro-ceramic on a standard seal layout in relevant operating condition. The final part, once relevant aging conditions are defined, will focus on the analysis of the cement's microstructure during the third life phase.

Experimental results: glass characterization

The glass-ceramic seal is obtained from heat treatment of a glass powder suspension. This glass paste contains different solvents, binders, dispersant and plasticizer in order to get a suitable fluid for the seal shaping. The extensive characterization of the material use as a sealant in all its forms (glass powder, glass suspension and glass-ceramic) is required to optimize the glass-ceramic seal heating process. On a first step, the chemical composition, granulometry, porosity, glass transition temperature, viscosity and coefficient of thermal expansion of the glass powder were measured. The crystallization temperature range was also determined. The glass paste is also characterized with measurement of its granulometry and mass loss by gravimetric analyzes. Once shaped in seals (enclosed square geometry), different configurations were studied. Using various thermal treatments, the crystallization (rate and types of crystals) and the porosity of the glass-ceramic seal were determined and allowed to put forward impacting parameters. Preliminary interface characterizations were also performed. Finally, a preliminary study of the glass crystallization tendency was run. B1211 / Page 4-8 As shown on Figure 2 (SEM imaging of the bulk of a seal formed between two plates of AISI441) an important porosity is observed (ranging between 14 to 25%) on all samples. If all the characterizations are required to have an initial understanding of the vitro-ceramic microstructure, the objective of improving the glass-seal performances and mechanical resilience implies dedicated studies of the porosity of the glass matrix. Indeed, the leaks observed on the stacks are generally associated to cracks within the cement, the number and the geometrical size of such defects are increased when the porosity of the bubbledglass increases. The reduction of the porosity is a first lever that can be used to improve the sealant material properties. The effect of first and second life phase experimental conditions on the porosity is very important. As illustrated on Figure 3, the heating ramp rate shows a strong impact. Samples heated more quickly clearly show a much more important porosity (porosity of 43 to be compared to 15%). Gas bubble analysis also indicate a slightly higher CO2 content coming from organics decomposition. Indeed, gravimetric analysis on the glass suspension has shown that it occurs below 500°C. With fast ramp, the produced gas could not evacuate correctly and produced porosity. Samples heated more quickly also show a lower B1211 / Page 5-8 crystallization rate, fast evolution of temperature may hinder the nucleation and result in a lower crystallization.

These results open opportunities to consider alternative thermal cycle, temperature step(s) during the heating ramp. Such multi-step cycle can be implemented to improve the outgassing and allow the increasing of the heating ramp rate once the debinding (occurring at low temperature) of the paste is achieved. The step(s) allowing the seal placement may also be optimized. Parametric studies are on-going to optimize the duration of the first and second glass life phases to reduce the time required for the stack manufacturing and the seal bulk porosity.

Linked with sealing issues, the second point that required a specific attention is the interface characterization. The AISI441-glass-ceramic seal interface was observed along with the seal characterizations through SEM. SEM images and X-mapping of respectively, the AISI441/seal interface (Figure 4) and the electrochemical cell/seal interface (Figure 5) are given below. For the observed samples, which were cut and prepared, the seal may be detached from the AISI441 plate, whereas this is not the case with the electrochemical cell. Porosity seems also greater with the electrochemical cell but quantitative results do not show a large difference. For the performed seal processing (standard thermal cycle), at the AISI441 interface, Cr diffusion is clearly observed on 1-2 m thickness in the seal. According to the quantitative EDS analysis at the interface, neither the barium silicate crystals nor the barium magnesium silicate crystals show Cr integration and both have a stable composition. On the other hand, the residual glassy matrix may be enriched up to 6.6 wt. % Cr2O3. This may lead to the appearance of new crystals that may have different coefficient of thermal expansion (CTE) [START_REF] Fergus | Sealants for solid oxide fuel cells[END_REF] [START_REF] Tulyaganov | Aluminosilicate-based sealants for SOFCs and other electrochemical applications -A brief review[END_REF]. A strong discrepancy between the CTE of the interface material and of layer of crystal can generate shearing constraints during thermal variations within the sealing interfaces. Indeed, it was shown that glasses having a large Barium content (such as the one we use) may lead to the crystallization of BaAl2Si2O8 after long-term heat treatment and formation of detrimental BaCrO4 crystalline phase when interfacing with Cr-based metallic interconnect materials in air [START_REF] Tulyaganov | Aluminosilicate-based sealants for SOFCs and other electrochemical applications -A brief review[END_REF]. This later phase has a larger CTE than the sealing glass and may lead to significant losses in bonding strength at the interface [START_REF] Tulyaganov | Aluminosilicate-based sealants for SOFCs and other electrochemical applications -A brief review[END_REF]. This point wasn't studied here, B1211 / Page 6-8 shorter process treatments being first considered. Further studies are planned to evaluate the time evolution/change of the glass-ceramic and how it impacts the sealing performances. 

Seal mechanical test protocol

Comparing seals with different backgrounds requires the definition of a standard test protocol. The choice was made to perform pressure resilience test instead of leak-test measurement based on gas spectrometry for example [START_REF] Rodríguez-López | Thermo-Mechanical Stability and Gas-Tightness of Glass-Ceramics Joints for SOFC in the System MgO-BaO/SrO-B2O3-SiO2[END_REF]. This choice was made mainly due to the performances of the cement (featuring leak-rates in the range of the minimal threshold of Helium spectrometry of 1.10 -10 Pa.m 3 .s -1 ) and to reproduce mechanical solicitations close to the real stack operational conditions. The chosen experimental setup consists in a glass seal, made by robot dispenser allowing the deposit on a AISI441 plate (with a fine control of the mass of the glass paste deposit) of standard and reproducible seal with squared geometry. Once dried, the seal is mounted on a test plate made of AISI441 and inserted between two compressions plates of an instrumented electromechanical press (Figure 6). In the middle of the seal a crushing wedge is inserted in order to ensure a precise seal height after the melting of the glass. An outer frame made of vermiculite is mounted on the outer periphery to limit the seal expansion B1211 / Page 7-8 during melting and to ensure a well-controlled seal geometry for all samples. The experimental setup is inserted inside an oven and goes through the defined forming cycle. During the forming process and pressure test, a controlled force is applied on the sample to reproduce the stack compression and to compensate the force generated by the gas inner pressure.

Once a chosen temperature is reached, N2 gas is injected within the sample by mean of gas mass flow controller associated with a control loop pressure measurement up to a pressure set point. The pressure is maintained during one hour, then the gas is flushed and a new pressure set point higher than the previous one is applied. The process continues until a seal defect leads to a significant leak-rate. The Figure 7 illustrates a standard test made at 800°C on a seal sample featuring a pressure resistance up to 1.4 bars. For pressure below this value the leak-rate remains below the minimum threshold of the mass flowmeter (0.05 NmL.min -1 ). During the 1.4 bars pressure step, a leak appears and the mass flowmeter is forced to provide a gas flow to maintain the pressure set point.

The pressurization at the next level of 1.5 bars leads to a leak-rate of 2.75NmL.min -1 (the maximum flow-rate allowed) to a pressure level below 0.55 bar, a value below the set point. The defects leading to leaks at high pressure are always due to the propagation of cracks opening leak-path(s) through the seal width. This type of defect cannot be recovered. Together with the pressure level when the seal is damaged and the first leak becomes measurable, the mass flow-rate and the pressure level measured after the failure of the seal can provide insights on the extent of cracks. This protocol, with the application of cyclic increasing loads on standard seals is a rather discriminant test especially regarding the studies of the impact of the glass matrix porosities on the formation of cracks. This test allows also quantitative analysis of the seals stiffness related to their geometries (width and height) providing the seals samples inner contours remain unchanged in order to maintain the same constraint level applied by the inner pressure. 

Conclusion

Combining an extensive program of analyses on the vitro-ceramic glass over all its lifephase and standardized mechanical test protocol reproducing in term of seal geometry and mechanical applied constraints, the stack operational conditions has been performed in order to improve the glass-matrix structure and the stack sealing performances. The glass ceramic sealant has been characterized in terms of porosity and crystallization. It has been show that the heating ramp rate influences the porosity and the crystallization. The interaction with AISI metal and ceramic cell has been studied and some reactivity has been found with the AISI441 metallic material of the interconnector. Finally the mechanical robustness of the seals have been studied and the maximum pressure tolerance has been defined. For the chosen geometry, the sealant could withstand a pressure up to 1.4 bar.
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 2 Figure 2: scanning electron microscope images of vitro-ceramic seal sample.
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 3 Figure 3: Sealing material SEM images (backscattered electrons) -2 temperature ramps.
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 4 Figure 4: X-mapping at the AISI441-seal interface
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 5 Figure 5: X-mapping of the electrochemical cell-seal interface.

Figure 6 :

 6 Figure 6: Experimental pressure test setup for glass seals.
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 7 Figure 7: Standard pressure loads at 800 °C.
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