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Abstract Solid oxide cells (SOCs) devices are of great interest for effective power
generation and for highly efficient conversion of electricity to hydrogen, fuels and
chemicals using high temperature electrolysis. Electrochemical energy conversion
in SOCs can be achieved only by a reliable integration and joining technology.
In this context, glass-based materials, with multiple functional compositions and
properties play a key role in the performance and durability. In most SOC stack
designs the metallic interconnect must be sealed both to the interconnect frame
and to other cell ceramics components, thus presenting significant challenges. An
overview and update about the research activity done at Politecnico di Torino (Italy)
on design, sinter-crystallization, characterization and testing of glasses and glass—
ceramics sealants is presented and discussed.
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1 Glass—Ceramic Sealants for Solid Oxide Cells (SOC)
Applications

Glass and glass—ceramics play a fundamental role in the development of SOC tech-
nology. Indeed, thanks to their nature, glasses and glass—ceramics can be used
as sealants in harsh conditions ensuring a very high gas tightness (leak rate <
10~ mbar 1 s7!). The use of glass to metal sealing technology is well known
in different applications such as hermetic interconnectors, incandescent light bulb,
glass-encapsulate diodes, pressure tight glass windows etc. [1, 2].

In SOC technology different materials need to be joined together for use in severe
operating conditions. In order to obtain useful SOC performance, it is necessary to
combine more cells in a stack connected by an interconnect which is typically made
by high Cr-containing stainless steel (the most common being Crofer22 APU), while
ceramic materials are used for both the electrodes and the electrolyte. Furthermore,
SOC stacks operate at high temperatures (700-900 °C) and are exposed to dual
atmospheres (reducing and oxidizing) for long periods of time and their lifetime is
expected to exceed 40 kh.

The use of sealants is necessary in these systems to ensure the separation between
the atmospheres, otherwise their mixing, even due to micro leaks, can lead to fast
reduction of the device efficiency as well as to side reactions that may damage the
device itself (i.e. formation of hotspots due to strong exothermic reactions). In this
scenario, the need for sealants that are able to withstand the high operating tempera-
tures and thermal cycles as well as the aggressive atmospheres has emerged. In recent
years, researchers have focused on different sealing approaches; these include the use
of a variety of possible sealants including compressive sealants such as mica-based
sealants [3—6], metallic-based sealants or rigid ones (like brazes or glass—ceramics).
Out of these options, glass—ceramic sealants have been observed to be among the
best-performing. The great advantage of the use of these materials as sealants is repre-
sented by the possibility of tuning their properties by tailoring their composition. It is
possible to change the type or the amounts of the oxides contained in a parent glass in
order to obtain favourable properties for the performance of the final glass—ceramic
sealant. Properties that can be altered by variation in the glass—ceramic composi-
tion include the glass transition temperature, T,, the softening temperature, T, the
crystallization temperature, T, the crystalline phases and crystallization behaviour,
the thermal expansion coefficient (CTE) which is fundamental in SOC applications
due to the high operating temperatures as well as its chemical compatibility with the
other materials involved in a SOC stack.

In such a challenging application, different factors need to be considered at the
same time; a good sealant should not develop detrimental phases with the joined
materials at the operating T and should withstand exposure to both oxidizing and
reducing atmospheres and of course it must not degrade under these conditions.
Furthermore, it has to show excellent thermo-mechanical compatibility with such
materials and high electrical resistivity (> 10* Q cm) in order to avoid current losses or
short circuits [3-5]. Therefore, it is clear that the starting composition of a glass-based
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sealant has to be carefully tailored since an improvement on one of these factors may
be concomitant with a worsening of other properties. The development of a suitable
glass-based sealant during recent years has attracted the efforts of many players in
the scientific community including: Pacific Northwest National Laboratories (PNNL)
[7], Denmark Technical University (DTU) [8]. Furthermore, different compositions
have been commercialized by SCHOTT and other companies [9].

There is a growing body of literature that recognizes the important and crucial role
of sealants. Among these, a strong contribution in the last 10 years has come from
Politecnico di Torino and its partners focusing the efforts on production, characteri-
zation and testing in real operating conditions of different glass compositions (either
containing or in the absence of alkali oxides). In this section, their main results will
be summarized.

1.1 Alkali-Containing Glass—Ceramic Sealants at POLITO

Part of the research activity at POLITO on glass—ceramic sealants focused on alkali-
containing compositions. The work has addressed topics including their thermal
characterization by means of differential thermal analyses (DTA), heating stage
microscopy (HSM) and dilatometry (DIL) and their compatibility with typical mate-
rials involved in the joining of SOC stacks components including YSZ (electrolyte),
Crofer22APU and AISI 441 stainless steels (both bare and coated with different
protective coatings).

The introduction of alkali oxides in the glass composition can help the tuning of
the CTE of the sealant after its sinter-crystallization, achieving a high thermome-
chanical compatibility with the sealed materials which typically have a CTE that
ranges between 10 x 107% and 12 x 107% K~!. Furthermore, thanks to their role
as network modifiers in a glass, alkali oxides can contribute to the lowering of the
characteristic temperatures of the material.

In the case of SOC applications, it is very important to understand the behaviour
of a sealant not only in its starting glassy form but especially as a glass—ceramic
obtained as a consequence of a sinter crystallization thermal treatment (carried out
in order to consolidate the joining process). Indeed, the formation of crystalline
phases can strongly influence the overall properties of the material and therefore the
soundness of the joining as well as its compatibility in relevant operating conditions.

For this reason, Smeacetto and co-workers [10—13] carried out a variety of studies
on the crystallization behaviour of different glasses by DTA measurements demon-
strating how these systems tend to crystallize mainly by following a heterogeneous
crystallization mechanism, starting from the surface of the glassy particles. It is
possible to evaluate the crystallization behaviour of a glass by carrying out DTA
measurements on a fixed particle size with different heating rates. Furthermore, DTA
analyses on different glass particle sizes may provide understanding of the main crys-
tallization behaviour. Indeed, if heterogeneous crystallization from the surface is the
predominant mechanism, a finer powder will give a DTA thermogram with a more
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Fig. 1 DTA analyses carried out on alkali-containing glass with different powders dimension at
the same heating rate (20 °C/min): a < 38 pm, b 38-75 wm, ¢ > 75 pm, d bulk glass [12]

pronounced crystallization peak, in comparison with coarser powders (Fig. 1). A
deep understanding of the crystallization mechanism and of the effect of the particle
size is fundamental since it can affect the compatibility of a sealant with the interface
material. An excessive surface crystallization can lead to high degree of shrinkage
with consequent poor wetting on the substrate (as shown in the left image of Fig. 2).

Furthermore, the control of the amount of crystalline phases is also crucial. A
certain degree of crystallization can be beneficial for a sealant since the crystalline
phase improves the mechanical behaviour of the joint avoiding excessive flowing
behaviour of the glass—ceramic at the operating conditions of a SOC stack (much
higher of the typical glass transition temperatures). By contrast, a sufficiently residual
glassy phase is able to accommodate thermal stresses during the operation at high T.
Furthermore, the evolution of the crystalline phases needs to be taken into account
since the long-term exposure of these materials T > T, can lead to changes in the
amount and number of crystallized phases in comparison with the “as-joined” state.

Fig. 2 Effect of different powder sizes on the compatibility between a glass—ceramic sealant
(SACN) and a Crofer22APU stainless steel substrate. From left to right different SACN powders
sizes: d < 20 wm, d = 20-38 wm, d = 38-75 wm, d = 75-106 pwm and d > 106 pwm [10]
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An example is reported in Figs. 3 and 4 concerning an alkali-containing glass—
ceramic labelled as V10. This material was studied after different steps of exposure
at 800 °C in static air (100 and 300 h) and its microstructure compared with of
its structure after the joining treatment (850 °C for 1 h in air). The XRD analysis
(Fig. 3) revealed the formation of Al-containing diopside (with a CTE 11.6 x 107
K~") as the only crystalline phase after the joining treatment (& 37 wt%) (Fig. 4b).
This led to a beneficial increase in the CTE of the sealant from 7.6 x 107 K~!
(parent glass) to 11.5 x 100 K-! (glass—ceramic), a value that was closer to those
of the materials typically involved in a stack. In this case the further aging at 800 °C
led to the formation of nepheline (CTE 9 x 10°® K~') as a secondary crystalline
phase (=8 wt%). The formation of this phase did not affect excessively the CTE
of the glass—ceramic and led to a more rigid structure “delaying” the dilatometric
softening point (Fig. 4a); the amount of the residual glassy phase was found to be
about 50 wt%. This example demonstrates the importance of having knowledge
of the evolution of a glass—ceramic sealant for SOC applications, especially when
considering the long-term operations expected for these devices.

One of the first alkali-containing glass—ceramic compositions studied at POLITO
was labelled SACN (already cited in Fig. 2). This system was extensively studied
and exhibited excellent behaviour in terms of compatibility with both YSZ and
Crofer22 APU. Figure 5 shows the morphology of a YSZ/SACN/Crofer22 APU
sample in the “as-joined” state, as well as after aging for 400 h in air at 800 °C. Both
the SEM pictures revealed good adherence with no evidence of cracks or delamination
and there were no adverse reactions even after aging.

a) . V10 as joined ® Diopside: Ca(Mg,Al)(Si,Al),04
¥ Nepheline: NaAISiO,
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| b) V10 aged 100 hrs at 800°C
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Fig. 3 XRD of V10 glass—ceramic after different aging at 800 °C in air [14]
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Fig. 4 Dilatometric measurements of V10 glass as casted and glass—ceramic after different aging
at 800 °C in air (a) and results of Rietveld quantitative analyses based on XRD reported in Fig. 3
[14]

YSZ

Fig. 5 SEM pictures of a joining Crofer22 APU/SACN/YSZ after the joining treatment and after
an aging of 400 h at 800 °C [10]
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Fig. 6 Comparison between microstructure of a refractory sealant on the left Smeacetto et al. [10]
and a compliant one on the right

However, the SACN glass—ceramic showed high crystallinity after the sinter-
crystallization treatment. For this reason, the studies that followed focused on glassy
systems that were more “compliant” and able to maintain a considerable amount of
the residual amorphous phase thanks to a meticulous tailoring of the alkali content. A
higher amount of residual glassy phase can be beneficial in real operating conditions
ensuring a less rigid behaviour able to accommodate thermal stresses. Furthermore,
the amorphous portion could provide self-healing during the thermal cycles. One
example was represented by the V10 glass—ceramic. As reported in Fig. 4b after
long aging at 800 °C, the residual glassy phase represents &~ 50 wt% of the material.
Figure 6 depicts a clear difference in the microstructure between the refractory glass—
ceramic (SACN) and the compliant one (V10).

The behaviour of alkali-containing glasses has been the subject of several research
investigations. Some investigations have shown that these glasses can exhibit satis-
factory long-term behaviour when tested under harsh conditions [15-23]. There have
also been studies in which there was evidence of reaction with Cr leading to forma-
tion of Cr-containing volatile species with consequent degradation of the sealant
integrity and possible formation of conductive phases which may cause unwanted
short circuits.

Sabato et al. [14] carried out an extensive study on the degradation phenomena
of an alkali-containing glass—ceramic exposed to real-operating conditions under a
dual atmosphere at 800 °C with application of a DC electrical voltage. The electrical
resistivity was measured for the duration of the test. The work involved investigation
of the behaviour of (i) the glass—ceramic itself with a 1.3 V applied voltage, (ii)
a joined sample Crofer22APU/glass—ceramic/Crofer22APU with a 0.7 V applied
voltage and (iii) a joined sample Crofer22APU/glass—ceramic/Crofer22APU with a
1.3 V applied voltage. The resulting resistivity measurements are shown in Fig. 7.
While in the case of the first two samples the electrical resistivity was found to be
stable exhibiting a value of above 10* Q cm for the entire duration of the test, in the
case of the sealant interfaced with the metallic counterpart under a higher voltage,
fast degradation of the electrical resistivity was recorded.

A detailed post-mortem analysis was carried out on the degraded sample (Fig. 8)
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Fig. 7 Electrical resistivity measurements at 800 °C for 100 h of: a the glass—ceramic itself at
1.3 V, b joined sample Crofer22APU/glass—ceramic/Crofer22APU at 0.7 V and ¢ joined sample
Crofer22 APU/glass—ceramic/Crofer22 APU at 1.3 V [14]

showing the development of degradation phenomena at the air side of the sample. The
integrity of the sealants seemed to be compromised close to its boundary with the air.
Furthermore, the formation of a Cr, O3 bridge was detected starting from the cathodic
(negative) polarized interface and growing towards the anodic (positive) polarized
one. The good electronic conductivity of chromia explained the rapid decrease in the
electrical resistivity of the system as reported in Fig. 7. On the other hand, the same
phenomenon was not detected when a 0.7 V DC voltage was applied. This behaviour
was explained starting with the well-known tendency of Cr-forming alloys to form
Cr-containing volatile species in typical SOC operating conditions by the following
the reaction:

Cry03() + 2H30(g) + 3/205) < ZCFOZ(OH)Q(g) (1)

CrO;,(OH), then reacted with Na contained in the glass forming Na,CrO4 which
is highly volatile at 800 °C and has a partial pressure much higher than CrO,(OH);:

Cr02(OH)2(g) + NayOg) <> NayCrOy) + HaO(y 2)

Na,CrOy is reduced at the negative polarized interface forming again Cr, O3 under
the electrochemical potential applied to this side of the sample:

2N212C1'O4(g) + 2H20(g) — CI‘203(S) + 3/2 02 + 4NaOH(g) (3)

Taking into account the fact that reaction 3 has a nominal Nerst potential of 1.19 V
at 800 °C, it is clear how this degradation mechanism was triggered at an applied



Glass—Ceramic Sealants for Solid Oxide Cells Research ... 211

Anodic (+)

Fig. 8 SEM and EDS elemental mapping of alkali-containing glass—ceramic sealant interfaced
with pre-oxidised (900 °C Crofer22APU in a sandwiched sample tested in dual atm. at 800 °C for
100 h under the application of a DC voltage of 1.3 V) [14]

voltage of 1.3 V, but did not take place in the case of the voltage of 0.7 V. Furthermore,
the huge Cr reservoir represented by the steel and the re-formation of NaOH as a
reaction product of Eq. 3 can lead to continuous catastrophic degradation of these
materials under these conditions.
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Considering this, despite the use of alkali-containing glasses can bring several
advantages from the point of view of thermo-mechanical compatibility at the sealing
temperature, a protective layer should be applied when using alkali-containing glass—
ceramics.

Another important factor that emerged in the last few years for the successful
development and operation of SOCs is the compatibility of glass-based sealants and
protective coatings typically used to protect the metallic materials in a SOC stack.
Furthermore, the deposition of protective coating can also prevent the development
of detrimental reaction between the steels and the glass—ceramic sealants. The most
common materials used as protective coatings in this application are represented by
the family of spinels based on (MnCo)304 and their variants [24-26]. However, many
studies focused also on the use of Al,O3 as a protective coating [27-29]. Therefore,
the compatibility of the glass-based sealants interfaced with these layers is crucial,
especially in the case of design where such contacts are foreseen [15-27, 27, 30, 31].

Good compatibility between the sealants and the protective coatings represents
a strong advantage in industrial production allowing the formation of a uniform
coating on the entire surface of interconnects without using masking techniques.
Furthermore, the presence of a protective coating would block the development of
detrimental reactions that may develop between the sealant and bare Cr-containing
stainless steels. An example is reported in Fig. 9 that presents SEM and EDS anal-
yses at the interface between a Mn; 5Co; 504 coating obtained by electrophoretic
deposition and an alkali-containing glass—ceramic sealant. The interface between
the coating and the sealant and the underlying steel is in both cases excellent with
no evidence of cracks or delamination. The EDS analyses have also shown excel-
lent Cr-retention ability of the coating and the absence of any reaction between the
protective layer and the sealant.

Another type of coating often applied to metallic interconnects is represented by
a thin layer of alumina that acts as both a barrier layer to prevent Cr evaporation
and as a barrier between the sealants and the underlying steel preventing detrimental
interaction between the two. Ritucci et al. [27] successfully reported the interfacing
of an alkali containing glass—ceramic sealants labelled V11 and alumina-coated
Crofer22 APU (see Fig. 10). The glass—ceramic appears to have excellent compati-
bility with the Al,O; layer; the interface is free from cracks and reaction products.
The EDS in Fig. 10 also shows that there were no inter-diffusion phenomena. The
Cr appears to be confined to the metallic side of the sample.

1.2 Sr-Containing Glass—Ceramic Seals

As discussed in the previous section, alkali and alkaline earth oxides are commonly
used as modifiers in glasses; however, alkali metal oxides have the disadvantage
of having a high chemical reactivity and low electrical resistivity when in contact
with metallic interconnects under applied voltage [32]. In spite of that, a large part
of the research on glass—ceramic sealants has focused on the use of BaO as the
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Fig. 9 SEM cross-section of Crofer22APU/protective coating/glass—ceramic sealant after the
joining thermal treatment, together with EDS line-scan analyses carried out at the interface between
the three materials. Mn; 5Co; 504 coating was applied by electrophoretic deposition [17]

main modifier [5, 33-36], while in more recent years, the trend seems to be shifted
towards the use SrO [37-44]. Similar to the behaviour of BaO, the addition of SrO
also reduces viscosity and adjusts the CTE, but SrO is less prone to form chromates
in comparison to BaO. While several studies have assessed the efficacy of SrO-
based glasses [40, 42-46], the long-term durability of SrO-containing glasses under
SOFC/SOEC conditions is still unclear. Another topic of interest is the fact that the
addition of small concentrations of components like B,O3, Y,03, Al,O3, etc. has
been shown to improve the wettability of glasses and adjust the CTE and to control
the crystallization behaviour [6, 47].

At POLITO, an extensive research has been conducted to investigate the use
of Sr-containing glasses for SOC applications. One of the most promising glass
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Fig. 10 SEM cross-section and EDS maps and line-scan of interface aluminized
Crofer22APU/glass—ceramic sealant as-joined [27]

Table 1 Glass composition of HJ4 glass in mol% [48]
mol% Si02 B203 SrO A1203 Y203
HJ4 57.6 5.65 28.84 6.17 1.74

compositions that has been developed by the POLITO group is termed as HJ4 glass
and the corresponding composition is given in Table 1.

In a Si0,-SrO based system, a Si0,/SrO of 1 is required in order to obtain the
high CTE SrSiOs phase (10.9 x 107 K=!). However, for SOC sealant applications a
high amount of SrO increases the possibility of formation of the unwanted high CTE
SrCrO, phase (18-20 x 107° K~!). Therefore, the SiO,/SrO ratio in the HJ4 glass
system was kept to ~ 2 with an aim to minimize the possibility of SrCrO4 formation.
On the other hand, the high silica content would also be beneficial considering the
high-operating temperatures of the SOECs of 850 °C.

1.2.1 Thermal and Microstructural Analysis

The thermal properties glass transition temperature (T, ), crystallization temperature
(Tp) and sintering temperatures of as-cast glass were analysed by differential thermal
analysis (DTA) and heating stage microscopy (HSM). The corresponding DTA anal-
ysis and the shrinkage behaviour vs temperature, found from HSM, are shown in
Fig. 11.

The results have shown that there was no sharp exothermic crystallization peak,
thus indicating that the crystallization in HJ4 glass was not sufficient to be identified
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Fig. 11 DTA and HSM analysis of HJ4 as-cast glass; the analysis was performed at a heating rate
of 5 °C/min [48]

during the DTA analysis. The corresponding HSM curve shows that the sintering
process starts at (Trs) 809 °C, while complete sintering was obtained at (Tys) 875 °C
followed by continuous viscous flow. To achieve a dense and leakage-free sealant, it
is necessary to complete the sintering before the start of crystallization, thus avoiding
the formation of porosity in the glass—ceramic due to increased viscosity triggered by
crystal growth [3, 6]. From the DTA and HSM analyses, it is clear that the sintering
process was completed at 875 °C and no evidence of crystallization was detected by
DTA, thus ensuring the formation of a dense sealant. Moreover, the presence of a
low degree of crystallization (higher residual glass) further promoted the formation
of a dense sealant due to the viscous flow above the glass transition temperature.
From the data obtained from DTA and HSM, a heat treatment of 950 °C with a
dwelling time of 5 h at a heating rate of 2 °C/min was used to process an optimal
joining treatment. The as-joined HJ4 glass—ceramic showed a CTE of 9.3 107° K~!
whichis a value within the desired range (9—12 x 10°K™h, taking into consideration
the CTEs of the other cell components (CTEs for Crofer22APU and 3YSZ are 12
x 10° K=" and 10.5 x 10° K~! respectively) [24, 49]. Further details about the
crystalline phases that were observed are discussed in the later sections of this chapter.
A SEM cross-section of the HJ4 glass—ceramic in contact with Crofer22APU
and 3YSZ substrates is shown in Fig. 12. The joining area was found to be crack-
free with no evidence of delamination at the two interfaces, thus indicating very
good thermomechanical compatibility. The microstructure is dense with a negligible
concentration of closed pores. Various crystals are uniformly distributed into the
residual glassy phase as shown in the magnified image (Fig. 12). The EDS point
analysis carried out at different areas of the HJ4 as-joined glass—ceramic is shown
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Crofer22APU

Fig. 12 SEM cross-section of Crofer22 APU/HJ4 glass—ceramic/3YSZ joined sample [48]

Table 2 EDS point analysis (at.%) carried out on HJ4 as-joined glass—ceramic, shown in Fig. 12
[48]

Elements Point 1 Point 2 Point 3
o 68.6 74.3 724
Si 15.6 16.4 15.8
Sr 14.9 55 8.2
Al 0.4 3.8 2.2
Y 0.5 0.0 14

in Table 2. The EDS analysis at the bright crystals (point 1) shows a phase based on
silicon, strontium and oxygen and from the EDS composition, this was identified to
be SrSiO3, while the black crystals (point 2) represent a silica-rich phase. The EDS
point analysis conducted at the residual glassy phase (point 3) is also shown in Table
2; the presence of 8.2 at.% Sr is beneficial to have good wettability of residual glassy
phase.

The XRD patterns of the as-joined HJ4 glass—ceramics as well as after ageing
are shown in Fig. 13. The XRD analysis confirmed the presence of SrSiOj as the
main crystalline phase, in addition to SiO, (cristobalite) as the secondary phase. The
XRD pattern for the HJ4 glass—ceramic after ageing at 850 °C for 1000 h is also
shown in Fig. 13. The identical patterns after joining and ageing indicates that the
HJ4 glass—ceramic is stable and no new phase formation was detected after ageing.

The SEM and XRD analysis have confirmed that a suitable SiO,/SrO ratio has
resulted in the formation of the high CTE SrSiO3 phase. However, a Si0,/SrO of ~ 2
also resulted in the formation of cristobalite phase. Due to phase transformation and
consequently volume change, in cristobalite around 270 °C [50], its presence might
determine thermomechanical stresses with possible crack formation, thus affecting
the reliability of sealant during thermal cycles.
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Fig. 13 XRD analysis of as-joined and thermally aged (1000 h, 850 °C) HJ4 glass—ceramic [48]

1.2.2 Electrical Properties and Post-Mortem Analysis

For SOC applications, the sealants should have high resistivity in order to avoid elec-
trical short circuit. For long-term operation, any possible microstructural changes
of the sealing glasses must be considered. This is of particular importance espe-
cially considering that interfacial reactions with the interconnect may be boosted
by an applied voltage. To analyse and address this issue, the electrical resistivity of
Crofer/HJ4 glass—ceramic/Crofer joined samples was measured at 850 °C under an
applied voltage of 1.6 V. Figure 14 shows a schematic diagram of the test as well as
the corresponding electrical resistivity curve of the joined sample. The resistivity is
in the range of (10°~107 © cm) and is higher than the minimum value (10* © cm)
required to ensure electrical insulation and to work effectively in the SOC working
conditions. Moreover, the electrical resistivity of HJ4 glass—ceramic is similar or
slightly higher than the resistivity values reported in literature [15, 32, 51].

Figure 14 shows that after an initial reduction in the electrical resistivity during the
first 200 h of testing, a constant resistivity was measured until 800 h. The continuous
reduction at start of resistivity analysis is due to the fact that the as-joined HJ4 glass—
ceramic has significantly high level of residual glass, where the presence of different
free ions (such as Si, Sr, O, Sr, Al) can move under applied voltage and can cause
reduction in resistivity. Around 800 h, another discontinuity caused further reduction
in electrical resistivity. This second discontinuity is most likely due to polarization
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Fig. 14 Electrical resistivity of Crofer22APU/glass—ceramics/Crofer22APU joined samples for
HJ4 glass—ceramics. These measurements were carried out at 850 °C with 1.6 V applied [52]

effects. Nevertheless, after 800 h the resistivity values for the HJ4-based joint became
constant and no abnormalities or gaps were observed until the end of test.

After the electrical resistivity analysis, SEM—EDS post-mortem analyses were
carried out to investigate the compatibility of the HJ4 glass—ceramic with an anodic
polarized Crofer22 APU plate and the results are shown in Fig. 15. The microstructure
of the HJ4 glass—ceramic is homogenous, dense with apparently no signs of porosity,
showing a good adhesion and an excellent compatibility with the Crofer22APU
substrate. The microstructure is similar to that of as-joined glass—ceramic where a
bright crystalline phase of SrSiOs is distributed within the residual amorphous matrix
together with the presence of black cristobalite (SiO;) crystals. Although a thin (~
2 wm) MnCr-rich oxide scale is present at the interface, Cr is confined within the
oxide scale without any diffusion into the glass—ceramic. Nevertheless, some traces
of Mn diffusion into the residual glass are observed. Anyway, no further elements
diffused or segregate from the glass—ceramic and the Crofer22APU. These results
demonstrated that HJ4 glass—ceramic is chemically stable after long-term ageing at
high temperature and under electric load.
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Fig. 15 EDS mapping of the SEM image corresponding to the post mortem analyses of anodic
polarized Crofer22APU/HJ4 glass—ceramic interface, after the electrical resistivity test for 2800 h
in static air, under a voltage of 1.6 V [52]

The formation of SrCrO,4 has frequently been observed in Sr-containing glasses
and can harmfully affect the compatibility of sealants with Cr-based metallic inter-
connects due to its high CTE (18-20 x 107% K~!) [53, 54]. However, despite the
presence of a Cr-rich oxide scale, the Crofer22 APU/sealant interface did not show
any indication of the SrCrO,4 phase, thus maintaining an excellent adhesion.

The cathodic Crofer22APU/sealant interface also showed no segregation of
elements from the glass—ceramic. The EDS mapping (Fig. 16) detected a small
concentration of Cr and Mn that has been diffused from the Crofer22APU to the
sealant. Sabato et al. [14] reported similar data, and observed outward diffusion of
Cr and Mn close to the cathodic polarized interface. The results reported by Sabato
etal. [14] after 100 h of testing, showed that around 4 at.% Cr was detected at approx.
10 pm from the interface. However, the diffusion in case of HJ4 glass—ceramic
is limited, likely due to a slight lower amount of residual glassy phase. Finally,
no interaction or signs of formation of the SrCrO,4 phase were found from SEM—
EDS analyses, thus demonstrating an excellent compatibility with the Crofer22 APU
substrate.

1.2.3 Mechanical Properties and Post Mortem Analysis

Reliable operation of SOC devices can be critically determined on the mechanical
behaviour of the sealants when in contact with the metallic interconnect. Mechan-
ical issues can have a key impact on the performance and degradation rate of the
SOFC/SOEC device and there is a relatively small body of literature that is concerned
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Fig. 16 EDS mapping of SEM image corresponding to post mortem analyses of cathodic polarized
Crofer22APU/HJ4 glass—ceramic interface, after the electrical resistivity test for 2800 h in static
air, under a voltage of 1.6 V [52]

with the mechanical properties of sealants both at RT and at operating conditions
[8, 32-36, 55-58].

In order to evaluate the mechanical stability and shear resistance of the sealant,
Crofer22 APU/HJ4 glass—ceramic/Crofer22APU joints were prepared to investigate
their behaviour under shear load conditions. The mechanical stability and shear
strength of joined samples were measured at room temperature, 650 °C (below T,)
and at 850 °C (working temperature of SOC). Figure 17 illustrates the sample config-
uration (including dimensions) and setup used for mechanical testing of the joined
samples under the shear load.

Figure 18a shows the shear stress versus load displacement data for the HJ4 joint
samples, tested at RT, 650 °C and 850 °C respectively. It is worth mentioning that the
slope of the plot can be slightly different due to possible inexact value of the joint area
that was measured during the post mortem analysis of the fractured surfaces. The
stress versus load curves show the effect of the test temperature on the resulting shear
stress. When the Crofer22APU/HJ4 glass—ceramic/Crofer22 APU joined samples
were tested below T, (at RT and at 650 °C), the stress versus displacement curve
reflects almost linear elastic deformation until fracture and a brittle behaviour of
the glass—ceramic joint. On the other hand, for shear testing performed at 850 °C
(T > T,), an enhanced displacement was observed for Crofer22APU/HJ4 glass—
ceramic/Crofer22APU joint under applied shear load. This effect was as expected
and is due to the softening of the residual glassy phase above T, that resulted in glass
viscous flow. The softening of HJ4 glass—ceramic sealant at 850 °C can promote the
stress relaxation phenomenon that can reduce thermal stresses at high temperature.
Besides that, viscous flow of the residual glassy phase can lead to self-healing and
improved long-term integrity of the sealant. Such stress relaxation phenomenon is
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Fig.17 Illustration of Crofer22 APU/glass—ceramic/Crofer22 APU samples with glass ceramic joint
for shear testing (left) and setup for testing the sample under shear load (right) [59]

alsoreported in literature. For instance, according to Chang et al. [60], the viscoelastic
behaviour of the residual glassy phase in GC-9 glass—ceramic system showed the
stress relaxation at the temperature range of 650-750 °C.

The shear strength of the joined samples as calculated from the stress displacement
curves are given in Fig. 18b. The average shear strength obtained after testing three
samples at each test temperature is shown in Fig. 18b. The shear strength of the
joined samples was reduced with the increase in the testing temperatures i.e., the
shear strength of 13.9 MPa was measured at RT, however, testing at 850 °C showed
shear strength of 1.8 MPa. As mentioned earlier, the residual glassy phase becomes
viscous above Ty, therefore, the observed reduction in the strength with increasing
temperature was due to the viscous flow occurring at the softening of the glassy phase
at high temperature.

Figure 18c shows the elastic modulus of the HJ4 glass—ceramic measured by vibra-
tional method from room temperature to 650 °C. The measurements were performed
both during the heating and cooling stages as shown in Fig. 18c The elastic modulus
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Fig. 18 a Shear stress versus displacement curves for HI4 joints, b shear strength versus temperature
for HJ4 joints, andc elastic modulus of HJ4 glass—ceramic [59]

curves for the HJ4 glass—ceramic during heating and cooling show overlapping, thus
indicating that no microstructural changes occurred within the glass—ceramic. On
the other hand, some discontinuities are visible in Fig. 18c around 230 °C during
the heating cycle and around 230-270 °C during cooling. These are due to the pres-
ence of the cristobalite (SiO,) phase in the HJ4 glass—ceramic that shows volume
expansion around 230-270 °C. Nevertheless, the obtained elastic modulus value is
comparable with measurements reported in the literature (50-80 GPa) [39, 62].

In order to better understand the mechanical behaviour as described above, it is
important to investigate the fracture surfaces as well as cross-sections of samples after
fracture. Figure 19 shows the SEM cross section images of the Crofer22APU/HJ4
glass—ceramic fractured interfaces. The SEM images showed a uniform microstruc-
ture of glass and strong bonding with the Crofer22 APU at room temperature as well as
at higher testing temperatures, with no evidence of any crack or delamination. The
Crofer22 APU/HJ4 glass—ceramic interface showed comparable morphology. The
HJ4 glass—ceramic microstructure after mechanical testing at different temperatures
is also similar to the as-joined HJ4 glass—ceramic as shown in Fig. 12.
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Fig. 19 SEM images of interface of Crofer22 APU with a HJ4 tested at RT, b HJ4 tested at 650 °C,
¢ HJ4 tested at 850 °C [59]

2 Conclusions

The purpose of the current chapter was to present and discuss different approaches
in the design and specific tests of glass-based materials as sealants for SOCs.

One of the more significant findings to emerge from this comparison is that a
single and ideal sealant does not exists, since the performances are strictly related to
the SOC design and the operating conditions.

The findings of this study suggest that Na-containing glass sealants suffer from
the concurrent high voltage application and contact with chromia forming alloys.

The current data highlight the importance of protective coatings needed to
overcome this issue.

Main results on research activity done in the past 10 years at the Politecnico di
Torino on both Na-and Sr-containing sealants have been presented and discussed
for SOC applications in the T range 750-850 °C. Different glass compositions have
been designed and successfully tested, thus providing a deeper insight into relation-
ships between glass compositions, characteristic temperature and SOC operating
conditions.

The right balance of sealants composition plays a key role in obtaining the desired
high-CTE phases in the glass—ceramic and a dense sealant with sufficient quantity
of the residual glassy phase that is beneficial for stress relaxation below T,.

The detailed studies conducted at Politecnico di Torino, Italy, showed that both
Na and Sr-based glass—ceramics can be promising candidates to use for SOC sealant
applications.
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