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Abstract

A new glass-ceramic composition containing Si, Mg, Ca, Na, Al, Zr and B is presented here as sealant
for planar SOFCs/SOECs, with the aim of joining the metallic interconnect (Crofer22APU) to the solid
oxide cell (YSZ electrolyte or CGO barrier layer). Characteristic temperature, thermo-mechanical
properties and compositional variations are reviewed and discussed by thermal analyses and in situ
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XRD, in order to design and optimize the sealing profile and reduce the residual porosity. The glass
after heat treatment partially devitrifies into augite and nepheline with residual glass phase of
around 64.3%; after crystallization the glass-ceramic sealant has a CTE of 12.8 x 10° K ™ and it is
compliant with the other materials typically used for stack components. . This work shows that the
developed glass-ceramic can successfully join the ceramic cell with the Crofer22APU (pre-oxidized
and alumina coating), proven by tests on small and large-scale samples. No signs of unwanted
reactions at the glass-metal and the glass-cell interface are observed and sufficient gas tightness is

achieved.

KEY WORDS

Solid oxide fuel cell, glass-ceramics, synthesis, thermal analysis

1. Introduction

The rise in electricity consumption and the consequent need for sustainable energy is constantly
driving research toward the development of new renewable energy conversion technologies. Solid
oxide fuel/electrolyses cells (SOFC/SOEC) are considered as one of the promising choices for clean
energy production because of their high efficiency and versatility for either mobile or stationary
power production “*. SOFCs are electrochemical devices, which convert the chemical energy of a
fuel (hydrogen or hydrocarbons) and an oxidant (air or oxygen) into electricity and heat without
combustion and particle emissions. Nevertheless, the commercialization of SOFCs is still hindered by
critical issues with durability and cost of installation. Durability issues stem from both moderate
degradation rates of active electrodes and specific issues of material selection and combination of
materials that can tolerate rapid fluctuations in operating temperatures . Cell and interconnect

components in SOFC-stacks are commonly sealed using glass or glass-ceramic sealants, c.f. Fig. 1, for
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which the adhesion and more importantly thermal expansion have to be tailored to an almost
perfect match with the joining partners to avoid a build-up of thermally induced stress, when a stack

is cooled down from sealing or operating temperature to room temperature.

Glasses and glass-ceramics are relatively easily applied to the stack components by one of several
techniques: screen-printing, tape casting, or extrusion. The sealing process is normally carried out by
a heat treatment at temperatures higher than the glass transition, which allows the glass-based
sealant to flow and wet the parts to be sealed. This step, in controlled temperature-time conditions,
determines the glass devitrification and the final properties of the sealant. Several glass
compositions for sealing ceramic cells and metallic interconnects are reported in literature **°. In
general, alkaline earth-containing glasses have a desirable high coefficient of thermal expansion
(CTE), but, especially for Sr and Ba containing glasses, also a tendency to react with chromium
(contained in the steel/interconnect) leading to the formation of chromates at the interface has
been reported ''*°. These chromate layers have a very high CTE (>20 x 10° K™) *° causing significant
weakening of the seal and delamination. For this reason, the use of barium-free glasses is becoming
popular to avoid the formation of chromates such as BaCrO, *’. The glass presented in this work

contains both Na and Ca, which can as well lead to the formation of chromates at the interface. For

that reason, a protective coating towards the steel will be included.

A suitable glass composition for this application is chosen according to (i) the CTE of the auxiliary
stack components (the ceramic cell and the metallic interconnect) and (ii) the glass transition
temperature of the glass. During the sealing process, glasses will normally react with metallic
counterparts, e.g. Crofer22APU, a high-temperature ferritic stainless steel by ThyssenKrupp VDM,
Germany, through redox-type reactions. A typical counteraction is either to coat the metal or to
select less aggressive glass compositions. The latter will add significant limitations to the choice of

glass. Hence, two different surface modifications have been used in the present work; the formation
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of an oxide scale (Cr,05/(Mn,Cr);0.) on the steel by pre-oxidation and a commercial alumina coating

(AlumiLok™, Nexceris, USA).

The glass presented here is designed to work in intermediate-temperature SOFCs stacks (700-900°C).
The new glass composition, hereafter-labelled “V11 glass”, is an evolution of the V9 glass, which has
been developed at Politecnico di Torino by Sabato et al. 7 and further optimized of the heat
treatment described in this work were carried out at the Technical University of Denmark. The
change in composition from V9 is motivated by the low value of its CTE, equal to 9.52 x 10-6 K (300-
500°C), resulting in a different quantity of Na and Ca proposed for the V11. This new system is
designed to reduce the mismatch of the CTEs between the components and limit the consequent
formation of thermal stresses during operation. The thermal characterization and the sintering
behaviour of the glass are presented; the compatibility with the different substrates was also

studied and considered.

2. Experimental
2.1 Materials and synthesis

The composition of the V11 glass in wt.% is: 46.37% SiO,, 13% MgO, 14.34% Ca0, 9.26% Na,0, 8.34%
Al,03, 2.92% ZrO,, and 5.76% B,0s;. The sealant, based on the V11, was produced as a glass by
melting the precursors of the oxides (oxides and carbonates, Table 1) in a platinum crucible at
1300°C for 2 hours; the glass was than quenched in water. For the thermal characterization and use
during application of the sealant smaller particles with a size of around 7um were produced using of
a planetary ball mill (Retsch PM 1000). The characteristic particle sizes were dig 1 um, dsg 7 um, dgg
25-30 um, measured with a Beckman Coulter LS 13 320 Laser Diffraction Particle Size Analyzer. Larger

drops of glass (“bulk”) were used for dilatometric measures.
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For sealing tests, two relevant substrates were used, i.e. sheet metal plates and solid oxide cells, to
simulate the components presented in Fig. 1.The metal plates were made of a ferritic stainless steel,

8 with two different surface modifications: AlumiLok

Crofer22APU (ThyssenKrupp, Germany)
(Nexceris, USA) *?° and pre-oxidation obtained at 900°C for 50 hours in air. The cells used were in-
house produced multi-layer tape-casted anode-supported half-cells, which consisted of a NiO-YSZ

(yttria-stabilized zirconia) support layer, a thin NiO-YSZ active anode layer, a dense layer of YSZ and

in some cases a ceria-gadolinia (CGO) barrier layer *'.

2.2 Characterization of the glass and glass-ceramic
Differential thermal analysis (DTA) (Netzsch 404 PC) measurements were performed on the glass
powder at 5°C/min from room temperature to 1300°. The characteristic temperatures extrapolated
from the measurements were evaluated at the onset and/or peak temperatures using the
commercial Proteus software provided (Netzsch). The glass transition temperature (Tg) was
determined using the inflection of the relevant part of the DTA curve. Hot stage microscopy analyses
(HSM) (TOMMI, Fraunhofer) were carried out on compacted glass powder pellets from room
temperature to 1300°C at 5°C/min in static air. The pellets are typically cylindrical shaped, and the
data recording is based on the projected image of the sample during the experiment. Dilatometry
measurements (DIL) (Netzsch, DIL 402 PC/4) were performed on a drop of glass, as casted, and on a
glass-ceramic pellet at a heating rate of 5°C/min to evaluate the coefficient of thermal expansion
(CTE) and the dilatometric softening point (T;). The measurements were carried out from room
temperature to 1050°C with a “softening point detection” (set with the Netzsch Software) to avoid
the melting of the sample in the instrument’s chamber. To obtain the devitrification of the pellet, a
pressed bar of glass powder (4 mm length) is sintered with a specific thermal profile (see Results

section).
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Chemical and microstructural analyses were performed using scanning electron spectroscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDS) (TM3000 Hitachi). The crystallization behavior was
investigated by in-situ XRD (XRD Bruker D8) from room temperature to 800°C with in a 2theta range
from 10°- 90° to extrapolate the crystallization temperatures of the crystalline phases. The

experiment was carried out on a platinum/rhodium stage in air.

Rietveld refinement of the XRD patterns of glass-ceramic powders was carried out in order to
evaluate the content of amorphous phase and the proportion between the crystalline phases. The
glass-ceramic powders were obtained by grinding a pellet of glass, which was sintered with the
sealing profile presented in the Results section. As an internal standard 20 wt.% of zincite (zinc
oxide, Alfa Aesar) were added to the powders. Two measurements were carried out, one on pure

zincite and another one on the glass-ceramic powder mixed with 20% of zincite.

All the XRD files were analyzed with X’Pert HighScore Plus (Panalytical) and the Rietveld refinement

was carried out using the WINPOW software 2.

2.3 Sealing of the samples and characterization

The sealant was applied onto the metal substrates as a paste by screen-printing (DEK 248 CERD). The
paste was prepared from 70% of glass powder and 30% of organic paste components (solvent,
binder, surfactant and plasticizer; confidential composition). The powders needed to have a ds,
particle size distribution lower than 10 um for being suitable for screen-printing. After printing, the
green paste was heat-treated at 120°C in air for 1.5 hours and at 300°C for 1.5 hours to burn out the
organic compounds. The thickness of the layer was determined to be 55 um (Cyberscan Vantage).

Surface modified metal plates were sealed to the cell in a furnace with a hydraulic piston used to
apply a load of 16.7 N/cm? to advice the sintering of the glass. These samples had a dimension of 2

cm x 2cm (metal substrate and half-cell), and were prepared for SEM analyses by vacuum
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embedding in epoxy resin (Epofix, Struers) and cut in the center to analyze the cross-sections and
the interfaces between the glass and the joining partners. The samples were then ground with SiC
paper with a polishing machine. While bigger samples with a cell of 11 x 11 cm? were then prepared
with the same procedure to test the seal under conditions occurring in a stack of industrially

relevant size.

2.4 Leak test setup

To determine the gas tightness of the seal, the pressure dependent diffusion of air through the glass
seal was measured. An SOC half-cell (11 x 11 cm?) was sealed to an AlumiLok™ coated Corfer 22 APU
frame with the CGO layer facing the seal. The frame had an opening of 9 x 9 cm® A 1 cm wide V11
seal was printed around the opening, resulting in a 40 cm” seal area (Fig. 2b). The assembly was then
clamped into a test house forming closed cavities on both sides of the frame (Fig. 2a). Each cavity
had a gas in- and outlet. Silicon rubber gaskets were used to ensure gas tightness in the clamping
area. By means of mass flow controllers (MKS GE50A-series, range: 500 SCCM) a defined flow of air
(MFC 1) was fed to one cavity (air side) and nitrogen (MFC 2) to the other (nitrogen side). The outlets
of the cavities were connected to a pressure gauge each (p; and p,, Omega Engineering, absolute
pressure transducer, 3500mbar, 0.05% accuracy) measuring the absolute pressure of the individual
cavities and a differential pressure gauge (Ap, Omega Engineering, bidirectional pressure transducer,
350mbar, 0.05% accuracy) measuring the pressure difference between the air and the nitrogen side.
Downstream the pressure gauges metering valves (Swagelok, SS-4MG-MH) were installed to adjust
the air and fuel side’s pressure. For measuring large leak rates > 5 SCCM two mass flow meters
(MFM 1 and MFM 2, MKS GE50A-series) were installed. Small leak rates of air from the air to the
nitrogen side were quantified by means of measuring the oxygen partial pressure of the nitrogen
side outlet stream with an in-house built pO,-sensor. Assuming that the measured oxygen partial

pressure equals
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the leak rate of air J;.4% can be calculated to

(Po,,measured=Po, in Ny
0
Po,

]leak = l_poz,measured 4

)
]Nz,inlet

0,
with pgz as the oxygen partial pressure in the supplied air, po, in n, s the oxygen partial pressure in

the supplied nitrogen and J, inies @s the inlet flow rate of nitrogen (MFC 2).

3. Results

3.1 Dilatometry analyses of the glass and glass-ceramics

The dilatometric curves of the amorphous glass and the glass-ceramic are shown in Fig. 3, the CTEs
to characterise the expansion of the glass-ceramic below the glass transition temperature, Tg, were
extrapolated considering the linear part of the curve between 200 and 450°C. The CTE of the
amorphous glass (as casted) resulted in 9.6 x 10° K' (200°C-450°C) and the curve shows a
dilatometric softening point (T4) at 635°C. The glass-ceramic pellet obtained from pressed glass
powders was heat-treated at 800°C for 1 hour, and the displayed a CTE of 12.8 x 10° K™ (200°C-
450°C). Moreover, the dilatometric curve presents a deviation from linearity with an onset at 495°C

and a softening at 999°C.
1.1. HSM and DTA: sintering behavior

Sintering and devitrification behavior of the V11 glass were evaluated from HSM and DTA

experiments, and the resultant graph is presented in Fig. 4a.

A significant shrinkage of the specimen was observed at temperatures higher than 652°C (first

shrinkage, Tgs). The volume decrease continued until reaching the first maximum shrinkage (Tys1) at
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700°C. At this temperature, the shrinkage corresponds to 18 %. A second sintering maximum

shrinkage is found at Tys, = 830°C, showing a volume decrease of 22% .

More information can be extrapolated from the HSM measure, the shapes of the sample (shown in
Fig. 4b) are related to some characteristic fixed points which corresponds to a specific temperature

(Table 2) %.

The method proposed by Pascual et al. 2 was adopted to predict the viscosity of the glass at the
characteristic temperatures. The data retrieved from the HSM curve (Table 2) can be plotted, as in
Fig. 5, in a viscosity-temperature curve. The fitting of these points gives a trend line for predicting
the viscosity of the glass at a certain temperature.

In conclusion, the glass exhibited a two-stage shrinkage behavior. The first shrinkage Tys; occurred
before the crystallization peak (shown in the DTA, black curve in Fig. 4a), while a second shrinkage,
the Tys,, occurred slightly before the onset of the crystallization. Moreover, a volume increase of the
glass-ceramic can been seen after reaching 900°C (red curve Fig. 4a), this should not influence the

sealing process since it will be held at temperature below the crystallization peak.

1.2. Insitu-XRD investigation

To investigate the crystallisation behaviour of the V11 glass during the sealing process, in-situ XRD
measurements were carried out. In these experiments, the glass powder was exposed to the same
thermal profile used for sealing experiments described in 3.3.1. Here, the sample was heated up to
600°C from room temperature (RT) with a heating rate of 100°C/h, and was held at that temperature
for 1 h. Afterwards the sample was heated up to 700 °C with 100 °C/h, further heating to 800 °C was
done with 50 °C/h and a final hold of 1 h was carried out. XRD patterns were recorded at RT, after
reaching 700 °C, 750 °C and 800 °C. Two additional XRD patterns were recorded at 800 °C after a

holding time of 30 min and 60 min. The results are presented in Fig. 6.
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In the XRD measurements conducted up to 700 °C (Fig. 6f, e) only the diffraction peaks of the
platinum substrate and the amorphous halo are recognizable, showing that the glass was still
amorphous at this temperatures, as expected. The XRD measurement performed at 750°C (Fig. 6d)
shows the peaks corresponding to augite (Ca(Mgo 70Alo.20)(Si170Alo.30)Os , Al- substituted diopside) and
nepheline (NaAlSiO,4, sodium aluminum silicate) were identified. Further heating up to 800 °C did not
lead to the formation of new crystalline phases, but the peak intensity for the different phases
increased, indicating ongoing crystallisation going along with a disappearance of the glassy phase
(Fig. 6¢). The patterns recorded at 800°C after 30 min and 60 min (Fig. 6b, a) gave similar results.
Compared to the first measurements carried out at 800 °C the characteristic peaks of the nepheline
showed a higher intensity, while the intensity of the peaks corresponding to the augite were

comparable for all measurements at 800 °C.

In order to quantify the amounts of the crystalline phases, Rietveld refinements and reference
intensity ratio (RIR) methods using zincite as the internal standard were carried out. The details of
the refinement of the glass-ceramic sintered at 800°C can be found in the supplementary
information (Tab. S1, Fig.S1). Results indicate that the phase composition can be described as a
mixture of an amorphous phase (64.3 wt%) and two crystalline phases (28.5 wt% augite and 7.2 wt%

nepheline).

1.3. Joining of SOFC components

In this section, the results from using the V11 glass to join Crofer22APU to YSZ electrolytes and CGO
barrier layer of non-reduced half-cells are described. The Crofer22APU used in these experiments
was either pre-oxidized or protected by AlumiLok™ coating. All experiments were performed on
samples with a size of 2 x 2 cm, the chosen joining setup of metallic and ceramic components (Fig. 1)

represents the most relevant configurations found in SOFC/SOEC stacks. In section 3.4.1, the
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optimization of the sealing procedure, leading to a reduction of pores in the glass-ceramic sealing
and a better adhesion at the interfaces to the joining partners, is presented, while the
microstructure of the glass-ceramic seal and a detailed analysis of the different interfaces is

presented in section 3.4.2.

1.3.1. Optimization of the sealing profile

In total, three different sealing profiles, pressure-temperature, were tested. The initial sealing profile
was designed based on the insight gained from DTA and dilatometry experiments. Here, the joining
assembly was heated up to 850 °C with a heating rate of 1.67°C/min, held for 2 h at this
temperature, and then cooled down to RT with the same heating rate use during the heating up.

During the complete sealing procedure, a constant weight load of 10 N/cm?” was applied.

SEM images of the cross-sections of the sealed assemblies are shown in Fig. 7a-c. On average, the
obtained glass-ceramic sealant had a thickness of 90 um. The light grey areas correspond to the
crystalline phases formed during the sealing, while the darker grey areas represent the remaining
amorphous glass. Both phases were evenly distributed. The adhesion to the YSZ electrolyte as well
to the rough Al-coated Crofer22APU was good, i.e. no crack formation or delamination was
observed. The densification of the sealant was rather poor, and pores with different sizes and shapes
can be clearly observed throughout the complete seal (black areas in Fig. 7d). A quantification based

on the contrast of the different phases (Fig. 7d) reveled a rather high porosity of 31 %.

In a first attempt to reduce the porosity in the sealant, the sealing temperature was decreased down
to 800°C,and the holding was reduced to 1 h, while heating rates and weight load were kept
constant, allowing the sample to remain in a temperature regime were the glass is viscous. The SEM
micrograph of the cross-section is shown in Fig. 7b. As for the previous experiment, the glass is

partially devitrified, and a distinct separation of the crystalline phases and the residual amorphous
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glass can be observed. The good adhesion at interfaces was maintained and, most importantly, the

porosity could be reduced by 40 % down to a total of 18 % (Fig. 7e) by using this sealing profile.

Further reduction of the porosity down to 8 % could be achieved by increasing the weight load up to
16.7 N/cm? and following an optimized sealing profile: 20°C-600°C at 100°C/h, 1 h holding, 600°C-
700°C at 100°C/h, 700°C-800°C at 50°C/h, 1 h holding and then cooling down. While the
microstructure of the glass-ceramic and at the interfaces stayed unchanged, the thickness of the
sealing was reduced to 75 um, and only small, randomly distributed closed pores are present in

sealant (Fig. 7c, f).

1.3.2. SEM-EDS analysis of the interfaces

In Fig. 8, the SEM images of the interfaces of the V11 glass-ceramic and a) pre-oxidized Crofer22APU,
d) AlumiLok™ coated Crofer22APU are shown. Comparing the cross-sections of the pre-oxidized and
the AlumiLok™ Crofer22APU (Fig. 8a and d, respectively), it is obvious that the surface roughness of
the AlumiLok™ coated Crofer22APU is much higher. These results indicate that the used coating
process heavily roughens the surface of the Crofer22APU alloy. Despite the different surface
structure, both samples display a good adherence between the glass-ceramic and the (coated)
Crofer22APU alloy, and no cracks, defects or delamination effects can be found (Fig. 8a and b).
Differences can be observed in the crystallization behaviour of the V11 glass for the different
substrates used. While for the Al,0;-coated sample, a random orientation of the crystals in the glass-
ceramic was found, a more oriented crystallization was observed when pre-oxidized Crofer22APU
was used as joining partner. Additional EDS analyses were carried to investigate a possible Cr
diffusion from the alloys into the glass-ceramic. The corresponding elemental maps and line scans
are presented in Fig. 8. For the AlumiLok™ coated Crofer22APU, a continuous layer of Al,O; with a

thickness of 0.6 um - 0.9 um separating the glass-ceramic seal and the Crofer22APU alloy was found

This article is protected by copyright. All rights reserved.



after the sealing process (Fig. 8b, g), indicating that the applied coating was chemically stable and no
reactions occurred. Also the Cr,03/MnCr,0, double layer with a thickness of 1.5 um - 2.8 um formed
during the pre-oxidation of the Crofer22APU remained intact (Fig. 8d, e), and no reactions with the
V11 glass were observed. In both samples, no Cr enrichment in the glass-ceramic close to the
Crofer22APU interface was observed in the elemental mapping (Fig. 8c, f), indicating that no
chromates (e.g. Na,CrO, or CaCrO,) were formed. These results were confirmed by an EDS line scan
performed on the sample with the pre-oxidized Crofer22APU (Fig. 8h). A sharp drop in the Cr line
indicated that no Cr diffused from the oxide scale into the sealant. Similar behaviour it is shown in
Fig. 8g for the AlumiLok™ coated substrate, where the Cr line scan is decreasing sharply at the

interface between Crofer22APU and the coating (peak in the Al line).

Fig. 9a and b show the interface between the glass-ceramic and YSZ and CGO, respectively. In both
cases, excellent adhesion was found, and no cracks or voids were present. In the elemental maps
shown in Fig. 9c, no diffusion from elements found in the YSZ electrolyte/CGO barrier layer into the
glass or vice versa was observed, indicating a good chemical stability of the joining partners.
Additionally, an EDS point analysis of the crystalline phase in the glass-ceramic (light grey, marked
“1” in Fig. 9b) and the amorphous phase (dark grey, marked “2” in Fig. 9b) was carried out.
According to the point analysis (details can be found in the supplementary information, Tab. S3) the
amorphous phase is mainly composed of Na, Si, and, Al, while the crystals primarily contain Si, Ca
and Mg; hence this phase can be labelled, in agreement with the XRD result, as augite. It was not
possible to identify any nepheline crystals by EDS analysis with the applied resolution, indicating that

the crystals are either too small or the signal might overlap with the high content of augite.
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3.5 Leak test on a cell with industrially relevant size

For proof-of-concept, a 11 x 11 cm? half-cell was sealed onto a Crofer22APU frame (AlumiLok™
coated). A compression force of 16.7 N/cm® was applied at room temperature and kept constant
throughout the sealing procedure. The optimized temperature profile described earlier (see 3.3.1)
was employed. After the sintering, the sealant was able to seal the cell onto the frame, and no

cracks or signs of detachment were observed.

The gas tightness of the seal was investigated with the described leak test setup. Firstly, the partial
pressure of oxygen in the supplied nitrogen was determined to be pg,iny, = 1.23 pbar.
Afterwards, the cell assembly was mounted in the test house. The gas flows for the air and the
nitrogen side were set to 500 sccm (standard cubic centimetre per minute). An initial differential
pressure of Ap = Puir sidze — Pnitrogen size = ~0.5 mbar was set, with pg;rsiqe at atmospheric
pressure, and the setup was left to flush for 24 h until the measured py, was constant. The
differential pressure Ap was stepwise increased to ~20 mbar. At each step (nine steps) the setup
was left to equilibrate and the py, of the nitrogen side’s outflow was recorded. Throughout the
measurements, the measured oxygen partial pressure was constant at py, = 1.42 pbar without
showing any dependence on the applied differential pressure Ap. This behaviour indicated a
Knudsen diffusion process, which was expected for a leak through a low porosity seal. The oxygen
partial pressure corresponds to a very low air leak rate of 1.2-:10° sccm/cm. It needs to be noted that
this value is the combined leak rate through the seal, potential pinholes in the cell and leaks through

the rubber gasket of the test house.
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4. Discussion

As shown in Fig. 3, the glass and the glass-ceramic have relatively high CTEs of 9.6 and 12.8 x 10° K™,
respectively. The increase has been ascribed to the presence of the nepheline and augite phases ****,
but since the crystalline phases only account for ~36 wt% of the entire microstrucure it indicates that
the crystalline skeleton or network must be coherent and inter-grown. This hypothesis is supported
by the lack of resiliency above Tg, as seen for the glass-ceramic in the Fig. 4. The value for the
technical coefficient of expansion (T-CTE) between room temperature and 800°C is 13.6 x 10° K™,
which is in the desired range for SOFC sealing materials, and is compatible with other materials used
in solid oxide cells (e.g. YSZ electrolytes: T-CTE = 10.8 x 10° K™, Ni/YSZ electrodes: T-CTE = 12.6 x 10
K') and auxiliary stack components like Crofer22APU (T-CTE = 12.3 x 10° K™) . Compared to
previously developed glasses with a comparable chemical composition (V9 7) a significant increase in
the CTE of 3.3 x 10° K™ was achieved by changing the Na:Ca ratio. The content of Na,O in V9 and

V11 is 10.3% wt and 9.26% wt, respectively. While the content of CaO in V9 and V11 is 9.3% wt and

14.34% wt, respectively.

From the HSM curve (Fig. 4) it can be seen that the first shrinkage sets on at 652°C (Ts), indicating
that the particles started sintering due to viscous flow since the temperature is above the T,4(630°C).
While passing the first sintering, which peaked at temperature Tys; = 700°C, all the larger pores were
presumably closed. Another interesting aspect of this graph is that a second shrinkage step, Tys, was
also observed at higher temperatures probably due to the amorphous phase left after crystallization,
but only the Tys; is considered when deciding on the sealing temperature of the stack. A two stage

728 The Tus; occurred before the

shrinkage behavior is already known for glasses from literature
crystallization peak (shown in the black DTA curve, Fig. 4), while the Tys, occurred really close to T,.
The red HSM curve shows a surprising increase of volume above 900°C, which is also evident in the

dilatometry results presented in Fig. 3. The exact cause for this has not been clarified yet, but it may

due to the release of volatile species and consequent pores formation or stem from an additional
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crystallization from the glass in preferred growth directions, e.g. formation of needle-shaped crystals

at higher temperatures.

The combination of HSM and DTA can be used to determine the so-called thermal stability of the
glass, which can be defined through the Hruby parameter Ky = T,-To/Ti-Tx 7 where T,is the onset of
the crystallization (850°C), T, = 630°C and T,, = 1175°C. A K-value above 0.5 indicates a stable glass,
and the value, K, = 0.68, derived for the V11 glass indicates that the sealing process can be
successfully undertaken. The sintering ability Sc, which is defined as S, = T,-Tws by Lara et al. 2% can
also be used to characterize a glass for its sealing performance as it illustrates how independent
crystallization and sintering are. The sintering ability for V11 is S. = 150°C, which provides a
temperature range below T, in which sealing can be successfully done. In the very same temperature
range, nucleation processes exhibit maximum rates and by subsequently keeping the sealant at
temperatures at or slightly above T,, formation of the glass-ceramic microstructure will be as fast
and efficient as possible. Concluding this discussion, sealing with a slow heating through the
temperature range between 700°C and 850°C and subsequent annealing at 850°C, will provide the
fastest route to a glass-ceramic sealant. It is however for practical reasons desirable to maintain a
high degree of sealant resiliency during the sealing process for the various counterparts to attain
optimum bonding and the final sealing temperature, chosen at 800°C, reflects how these arguments

are brought together.

The sealing profile was optimized (see result section 3.4.1), and the porosity in the glass-ceramic was
reduced from 31% to 8% by reducing the sealing temperature and increasing the weight load during
the sealing process. In the first sealing experiments, a sealing temperature of 850°C was used. As
shown in Fig. 7d, the glass-ceramic sealant contained a relatively high number of pores, which can
lead to gas leaks and reduce the overall bonding strength between the stack components. These
non-spherical pores seen in Fig. 7d could be a result of a relatively fast crystallization that hindered

the viscous flow/distribution of the glass. Interestingly, this correlation is related to the sinter-
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crystallization behaviour of the glass-ceramic. These results are in agreement with the observations
from DTA/HSM and suggest that the sealing temperature was too close to the crystallisation

temperature (Fig. 4).

By lowering the sealing temperature to 800°C, which is approximately half-way between the Tys;
and before the T,, a lower porosity of the glass would be expected, which was indeed confirmed by
the observed microstructures demonstrating a more dense layer of glass visible in the SEM
micrographs of cross-sections shown in Fig. 7b,e. Based on data presented in Fig. 5, it is possible to
extrapolate the viscosity values, and the optimum value at the sealing temperature should be
between 10°-10° dPa*s *, from other sources is 10°° dPa*s **°. The extrapolated values of the

viscosity are 10°*dPa+s and 10° dPa+s at 800 °C and 850°C respectively.

Some pores are still present in the sealant, but the origin of these is not fully understood. It has been
suggested that since the paste used for the screen printing contains an organic vehicle, not all the
binders where fully oxidised during the heat-up and started to partly reduce the glass after an initial
sintering and pore-closure between the glass particles, thus leaving entrapped CO, in pores. To avoid
and solve this inconvenience, a step of 1 hour at 600°C, below the Tg of the glass (630°C), was added
in the heat treatment. The maximum temperature for the sealing was maintained at 800°C and to
further force the viscous flow and sealant densification, a slightly higher load was applied at this
temperature. Further, limiting the maximum temperature to 800°C prevents an excessive crystal
growth, which can potentially hinder the sintering by viscous flow, as previously showed. The

resultant sealant is indeed thinner and with a lower porosity left, cf. Fig. 7c,f.

The microstructure of the sealant, c.f. the cross-sections in Fig. 8-9, appears as a glass-ceramic with
amorphous and crystalline phases. The point analyses (supplementary information, Tab. S3)
confirmed the presence of different phases, which were identified by the XRD analysis and the
Rietveld refinement. The amorphous phase (64.3%) is the dark grey area in Fig. 9 (Point 1 of the

point analysis) compared to the initial composition of the glass, is rich in Na, Al and Zr and poor in Ca
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and Mg, which are mainly retrieved in the augite, the predominant crystalline phase according to the
Rietveld refinement (28.5%). In accordance hereto, the dilatometric measurement of the glass-
ceramic (Fig. 3) exhibits the Tg of the amorphous phase left at a lower temperature (495°C) than
observed from the pristine glass. The presence of the augite, Al-substituted diopside, might indicate
a certain stability of the glass, since the diopside “family” is known for being stable in terms of
crystal growth and consequently not to influence the CTE after long time heat treatment *'; this will

be evaluated with further experiments in future works.

The interfaces between the glass and the cell (both YSZ and CGO) and the surface modified
(coating/pre-oxidized) Crofer22APU substrates were investigated and no particular signs of interface
reactions were detected. The glass was providing a good adhesion and the efficiency of the surface
modifications used for the Crofer22APU were proved. No chromates were detected at the interface
or in the sealant, only at the edges of the substrates, where no coating/oxide scale provided

protection.

By applying the latest sealing profile, a larger cell (~11x11 cm) was sealed onto a frame and tested
for in the leak test setup as shown in Fig. 2. A stably freestanding seal was achieved that even after
weeks did not show any signs of delamination and exhibited a gas tightness, i.e. low enough leak

rate appropriate for application in SOC stacks.

5. Conclusion

A barium-free glass-ceramic sealant (V11) containing Si, Al, Ca, Mg, B, Zr and Na was designed
and successfully tested for joining and sealing planar SOFC/SOECs components. The composition
was optimized to achieve a CTE (12.8 10° K™) complying with the other components in a SOFC
stack. The final glass-ceramic seal was obtained after optimization of the sealing profile by

means of the thermal (HSM, DIL, DTA) and in-situ XRD analyses presented in this work. The glass-
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ceramic sealant exhibited a residual glass phase of around 64.3 wt% after sealing, shown by XRD
and SEM/EDS analysesThe devitrification lead to the formation of two crystalline phases, augite
(Al-diopside) and nepheline, which are responsible for the mechanical stability of the glass, also
at higher temperatures. The interface reactions towards the metallic components, was tested on
Crofer22APU substrates applying two different protective surface modifications, preoxidation
and AlumiLok™ coating, for which neither chromate formation was detected in the glass or at
the glass-metal interface, at least after the sealing process. Lastly, V11 was not only successfully
tested on small test samples, but also by sealing a cell with industrially relevant dimensions
(11x11 cm?) to a AlumiLok™ coated Crofer22APU frame, which gave satisfactory results in terms

of leak rates.
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Table 1 V11 chemical composition.

Chemical composition
(Wt%)

Raw materials for 100
g of glass (g)

Sio,
MgO
Ca0
Na,O3
Al,04
ZrO,

B,0;

46.37

13

14.34

9.26

8.34

2.92

5.76

Sio,
MgCO;
CaCO;
Na,CO;
Al,0,
ZrO,

HsBO;

46.37

27.55

25.6

15.83

8.34

2.92

10.23

Table 2 characteristic fixed viscosity points and related temperatures.

Temperature Log[n(Poise)]
QA

Tes 652 91

Tms 700 7,8

To 769 6,3

Ts 825 5,4

Tus 1110 4,1

Te 1176 3,4
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