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Summary

Efficient and durable electrochemical energy conversion solid oxide cell
systems can be achieved only by a proper integration technology with a suitable
joining and coating materials choice and processing. A crucial aspect in solid
oxide electrolysis cell (SOEC) devices is given by the design of stable and reliable
glass sealants and ceramic coatings, which must be used to join and coat
dissimilar materials.

In SOEC planar configuration, the repeating units are combined together with
the help of metallic interconnect. Sealants are also necessary in order to avoid the
mixing and leakage of gases at both electrodes of cell. Glass-ceramic based
sealants are the best choice thanks to the possibility of tuning their properties by
adjusting their composition. For SOEC interconnects, the high Cr steels are most
commonly used due to their remarkable properties in terms of high electrical
conductivity and low cost. However, the Cr diffusion and evaporation from the
interconnect cause poisoning of the other cell components.

This PhD research has been focused on two topics; i.e. design and synthesis of
novel glass-ceramic based sealants and deposition of protective coatings on steel
interconnect to avoid Cr diffusion. In this context different novel glass-ceramic
sealants were designed and characterized to work in the real SOEC conditions and
at the working temperature of 850 °C. The glass-ceramic sealants have been
divided in to three series, depending either on the type of used modifiers or their
respective concentration. The first and second series have SrO as main modifier,
while the third series contains BaO. The crystallization and sintering behavior of
glasses were analyzed by differential thermal analysis (DTA) and heating stage
microscopy (HSM). The coefficient of thermal expansions (CTE) of as-casted
glasses and respective glass-ceramics were measured by dilatometer. The
compatibility of different glass-ceramics with the bare Crofer22APU interconnect
and 3YSZ electrolyte was analyzed by scanning electron microscope (SEM) after



joining and thermal ageing (1000 hours, 850 °C). XRD analyses were carried out
to investigate the crystalline phases in the as-joined and thermally aged glass-
ceramics (1000 hours, 850 °C). In this thesis, the term as-joined glass-ceramic
refers to the glass-ceramic after joining treatment and without any thermal ageing.
The mechanical characterization of the glass-ceramics sandwiched between two
Crofer22APU plates, was carried out at room temperature and 850°C. The
electrical resistivity of the Crofer22APU/glass-ceramic/Crofer22APU  joined
samples was measured for 1000-3000 hours at 850 °C under the applied voltage
of 1.7 V. In addition to static air, the electrical resistivity was also measured in
dual atmosphere (simultaneously applied reducing and oxidizing) to simulate the
working conditions of an SOEC. The SEM-EDS post mortem analyses were
carried out to investigate the compatibility and any possible chemical interaction
between glass-ceramics and the Crofer22APU. In order to deposit the glass at
industrial scale, a new glass paste was formulated and deposited on the real
dimensioned (16 cm x 18cm) Crofer22APU interconnects by a stencil printing
technique.

Mn; 5Co01.504 (MCO) spinel coating was deposited on the bare Crofer22APU
substrate by electrophoretic deposition (EPD). The EDP process was also scaled
up to coat the real dimensioned Crofer22 APU plates. The morphology, uniformity
and thickness of the as-deposited coatings on the flat and corrugated
Crofer22 APU substrates were analyzed by SEM. The area specific resistance
(ASR) of MCO coated Crofer22APU was measured for 8600 hours at 850 °C,
followed by the SEM-EDS post mortem analyses. CuO was also co-deposited
with MCO by EPD process in order to investigate the properties of Cu-doped
MCO. The morphology of the CuO doped MCO coating was studied by SEM and
XRD after different sintering treatments. The effect of different concentrations of
CuO doping on the densification, ASR and corrosion rate of MCO was also
investigated for 2000 hours. Besides conventional sintering, flash sintering
technique was also carried out to understand its effects on the densification of
coatings.

This study shows that a suitable SrO/SiO; and BaO/SiO; ratio is very
important to obtain the desired high CTE crystalline phases in SrO and BaO glass-
ceramics respectively. Besides SrO/SiO> and BaO/SiO, a right balance of all
constituents of a glass system, is also requited in order to avoid the formation of
detrimental phases, such as Ba or Sr chromates. With a proper SrO/SiO2 and
BaO/Si0;, the high CTE crystalline phases were formed in the 2" and 3™ series
glasses respectively. The newly designed glass-ceramic sealants showed excellent
properties in terms of their sintering ability and thermo-mechanical compatibility.



The coefficient of thermal expansions (CTEs) of the as-joined and thermally aged
glass-ceramics were closely matching with CTEs of other cell components. The
long term testing showed that the Crofer22APU/glass-ceramic/Crofer22 APU
joined samples based on all glass systems, showed electrical resistivity higher
than 10* Q.cm, thus suitable for the SOEC applications to ensure electrical
insulation. No evidence was found about the corrosion or chemical interaction
between the glass-ceramic sealants and Crofer22 APU interconnects after the long-
term electrical resistivity test in dual atmosphere at 850 °C. Owing to these
properties, these glass systems were found to be quite promising to be used as
sealants in the SOEC conditions. The newly formulated glass paste also showed
good rheological properties that make it suitable to deposit by stencil printing.
However, some further modifications in the recipe of glass paste would be
required for further optimization.

The EPD deposited Mn;.5Co1.504 (MCO) spinel coating are quite uniform on
the flat and corrugated Crofer22 APU surfaces. The MCO coating has a thickness
of -~ 10-15 pm after sintering. After suitable sintering treatment, MCO spinel
showed low ASR (15-25 mQ.cm?) up to 5000 hours at 850 °C. The Cu doping
was found to improve the sintering of the MCO spinel, however no significant
effect of Cu doping on the ASR of MCO was noticeable. Moreover, the flash
sintering was found to be a suitable technique to improve the densification of the
coatings without formation of Cr oxide scale. No crack or delamination at the
Crofer22APU/coating interface was observed as a result of the rapid
heating/cooling carried out during the flash sintering.

The experiments reported in this PhD thesis were carried out in the
framework of CoACH and GrInHy projects and under the co-supervision of Dr.
Christian Walter (Sunfire GmbH, Dresden, Germany).
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Introduction and Aim of Ph.D
Thesis

Solid oxide electrolysis cell (SOEC) is a promising technology to convert
electrical energy into chemical energy by high temperature electrolysis of steam.
The high efficiency and almost no toxic by-products are the major benefits
associated with an SOEC technology. The production of hydrogen in SOEC is
fascinating, as hydrogen can be stored or transformed and subsequently used as an
energy source.

Anyway, efficient and durable electrochemical energy conversion in solid
oxide cell systems can be achieve only by a proper integration technology with a
suitable joining and coating materials choice and processing. A crucial aspect in
solid oxide electrolysis cell (SOEC) devices is given by the design of stable and
reliable glass sealants and ceramic coatings, which must be used to join and coat
dissimilar materials.

In order to achieve high efficiency, the single repeating units of an SOEC
composed of a cell (cathode, anode, electrolyte), sealants and interconnect have to
be joined to form a stack. The SOEC stack usually operates in the temperature
range of 750-900 °C. The high working temperature usually results in the
degradation of SOEC components. Furthermore, SOEC stack components should
operate effectively for almost 40,000 hours in harsh operating conditions i.e.
applied voltage, simultaneous oxidizing and reducing atmospheres, applied
thermal cycles etc. which further restrict the selection of materials to be used in a
SOEC device.

In SOEC, both the oxygen and fuel electrodes are separated by a solid
ceramic electrolyte. In order to avoid the mixing and leakage of gases at each
electrode, sealants are employed in planar SOEC stacks. The role of the sealant is
crucial in order to assure high SOEC stack efficiency and durability. The sealants
must show high gas tightness, thermo-chemical and thermo-mechanical
compatibility with the adjacent materials, as well as stability in the relevant
operating conditions for thousands of hours. Moreover, the sealants should also
have high electrical resistivity in order to avoid any short circuit. Among various
possibilities, the glass-ceramic based sealants are most attractive due to the
possibility to tune their properties by modifying their compositions. Although the



glass-ceramics based sealants are chemically stable, electrically insulator and have
high density, however due to variety of strict requirements, the synthesis of
reliable glass-ceramic based sealants is not straight forward.

The first objective of this PhD research work is to synthesize new glass-
ceramic based sealants for the SOEC applications having the working temperature
of 850 °C. The novel glass-ceramic sealants are designed by using different
modifiers in order to obtain the desired crystalline phases and coefficient of
thermal expansion (CTE) suitable for the SOEC application. The thermo-
mechanical and chemical compatibility of the novel glass-ceramic sealants with
other cell components was investigated. The mechanical properties by means of
shear strength evaluation of the glass-ceramic sealants were investigated at room
temperature and at working temperature of 850 °C. The long term electrical
properties of glass-ceramics were also investigated in simultaneously applied
oxidizing and reducing atmospheres, and at 850 °C, in order to simulate the real
working conditions of an SOEC stack. In order to deposit the glass at industrial
scale, the new glass paste was formulated with the optimized rheological
properties. The glass paste was deposited by the stencil printing technique.

In a SOEC stack the metallic interconnect provides electrical connection
between adjacent repeating units and provide mechanical stability to the whole
stack. High Cr steel interconnects are commonly used due their high electrical
conductivity, low cost and CTE matching with other cell components. However,
the high working temperature of an SOEC stack results in the evaporation of Cr
from the steel interconnect. The Cr tends to poison other cell components and
degrade their performances. The Cr also forms the Cr rich oxide scale at surface
of interconnect, which is electrically insulating and consequently reduce the
efficiency of the stack. The most promising solution to overcome this problem is
the deposition of suitable coatings on the steel interconnect. The coating should
have high electrical conductivity, CTE matching with the steel interconnect, be
thermally and chemically stable in addition to hinder the Cr evaporation at high
working temperature of an SOEC stack. Up to now, the manganese cobalt (MnCo)
based coatings are considered to be the best option to work efficiently for SOEC
applications.

The second objective of this PhD work is to deposit the MnCo spinel coating
on the steel interconnect by electrophoretic deposition (EPD) technique. By
keeping in review the industrial requirements, the EPD process was scaled up to
coat the real dimensioned steel interconnects to be used in the SOEC stack. The
effects of Cu doping and different sintering treatments (to improve densification)
on the performance of MnCo coatings were also investigated.



The PhD thesis has been divided into six chapters. Chapter 1 describes the
literature background about the SOEC technology, the working principle,
advantages and disadvantages, the different components of an SOEC in terms of
their materials, fabrication methods and their purpose in stack. This chapter also
briefly highlights the state of the art of different cell components. Chapter 2 is
dedicated to the state of the art of glass-ceramic sealants and MnCo based spinel
protective coatings for interconnect. In detail, the chapter 2 describes the effect of
different oxides on the chemical, thermal and thermo-mechanical properties of the
glass-ceramics. The formulation of a suitable glass paste and stencil printing
technique for the glass paste deposition are also discussed. This chapter also
discusses the different coating materials used for the SOEC applications, different
techniques to deposit coatings in addition to their pros and cons.

Chapter 3 deals with the experimental activities carried out in this PhD work.
The methodology of glass synthesis, designing of different glass compositions,
deposition of protective coatings on the steel interconnect and different
characterization techniques used to analyze the properties of glass-ceramic based
sealants and protective coatings are also discussed. Chapter 4 and chapter 5
discuss the results related to the glass-ceramic sealants and protective coatings
respectively. In chapter 4 the properties of the novel glass-ceramic sealants
designed by using different modifiers are discussed. The thermal properties of the
glasses are analyzed by differential thermal analysis (DTA) and heating stage
microscopy (HSM), while the CTE analyses of glasses and glass-ceramics is
carried out by dilatometer, The crystalline phases in glass-ceramics are analyzes
performed by x-ray diffraction (XRD). Besides that, the chemical and thermo-
mechanical compatibility of glass-ceramics with other cell components and long
term electrical characterizations of the glass-ceramic sealants in dual atmosphere
are also shown and discussed in detail.

Chapter 5 deals with the deposition of MnCo spinel coating by the EPD at
lab scale as well as at industrial scale interconnects. The area specific resistance
(ASR) of MnCo coating measured up to 8600 hours at 850 °C is presented. The
effect of CuO doping on the morphology and electrical properties of the MnCo
spinel are also reviewed and discussed. Finally, this chapter also discusses the
effects of different sintering conditions carried out by conventional and flash
sintering, on the morphology of un-doped MnCo, and MnCo spinel doped with
CuO and Fe>0s.

In spite of a vast amount of research related to glass-based sealants and MnCo
ceramic coatings for interconnects, it is still not possible to define “universal”



sealing or coating solutions. Both systems definitely depend on the SOEC
working temperature and stack design.

The results obtained during this PhD research are very promising and
effective in order to understand the long term performance of the glass-ceramic
sealants and coatings in the SOEC operating conditions. These research findings
will provide important insights for future sealing and coating development, their
characterization and validation. This useful information will definitely contribute
to the state of the art in these areas.
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Chapter 1

Literature Survey

1.1 Solid oxide cells (SOC) - An overview

Natural and finite reservoirs such as coal and natural gas are the major energy
sources[1]. However, the demand for energy is increasing at such a high rate that
it would be difficult to maintain an energy balance in near future. In order to have
a proper balance between energy demand and supply, it is required to develop
some alternative energy sources. Solar cells, hydropowers and wind energies are
considered the most promising sources to produce renewable energy. Besides
possible energy crises in near future, the demand of energy also depends and
varies by the climate change and from residential to industrial zone etc. therefore
there should be some ways to store the excess of energy and use later when
required. The renewable energy can be stored in different ways such as in
batteries etc, but the batteries have limited lifetime and their efficiency can be
reduced with time and therefore needs to be replaced [2].

High temperature solid oxide cells (SOC) have gained special attention as an
alternative method to generate and store energy. SOC can work either in solid
oxide fuel cell (SOFC) or in solid oxide electrolysis mode (SOEC), or as
reversible solid oxide cell rfSOC, where SOFC and SOEC modes operate
alternatively [3—5]. Figure 1 describes the working principle of SOEC and SOFC
modes in rSOC. The details about SOFC and SOEC are discussed below.
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Figure 1. Working principle of reversible solid oxide cell. SOEC and SOFC mode [5]

1.1.1 Solid oxide fuel cell (SOFC)

Solid oxide fuel cell (SOFC) is a device that generates electrical energy by
conversion of chemical energy such as different types of fuels. The working
principle shown in Figure 1, indicates that the fuel is applied at the fuel electrode
(anode) while oxygen is supplied at the air electrode (cathode). The oxygen ions
are then migrate through the electrolyte causes oxidation of supplied fuel and
consequently generate electricity. One of the major advantage associated with the
SOFC technology is flexibility about the choice of the input fuel [6-8]. SOFC also
has high efficiency and output due to its high working temperature typically 600-
900°C. Figure 2 compares the efficiency of SOFC with other energy producing
technologies, indicating that SOFC have higher efficiency and power output, thus
making SOFC as most promising technology for energy generation.

PEFC: polymer electrolyte fuel cell (70°C)
PAFC: phosphoric acid fuel cell (200°C)
MCFC: molten carbonate fuel cell (650°C)
SOFC: solid oxide fuel cell (800°C)
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Figure 2. Efficiency comparison of SOFC with other energy sources [9,10]



1.1.2 Solid oxide electrolysis cell (SOEC)

Solid oxide electrolysis cell (SOEC) is a device that converts electrical energy
obtained from different renewable energy sources (PV etc.) into chemical energy
by direct high temperature electrolysis of water. It works on reverse principle as
that of solid oxide fuel cells (SOFCs). By direct electrolysis of water in SOECs
technology, pure hydrogen can be produce and subsequently can use as an energy
source. In addition to that, a mixture of water and CO; can also be co-electrolyze
to produce syngas (mixture of hydrogen and carbon monoxide) that can be
utilized to synthesized a variety of hydrocarbons [11-15].

The production of hydrogen by the electrolysis of water is a well-known
process initially demonstrated by Nicholson and Carlisle in 1800 and later by
Faraday in 1820. In last century, the development of high temperature electrolyte
ZrO> doped with Y»0s3 laid the foundation of SOEC and SOFC technology.
However, the first solid oxide electrolyze was made by Lurgi in 1951. Almost
three decades ago, SOEC has gained attention as a promising technique to
produce clean hydrogen at high efficiency; thanks to the work done by Donitz and
co-workers [3,16,17]. Hydrogen energy produced by high temperature electrolysis
of steam in SOEC, consumes less electrical energy due to generation of heat
during the SOEC operation, thus make it more energy efficient [18].

The high energy efficiency, low emission of hazard by-products are the
factors that shifted the research trend towards the rSOC. A lot of research has
already been carried out in SOFC area as shown in Figure 3, however still the
studies in the field of SOEC are limited. Nevertheless, the research for SOEC is
also increasing gradually every year, indicating the importance of this field.
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Figure 3. Number of publication made in recent year for SOFC and SOEC applications [5]



1.2 Solid oxide cell components

A single unit of solid oxide electrolysis cell is composed of two electrodes
(cathode and anode) separated by a ceramic electrolyte. Fuel as steam is introduce
at the fuel electrode while oxygen gas is produced at air electrode. In order to
avoid any gas leakage and to prevent the mixing of gases at either electrode,
sealants are employed in each unit cell. Besides that, in order to increase the
power output, an SOEC stack is developed by repeating the different unit cells
with the help of interconnects. The information about the function and materials
selection for each component will be discussed in detail in next sections of this
chapter.

The different reactions take place at both electrodes in SOEC conditions are:

Atcathode: H,O+4e ———> Hy+ 207

At Anode: 207 ——> 02+4e

Overall: H>O —> Hy+1/2 O

In addition to hydrogen and oxygen, a significant amount of heat is also
generated as a by-product. This heat is being recovered by heat exchangers and
utilized by the SOEC system in order to preheat the feed water to the desired
working temperature of SOEC [19]. Further details, functions and status of
current research and development about each component of SOEC stack are
provided below.

1.2.1 Cathode

Cathode is a negative charge electrode which causes the reduction of feed
steam in SOEC conditions. The cathode in SOEC is commonly referred as fuel
electrode. The selection of cathode material for SOEC application is quite
challenging due to having higher partial pressure of steam. The cathode for SOEC
should be porous in order to provide the active sites to facilitate the reduction of
steam. It should have coefficient of thermal expansion (CTE) matching with other
cell components, thermally stable at high working temperature and electrically
conductive. Plenty of research has been carried out in past in order to investigate
the performance and durability of various materials for SOEC cathode. In past the
noble metals have been used as cathode for SOECs, but they are not first choice
due to their high cost and formation of volatile species at high temperature. Nickel
and yttrium stabilized zirconia (Ni-YSZ) based composites (often known as Ni-
YSZ cermet) are considered to be the best choice due to having high electrical
conductivity, sufficient catalytic activity and thermal stability [20]. However, in
Ni-YSZ cermet it is difficult to increase the effective reaction zone due to having
Ni and YSZ particles in micrometer range. As the performance of Ni-YSZ
electrode mainly depends on the morphology, microstructure and distribution of
Ni and YSZ grains, therefore recently research is being carried out to modify the
microstructure of Ni-YSZ cermet in order to maximize the effective reaction zone
[21,22]. Moreover, the oxidation of Ni into NiO can also reduce the performance
of cathode. The performance of Ni-YSZ is more critical in SOEC conditions as



compared with SOFC. Figure 4 shows the comparison of potential losses as a
function of current density, for cells operated in both SOEC and SOFC modes.
The effect of different fuel compositions in terms to hydrogen/stream ratio in
SOEC mode is also presented. In case of SOEC mode, higher cell resistance was
measured as compared with the SOFC mode particularly at higher current density
[23].

Current, A
0 10 20 30 40
0.7 T T T T
A
0.6
A * o
5> 05} -
& Lt =
o 04 f B
s " o
t 03
0.2 | - 0 SOFC
-y m SOEC(90/10)
04 L  SOEC(50/50)
- A SOEC(10/90)
0.0 - : : : : :
o 0.2 0.4 0.6 0.8 1 1.2 1.4

Current Density, Alem?

Figure 4. Potential losses vs current density for an Ni/YSZ-supported single cell operated in SOFC
(open symbols) and SOEC (closed symbols), H2/H20 = 90/10, 50/50, and 10/90 at 750°C [23]

Various methods have been reported in literature to produce the Ni-YSZ base
cermet. Direct sintering of NiO and YSZ powders followed by reduction of NiO
in hydrogen is commonly used method. Alternatively, ball milling, spray
deposition and screen printing are also used for that purpose [22,24,25].

Currently Ni-YSZ cermet are most preferred and commonly used cathode for
SOECs, nevertheless, the development of other materials as an alternative to Ni-
YSZ cermet are also under research [23,26-28].

1.2.2 Anode

Anode in SOEC is an oxygen generating electrode, commonly referred as air
electrode. Like SOEC cathode, the anode should also fulfill various requirements,
such as; it should be thermally stable at high working temperature (700-850°C).
The coefficient of thermal expansion should closely match with other
components. Moreover, it should be chemically stable with low degradation rate
in oxygen rich environment.

To be stable in oxidizing atmosphere, the use of noble metal as SOEC anode
could be an option. However, their high cost limits their usage. The mixed oxides
are considered to be the most promising anode materials in an SOEC technology.

5



These oxides have perovskite structure with high electronic conductivity and low
production cost. So far, lanthanum strontium manganate La;xSrxMnO3_s (LSM)
based perovskites are most commonly used materials for SOEC anode
[5,18,20,29-37]. Figure 5 compares the area specific resistance (ASR) for
different oxygen electrodes, indicating the LSM based perovskite have
significantly higher conductivity.

I'NNO-Nd»03-S¢Z composite

LSM
LSC
LSCF
LSF
LSCN
SSC
I'F < Bscr
NNO
SFMO
Pt | == | —

vEb*e O
“1r e

1 1 . 1
600 700 800 900 1000
Temperature (°C)

Figure 5. Area specific resistance vs. Temperature for different oxygen electrode materials in
SOEC technology [5]

Besides the fact that LSM is the most common used material as an SOEC
anode, it has certain limitations as well. Some undesirable reactions between LSM
and other cell components are also frequently reported in literature. For instance,
MnOx may diffuse from LSM anode and poison neighboring cell components. It
results in the formation of new phases with significantly lower conductivity,
therefore the efficiency of cell reduces. Moreover, in LSM the only possible zone
for reaction to occur is at triple phase boundary (TPB) between electrode and
electrolyte. This significantly reduces the electronic conductivity and performance
of the cell. The addition of ion conducting secondary phases is found to be a
viable method to increase the reaction zone in LSM based materials. The addition
of Co and Fe in LSM improved the oxygen reduction and electronic conductivity
due to mixed ionic conductivity. A mixed conducting oxygen electrode Lai.
SrxCo1y FeyOs3-5 (LSCF) has been found to have high electro-catalytic activity,
performance and stability as compared with LSM electrode [33,38—41].

Various methods such as dip coating, spray pyrolysis, sol gel, screen printing
etc. are used to manufacture various oxygen electrodes [42—44]. The different
manufacturing techniques have been summarized in Figure 6.



Oxygen electrode processing.

Material  Precursors Powder synthesis Processing Thick (pm) T(°C)

LSM Acetates mixture Calcination (900 °C) Dip coating - 1200

LSC Acetates mixture Calcination (900 “C) Dip coating - 1200

LM - Spray pyrolysis (1200 °C) Screen-printing - 1300

LSF-YSZ Nitrate salts - Dip coating 300 1250

LSC-YSZ Nitrate salts - Dip coating 300 1250

LSM-YSZ Nitrate salts - Dip coating 300 1250

LSM-YSZ 50LSM:50YSZ Ball milling Spray-painting 10 -

LSF-YSZ Nitrate salts Calcination (900 “C) Dip coating (suspension 40 wt%) 300 900

Co[CeO, Nitrates-Oxides Calcination Dip coating (suspension 40 wt%) 15 -

BSCF-SDC  Acid-Nitrates Calcination - - 1000

LSM/YSZ - Ball milling (2 h, 5 wt% ethyl-cellulose 95 wt¥ Screen-printing 50 1180
terpineol)

LSCF - - Plasma Spraying 30 -

Nd;NiO4_5 Nd, Ni oxides in nitric acid Annealing (1000 °C, 12 h) Screen-printing 30 1100

SSC/BCZY  70SSC:30BCZY Ball milling (in ethocel and abietyl alcohol) Screen-printing 40 1100 {2 h)

SFMO - - Screen-printing (binder as pore 70 1150 (5 h)

former)

BSCF Acid~Nitrates Calcination Screen-printing 30 1000 (1 h)

LSC Nitrates Spray pyrolysis Screen-printing 36 1000 (1 h)

LSCF/GDC - - Dip coating 30 -

LSCN Oxides Calcination (1100 °C, 18 h) Screen-printing 10 1000 (2 h)

Figure 6. Processing of different oxygen electrodes in SOEC technology

For high performance in terms of catalytic activity, the anode should be
porous to have sufficient surface area. In order to enhance the porosity and
effective surface area, different types of additives are used. Carbon black and
graphite can be used in this regard. The Figure 7 shows that with increasing
concentration of graphite the porosity also increases. However, the effect of

graphite to generate porosity varies from one material to other [44,45]
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Figure 7. Effect of graphite concentration on porosity of different oxygen electrodes [5]

Graphite Volume % in Dried Tape

Besides LSM and LSCF based materials, recently few alternative materials
such as La;NiO4+ 5 and Nd2NiO4+ 5 have also been studied and found to be
promising for SOEC anode application [37,46—48]. However, the detailed studies

on these new proposed materials in real SOEC conditions are still insufficient.

1.2.3 Electrolyte

An electrolyte is a key component of an SOEC cell that connects the cathode
to the anode. For SOEC applications, the electrolyte should have higher ionic
conductivity to facilitate the movement of oxygen ions from cathode to anode,
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while no electric conductivity. It should be dense to avoid the recombination of
gases produce at each electrode. It should also be thermally, chemically and
mechanically stable at high working temperature and pressure.

Different materials such as Bi»O3;, LaSrGaMg base perovskites, doped CeO>
based oxides; LaxM02Q9 etc. are reported in literature as suitable candidates for
electrolyte in SOEC technology. However, their chemical stability at high
working temperature limits their usage. Recently, LaxNbyWxOx has been also
proposed as a novel electrolyte material for SOEC technology due to its chemical
stability at high temperature. However, up to now the doped zirconia base
ceramics (such as scandia stabilized zirconia, yttria stabilized zirconia, ZrO»-
Lny03) are considered as the most promising candidates for the electrolyte due to
numerous advantages. Scandia stabilized zirconia (ScSZ) has highest ionic
conductivity as compared with other zirconia stabilized electrolytes, however it
has high cost that limits its uses [32,33,49-52]. Nevertheless, yttria stabilized
zirconia (YSZ) is quite economical and therefore, frequently used in SOEC
technology.

The conductivity of the ceramic electrolyte changes with temperature. Figure
8 compares the conductivity of three different electrolyte materials as a function
of temperature. The ionic conductivity of doped ceria based oxides reduced above
600°C making them unsuitable for high temperature SOEC applications. Although
LaSrGaMg base perovskites shows higher ionic conductivity as compared with
YSZ, however their chemical reactivity with cathode is a huge problem in
addition to the higher cost of Ga based oxide materials.
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Figure 8. Electrical conductivity of different SOEC electrolyte materials as a function of
temperature [53]

The YSZ electrolyte showed significant conductivity in addition to thermal,
chemical and mechanical stability at high temperature in a wide range of oxygen
partial pressures. A lot of research has already been carried out to study the
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properties of YSZ using different amounts of yttria (3-8 mol%). Figure 9 shows
the ionic conductivity of YSZ composite, as a function of different concentration
of yttria (Y203). The ionic conductivity increased significantly by increasing the
concentration of Y03 from 2 mol% to 3 mol% followed by slight decrease.
Beyond 3 mol%, the reduction in ionic conductivity is due to phase
transformation from tetragonal (with high specific conductive) to cubic (with low
specific conductivity) [50].
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Figure 9. Ionic conductivity of yttria stabilized zirconia (YSZ), measured as a function of different
yttria concentrationat 300°C [50]

Beside the materials selection, the thickness of electrolyte is also an important
parameter to improving the efficiency of SOEC, as it directly affects the ohmic
resistance. The ohmic resistance increases with thickness of electrolyte.
Therefore, to achieve sufficient power density it is desirable to reduce the
thickness of electrolyte while maintaining its mechanical integrity [52].

Yttria stabilized zirconia electrolyte can be fabricated by various methods.
According to the literature, chemical vapor deposition, physical vapor deposition,
spin coating, pulse layer deposition, electrophoretic deposition, atomic layer
deposition, screen printing, tape casting, sol gel etc. are being used to prepare
YSZ electrolyte of various thicknesses [34,52,54—-58].

1.2.4 Sealants

In addition to the basic unit cell that composed of cathode, anode and
electrolyte, another key component used in SOEC repeating unit is sealant.
Sealants are used in planer SOEC along the edges of repeating unit cells. In order
to achieve maximum efficiency of SOEC, it is very crucial to avoid the mixing of
gases which are being generated at both electrodes. Sealants are used with a
purpose to avoid mixing of these gases in addition to control any gas leakage. To
satisfy these requirements, the sealants should be significantly dense with
minimum porosity. They should have coefficient of thermal expansion matching



with other cell component and strongly bonded with them. The thermal, chemical
and mechanical stability of sealants at high working temperature and in oxidizing
and reducing environments is also very critical. Moreover, to be a successful
sealant, they should have high electrical resistivity to avoid any short circuit
during operation.

Table 1 summarizes the properties required by a sealant to work efficiently in
the SOEC conditions [59].

Table 1. Properties required for sealants used in SOEC [15,59,60]

Thermal expansion coefficient matching with other cell
components

Thermally stable for >30,000 hours at working temperature
of 700-850°C

Thermal
properties

Chemical properties | Resistant to vaporization, chemical reaction and
compositional change in oxidizing and reducing
atmospheres at 700-850°C

Mechanical Withstand external static and dynamic forces during
properties transportation and operation

Resistant to thermal cycling failure during start-up and
shut-down of cell stacks

Electrical Electrical resistivity >10* ohm.cm at operating
properties temperature

Sealing ability | Withstand differential pressure up to 14-35 kPa across a
cell or stack
Total fuel leakage <1% for the duration of the cell life

Manufacturing Flexible design, low processing cost, and high
flexibility reliability

The sealants used in SOEC can be divided into three main categories namely:
compressive sealants, compliant sealants and rigid sealants. All of these sealants
have certain advantages and drawbacks, which are highlighted below.

Compressive sealants

Compressive sealants are usually made of deformable materials that can
deform under the applied compressive stress. These sealants are not bonded with
other cell components therefore the issues that can arise due to CTE mismatch are
not relevant in this case. They also have high stability under thermal cycling.
Typical examples of such sealants are mica-based hybrid seals, alumina-based
hybrid seals and ceramic hybrid-based seals. Figure 10 (a) shows a typical
compressive sealant where mica is used to join metal with ceramic-base
electrolyte. A major disadvantage of these types of sealants is the leakage that can
take place at interface of mica with metal or ceramic. One approach to overcome
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this problem is to use compliant layer of metal or glass between mica and other
joining components as shown in Figure 10 (b), but it is also not as effective.
Moreover, an external compressive load is required in order to achieve gas
tightness which increase their cost, reduce stability and make them unsuitable
especially for the mobile applications.

Metal

o

(a) | L Mica

——

Ceramic
Metal
Compluant
Ceramic Layer
(Ag or glass)

Figure 10. (a) Plane mica seal between metallic interconnect and ceramic electrolyte (b) addition
of a compliant layer of glass or metal to improve gas tightening [59]

Compliant sealants

Compliant sealants are usually made of different metals and metal brazes.
They can plastically deform and can accommodate the thermal stresses due to
CTE mismatch. They are also quite dense and gas-tight. In order to avoid the
problems of oxidation or hydrogen embrittlement in metal brazes, the different
type of noble metals such as gold, silver platinum etc. can also use, thanks to their
ductile behavior and corrosion resistance. However, these materials are very
expansive. Another major drawback is that they have significantly high
conductivity that make them non suitable for SOEC applications [59].

Composite sealants composed of metal matrix and ceramic reinforced are also
used and their CTE can be tune according to requirements. For example, Ag
reinforced Al2TiOs composite is one of such kind. Figure 11 shows that increasing
the concentration Al;TiOs reinforcement from 0-20 wt% in Ag- ALTiOs
composite, reduced the CTE from 22x10°¢ K™! to 12x10°¢ K™!, which is suitable for
SOEC applications. However, at high working temperature the diffusion of Ag
into porous neighboring components can cause contamination [61].
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Figure 11. CTE of Ag-AL:TiOs composite, as a function of Al:TiOs concentration for SOC sealant [61]
Rigid sealants

Rigid sealants are usually glass and glass-ceramic base sealants and are
hemetic seals due to joining with other neighboring components. They are more
commonly used than compressive or compliant sealants due to flexibility in their
composition and therefore their properties can be tailor easily. They become soft
above their glass transition temperature and bond to other components due to their
wettability. They have high electrical resistivity, low production cost and suitable
for both stationary and mobile applications. Nevertheless, their chemical stability
at high temperature can be critical issue and affect the life time of SOEC. The
chemical stability of glass-ceramic sealant mainly depends in particular
composition, therefore a lot of research is going on to improve the chemical
stability of glass-ceramic sealants [59,62—66]. Many glass-ceramic compositions
have been studied so far, and their details will discuss in chapter 2 (section 2.1)

Figure 12 summarizes the advantages and disadvantages of different types of
sealants used for SOEC applications.

Advantages and disadvantages of different types of seals [12-15].

Seal type Advantages Disadvantages
Compressive seal Easy replacement of seals in a malfunctioning cell stack Application of external load
Resistance to thermal cycling Complex design and high cost
High gas leakage rate
Unsuitable for mobile applications
Poor stability
Electrically conductive
Compliant seal Low thermal stress Non-wetting to other SOFC/SOEC components
Poor oxidation resistance
Hydrogen embrittlement
Electrically conductive
Rigidly bonded seal Hermetic sealing
Tailorable performance by composition design Brittle at low temperatures

High electrical resistivity Poor resistance to thermal cycling

Suitable for stationary and mobile applications Chemical reaction with other cell components
Flexible in design and fabrication

Figure 12. Advantage and disadvantage of different types of sealants [15]
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1.2.5 Interconnect

The single SOEC unit cell is not sufficient to generate sufficient output,
therefore, at commercial scale many repeating unit are combine together to form
an SOEC stack. The different repeating units in a stack are combine with each
other by interconnects. Interconnects provide electrical connection between two
adjacent unit cells and avoid the mixing of different gases at both electrodes. As
interconnect separates cathode of one cell from anode of neighbor cell, therefore it
protects fuel electrode (cathode) from being oxidize and oxygen electrode (anode)
from reducing atmospheres. Besides that, interconnects also improve the
mechanical integrity of overall stack.

In general, the interconnect for SOEC should be thermally and mechanically
stable at working temperature of SOEC, typically in the range of 700-1000°C. It
should have coefficient of thermal expansion matching with other cell
components in addition to having high electrical conductivity. In SOEC stack, the
interconnect can be in direct contact with Ha, O2, CO2 and CO, therefore it should
be chemically stable in oxidizing and reducing atmospheres at high temperature. It
should also be gas tight and economical [35].

Table 2 compares the properties of different interconnect materials used in
SOEC technology. Among various options, the ferritic steels are considered to be
the best choice. They have significant mechanical stability at high temperature,
low production cost and coefficient of thermal expansion matching with other cell
components. These ferritic steels have high chromium content (up 25%) which
makes them highly conductive. Among ferritic stainless steels; the Crofer22 APU,
Crofer22H, Sanergy HT and 441 stainless steel are most widely studied and used
as interconnect materials [67—70]. The chemical compositions for most commonly
used ferritic steels (Crofer22 APU and Crofer22H) are also shown in Table 3.

Table 2. Comparison of properties of different potential metallic interconnects used for SOECs/SOFCs
[69]

Potential | Oxidation Electrical | Manufacturability | 1 "ermal Cost
candidates | resistance conductivity cxpansion
coefficient
(RT-
800°C)
Cr-based Good Good Difficult 11 - 12| Very .
x106 K | expensive
alloys
Fe Good Good Readily 11.5 - 14 | Inexpensive
i x10¢ K!
stainless
steel
Ni super Good Good Readily 14 -19 | Expensive
x10¢ K!
alloys
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Table 3. Chemical composition (wt%) of Crofer22APU and Crofer22H steels [71,72]

Cr C Mn|Si |Cu|Al |S P Ti La
Fe
Crofer22APU Max | 20.0 | bal. 0.3 0.03 | 0.04
Min | 24.0 003[{08(05{05/05|1002 |005]{02 |0.2
Cr Fe C Mn|Si |Cu|Al |S P Ti La |Ni |W |Nb
Crofer22H Max | 20.0 | bal. 0.1 0.02 | 0.02 1.0 0.2
Min | 24.0 00308 [0.6|05{0.1]0.006{005{02 |02 |05(3.0]1.0

The Figure 13 shows the electrical resistance of the Crofer22APU
interconnect with other Cr containing alloys, measured at 800 °C in air. The
Crofer22 APU showed the lower order to resistance, which makes it one of the
most suitable interconnect candidate in SOEC technology.
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Figure 13. Comparison of contact resistance of Crofer22APU with other Cr-based alloys[71]

However, beside processing excellent mechanical, thermal and electrical
properties the most common problem faced is the evaporation of Cr from
interconnect at high temperature and consequent poisoning of neighbor cell
components [73,74]. Cr evaporation also gradually degrades the properties of
interconnect in terms of its electrical conductivity, especially in long term
applications. The most prominent volatile species of Cr are CrO3 and CrO»(OH)..
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Figure 14 shows the partial pressure of different species of Cr in air, as a function
of temperature. The evaporation of all Cr species increases with increasing the
temperature, therefore, in SOEC technology it increases the possibility of
contaminating other cell components due to high working temperature of SOEC
[74,75].
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Figure 14. Partial pressure of different Cr species in air, as a function of temperature [74]

Different approaches have been used in order to overcome the issues related
to Cr evaporation, either by modifying the steel interconnects composition or
deposition of various coatings on these steel interconnects. For instance, 0.5 wt%
of manganese in Crofer22APU and Crofer22H steel results in the formation of
outer chromium manganese spinel that significantly reduces the evaporation of Cr
from interconnect. Similarly different coatings are commonly deposited and found
to be very beneficial in controlling Cr evaporation [69,73,76]. Further details
about the different coating materials, deposition methods and their performance
will be discussed in section 2.2.

1.2.6 Interaction of different stack components and cell
degradation

Beside the properties and performance of the individual cell components, the
interaction of each component with its neighboring components is very crucial to
determine to overall efficiency and life time of an SOEC stack.

All materials must not be reactive with adjacent components at the SOEC
operating temperature, and must have compatible thermal expansion
coefficients.Significant mismatch of CTE can generate stress at interface during
heating and cooling cycles, which can cause delamination and consequently can
affect the efficiency of system. Table 4 shows the coefficient of thermal
expansions of different stack components [77,78].
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Table 4. Coefficient of thermal expansion (CTE) of different cell components of SOEC stack

C CTE (1 x 10°%) K! Reference
omponent
Ni-YSZ (Cathode) 12-12.5 [79]
LSM (anode) 10.5-11 [25]
YSZ (electrolyte) 10.5-10.8 [33]
Crofer22 APU 10.3-12.7 [33,71]
(interconnect)
Crofer22H 9.8-12.8 [72]
(interconnect)
(Sanergy HT) 11-12 [80]

A strong bonding among different components does not grantee a completely
efficient stack. Due to the high working temperature of an SOEC stack, the
chemical stability of all components is also a key factor in this context. At high
temperature the volatilization of different species from one of the cell component
can deposit on another component within the stack. The diffusion of species into
neighboring components in commonly observed problem particularly at high
temperature. On the other hand, the microstructure of different cell components
can also change over time. These issues can also significantly reduce the
performance of cell components and affect the overall efficiency. A recent study
was performed to analyze the microstructural and chemical changes that can occur
in SOEC cell components during operation [13]. Figure 15 shows different cell
components and their chemical interaction during operation, as investigated by
SEM and EDS. At high working temperature, the presence of high vapor pressure
of stream at cathode side resulted in the formation of Si(OH)s due to possible
chemical reaction of steam with Si from glass sealants. On the other hand, at
anode side, zirconia containing phases such a lanthanum zirconate (LZ) and
manganese dioxide were formed at LSM-YSZ interface (Figure 15 c¢). These
phase are undesirable due to various reasons. Firstly, they have low conductivity;
secondly their CTEs are much lower than LSM anode and YSZ electrolyte. The
Figure 15 (d) shows a crack/delamination at LSM-YSZ interface, which was
formed due to CTE mismatch caused by the formation of low CTE phases
[81,82].
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Figure 15. (a) FESEM micrograph of fresh sample, (b) FESEM micrograph of the delamination of
anode layer from electrolyte. FESEM photograph and EDAX analysis of (¢) anode and (d) cathode side
respectively

The performance of cell also significantly affected due to volatile species
from Cr-rich steel interconnects. At high temperature, chromium evaporation and
consequently deposition on anode (LSM, LSCF) results in the formation of
various secondary phases such as LaCrOs, La;CrOs etc. having higher electrical
resistivity [83]. In addition to anode, the Cr also have detrimental effect on the
glass-ceramic-based sealants. In SrO and BaO containing glasses, the formation of
high CTE SrCrO4 and BaCrO4 phases are commonly reported in literature, that
consequently lead to crack formation or delamination of sealant from the
interconnect due to generation of thermal stresses [84—88].

The degradation of SOECs is another critical problem faced during operation
of SOECs. The degradation problem is more severe in SOECs mode as compared
with SOFCs mode due to harsh working conditions and high applied voltage.
According to literature the lowest degradation rate for SOECs is 1.7%/1000h
measured for up to for 3600 hours at working temperature of 850°C. However, the
degradation rate tend to increase up to 3.8%/1000h when tested up to 9000 hours
[89]. Other groups reported much higher degradation rates [90-92]. Moving from

17



single repeating cell to the SOEC stack, the degradation rate further increases due
to the contaminations caused by interconnects and sealants. The degradation was
found to increase the resistance of stack and cause significant current drop. The
degradation mechanisms of different cell components have been discussed in
detail in some recent articles [5,40,89,90,92]. However, still more research need
to be carried out to understand the degradation mechanism in details.
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Chapter 2

State of Art

2.1 Glass-ceramic sealants

The seal between the stainless steel interconnect and the ceramic SOEC
components present significant challenges. Different areas are of interest by the
presence of the seals in a solid oxide cell stack. As shown in Figure 16, there is an
evidence that the sealant plays a key role for a successful integration between the
cell to the metal frame, metal frame to the metal interconnect and the interconnect
to spacer (for the electric insulation) [1].
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Figure 16. Role of sealants in solid oxide electrolysis cell (SOEC) stack [1]

Besides having strong adhesion with cell components, different parameters
and critical issues must be taken in account while selecting a sealant for SOEC
technology. For instance, a sealant should work effectively in the presence of
harsh SOEC conditions such as high temperature in addition to simultaneous
oxidizing and reducing atmospheres for >30,000 hours. The details about the
different types of sealants and the essential properties required to work effectively
in SOEC applications, have been already discussed in chapter 1.

Among different possibilities the glass-ceramic are considered the most
successful and promising material for SOEC sealant applications, due to fact that
their properties can be tuned according to the requirements by changing their
compositions. Glasses are amorphous materials formed by melt quenching of
liquid composed of various oxides. The most prominent properties of glasses are
their brittle nature below glass transition temperature (Tg) and viscous behavior
above glass transition temperature (Tg). Glass transition temperature indicates a
temperature above which the glass shows a gradual transition from a hard brittle
state to a viscous state.

Glass-ceramic is the crystalline form of glass, which is produce by heat
treatment of glass to induce crystallization. The type and amount of crystals as
well as their corresponding crystallization temperature (temperature to form
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crystals) depends on the particular glass composition. The formation of crystals in
glasses improves their mechanical and thermal stability thus make them suitable
for SOEC applications [2—4]. The formed crystalline phases in the glass-ceramic
are also responsible to determine their coefficient of thermal expansion (CTE).

Glasses are mainly composed of multi component oxides that can act as glass
former, glass modifiers and intermediates [5]. Glass formers form the main
structures of the glasses. They provide polyhedral units to the glass structure, have
low coordination number (3-4) and high field strength. For sealants in SOEC
applications, SiO», BO3 and P»>Os are mostly used as glass formers. Glass
modifiers are added with the purpose to disrupt the glass network. They occupy
random sites in the glass network and therefore create non-bridging oxygen atoms
(those who are not attached to the polyhedral units). They have low field strength
and high coordination number of 8 [6]. They are important to control the
characteristics temperatures and CTE of a glass system. On the other hand,
intermediates have coordination number and field strength in between glass
formers and modifiers. AlOs; is mostly used intermediator in glass sealants.
Beside glass former, modifier and intermediate, small amounts of other additives
just as rare earth metal oxides and/or refractory metal oxides are also added to
adjust the viscosity and to control the crystallization processes [5]. Further details
about different components of glasses (glass former, modifier intermediates etc.)
will be described in next section of this chapter. A typical glass network structure
is illustrated in Figure 17.
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Figure 17. Schematic illustration of a glass network structure [7]

The Table 5 summarized the different elements oxides used in glasses for
SOEC sealants. Their respective role in the glass structure is also described in
table below.
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Table 5. Examples and functions of typical oxides used in glass sealants composition [5,8]

p Oxides Function

urpose

Glass network | SiO2, B2O3, P2Os Form glass network

formers Determine  thermal  expansion
coefficient

Determine Tg and Ts

Glass modifiers Na,O, K>O, CaO, | Create non bridging oxygen (NBO)
MgO, SrO, BaO atoms

Modify characteristic temperatures
(Tg, Ts, Tx) of the glass

Modify coefficient of thermal
expansion of glass

Intermediated AlO3, Ga;03 Hinder devitrification
Modify glass viscosity
Additives LaxOs3, Y203, ZnO, | Modify glass viscosity
7102, TiO: Improve coefficient of thermal

expansion of glass
Improve wettability and adhesion
of glass with other components

Due to variety of strict working requirements, the designing of promising
glass composition for SOEC sealants is not as straight forward. Extensive research
has already been carried out to design and characterize glass-ceramic-based
sealants for SOFC/SOEC technology. The requirements for SOEC sealants are
almost similar to that of SOFC sealants. Beside various thermal, mechanical and
chemical properties, the sealants in SOEC mode should be electrical insulation at
higher voltage levels — typically > 1.2 V — compared to SOFC environment.
Secondly, the stability of sealants under thermal cycling is also a fundamental
requirement, especially when SOECs are operated in reversible systems for
electricity storage, in which the cells are alternately working as SOECs or SOFCs
with different temperature profiles. Moreover, the stability in high pressure is also
a basic requirement for the sealants when SOECs operating in pressurized
environments, which is a promising application showing improved cell
performance at high current density [9,10].

2.1.1 Glass network former

Among different network formers mentioned in the Table 5, the P,Os base
glass-ceramics are least commonly used due to the fact the at high temperature the
phosphorous becomes volatile and contaminate other cell components [5]. On the
other hand, B>O3 base glass systems are also not highly recommended as B>0O3
also become volatile due to its high vapor pressure and low melting point, thus
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making it unsuitable for high temperature applications. However, small quantity
of B203 can be beneficial to improve the wettability of a glass and to reduce the
characterization temperatures of a glass such as glass transition temperature Ty,
onset of crystallization temperature Tx and softening temperature Ts. The addition
of B20O3 also reduces the viscosity of the glass system. In case of SiO» base
glasses, although the formation of Si(OH)s species in the presence of steam
degrades their performance, however, up to now the SiO, based glass-ceramics
systems are most promising candidates for SOFC/SOEC applications due to their
high thermal stability. Plenty of SiO> based glass compositions have been studied
as sealant material and are reported in literature [5,11-23]. The presence of SiO»
increases the glass transition and softening temperatures of a glass system.
Commonly, the glass systems for SOEC applications have glass former
concentration in the range of 40-60 mol%.

By increasing the concentration of SiO: in a glass, the crystallization
temperature (Tx) also increases and consequently it delays the crystallization.
Figure 18 shows that by increasing the SiO2 content from 50 mol% to 60 mol%,
almost 50°C increase in the devitrification temperature was observed in MgO-
BaO-SiO> based glass system.
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Figure 18. Dependence of devitrification temperatures on SiO2 content in a MgO-BaO- SiO: glass
system [24]

2.1.2 Glass modifiers

As discussed earlier, the purpose of modifiers is to break the network of the
glass formers. With increasing concentration of a particular modifier, more
disruption of glass network will occur and consequently form more non-bridging
oxygen (NBO) atoms. It causes the reduction in their glass transition and
softening temperatures and enhances the coefficient of thermal expansion of a
glass.

Alkali metals and alkaline earth metals are most commonly used as modifiers
in the glass-ceramics for SOEC sealants. Although alkali metal oxides enhance

29



the CTE, wettability and reduce the characterization temperatures of glass,
however on the other hand their presence also reduces the electrical resistivity.
This effect is due to their small ionic radius that makes their mobility easier under
the applied voltage. They also have high potency to chemical react with other cell
components as compared with alkaline earth metals. Due to these issues, the alkali
metal oxides are not the first choice of selection particularly in large concentration
[25,26].

Among alkaline earth metal oxides, BaO is most extensively used as
compared to CaO and MgO. The addition of BaO improves the coefficient of
thermal expansion of glass, wettability and sinter ability, and reduces the T, and
Ts. However, the excess amount of BaO reacts with the Cr of steel interconnect,
resulted in the formation of BaCrO4 phase. The BaCrOy4 is a high CTE phase and
causes delamination at interconnect/glass-ceramic interface [15,21,27]. SrO has
also been extensively studied in recent years as an alternative of BaO. Although it
also forms a high CTE SrCrO4 phase, however its tendency of formation is lower
than BaCrO4 [28]. SrO addition also enhances the CTE, improves wettability and
adhesion of glass, reduces characteristic temperatures and improves sinter ability.
Glass-ceramic based sealants for SOEC/SOFC have modifiers concentration
commonly in the range of 25-40 mol% [12-14,16,22,29].

2.1.3 Glass intermediates

Based on coordination number, intermediates can act as either network former
or modifier. The most commonly used intermediate in glass-based sealants is
ALO;. If coordination number of Al*" is four, it will act as network former and its
addition will enhance the glass transition and softening temperatures. On the other
hand, if its coordination number is more than four, it will act as glass modifier and
it will reduce the glass transition and softening temperatures. In a certain glass
system the addition of Al2O3 can enhance the characteristics temperatures, while
in other system it can show opposite effect. Al>O3 is also commonly used to
hinder the crystallization process and to improve the stability of glass [5,30-32].
Typically, the concentration of AlOs in glass sealants is 5-10 mol%, however
some systems have even higher concentration. Besides Al203, Ga20s3 can also use
as intermediate to hinder the devitrification process, however the effect of Ga>Os
is still need to explore in detail.

2.1.4 Glass additives

In addition to the glass network formers, modifiers and intermediates, a small
concentration (1-3 mol%) of additives is also used to tune to final properties of
glass and glass-ceramic to make them suitable for desired SOEC/SOFC
applications. Different additives reported in literature are La>0Os, Y203, ZnO,
ZrOs, CeOs etc. [33-38]. The effect of different modifiers in glass sealants has
been explained in detail in a review article by Tulyaganov et al. [31]. For
instance, addition of La;O3 reduced the Ty and Ts, however no significant effect
was observed on the CTE of glass system. The presence of ZnO reduces the
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viscosity and Ty of glass, while enhances CTE and crystallization temperature.
The addition of Nb2Os in glass caused CTE mismatch between glass-ceramic
sealant and Crofer22 APU interconnect that lead to formation of crack at interface
[35,39]. Recently Wang et al. [40] studied the effect of YSZ addition on stability
of glass-ceramic sealants. The YSZ improved the CTE and gas tightening of glass
ceramics. It also improved the interfacial compatibility and bonding of glass-
ceramic sealants with the interconnect.

2.1.5 Recently developed promising glass-ceramic compositions

In the last decade, plenty of research has been already done to design novel
glass-ceramic sealants with optimized properties. Most of the compositions
available in literature were designed for SOFC having the working temperature of
700-800°C. Nevertheless, a significant work has also been carried out for SOEC
applications. The sealants for SOEC applications have to work efficiently in harsh
reducing atmosphere at the applied voltage, which is typically higher as compared
with SOFC mode. The compositions available in literature for glass-ceramic
sealants have been designed using various combinations of glass network formers,
modifiers, intermediates and additives. Due to the high working temperature of
SOEC, SiO; is mostly used as glass former with small amount of B2O3. On the
other hand Al>O3 is most commonly used intermediate in different quantities.
However, the selection of most suitable modifier (or combination of modifiers) in
addition to their amounts is still an ongoing research. Various review articles are
also available in literature that summarize recent developments in glass-ceramic
sealants for SOEC/SOFC applications [5,30,31,41,42]. Some of the recently
developed glass-ceramic compositions using different modifiers have been
discussed below.

1. Few researchers developed glass systems using alkali metal oxides (Na2O and
K20) as main modifier in addition to other modifiers. The alkali metal oxides
were added with the aim to improve wettability and CTE as well as to adjust
the viscosity of system. For instance, Smeacetto et al. [43,44] investigated the
thermal stability and compatibility of novel glass systems with the
Crofer22 APU interconnect for 500 hours at a working temperature of 800°C.
The glass systems with alkali metal oxides showed excellent thermal and
mechanical stability, a CTE of 10.6 - 10.9 x 10 K'! for glass-ceramic and
good compatibility with 3YSZ as well as with bare, pre oxidized and coated
Crofer22 APU interconnect [45—48]. The Cr diffusion was observed from bare
Crofer22APU towards the glass-ceramic sealants, however in case of pre-
oxidized and coated Crofer22APU, the migration of Cr across
Crofer22 APU/glass-ceramic sealant was depressed successfully. Anyways, no
information has been provided for the electrical resistivity of these systems.

Chou et al. [26] studied the effect of alkali metal oxides on the electrical
properties of glass-ceramics for 1000 hours at 850°C. As shown in the Figure
19, the addition to 2-5mol% of K>O was found to reduce the electrical
resistivity of the system. Additionally, poor chemically stability was observed
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between K>O containing glass-ceramic sealants and Crofer22APU.
Undesirable phases were formed at Crofer22APU/glass-ceramic interface
resulted in debonding of sealant from the Crofer22APU interconnect. On the
basis of these findings, the glass-ceramic sealants containing alkali metal
oxides were not suggested to use in SOFC/SOEC applications. Anyway, a
clear understanding of how Na contributes to the sealant degradation is still
lacking. The experimental data are rather controversial, and there is no general
agreement about the use of alkalis in SOC systems.
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Figure 19. Electrical stability test of sealing glasses sandwiched between as-received Crofer22APU
coupons in dual environment at 850°C with a dc load of 0.7 V. The numbers are the K20 mol % in the
glass [26]

2. The glass-ceramic systems containing alkaline earth metal oxides have been
studied most intensively. For instance, many compositions contain either CaO
or MgO as main modifiers, or both together. Like other modifiers, the addition
of Ca0O and MgO is important to improve the CTE of system and to adjust the
viscosity. Those compositions that contain both CaO and MgO as main
modifiers are mainly designed to obtain CaMgSixOs diopside phase
[21,44,49], having a CTE of 11 x 10° K'!. Instead of using both CaO and
MgO simultanously, the addition of only CaO as main modifier in silicate
glass systems is usually made with aim to have CaSiO3 and/or Ca;SiO4 phases
with CTEs of 9.5-11x10® K'!, while for MgO containing glass systems the
MgSiO; has CTE of around 10 x 10® K™! [7]. However, some articles also
reported slightly different CTEs of CaSiO3 and MgSiOs phases [30]. On the
other hand, the formation of relatively low CTE CaAl»Si»Os (4.9 x 10 K1)
and Mg AlsSisO1s (2 x 10° K!) phases could cause problems in these
compositions.
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3. SrO containing glass-ceramic compositions have gained special attention in
recent years due to various advantages SrO could impart to the glass-ceramics
[12-14,16,32,35,50]. Reddy et al. [51] developed different SrO (7-12 mol%)
containing glass systems, and their thermal and mechanical properties were
studied in detail at 850°C for 1000 hours. All these glass systems had
excellent thermal and electrical stability, mechanical strength and
compatibility with Sanergy HT metallic interconnect and 8YSZ electrolyte.
The glass-ceramics shows CTE of 9.7-10.1 x 10°° K'! after joining with further
increase when aged for 500 hours. However, the CTEs were slightly reduced
for all studied glass-ceramic compositions, when ageing was done up to 1000
hours. However, the authors claimed that no new and undesirable phases were
formed during ageing as confirmed by the XRD. The reported glasses showed
excellent chemical stability with no chemical reaction at interface even up to
1000 hours at 850°C.

Although addition of SrO has proven to be beneficial to improve various
properties, nevertheless the excess amount of SrO also deteriorates the
chemical stability of a glass system. Various researchers found the formation
of SrCrO4 phase at Crofer22 APU/glass-ceramic sealant interface as a result of
chemical reaction between SrO from glass sealant and Cr from steel
interconnect. The formation of SrCrO4 phase is thermodynamically favorable
due to negative Gibbs free energy. The reaction takes place according to
following equation:

2SrO + Cr203 + 3/202 = 2SrCrOs  AGsoo-900-c = —(135-145) kJmol ! [52]

The negative Gibbs free energy indicates that formation of SrCrO4 can
take place spontaneously in the air. The Sr present in the residual glassy phase
favors the formation of SrCrOs, instead of Sr in crystalline phases of a glass-
ceramic. The SrCrOs is a detrimental phase as it has high CTE and
consequently can cause delamination at Crofer22APU/glass-ceramic interface
due to thermal stresses generated by CTE mismatch [52,53]. Figure 20 shows
the interface between metallic interconnect and SrO containing glass-ceramic
sealant. The excessive formation of undesirable SrCrO4 was observed at point
1 and 2. The SrO containing glass system shown has SrO of 43 wt%.
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Figure 20. SEM micrograph shows the interfacial microstructure of the as-received
Crofer22APU/glass sample after electrical stability test at 850°C for ~500h in dual environment: The
image corresponds to air side

Similar results have been reported in other systems where SrCrO4
formation resulted in the delamination of glass-ceramic sealant and
consequently deteriorate the mechanical integrity of joint [52,54,55].

BaO is probably most extensively used modifier in the glass-ceramics used for
SOFC/SOEC sealants [11,13,15,24,37,38,56,57]. The effects of BaO are quite
similar to that of SrO; such as reduce viscosity, increase CTE, reduce
characteristics temperatures etc. However, like SrO, the glass-ceramic sealants
contain BaO mostly suffer from the formation of undesirable BaCrO4 phase
due to chemical reaction between BaO from sealant and Cr from steel
interconnect. The BaCrOj4 also has high CTE and its formations can take place
according to following reaction [15]:

2Cr203(5) + 4BaOgs) + 302 — 4BaCrO4s)  AGrso-c = —205 kJmol™! [58]

According to thermodynamics, the Gibbs free energy for the formation of
BaCrOs in air is less than SrCrOjs therefore; formation of BaCrOs is more
favorable. Anyhow, plenty of compositions containing BaO as main modifier
have been investigated. For instance; Peng et al. and co-workers [15,59,60]
developed Si0»-B>03-BaO based glass system and investigated its chemical
and thermal stability. The glass-ceramic showed strong adhesion with SS410
interface and 8YSZ electrolyte after joining with no undesirable phase
formation. A high CTE BaSi;0Os phase was formed in glass-ceramic, which
improved the thermo-mechanical compatibility of the glass sealant. However,
the under the thermal cycling performed at 700°C the gas leakage was
detected to take place at glass-ceramic/SS410 interface. The rate of leakage
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was found to increase with the number of thermal cycles. Post mortem SEM-
EDS analyses confirmed that the formation of undesirable phase BaCrO4 took
place at glass-ceramic/interconnect interface. The formation of that high CTE
phase initiated the crack formation and consequently resulted in complete
delamination at interface after 42 cycles at 700°C. Figure 21 shows the
formation of crack at glass-SS441 interconnect interface due to presence of
BaCrO4 phase.

Figure 21. SEM micrographs of the air/glass/SS410 three phase boundaries after 42 thermal
cycles: (a) a low magnification and (b) a high magnification of the marked area in (a) [15]

2.1.6 CTEs of different glass-ceramic phases in SOEC

The CTE of glass-ceramic is one the most critical parameter that need to
adjust by keeping in view the CTEs of other cell components such as steel
interconnects and YSZ electrolyte. Figure 22 shows the CTEs of different phases
that can form in glass-ceramics depending upon the type and concentration of
glass former, modifiers, intermediates and additives used. To obtain a glass-
ceramic with the CTE in the range of 9.0-12 x 10° K°!, the crystalline phases in
the glass-ceramic should also have CTE in the range of 9-14 x 10 K'!. To obtain
the desire crystalline phase in a system, a careful design of composition is require
by keeping in view the binary or tertiary phase diagrams of main components of a
glass system.
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CTEs of devitrified phases in seal glasses.

Devitrified phases Formula CTE (x10°%°C")
Quartz Si0; 11.2-233
Enstatite MgSiO; 9.0-12.0
Clinoenstatite MgSiO5 7.8-135
Protoenstatite MgSiO; 9.8
Forsterite Mg,Si04 94
Wollastonite CaSiO; 9.4
Calcium orthosilicate Ca,Si0, 10.8-14.4
Barium silicate BaSiO4 10.5-12.5
B325i303 12.6
Barium borate BaB;04 a,=4.0
o.=36.0
Barium zirconate BaZrO; 7.9
Hexacelsian BaAl;Si>0g 6.6-8.0
Monocelsian BaAl,Si,0g 2.3
Orthorhombic celsian BaAl,Si>0g 4,5-7.1
Hexacelsian SrAl;Si>Og 7.5-11.1
Monocelsian SrAl;Si>0g 2.7
Orthorhombic celsian SrAl;Si,0g 5.4-7.6
Cordierite MgoAl4Sis04g 2.0

Figure 22. CTEs of different crystalline phases formed in the glass-ceramics [7]

2.1.7 Glass deposition by stencil printing

Various methods are being used and are reported in literature to manufacture
different components of SOECs. Screen printing and stencil printing are arguably
the most commonly applied method to deposit or manufacture different ceramic
materials in SOEC stack. Stencil printing is an easy and cost efficient method that
involves the squeezing of the paste or ink through a mesh on to a substrate. A
mesh or stencil contains the image of desired pattern required on the substrate.
Figure 23 shows the basic working principle of a stencil printing technique.
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Figure 23. Working mechanism of stencil printing technique [61]

Stencil printing method can also be successfully employed to deposit glass in
an SOEC technology. For stencil printing, the development of a suitable paste or
ink is quite challenging. A typical paste is composed of solvent, binder, dispersant
and solid content of final material to be deposit. The solvent is required to
homogenize the solid particles while the binder is used to increase the inter-
particle forces and connectivity. Dispersants are important to ensure the
homogenous dispersion of the particle. Additionally, a small quantity of
plasticizer can also be added to impart flexibility in the paste. For paste
development, variety of solvents, binders, dispersants and plasticizers are being
used to tune the properties of paste. In SOEC technology, the requirements of
synthesized pastes change from one component to other, due to their different
characteristics and operating demands. For instance, the anode and cathode in
repeating unit cell should be porous after deposition and drying, due to fact that
they need high surface area to facilitate the reactions. On the other hand, the
electrolyte and sealants should be dense with minimum porosity. In this context,
the selection of suitable components (solvent, binder, dispersant etc) and their
corresponding quantities is very important to control the overall properties of a
paste [62—70].

A lot of research has been carried out about the development of pastes for
cathode, anode and electrolyte. However, very limited work has been reported
about deposition technique or paste development for glass-ceramic based sealants
for SOEC applications. Therefore, still there is need to do further research about
paste development of glass based sealants.

2.2 Protective coatings on interconnects

As discussed in the chapter 1, the high chromium containing steels
(Crofer22APU, Crofer22H, AISI 441 etc) are most suitable candidates for
interconnects SOFCs and SOECs, due to remarkable properties in terms of low
cost, high electrical conductivity and the CTE matching with other cell
components. However, a major problem faced in these types of interconnects is
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the evaporation of Cr at high working temperature. Cr can contaminate the other
cell components and degrade their performances. Additionally, by the evaporation
of Cr, the desired properties of the interconnect can also degrade with time
[71,72].

In order to maximize the overall efficiency of the SOECs, the issues related to
evaporation of Cr from interconnect must be addressed. Different methods have
been proposed in the past to overcome this problem. Formation of barrier layer of
Cr203 (oxide scale) by pre-oxidation of interconnect is probably the most easy
solution. The chromia oxide scale has been found to reduce the evaporation of
volatile species. Figure 24 compares the rate of Cr evaporation from Sanergy HT
and Crofer22H interconnect at 850°C, as a function of time. The evaporation of
Cr was found to decrease with time due to the formation of different Cr containing
barrier layers on the surface of Cr steels [73,74].
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Figure 24. Rate of Cr vaporization as a function of time for Sanergy HT (black) and Crofer 22 H
(grey) at 850 °C in air containing 3% H20 (6000 sml min -'). Filled and empty symbols represent the
two individual isothermal exposures [75].

However, chromium oxide is thermodynamically not stable in humid
conditions at high temperature and consequently can produce different Cr-
containing volatile species. Secondly, the oxide scale also reduces the electrical
conductivity of the interconnect. Another way could be the doping of Mn in to the
steel interconnect, that can result in the formation of (Cr,Mn);O4 spinel layer
above the Cr-oxide scale and is more effective towards hindering of Cr from
interconnect and improves the oxidation resistance. However, these methods do
not provide sufficient barrier to hinder the Cr evaporation up to desired level.
Therefore, it is important to choose some alternative ways that are more effective
and durable. The deposition of protective coatings on the steel interconnects is
widely studied topic in last decade, and is found to be the most promising way to
minimize the evaporation of Cr from interconnect. In general, the coatings for
SOEC:s should fulfill following requirements:
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1. Must prevent the oxidation of volatile species such as Cr from steel based
interconnect.

Should have low oxygen ion, to avoid formation of oxide scale.

Thermally stable at high working temperature (750-850°C).

Should have high electrical conductivity.

Coefficient of thermal expansion should match with interconnect.

Easy to deposit.

A

Various coating materials have been studied and their performance has been
investigated in long terms [76—81]. On the other hand, different methods has been
used to deposit these materials on the interconnect substrates [82—84]. The details
about the different coating materials and deposition techniques are given below.

2.2.1 Coating materials

Metallic coatings

The interconnects in SOEC stack can be coated by metallic materials as well
as rare earth metals to hinder the chromium evaporation, to reduce the rate of
oxidation and area specific resistance (ASR) [77]. Metallic coatings can be more
attractive than rare earth metals because they have low cost of raw materials and
large availability. Metallic coatings also tend to oxidize at high working
temperature and form a top barrier layer. Froitzheim and his co-workers [74,85—
88] investigated the effect of 640 nm thin cobalt (Co) coatings on chromium
retention capability up to 3000 hours at 850°C. The Co based coatings were found
to reduce the Cr evaporation as compared with uncoated Sanergy HT
interconnect. The difference in the performances of uncoated and Co-coated
interconnects mainly arose from the formation of spinel layers. Although
uncoated Sanergy HT interconnect and Co-coated coated showed the formation
oxide scale of Cr203 after 3000 hours, as shown in Figure 25, however, uncoated
coated substrate formed a (Cr,Mn)304 spinel layer on top of chromia oxide scale.
This (Cr,Mn);04 layer give rise to evaporation of Cr at high temperature. On the
other hand, a (Co,Mn,Fe);04 spinel layer was formed on Co-coated sample,
therefore the Cr-evaporation rate was lower due to absence of Cr in outer most
layer.
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Figure 25. SEM backscattered electron image of a cross-section of the oxide scale of (Left)
uncoated Sanergy HT (Right) Co-coated Sanergy HT sample after 3000 h exposure at 850 °C [88]

Another approach to further reduce the oxide scale growth is to deposit a very
thin layer of cerium (Ce) below the Co coating. According to literature, a 10 nm
thin Ce layer is beneficial not only to reduce the oxide scale growth but also to
reduce its electrical resistivity [85,89-92].

Beside Co, other metallic coatings such as Ni and Cu have also been studied.
These metallic materials can be deposited by various techniques on different
interconnect materials. The metallic coatings were found to completely oxidized
at working 800-850°C. The oxides of most of these metals have CTE matching
with other cell components and therefore showed excellent adhesion with the
substrate in the long term [93]. Additionally, these metallic coatings increase the
electrical conductivity of interconnect and improve its oxidation resistance,
therefore reduce the degradation. Figure 26 compares the CTE values of these
metallic materials and their oxides with other cell components. The data of
electrical conductivity is also shown in Figure 26 for comparison.

Name all0"° K~ (AT, °C) o (Sem™) T(°C) Function
8YSZ 10.8(20-800) [47) (5.3-4.5) x 1072(800) [48] Electrolyte
Crofer 22 APU 12.0(20-800) [49] 8.70 x 10°(800) [49] Interconnect
Cr 0y 9.6(20-1400) [50] 1.28(750) [50] 2.50¢1000) [50] Oxide scale
MnCra04 7.2(25-900) [43] 0.22(750) [43] 0.05(800) [43] Oxide scale
Mn;CrOy - 12.8-30.3(750) [43] Oxide scale
Co 14.0(20-400) [51] 1.71 % 10*(800) |51] Coating
Co304 - 35.5(800) [52] Coating
CoCry04 7.4(25-900) [43] 1.92(750) [43] Coating
Ni 16.3(20-900) [51] 2.20 x 104(900) [51] Coating
NiO 12.6(100-800) [50] 14.9(590) [50] 71.4(1000) [50] Coating
NiCr20y4 7.6(25-900) [43) 62.5(750) [43) Coating

Cu 20.3(20-1000) [51] 1.23 x 10°(977) [51] Coating
Cu0 - 2 x 10° (700) [50] 10°(1000) [50] Coating

Figure 26. Thermal expansion coefficients (CTEs), o, and electrical conductivities, o, of the used
coating materials and their oxides [93]

Perovskite coatings

Perovskite materials belong to the class having the chemical structure of
ABO;3, where A and B represents the metallic cations. Usually the “A” is a large
trivalent rare earth cation such as La or Y, whereas the “B” is usually a trivalent
transition metal cations such as Cu, Co, Fe, Ni, Mn etc. Various perovskites
materials such as La;—SrxMnO3 (LSM) and LagSro4CoosFeo203 (LSCF),
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Lao§Sro2CrO3 (LSC) have been studied as protective coatings on different
interconnects [94].

LSM has also been used as anode for SOEC applications and has a CTE
matching with other cell components. That ensures its strong adhesion to the
metallic interconnect. LSM coating has been found a promising coating candidate
to hinders the transport of oxygen, therefore improves the oxidation and corrosion
resistance of interconnect. Both LSM and LSCF also have high electrical
conductivity that adds addition value towards their selection. However, some
researcher detected an increase in the area specific resistance (ASR) after
deposition of these coatings on steel interconnect. For instance, Figure 27
compares the ASR data of the bare Crofer22 APU with Crofer22APU coated with
LSM and LSCF materials. The LSM and LSCF coated Crofer22 APU showed an
increase in ASR as compared bare Crofer22APU, nevertheless the difference was

quite negligible.
0.08 T T
——@— Crofer22 APU/LSM
— - - Crofer22 APU/LSCF
— . —f—-— Crofer22 APU
0.06

ASR(Q cm?)
o
(=]
5

0.02

Figure 27. Comparison of area specific resistance of uncoated and LSCF/LSM coated
Crofer22APU interconnect as a function of holding time at 800°C in hot air [95]
Although many researchers found that perovskite materials are effect to

significantly reduce the Cr migration. However, few studies also revealed that
these coatings are not best choice to hinder the Cr release [93,96,97]. The
formation of pores due to crystallization of these materials makes them less effect
to act as effective Cr-barrier coatings. Another disadvantage of these materials is
their high cost and spallation especially during to the thermal cycling.[ref]

Spinel coatings

The general formula of the spinel materials is AB204, where A and B are
divalent, trivalent or quadrivalent sites. By varying the cation at A and B
positions, different spinel materials can be formed. The Figure 28 compares the
CTEs and specific conductivities of different spinel materials [98]. In particular,
manganese cobaltite MnCo spinel-based coatings have attracted great attention
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due to their high electrical conductivities at 750-850 °C and CTE matching with
the other cell components such as steel interconnect and YSZ electrolyte. By
using different ratios between Mn and Co in MnyxCoxOs, the properties of the
MnCO spinel can be further tune [53,81,99].

Mg Mn Co Ni Cu Zn
MgAl,O, MnALO, CoAlO, | NiALO, CuAl, O, ZnAl, 0,
Al | e=10"%| o=10"% |o=10""|o=10"" o=10.05 o=10""
o= 9.0 a=T7T9 o =87 a=2=81 o= - a =87
MgCr,0y | Mn, ,Cr; Oy | CoCr,0y | NiCr,(y CuCr,0, InCr, 0,
Cr | =002 o =0.02 g=74 | o=0.73 o= 0.40 o =10.01
a=72 o= 6.8 =705 a=73 o= - a="T1
Mghn, O, Mn, O, CoMn,0),; | NiMn,O, | Cu, ;Mn, -0, ZnMn, (),
Mn | o=0097 a=0.10 og=64 | oe=14 |o=225(750°C)
o =87 0= 8.8 o="7.0 a =85 a=122
MgFe, O, MnFe,0, CoFe,0, | NiFe, O, CuFe, 0, ZnFe, (),
Fe a=0.08 ag==8.0 =093 | =026 =01 o =007
a=123 a=12.5 a=121 | a=108 a =112 a=T.0
MnCo,0, Co,0,
Co a =60 a=06.7T
a=97 a=973

Figure 28. CTE and specific conductivity for different spinel materials at 800°C [99]

From the group of MnxCoxOs spinels, Mn;sCo1504 have been most
extensively studied as an effective and potential coating material for SOEC
technologies [53,55,84,100-104]. Mn;.5Co1.504 has a dual-phase microstructure
(cubic  MnCo204 and tetragonal Mn2CoOs4 spinel phases). The CTE of
Mn; 5Co1504 is 12x10°° K!, while has high electrical conductivity of 60 S.cm™.
Figure 29 compares the area specific resistance (ASR) of uncoated and
Mn; 5Co1.504 coated Crofer22APU interconnect as studied up to 2500 hours at 800
°C. The Mn;5Co1504 coated Crofer22APU showed lower values of ASR as
compared with bare Crofer22APU [104]. Similar results about the ASR of
Mn 5Co1.504 are also reported by other groups [97,105].
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Figure 29. Area Specific Resistance (ASR) of uncoated and Mn1.5C01.504 coated Crofer22APU
alloy tested at 800 °C under 500 mA cm current load [104]

As discussed earlier, although other coating materials such as perovskites also
showed high electrical conductivity and CTE matching with interconnect
materials, however, the Cr-retention capability of perovkite materials could be a
doubtful that can limit their usage. On the other hand, MnisCo1.504 spinel
coatings beside processing excellent electrical and thermal properties, also have
capability to reduce the Cr diffusion [81,98,105,106]. Unlike perovskite materials,
Mn; 5Co1.504 spinel showed effective barrier towards the migration of oxygen ions
and reduced the oxide scale growth. Figure 30 shows EDS line scan analysis
performed on Mn; 5Co1.504 coated Crofer22PU after 1000 hours at 800°C. The Cr
concentration drastically reduced at oxide scale/ Mnj 5Co1.504 coating. No Cr was
detected even in the spinel layer [84]. In addition to the electrical conductivity,
another important requirement for the coating is the thermal expansion
coefficient, which should be matched to other cell components, especially the
steel substrate on which it is deposited.
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Figure 30. Microstructural and compositional analyses on the Mn1.501.504 protection layer
subjected to an interfacial ASR measurement at 800°C in air [84]

Different methods have been used to modify the MCO spinel properties such
as density, electrical conductivity etc. For instance, many studied are available in
literature to increase the electrical conductivity and to tune the CTE of
Mn; 5Co1.504 coating. For the purpose, Mni5Co1504 can be doped with various
transition metals such as Fe, Cu, Ni etc [107]. The addition of Cu improves the
electrical conductivity and CTE of Mni1s5Co150s. The Cu doped MnxCoxO4
coatings were also found to enhance their densification, therefore improving their
performance towards Cr-retention [108,109]. However, Cu doping can reduce the
thermal stability of MnxCoxOa4 based spinels [1]. On the other hand, the addition of
Fe has been found to improve the thermal stability. Although the addition of FE
tends to increases the ASR, but the conductivity measured for Fe-doped MnCo
spinel (MnCoi7Feo304) at 800 °C (47 S cm—1) is significantly higher as
compared with electrical conductivity of Cr203 (0.1-0.01 S cm™) [79].

Besides MnCo coating, recently Cu-Mn based spinel coatings are also
receiving more attentions due to their higher electronic conductivity and low cost
[110-113]. Sun et al. [112] found that CuMn;8O4 spinel coatings as promising
candidate to hinder the Cr-evaporation in addition to having low ASR values as
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tested up to 500h at 850°C. Wang et al. [111] also compared the Cr-retention
capability of Crofer22H coated with CuMni3O4 and CuMn204. The CuMni 304
coating was most effective to hinder the Cr-diffusion, however CuMn20O4 coatings
showed poor performance as barrier layer as studied at 800°C for almost 300
hours.

Although many researcher claims that CuMn; 304 spinel could be a potential
candidate to act as barrier coating for SOEC interconnect, still there is a need to
perform detailed and long-term characterizations in order to better understand
these materials.

2.2.2 Coating deposition technique

Various methods are being used to deposit the protective barrier coatings on
the SOEC interconnects. Each of these methods has certain advantages and
limitations. The working principles, advantages and limitations of few methods
are described below.

Magnetron sputtering

Direct current (DC) and radio frequency (RF) magnetron sputtering is a
plasma assisted physical vapor deposition (PVD) method used to deposit thin and
dense coatings of variety of materials. The target material as well as the desired
deposition material is introduced into the chamber and plasma is created using
argon gas near the target and is confined by using magnets. The positive ions in
the plasma are bombarded on the negatively charged target that ejects the atoms
of the target material. These ejected or sputtered target atoms are then deposited
on the positively charged substrate material [114-119]. A simple illustration of
the principle of magnetron sputtering process has been shown in Figure 31. Radio
frequency magnetron sputtering is also used to deposit the non-conductive
materials.

I

Substrate (anode) (+)

Figure 31. Illustration to demonstrate the working principle magnetron sputtering process [120]
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Many groups used magnetron sputtering technique to deposit different
materials such as perovskites and spinels, on steel interconnects used for SOECs
applications [84,121-123]. The coatings produced by magnetron sputtering are
dense and no post deposition treatments are required.

Electrophoretic deposition (EPD)

Electrophoretic deposition (EPD) is an electric field assisted process that
employs the movement of charged particles in a liquid towards a charged
electrode in an electric field. The working principle of EPD process has been
shown in Figure 32. The basic requirement of EPD process is to produce a stable
suspension of desire coating material in some solvent. In order to stabilize the
particles and to avoid sedimentation some surfactants can also added in
suspension. The conductive reference electrode and conductive substrate are dip
into the suspension and with the help of external voltage the particles are
deposited. The EPD technique requires simple apparatus that makes this process
cost efficient and easy to use. The EPD is a wet deposition method that can be
used to deposit variety of materials on different substrates for different
application. In particular, it’s commonly used to deposit different ceramic
materials on the steel interconnects. The EPD can also be used to deposit particles
of different materials simultaneously. The applications of EPD process are not
limited to flat substrates, however, it is a promising method to deposit uniform
coatings even on irregular surfaces having complex geometries [80,83,124,125].

Electrophoretic coating

DC Power supply

+

|
|
Coating

*}E*ﬁ*ﬁ‘ﬁ Z_ Anode

Charged .
. £ Fluid
particles www.substech.com

Cathode

Figure 32. Working principle of EPD process [126]
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The different parameters that can effect and contribute towards controlling the

thickness and morphology of EPD deposited coating are:
I.  Particle size and concentration
II.  pH of the solution
III.  Time of deposition
IV.  Applied voltage during deposition
V.  Distance between electrodes

VI.  Drying conditions

For SOEC applications, the EPD has been used extensively to deposition
Mn; 5Co1.504 coatings on the steel interconnects [78,79,81,84,103,104,106,127].
The Mn; 5Co1.504 coatings produced by the EPD were found to be uniform, crack
free, with high capability to retain Cr-evaporation and consequently improve the
oxidation and corrosion resistance of steel. The Mn;sCo1.504 coating with
different thickness has been produce by adjusting deposition time, applied voltage
and distance between electrodes. The comparative study about the electrical
characterization of Mni5Co1504 coating showed that the EPD coated
Mn 5Co1.504 showed superior properties in terms of low ASR and degradation
rate as compared with Mn-Co coating deposited by other methods. This
comparison about ASR values up to 5000hrs at 800°C has been shown in Figure
33.

sputtering
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Figure 33. Area Specific Resistance measurement of samples at 800 °C under a current load of
500 mA cm™2[84]

To act as effective barrier coating, to minimize the Cr evaporation from
Crofer22APU and to hinder the oxygen ion conductivity, Mn;.sCo1504 coating
should be significantly dense. The selection of sintering conditions plays an
important role to control the densification of coatings deposited by EPD. EPD
based Mni 5Co1.504 coatings are usually sintered at 900-1000°C. Among different
sintering parameters, the most efficient method to produce dense coating is
probably sintering at 800-950°C in two steps. In the first step the sintering is
carried out in reducing atmosphere while second step involves sintering in
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oxidizing atmosphere [14,35,45]. Few studies also reported high temperature
sintering either in single step in air. High temperature sintering tends to improve
the densification of coatings, nevertheless it can also increase the thickness of
oxide scale [103,128], thus consequently contributing to higher ASR.

Various other methods such as sol-gel deposition [77], plasma spray
deposition [94], spray pyrolysis [82] are also used to deposited different coatings
on interconnects for SOEC applications. Figure 34 summarizes the pros and cons
of different coating deposition methods.

Coating method Advantage Disadvantage

Sol-gel « Simple « Thin, non-uniform coatings
« Applicable to ceramic coatings

MOCVD « Applicable to ceramic coatings + Thin, non-uniform coatings

rf magnetron sputtering

PLD
Slurry coatings
Screen printing

Plasma spraying

Electrodeposition

Composite electrodeposition

Anodic deposition

LAFAD

« Applicable to ceramic coatings

« Applicable to ceramic coatings

« Simple

« Simple
« Thick ceramic coatings possible

« Simple
« Applicable to complex shapes

« Simple
« Applicable to complex shapes

« REOs can be embedded into protective scale

« Simple
« Applicable to complex shapes

« Applicable to ceramic coatings

« High cost
« Dependent on line-of-sight
» Cracked, porous coatings

« High cost
« Dependent on line-of-sight

« Non-uniform, porous coatings

« Non-uniform, porous coatings
« Porous coatings
« Dependent on line-of-sight

« Difficulty for Mn deposition

« Interdiffusion with substrate during
oxidation leading to breakaway oxidation

« Difficulty for Mn deposition

« Limited coating thickness
« Poor adhesion

« High cost
« Dependent on line-of-sight

Figure 34. Advantages and disadvantages of different coating deposition methods [98]
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Chapter 3

Experimental

The experimental work has been divided into two main categories:

1. Synthesis, characterization and testing of novel glass-ceramic sealants for
SOEC applications.

2. Deposition, characterization and testing of protective coatings on the
Crofer22APU interconnect to hinder the Cr evaporation at high working
temperature of SOEC.

3.1 Glass-ceramic sealants

The following sections will describe the methodology of glass synthesis, the
novel compositions and different characterization techniques used to evaluate the
thermo-mechanical properties and performance of glasses and glass-ceramics
sealant according to the real working conditions of SOECs. The novel glass-
ceramic sealants have been designed to operate at a working temperature of
850°C.

3.1.1 Synthesis of glasses

In this research work, novel glass-ceramics are designed by tailoring their
compositions to obtain suitable sealants for SOEC applications. The novel glass
compositions and their corresponding IDs are given in section 3.1.3. Glasses with
specific compositions were synthesized by thoroughly mixing the different oxides
and carbonates for at least 24 hours. The mixture of oxides and carbonates was
then melted at 1600 °C in a Pt-Rh crucible for 1 hour to ensure the
homogenization of the molten glass. Subsequently, the melted mixture was air
quenched on a brass plate. The synthesized bulk glass was then crushed using ball
milling and consequently sieved to obtain particles of a size <25um. The process
of glass casting and sieving is summarized in Figure 35.
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Figure 35. Systematic illustration of glass synthesis by melt quenching process

The different raw materials used to produce all the glass compositions are
summarized in Table 6.

Table 6. List of raw materials used to synthesize different glasses

Raw Chemical Desired oxide in Purity
glass
SiO2 SiO; >99%
H3BO3 B20s 99.99%
CaCoOs CaO >99%
MgCO3 MgO >99%
SrCOs3 SrO >99%
BaCOs BaO >99%
ALl2O3 ALO; 99.9%
Y203 Y203 99.99%

The pathway followed to synthesis and characterization of glasses and glass-
ceramics has been summarized in Figure 36.
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Figure 36. Systematic illustration of synthesis and testing workflow used to characterized the
glasses

3.1.2 Characterizations of glasses and glass-ceramics

Thermal characterization of glasses

As-casted glasses were ground by using ball milling and consequently sieving
by using mesh to obtain glass particles <25 um. All the characterizations shown in
this research will be carried out on the glasses with particle size <25 um.

The first screening step for any glass system is to investigate its thermal
properties. Therefore, to analyze the glass transition temperature (Tg), onset of
crystallization temperature (Tx) and peak of crystallization temperature (Tp),
differential thermal analysis (DTA Netzsch, Eos, Selb, Germany) was carried out.
The DTA analysis was performed up to 1200 °C at a heating rate of 5 °C/min by
using Pt-Rh crucibles. Before analyzing the behavior of a particular glass, a
calibration (i.e. a baseline) is made by using the pure Al2O3; powder, which is
thermally stable up to 1200 °C and does not undergo any phase change. After
calibration, the thermal behavior of that particular glass powder was analyzed
against the alumina (AlbO3) standard powder as reference. Three measurements
were made for each glass composition in order to obtain the statistical data.

The sintering behavior of glasses was analyzed by heating stage microscopy
(HSM, Hesse Instruments Germany) up to 1200 °C at a heating rate of 5 °C/min.
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For HSM analysis, a cylindrical pellet of the glass powder was prepared by
manual pressing in a steel mold. The cylindrical pellet has both a diameter and
width of 3mm. The HSM instrument records the height of the pellet by
photographing it for each degree rise in temperature. With the help of these
images, HSM measures the shrinkage of the pellet against the temperature and
consequently provides the first shrinkage temperature (Trs), the maximum
shrinkage temperature (Twms) and the temperatures corresponding to when the
cylindrical pellet becomes like a sphere (Ts) and starts flowing (Tr). Three
measurements were carried out on each glass composition to ensure the
reproducibility of the results. The peak crystallization temperature (Tp) as
obtained from DTA, and maximum sintering temperature (Twms) as obtained from
HSM are important parameters to decide the joining treatment of a particular glass
system, in order to obtain highly dense and sufficiently crystallized glass-ceramic
with optimum thermo-mechanical properties.

The coefficient of thermal expansion (CTE) of the as-casted glasses was
measured by using a dilatometer (Netzsch, DIL 402 PC/4) at a heating rate of
5°C/min up to the softening temperature of each type of glass. For the dilatometer
analysis of the as-casted glasses, two opposite sides of the bulk glass were
smoothly polished to make them plane parallel and to obtain a height of 4-5 mm.
At least three measurements were performed on each composition to obtain
reliable values.

XRD analysis was performed using X-Ray diffraction (PanAlytical X'Pert Pro
PW 3040/60 Philips, The Netherlands), with CuK, to investigate the amorphous
nature of the as-casted glasses. These analyses were performed on the glass
powders in the range of 2 theta 10° - 70°, with step size of 0.02626° and time per
step of 10.20 sec.

Thermal characterization and compatibility analysis of glass-
ceramics

Glass-ceramics were synthesized by heating the parent glass powders
according to a proper heating treatment, based on the characteristic temperatures
(crystallization and sintering temperatures) obtained from the DTA and HSM
experiments. For each glass system, the temperature for glass-ceramic synthesis is
higher than the crystallization temperature (Tp) and sintering temperature (Twms) to
ensure maximum crystallization and complete sintering in order to obtain fully
dense glass-ceramics. The heat treatments of different glass-ceramics will be
described in section 4.1.

For the dilatometer analysis on the glass-ceramics, first of all a pellet of glass
powder with a diameter of 10 mm was prepared by pressing the powder in a mold.
The corresponding glass-ceramic was prepared by heating the green pellet in a
carbolite furnace (CWF 13/5) in static air. The synthesized pellet of glass-ceramic
was then polished to make two sides perfectly parallel and to have a final height
of 4-5 mm. Figure 37 shows the dilatometer samples for the as-casted glass and
glass-ceramic. Three pellets were prepared for each glass composition and
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dilatometer measurements were performed twice on each pellet. The dilatometer
measurement was made up to 1000 °C (unless the glass-ceramic softened before)
at a heating rate of 5°C/min.

as—ca’ ed o ~ Glass-ceramic

Figure 37. As-cast glass and glass-ceramic pellets for CTE measurement by dilatometer

XRD analysis was performed on the glass-ceramics to investigate the
formation of different crystalline phases. XRD was carried out on the glass-
ceramics in powder form, using the same parameters mentioned before i.e. in the
range of 2 theta 10°-70°, with a step size of 0.02626° and time per step 10.20 sec.
The different crystalline phases were identified by using the X-Pert software
database.

To investigate the compatibility of the glass-ceramic sealants with the
Crofer22 APU interconnect and the 3YSZ electrolyte, the Crofer22APU/glass-
ceramic/3YSZ joined samples were prepared in a carbolite furnace (CWF 13/5).
Each substrate has dimensions of almost 15 mm x 15 mm. Before joining, the
substrates were cleaned with acetone and deionized water to remove any surface
contamination or dust. The glass was then deposited manually with the help of a
spatula in the form of slurry containing the glass powder and ethanol in 70:30
wt%. For the joining process, a load of 15 g/cm? was used on the upper substrate
to simulate the real pressure conditions as in the SOEC stack. The joining process
is described in Figure 38. Joining of different glass systems was performed
according to a certain heat treatment at different joining temperatures and by
using different heating/cooling rates and holding times.

3YSZ/Crofer

Crofer

Figure 38. Joining process setup to prepare Crofer22APU/glass-ceramic/3YSZ joints

After joining, the Crofer22APU/glass-ceramic/3YSZ joints were polished up
to 1um using diamond paste and consequently coated with gold. The adhesion and
interface of the glass-ceramic with Crofer22APU and 3YSZ, as well as the
formation and distribution of different crystals within the glass-ceramic, were
investigated by scanning electron microscope (FESEM, Merlin ZEISS). EDS
point analysis was carried out to understand the chemical composition of any
particular phase within the glass-ceramics. EDS line scans were also done at the
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Crofer22 APU/glass-ceramic interface to investigate the diffusion of elements
across the interface. SEM and EDS analyses were performed after the joining of
the Crofer22APU/glass-ceramic/3YSZ joined sample, as well as after ageing the
joint for 1000 hours in static air at 850°C.

Electrical characterization of glass-ceramics in air

Sealants for SOEC applications must be electrical insulators with electrical
resistivity > 10* Q.cm [1,2]. To investigate the electrical properties of the sealants,
Crofer22 APU/glass-ceramic/Crofer22APU joined samples were processed in the
furnace (Uhlig 424), at Sunfire, GmbH, Dresden Germany. Both the
Crofer22APU plates (3x3 cm?) of a joint were connected to the voltage source by
using a platinum wire. Figure 39 shows the configuration of the setup to
investigate the electrical resistivity.

Crofer

] Glass [ ]
Crofer

Figure 39. Illustration of electrical resistivity setup configuration. Tests were performed in static
air
Figure 40 shows the deposition of glass slurry on the Crofer22APU plate to
prepare the Crofer22APU/glass-ceramic/Crofer22APU joint to measure the
resistivity in static air.

Figure 40. Crofer22APU/glass-ceramic/Crofer22APU joint preparation for resistivity test in static
air

The electrical resistance of the glass-ceramics was investigated at an applied

voltage of 1.6 V for 1000-3000 hours in static air. Subsequently, the resistance

data was translated into the resistivity by using the following equation:
RA

P=T
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where p represents the resistivity, R is resistance, and A/L represents the
thickness of the glass-ceramic in the joint [3].

Post mortem analyses were carried out using FESEM and EDS to analyze the
Crofer22 APU/glass-ceramic interface in terms of compatibility, adhesion,
diffusion of different elements across the interface and formation of new phases
within the glass-ceramic and/or at the interface with the Crofer22 APU. Moreover,
the possible formation of chromates at Crofer22APU/glass-ceramics/air triple
phase boundary and consequent corrosion was also investigated.

Electrical characterization of glass-ceramics in dual atmosphere

The sealants in the SOEC have to face severe conditions in terms of
simultaneous oxidizing and reducing atmospheres. Therefore, the performance
and reliability of sealants in dual atmosphere needed to be investigated. The
chemical, thermal and thermo-mechanical stability of sealants in dual atmosphere
becomes even more critical, especially at high working temperature and under
electric load.

The electrical characterizations of glass-ceramics in dual atmosphere was
carried out Politecnico di Torino, Italy. For this purpose, two 3x6 cm?
Crofer22APU  plates were joined wusing glass-ceramic to produce
Crofer22 AU/glass-ceramic/Crofer22 APU joints. Before joining, the Pt wires were
welded to the upper and lower Crofer22APU plates of Crofer22APU/glass-
ceramic/Crofer22APU joined sample and connected to the external voltage
source. Figure 41 shows the configuration of the setup used to test the
Crofer22 AU/glass-ceramic/Crofer22 APU based joints in a dual atmosphere. The
glass was deposited on the lower Crofer22APU plate by using a slurry, as
described above, and the Crofer22APU/glass-ceramic/Crofere22 APU joints were
processed in a muffle furnace (FM 39, FALC instruments, Treviglio (BG), Italy)
by placing over the Inconel base and by using a weight on the top. The lower
Crofer22 APU plate contains two holes as acting as inlet and outlet of the applied
gases, as shown in Figure 41. In this study a mixture of hydrogen and steam in
different ratio was applied to obtain the real conditions of an SOEC. A controlled
evaporator mixer (CEM) and mass flow rate controller (MFC) were used to
control the composition of gases and their flow rate, respectively. Thermocouples
and pressure gauges were used to control and measure the temperature and
pressure, respectively. A portable flow meter (MesalLabs' Bios DryCal Definer
220, LA, USA) was used to measure the output flow from the furnace.
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Figure 41. Configuration of dual test setup at Polito

The process setup to measure the electrical resistivity of the glass-ceramic
sealants in dual atmosphere is illustrated in Figure 42. Figure 43 shows the
Crofer22 APU plates during glass deposition. The electrical resistance in dual
atmosphere was measured under the applied voltage of 1.6V, while dual tests
were conducted for the duration of 500, 1000 and 2000 hours at 850°C.
Subsequently, the electrical resistivity was calculated using the data of measured
resistance and the area of the glass-ceramic sealant in the joint.

air air
) T
Reducing
atm.

Figure 42. Illustration of setup used to measure the electrical resistivity of Crofer22 APU/glass-
ceramic/Crofer22APU joint in dual atmosphere
Figure 43 shows the sample preparation of a Crofer22APU/glass-
ceramic/Crofer22APU joint, to be tested in dual atmosphere. Figure 43 also shows
small pieces of YSZ with a thickness of almost 90 um, used to ensure the final
minimum height, by leveling the shrinkage of the glass during sintering.
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Figure 43. Crofer22APU plates with deposited glass slurry. Crofer22APU/glass-
ceramic/crofer22APU joint to been tested in dual atmosphere

Test voltage was applied between upper and lower plates, connected to a
voltage generator and a measuring circuit (Figure 44 (b)) by platinum wires. The
platinum wires were covered by insulating sleeves, to avoid the electrical contact
with metallic parts and short-circuits. The wires were collected in a braid and
passed through the insulated hole on the back of the oven to be connected with the
measuring circuit. The test-fixture has also a test position for a third sample, for
which only the electrical connection was realized, thus the third sample can be
tested with applied voltage in static-air in the furnace. The resistivity of the joint
samples and static air sample — RS in Figure 44 (b) — were indirectly evaluated by
measuring the voltage drop — Vm — on a known resistance Rm that was put in an
electrical circuit in series with the Crofer22 APU/glass-ceramic/Crofer22 APU (see
Figure 44 (b)). The voltage generator was regulated during the experiment in
order to have the desired voltage on the samples (1.6 V), i.e. the sum of V and Vm
was maintained equal to the fixed voltage value. By solving the circuit, the
resistance RS was calculated: RS = Rm(V-Vm)/Vm, and consequently the
resistivity from the geometry of the sealing frame.

A test-rig for verifying the leakage rate of the dual samples at ambient
temperature after the dual-atmosphere tests has been built up, especially for the
GrInHy project. The base is a stainless steel smooth plate with a central hole
welded to a pipe and connected to a void pump, which is used to create void
inside the joint sample in order to see if the glass ceramic is sealing the internal
atmosphere. Sample is placed on the central hole with a rubber gasket on the
border of the lower plate of the sample to ensure the sealing. The void pressure is
measured and compared to a reference value obtained for a closed pipe. In case
that the glass ceramic sealant has cracks, the void cannot be created and the void
pressure level remain at levels higher than the reference one.
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Figure 44. Schematic of sample and measuring setup.

To observe the thermo-mechanical integrity and compatibility of the sealants
with Crofer22APU, post mortem analysis was carried out by FESEM and EDS
both on the air and the fuel side (side of sealant facing steam and hydrogen gas
mixture). For FESEM-EDS analysis, the Crofer22 APU/glass-ceramic interfaces at
air and fuel sides were polished up to 1 um using the diamond paste and later
coated with gold.

Mechanical characterization of glass-ceramic

The mechanical integrity of glass-ceramic sealants is also a key parameter to
ensure their performance in harsh SOEC conditions. The importance of
mechanical integrity becomes especially critical at high working temperatures [4—
9]. To investigate this, the mechanical properties, such as shear strength, elastic
modulus etc. of the Crofer22APU/glass-ceramic/Crofer22APU joints were
determined at room temperature, 650°C and also up to 850°C at the Institute of
Physics of Materials (IPM), Brno Czech Republic. The Cofer22APU/glass-
ceramic/Crofer22APU joints were tested under shear compression load in quasi-
static conditions.

For quasi-static shear testing the Crofer22APU/glass-ceramic/Crofer22APU
joints were prepared using different glass-ceramics. Figure 45 illustrates the
configuration and dimensions of the sample to be tested under shear compressive
load. The real joined sample is also shown in Figure 45. Before joining, both
plates of Crofer22APU were made plane parallel and polished to obtain the
desired dimensions (25x12.5x12.5 mm?®) with a tolerance of £0.1 mm. Each plate
was cleaned by using acetone and subsequently the glass was deposited in the
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form of a slurry containing the glass particles and ethanol. The joining was done
in a furnace according to the heat treatment for the corresponding glass system by
placing a weight on the upper plate. The details about the heat treatments of each
glass system are given in chapter 4. After joining, the joint samples were again
gently polished for a few minutes to make sure that both plates were perfectly
parallel to each other. The red arrow in Figure 45 shows the direction of the
applied load during shear testing.

25 mm
I {
12‘5/
4-5 mm]
Glass-ceramic .
e
12.5 mm

Figure 45. Symmetric illustration and real samples of Crofer22APU/glass-ceramic/Crofer22 APU
for shear testing

For testing the Crofer22 APU/glass-ceramic/Crofer22APU joint samples, each
sample was firmly placed inside the steel fixture, as shown in Figure 46, by using
different supporting pins. Figure 46 also shows the mechanism of force applied
during the shear testing, where the compressive force was applied on one of the
joined plates of Crofer22 APU, while the other plate was fixed. This configuration
produced overall shear force at the joint.
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Figure 46. Shear testing fixture and applied force mechanism

Quasistatic shear testing was carried out at a constant machine cross-head rate
of 50 um/min. The loading fixture developed for the experiments is also shown in
Figure 1. The red arrow in Figure 1 indicates the direction of the applied load.
Tests were conducted at three different testing temperatures, namely room
temperature, 650 °C and 850 °C. The applied load was measured by means of a
system load cell. The displacement of the joined plates was quantified by using a
system high temperature extensometer located outside the temperature chamber.
The Zwick/Roell - Messphysik Kappa S0kN test system with a Maytec inert gas
high temperature chamber was used for the experiments. Since the shrinkage of
glasses, and thus a contact area between the glass-ceramic and Crofer22APU, can
have a significant effect on the strength of the joining, the joint area of each
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sample was measured separately after the shear test by using a light microscope
with CCD camera and image analysis. The shear stress was then calculated by
dividing the applied load by the real joint area.

All tests were conducted in an argon atmosphere. Before each test the sample
was heated to the desired temperature and kept at that temperature for 3 hours, so
as to make the temperature homogenous throughout the heating zone of the
chamber. The temperature was measured by a thermocouple attached directly to
the sample. In order to obtain statistically representative data, at least three
samples of both compositions were tested at each temperature. The post mortem
analysis of broken samples was carried out by SEM (Merlin ZEISS). For this
purpose, cross sections of the Crofer22APU/glass-ceramic interfaces were
metallographically polished up to 1 pm by diamond paste and investigated by
SEM after being coated with gold. In addition to the Crofer22 APU/glass-ceramic
interface, the top fracture morphology of the glass-ceramics was also observed
under SEM. EDS analysis was also performed to observe the possible diffusion of
elements across the Crofer22APU/glass-ceramic interface during the high
temperature testing.

The elastic modulus of pure the glass-ceramics was measured in the
temperature range of 25°C-650°C by using the vibration method. For this purpose,
a thin beam of each glass-ceramic with dimensions of 20mm x 2mm x 2mm was
prepared. The high temperature impulse excitation technique, HT1600 system
from IMCE, was applied for these analyses. The elastic modulus was determined
by measuring the resonant frequency of the sample at the given temperature and
then calculated from the specimen dimensions and density. The elastic modulus
was measured during the heating as well as the cooling cycles. Above 650°C, the
softening of the glass-ceramics did not provide sufficient vibrations to measure
the elastic modulus.

3.1.3 Novel glass-ceramic compositions

Novel glass compositions were designed by using the SciGlass® database
(Science Serve GmbH, SciGlass 6.6 software), by bearing in mind the required
the CTE of glass-ceramic systems for SOEC applications, should be in the range
9-12 x 10°® K. The SciGlass database is the largest database of glasses that
contains a collection of glass compositions form research articles and patents. The
SciGlass database provides prediction about the variety of glass properties such as
glass transition temperature, coefficient of thermal expansion, viscosity, softening
temperature etc. therefore, act as a major tool in development of novel glass
compositions for various applications.

The novel glass systems are divided into three series. The division of these
series is based either on the selection of main modifiers or their respective
quantities. The next section will discuss the compositions of these glass-ceramic
systems in addition to highlighting the rationale behind the derivation of these
compositions.
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First series of glass-ceramic sealant

The first series of glasses contains two glass systems labeled as HJ3 and HJ4
respectively, and their compositions are shown in

Table 7. The glasses in the 1% series are free from alkali earth metal oxides as
well as from BaO. In both glass systems, silica (SiO2) was the main glass former
to obtain high thermal stability. The concentration of SiO2 in HJ3 and HJ4 glasses
is 47.07 mol% and 57.06 mol% respectively. In addition to SiO», B2O3; was also
used however its quantity is kept below 6 mol% to avoid the problems associated
with the evaporation of B,Os3 in case of its high concentration. In HJ3; CaO, MgO
and SrO were used as modifiers with total concentration of 44.04 mol%.
However, in HJ4 the CaO and MgO were completely removed and only SrO was
used as the modifier in 28.84 mol%. Moreover, a small amount of Y,O3; was
added as an additive to adjust the viscosity.

Table 7. Composition (mol%) of glass systems belonging to 1% series.

1%t Series of Glass Compositions (mol%)

HI3 HJ4

SiO2 47.07 57.06
B203 3.69 5.65
AlLOs3 3.78 6.17
CaO 11.45 -
MgO 12.74 ---
SrO 19.85 28.84
Y203 1.42 1.74

These Sr-based compositions (HJ3 and HJ4) were designed with the aim to
maximize the possibility of the formation of Sr containing crystalline phases and
consequently to minimize the concentration of SrO in the residual glassy phase in
order to avoid the formation of an undesirable SrCrO4 phase. Therefore, in HJ3
glass system, the concentration of SrO was kept higher as compared with other
modifiers (CaO and MgO). However, according to the SiO>-SrO binary phase
diagram shown in Figure 47, it is clear that in order to obtain the high CTE SrSiO3
phase, having a CTE of 10.9 x 10 K™! [10], the ratio of SrO:SiO> should be 1:1.
Therefore, in HJ4 glass system, the SrO was used only as modifier and in
significantly high concentrations to maximize the possibility of formation of
desired high CTE SrSiO3 phase. Nevertheless, increasing the concentration of SrO
also increases the risk of chromate formations, thus the concentration of SrO in
HJ3 and HJ4 was kept lower as compared with SiO».
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Figure 47. SiO2-SrO binary phase diagram [11]
Second series of glass-ceramic sealants

The second series of glasses contains one glass system, labeled as HJ14.
Table 8 shows the composition (mol%) of HJ14 glass. The 2™ series glass (HJ14)
contains SrO as a main modifier, in addition to CaO. Like HJ3 and HJ4 glass
systems (1% series), the HJ14 is also a silica bases glass with small amount (6
mol%) of BoO3. HJ14 is also free from alkali metal oxides and BaO.

Table 8. Composition (mol%) of the glass system belonging to the 2™ series.

2" Series of Glass
Compositions (mol%)

HJ14

SiO2 5545
B203 4+2
ALO3 4+£2
CaO 12+3
SrO 304

The HJ14 glass system is the further modification of SrO containing 1% series
of glasses. The SrO-Si0; binary phase diagram in Figure 47 shows that in order to
obtain only SrSiO3 phase the SrO/SiOz (mol%) should be 1. SrO/SiO2 (mol%)
less than one will increase the possibility of devitrification of SiO> phase likely
present in the form of cristobalite, in addition to SrSiOs. Therefore, the SrO/SiO>
in HJ14 was further increased as compared with HJ4 (1% series glass) with the
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purpose of not only obtaining the high CTE SrSiO; phase, but also to reduce the
possibility of formation of cristobalite (SiO2) phase. The cristobalite phase has
different polymorphs and shows a volume expansion around 270 °C as shown in
Figure 48. This volume expansion can lead to cracks formation especially during
the thermal cycling. Low concentration of Al,O3; was used in order to avoid the
formation of low CTE SrAl>Si,0g phase. HJ14 glass also contains 1243 mol% of
CaO. The purpose of CaO was to reduce the viscosity and improve the CTE of
residual glass, in addition to minimize the formation of cristobalite (SiO2) phase.
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Figure 48. Temperature dependent specific volume of different forms of silica (SiOz). Cristobalite
shows volume expansion around 230 °C during heating and 270°C during cooling [12]

Third series of glass-ceramic sealants

The third series of glasses contains two glass systems, labeled as HJ11 and
HJ28, their composition is reported in Table 9 (mol%). These compositions
contain BaO as the main modifier, in addition to the CaO. Like 1% and 2" series,
the glass systems in the 3™ series are also silica (SiO2) based and are also free
from alkali metal oxides.
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Table 9. Composition of the glass systems belonging to the 3™ series. The shown compositions are

SiO2

B203
ALOs3
CaO

BaO

Y203

in mol%

3rdseries glass compositions

(mol%)
HJ11

50£5
543
6+2

10+3

30+4

HJ28
60+5
543
4+£2
542
20+3
2+1

In HJ11 BaO is introduced as the main modifier. The BaO is most widely
studied modifier, since it reduces viscosity, improves wettability, and forms high
CTE BaSi»Os phase (CTE 11-14 x10° K!) [11], in the SiO»-BaO based glass
systems. Figure 49 shows the BaO-SiO> binary phase diagram, indicating that the
Si02/(BaO+S102) should be around 0.67 to obtain BaSi>Os phase. Higher SiO:
contents will increase possibility of cristobalite (SiO2) formation. In HJ11 glass
system, the Si02/(BaO+SiO2) was around 0.7 to ensure the formation of desired
BaSi;0s phase. Moreover, the concentration of Al2O3 was kept around 5 mol%.
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Figure 49. BaO-SiO2 binary phase diagram [11]

HJ28 glass is also a BaO based glass with slight modifications as compared
with HJ11, such as the concentration of Al,O3 in HJ28 was reduced, in order to
avoid the formation of monocelsian BaAl>Si>Os phase having a CTE of 2.3 x 10
K'!. Besides that, the concentration of SiO, was increased and concentration of
BaO was reduced to avoid the formation of undesirable high CTE BaCrO4 phase.
In HJ28, about 1 mol% of Y203 was added to adjust the viscosity of system.
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Like the 2™ series glass (HJ14), both the glasses of 3 series also contain 5-10
mol% of CaO, with a aim to minimize the formation of cristobalite (SiO2) phase.

3.1.4 Stencil printing of glasses

After successful characterization and analyses of glasses, the deposition of
glass on the Crofer22 APU substrate was up scaled. The glass was deposited by
stencil printing method at Sunfire GmbH, Dresden Germany. For this purpose, a
novel glass paste was developed by using glass powder in addition to solvent,
binder, dispersant and plasticizer in a proper amount. The glass paste was
developed in two steps: in the first step a mixture of solvent, binder, dispersant
and plasticizer (further termed as pre-binder) was prepared in a proper ratio while
in the second step this pre-binder was further mixed with the glass powder to form
the glass-based paste.

In this research work, the glass pastes were developed by using HJ28 glass
systems. The composition of the paste shown in Table 10. To prepare a paste, first
of all the pre-binder was prepared by mixing the terpineol solvent with the
plasticizer by heated at 70°C for 20 min with a constant stirring, followed by the
addition of binder and dispersant. This mixture (pre-binder) was homogenized by
continuous stirrer at 70°C for half an hour. In the second step, the synthesis of
glass paste was carried out by mixing the pre-binder and glass powder at room
temperature for at least half an hour to have a uniform distribution of glass
powder particles.

Table 10. Composition of glass paste for stencil printing

Chemicals (Purpose) Amount

Glass powder 72+2 wt%
Terpineol (solvent) 18+2 wt%
Ethyl cellulose N50 (binder) 5+2 wt%
Dispersant 5+1 wt%
Hexamol Dinch (plasticizer) 3+1 wt%

The rheological properties, such as viscosity, shear modulus and storage
modulus of pre-binder and pastes, were analyzed using a rheometer (Physica,
Anton Paar). The glass pastes were deposited on the real dimensioned
Crofer22 APU interconnect by manual stencil printer. Figure 50 shows the manual
stencil printer along with the glass paste to be deposited.

After deposition, the glass paste was dried at 70°C for half an hour in an oven.
The height of deposited glass paste was measured at different locations, before
and after drying. Afterwards, the de-binding and subsequently the joining of glass
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paste with the Crofer22APU was carried out according to the standard heat
treatments for HJ11 and HJ28 glass systems. After joining, the Crofer22APU
plate was cut and polished up to 1 pm by diamond paste, to observe the thermo-
mechanical compatibility of Crofer22APU/glass-ceramic interface by SEM.

Glass paste

Patterns
in the Stencil

Figure 50. Manual stencil printer used to deposit glass paste on the Crofer22APU interconnect

3.2 Protective coatings

The following section will discuss the experiments regarding the deposition of
different ceramic materials deposited on the Crofer22APU substrate to act as a
barrier coating in order to hinder Cr evaporation at 850°C. The up-scaling of the
coating deposition process, from lab to the industrial scale, as well as the
characterization of the coatings in terms of their area specific resistance (ASR)
will also be described in this section. At the end, the use of the flash sintering
technique for the rapid sintering of the coatings will also be described.

3.2.1 Coating materials

Mn; 5Co1.504 (MCO) spinel based coatings were studied in this research due
to the fact that it’s the most widely studied material and has been found to act as
an efficient protective coating material in SOEC applications [13—16]. In addition
to pure MCO, the Cu doped MCO coatings were also deposited by using CuO
precursor.
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3.2.2 Electrophoratic deposition of spinel coatings

In this work, the electrophoretic deposition technique (EPD) was used to
deposit the MCO coatings on the Crofer22APU interconnect. The EPD was
performed at Politecnico di Torino, Italy and the EPD setup is shown in Figure 51.
Commercially available MCO powder from Fuelcellmaterials (USA), with a mean
particle size of 0.36 um and a specific surface area of 12.5 m?/g was used.

Figure 51. EPD setup at Polito, used to deposit spinel coatings on the Crofer22APU substrate

A pre-optimized process with consolidated deposition parameters was used to
prepare the MCO powder based suspension and subsequently to deposit the
coatings by EPD. The details of the process are described elsewhere [16]. The
suspension of the MCO powder was produced in a solvent composed of mixture
of ethanol and water in 40:60 by volume. 37.5 grams of MCO powder were added
per liter of solution (ethanol + water), stirred and sonicated for half an hour in an
ultrasonic bath in order to homogenize the suspension. The deposition was made
on small (1.5 cm x 1.5 cm) Crofer22 APU samples for 20 sec by using an electric
field of 50 V cm™! (as previously optimized [16]). A stainless steel sheet was used
as a counter electrode with a distance of 1 cm between the two electrodes. Before
deposition the Crofer22APU substrates were cleaned with acetone to remove any
contamination. A new homogenous suspension was produced before every new
deposition. Figure 52 shows the 1.5 x 1.5 ¢cm? Crofer22APU sample freshly
coated with MCO.

The freshly coated samples were dried in air for almost 24 hours. The
sintering was carried out in two steps; in the first step, the sintering was done at
900°C at a heating rate of 10 °C/min for two hours in a reducing atmosphere
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(1%H2+Ar), while the second step involved sintering at 900°C at a heating rate of
10 °C/min, again for two hours in the static air (oxidizing atmosphere).

Figure 52. Freshly coated MCO on the Crofer22APU by EPD

Crofer22APU plates used in an SOEC stack are usually; corrugated
(depending on the stack design), as shown in Figure 53. Therefore, in addition to
flat surfaces, the EPD process was also used to deposit coatings on the corrugated
Crofer22 APU surfaces with dimensions of 1.5 cm x 1.5 cm. The deposition and
sintering parameters for coating deposition on the corrugated surfaces were also
kept the same as mentioned above for the flat surfaces.

Figure 53. Sketch of steel interconnect with corrugated surfaces [17]

After sintering in two steps, the Crofer22APU/coating cross-section was
polished up to 1 um using diamond paste. The SEM analyses were performed at
the interface to observe the thickness and uniformity of the coatings.

3.2.3 Scale up of EPD process

After the successful deposition of the MCO coatings on the small (1.5 cm x
1.5 cm) corrugated Crofer22 APU samples, the EPD process was scaled up to coat
the 16 cm x 18 cm corrugated Crofer22 APU plates to be used in the SOEC stack.
For this purpose, the same deposition parameters were used to deposit the
coatings as for the small sized samples. Figure 54 shows the EPD setup to coat the
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16 cm x 18 cm Crofer22APU plates. A counter steel electrode with the same
dimensions as that of the Crofer22 APU was used.

Figure 54. EPD scaled-up setup used to coated Crofer22APU interconnect with real dimensions

3.2.4 Area specific resistance (ASR) of MCO coated Crofer22APU

The area specific resistance (ASR) of coated Crofer22APU was measured at
SUNFIRE, Dresden, Germany for 8600 hours at 850°C in the static air. Figure 55
shows the different steps followed to prepare the samples for the ASR test. For
this purpose, the MCO coatings were first deposited on the real sized corrugated
Crofer22 APU substrate. In the second step, the cathode ribs were deposited on the
coated Crofer22APU interconnect by screen printing. The third step involved the
cutting of 3 x 3 cm? samples from the coated Crofer22APU plate. Afterwards, the
Pt-wires were welded to the coated Crofer22APU by point welding, and were
subsequently attached to the external circuit to measure the ASR. From the ASR
data, the degradation rate for both coated materials was also calculated.
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Figure 55. Procedure for the sample preparation to be tested under ASR test

The effect of different sintering conditions was also evaluated on the ASR
values of both coating materials. For this purpose, the MCO coatings were
sintered according to the following two different conditions:

1. Redox (Reduction + Oxidation): Two step sintering; 1% step in reducing
atmosphere at 900°C for 2 hours at heating rate of 10°C/min and 2" step
in static air at 900°C for 2 hours at heating rate of 10°C/min

2. Oxi (Oxidation): One step sintering in static air at 950°C for 2 hours at
heating rate of 10°C/min

After the ASR test (8.6 Kh, 850 °C, in air), the Crofer22 APU/coating samples
were polished up to 1 pm using diamond paste and observed under SEM for post
mortem analyses.

3.2.5 EPD co-deposition of MCO with CuO

Mn-Co spinels are probably the most promising candidates for protective
materials for steel based interconnects of solid oxide cells, thanks to their high
electrical conductivity and CTE matching with metallic interconnects.
Nevertheless, Cu is an attractive dopant for increasing both the sinterability and
electrical conductivity of the spinel. The Cu doped spinel powders are typically
prepared “ex-situ” (by soft chemistry or mechanochemical synthesis) in a separate
process before the deposition, thus increasing the processing time and cost.
However, in this research work, EPD process was employed to co-deposit the
MCO and dopant (Cu) by adding a controlled amount of the second phase (CuO)
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to the suspension, thus in only one deposition step. For this purpose, 0 wt%, 5
wt% and 10 wt% of the dopant (CuO), were added to the MCO suspension by
maintaining the constant solid content (37.5 g/L) and solvent composition (60/40
vol of EtOH/H;0) as described before. The sintering was also performed in two
steps; first in the reducing atmosphere (900 °C-2hrs) and later in static air (900
°C-2hrs).

The corrosion analyses of the un-doped and Cu doped coated MCO spinel
were performed for 2000 hours at 800 °C in a chamber furnace in static air. For
each type of coated sample, five samples were analyzed in order to ensure the
reproducibility and an average weight gains were measured. The ASR of the Cu
doped Mn; 5Co01.504 (MCO) coatings was measured for 1000 hours in addition to
the un-doped MCO coating for better comparison. After the ARS test, the cross-
sections of the coated samples were polished up to 1 um and subsequently
analyzed under SEM-EDS.

3.2.6 Flash sintering of coatings: MCO and MCO doped with CuO
and Fe;03

Besides conventional pressure-less sintering, the flash sintering technique was
also used to sinter the EPD deposited coatings. The effect of flash sinter was
compared with the conventional sintering in the furnaces, in terms of coatings
density, crystalline phases and homogeneity. The flash sintering was carried out at
Nanoforce Ltd, Queen Mary University of London. For this purpose, the coatings
of the pure (MCO), and MCO doped with 10 wt% of CuO and Fe,O3; were
deposited on the Crofer22APU substrate by EPD. For the flash sintering, the
Crofer22 APU substrates used were disc-shaped, with 15 + 0.1 mm diameter and 2
mm thickness. Prior to coating, each Crofe22APU substrate was cleaned in an
ultrasonic bath for 15 min. All three types of coatings were deposited by using the
same deposition parameters i.e. deposition time of 20 secs, voltage of 50 V and
distance of 1 cm between the two electrodes. After deposition, the coated
Crofer22 APU substrates were dried in air for 24 hours, followed by sintering
treatments.

The coatings were sintered according to three different heat treatments,
henceforth labeled as S1, S2 and S3.

1. S1 was a single step sintering treatment where the coatings were sintered
only by the flash sintering technique.

2. S2 involved two step sintering, i.e. the first step involved sintering inside a
tubular furnace in the presence of reducing atmosphere (Ar-1% Hb») at
900°C for two hours at a heating/cooling rate of 10°C/min, while in the
second step sintering was done by using the flash sintering technique.
Flash sintering was done in vacuum (1 m.bar) at 850°C using a pressure of
5 KN.

3. The S3 treatment involved three steps; the first two steps were similar to
S1 (first in reducing atmosphere and second by flash sintering), however,
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in the third, additional step the sintering was carried out in static air inside
a tubular furnace at 900°C for 2 hours at a heating/cooling rate of
10°C/min.

The three heat treatments are also summarized in Table 11.

Table 11. Different heat treatments used to sinter the coated Crofer22APU by flash sintering

J1 S2 S3 ‘
Step 1:  Flash sintering ~ Sintering in reducing  Sintering in reducing
atmosphere atmosphere
Step 2: --- Flash sintering Flash sintering
Step 3: --- --- Sintering in oxidizing
atmosphere

For flash sintering, the disc-shaped coated Crofer22APU samples were
introduced into a graphite die with an internal diameter of 15.2 0.1 mm, while
the external diameter was 18.1 £0.1 mm. Two cylindrical graphite punches were
used to hold the sample in the die. Boron nitride (BN) was sprayed on the graphite
punches in order to avoid direct contact between the graphite punches and the
coated Crofer22APU samples. The white colored BN on the top of both punches
is visible in Figure 56. BN is an insulating material and can be easily remove
after the sintering due to its nonstick property. Because of the insulating nature of
BN, a graphite sheet was wrapped around the Crofer22APU sample to provide
electrical contact between the graphite punches and the coated Crofer22APU
sample. Figure 56 shows the graphite die with graphite sheet, cylindrical graphite
punches coated with BN and an MCO coated Crofer22APU sample.

Graphlte sheet

Graphlte die

Coated
sample

Graphite punches

Figure 56. Different components of the assembly used for the flash sintering of coated
Crofer22APU
The sample assembly was prepared by introducing the sample into the
graphite die. Both graphite punches were inserted with one at each end of the
disc-shaped sample. The sample assembly is shown in Figure 57. The sample
assembly was then introduced into the chamber for flash sintering as shown in
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Figure 57. A thermocouple was used to measure the temperature during the flash
sintering process.

Sample assembly

Upper punch

Graphite die
(enclose sample)

lower punch

Figure 57. Flash sintering setup at Nanoforce Ldt, London and the sample assembly

The temperature profile to sinter the coatings by the flash sintering method is
shown in Figure 58. Samples were initially heated up to 700°C at a heating rate of
200°C/min followed by a dwell of 1 min. Afterwards, a power pulse was applied
in two steps for the total duration of two seconds i.e. initially 100% power (6.8 V)
for the 1 sec and 70% powder for the 2" sec. The power pulse increased the
temperature up to 850 °C. Afterwards the sample was cooled down to room
temperature at a heating rate of 200 °C/min. The rationale behind applying power
in two steps was that the full power applied for 1 sec does not give sufficient
density, while full power for 2 sec causes melting of the coatings. Therefore,
intermediate power values (100 % (1% sec) and 70% (2™ sec)) were chosen.
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Figure 58. Temperature profile used during the flash sintering of coated Crofer22APU samples
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Chapter 4

Glass-Ceramic Sealants - Results
and Discussion

This chapter will discuss the results of 1%, 2" and 3™ series of glass systems in
terms of their thermal behavior, thermo-chemical compatibility with the
Crofer22 APU interconnect, 3YSZ electrolyte in addition to their high temperature
mechanical properties. The effect of thermal ageing on the thermal properties such
as coefficient of thermal expansion (CTE), the formation of crystalline phases and
thermo-chemical compatibility of glass-ceramics will also be presented. The
electrical properties and post mortem analyses of these glass systems in air and
dual atmosphere will also be discussed. Finally, the novel glass paste development
and subsequently paste deposition on the Crofer22 APU interconnect by the stencil
printing will also be discussed.

The text, data and images shown in this chapter are an adaptation of the results
that were published in the following articles:

1. Javed, H.; Sabato, A.G.; Herbrig, K.; Ferrero, D.; Walter, C.; Salvo, M.;
Smeacetto, F. Design and characterization of novel glass-ceramic sealants
for solid oxide electrolysis cell (SOEC) applications, International Journal
of Applied  Ceramic  Technology 2018, 15,  999-1010.
doi:10.1111/ijac.12889.

2. Javed, H.; Sabato, A.G.; Dlouhy, I.; Halasova, M.; Bernardo, E.; Salvo,
M.; Herbrig, K.; Walter, C.; Smeacetto, F. Shear Performance at Room
and High Temperatures of Glass—Ceramic Sealants for Solid Oxide
Electrolysis Cell Technology. Materials 2019, 12, 298.

The results published in above-mentioned articles will be partially reproduced
in this chapter with the incorporation of more results and slight modifications.
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4.1 1** series of glass-ceramic systems

The 1% series of glasses contains two glass systems labeled as HJ3 and HJ4. The
compositional details of both glasses have been discussed in chapter 3. The HJ3
glass system has CaO and MgO as main modifiers in addition to a minimal
concentration of SrO. However, the HJ4 glass system has only SrO as a modifier.

4.1.1 Thermal analysis of glasses belonging to 1% series

To analyze the crystallization and sintering behaviors of glasses, the DTA and
HSM analyses were carried out on the glass powders having a particle size < 25
um. The information obtained from the DTA and HSM analyses will be important
in order to decide the processing heat treatment parameters to obtain the
corresponding glass-ceramics.

The DTA vs HSM curves corresponding to the HJ3 and HJ4 glass systems are
shown in Figure 59. In Figure 59 the T,, T: and 7, labels on the DTA curves,
correspond to the glass transition temperature, onset crystallization temperature
and peak crystallization temperature, respectively. On the other hand, the Trs and
Twms labels on the HSM curves represent the first and maximum sintering
temperatures respectively. The T¥s (temperature of first shrinkage), corresponds to
the temperature at which the sintering process was initiated by viscous flow,
whereas Tyis corresponds to the maximum shrinkage temperature.
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Figure 59. DTA vs HSM behaviors of (a) HJ3 and (b) HJ4 glass systems

The average characteristic temperatures (of three measurements) of HJ3 and
HJ4 glasses, as obtained from the DTA and HSM analyses are summarized in
Table 12
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Table 12. Characteristic temperatures of HJ3 and HJ4 glasses (Heating rate: 5°C/min)

HJ3 HJ4

Glass transition temperature 73 (°C) 722 £3 736 £4
Onset crystallization temperature 7x (°C) 893+5 Not detected
Peak crystallization temperature 7p (°C) 936+2 Not detected

First shrinkage temperature 7rs (°C) 773 £3 809+5

Maximum shrinkage temperature 7ws (°C) 855+2 875+ 4

CTE of as-cast glass/1 x 10 K! 9.7+0.2 6.9+0.1

(200 °C-500 °C)

Table 12 shows that the HJ3 and HJ4 glass systems have the T, of 722°C and
736 °C respectively. In glasses, the addition of modifiers reduce the characteristic
temperatures of glasses due to increase in the number of non-bridging oxygen
atoms [1], [2]. The overall concentration of modifiers (CaO, MgO and SrO) in the
HJ3 glass is 44.04 mol%, however, in the HJ4 glass the only used modifier SrO
have the concentration of 28.84 mol%. The higher concentration of modifiers in
HIJ3 resulted in lowering the corresponding 7 as compared with HJ4.

From the DTA curves of HJ3 and HJ4 glass systems (Figure 59), it is apparent
that the HJ3 glass system showed a crystallization temperature (Tp) peak at 936
°C. However, no crystallization peak was observed during the DTA analyses of
the HJ4 glass system. In HJ4 glass, the absence of sharp crystallization peak
indicates that the crystallization was not enough to be detected during the DTA
analyses.

The HSM curves of both glass systems (Figure 59) show a clear difference in
their sintering behaviors. The HSM analyses of the HJ3 system showed a constant
shrinkage for a certain temperature range (955-1010 °C) after the completion of
sintering at 7iws. On the other hand, in case of HJ4 glass, a continuous viscous
flow of glass was observed at temperatures higher than the Trs. As according to
the DTA analyses, the HJ3 glass system showed more intensity of devitrification,
therefore, the formation of crystalline phases improved the thermal stability of
HJ3 glass system after 7, and Tus. However, in case of HJ4 glass system, the
continuous viscous behavior observed after 7, and Tus was most likely due to the
less devitrification.

The formation of dense and leakage free glass-ceramic sealants requires the
sintering process to be completed before the crystallization starts (7ms < 7x), in
order to avoid the formation of porosity due to enhanced viscosity caused by the
crystal formation [1]. As soon as the process of crystallization starts, the viscosity
of glass increases drastically and consequently hinders the viscous flow of the
glass and the adhesion to the metallic or ceramic substrates. Therefore, it is
important that the crystallization mechanism of the glass-ceramic should be taken
into account while choosing the heat treatment schedule. The characteristics
temperatures mentioned for the HJ3 and HJ4 glass systems in the HSM analyses
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are summarized in, shows that for both the glass systems, the sintering process
was completed before the beginning of the crystallization.

To measure the coefficient of thermal expansion (CTE) of as-cast glasses, the
dilatometer analyses was carried out at a heating rate of 5 °C/min up to the
softening temperature. Figure 60 shows the dilatometer curves of HJ3 and HJ4 as
casted glasses. The as-casted HJ3 and HJ4 glasses showed the CTEs of 9.7 x 107
K- and 6.9 x 10% K'! respectively, as measured in the temperature range of 200-
500 °C. The HJ3 as-casted glass showed higher CTE as compared with as-casted
HJ4 glass. Like Ty, increasing modifiers concentration results in higher CTE of
glass, due to the formation of non-bridging oxygen atoms. Therefore, the lower
CTE of as-casted HJ4 glass system as compared with the HJ3 glass, is most likely
due to the reduction in overall concentration of modifiers in the HJ3 system.
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Figure 60. Dilatometer curve of HJ3 and HJ4 as-casted glasses

The XRD analyses was performed on the as-cast glasses (HJ3 and HJ4) in
powder form. The corresponding XRD patterns given in the Figure 61 shows an
amorphous hump without any sharp crystalline peak. It is a typical behavior of
glasses due to the fact that glasses are amorphous in nature and lack long range
ordered atomic structure [3].
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Figure 61. XRD of as-casted HJ3 and HJ4 glasses

4.1.2 Coefficient of thermal expansion and XRD phase analysis of
the glass-ceramics belonging to 1 series

On the basis of the data obtained from the DTA and HSM analyses ( HSM
analyses are summarized in), a heat treatment of 950 °C, for 1h at a heating rate of
5 °C/min, was selected to synthesize the as-joined HJ3 and HJ4 glass-ceramics.
Glass-ceramics were synthesized at 950 °C to ensure maximum devitrification as
well as good densification. The glass-ceramics were investigated in terms of their
coefficient of thermal expansion (CTE) and phase analysis by XRD.

The dilatometer curves of the as-joined HJ3 and HJ4 glass-ceramics are
shown in Figure 62. The corresponding CTE values of the as-joined HJ3 and HJ4
glass-ceramic are also summarized in Table 13. The as-joined HJ3 glass-ceramic
has CTE of 10.2 x 10 K™! (200-500°C), thus increased as compared with the HJ3
as-casted glass. However, on the other hand, the HJ4 glass-ceramic obtained by
this heat treatment (950 °C, 1h, 5 °C/min) had a CTE of 7.0 x 10" K'!, therefore
negligibly increase as compared with the CTE of as-casted HJ4 glass (6.9 x 10
K1). This negligible increase was probably due to very negligible devitrification
in HJ4 glass system. Therefore, to ensure sufficient devitrification, a slow heating
rate of 2 °C/min and a long dwelling time of 5 hours was chosen as a heat
treatment to prepare the HJ4 glass-ceramic. After the long dwelling (5 hours), the
HJ4 glass-ceramic showed the CTE of 9.3 x 10 K' and is within the desired
range (9-12 x 10 K1), 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) [4]. The dilatometer curve of the as-joined HJ4 glass-ceramic
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obtained after long dwelling (5 hours) and slow heating rate is also shown in the
Figure 62.

as-joined glass-ceramics ' ' '
0,010 HJ3 (950°C-1h-5°C/min) -
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Figure 62. Dilatometer curves carried out at 5°C/min, on the as-joined HJ3 and HJ4 glass-
ceramics

Table 13. CTEs of as-joined HJ3 and HJ4 glass-ceramics

Heat treatment to obtain CTEs of glass-
glass-ceramics ceramic /1 x 106 K!
(200 °C-500°C)
HJ3 glass- Room Temperature-950 °C 10.2+0.2
ceramics (1 h), Heating/cooling rate
5 °C/min
HJ4 glass- Room Temperature-950 °C 7.0+0.1
ceramics (1 h), Heating/cooling rate
5 °C/min
Room Temperature-950 °C 82+0.1
(5 h), Heating/cooling rate
5 °C/min
Room Temperature-950 °C 9.3+0.1
(5 h), Heating/cooling rate
2 °C/min

XRD measurements were subsequently performed to identify the different
crystalline phases formed in the glass-ceramics as a results of different heat
treatments. The crystalline phases having CTEs of 9-14 x 10 K'! is desirable in
order to obtain the glass-ceramic sealant with a suitable CTE (9-12 x 10 K!) for
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the SOEC applications. The presence of low CTE phase in a glass-ceramic
generates the localized stresses within the glass-ceramic or at interface between
glass-ceramic and neighboring component, and consequently leads to cracks
generation and/or delamination.

The XRD patterns of the HJ3 and HJ4 as-joined glass-ceramics are shown in
Figure 63. The as-joined HJ3 glass-ceramic (Figure 63 (a)) shows the presence of
SrAlLSiO7; as the main  crystalline  phase, while  Sr-diopside
(Cag.75S102Mg1.05(S1206)) and Akermanite (CaMgSi,07) were also present as
secondary phases. Figure 63(b) shows the XRD patterns of the HJ4 system treated
at different temperatures and for different dwelling times as mentioned in the
Table 13. The HJ4 glass-ceramic obtained at 950°C for 1 hour, contains only
SrSi0s as a crystalline phase in addition to the residual glassy phase. However, an
increase in the dwelling time to five hours at 950°C, resulted in the formation of
cristobalite (SiO2) as a secondary phase in addition to the SrSiO3; main phase. The
XRD patterns of pure phases shown in Figure 63, corresponds to the simulated
patters obtained from the X’Pert software data base.
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Figure 63. XRD patterns of as-joined (a) HJ3 and (b) HJ4 glass-ceramics

The different crystalline phases formed in the as-joined HJ3 and HJ4 glass-
ceramics are summarized in Table 14.

Table 14. Crystalline phases (and relative ICCD reference number cards) present in the as-joined
HJ3 and HJ4 glass-ceramics as detected by XRD

Heat treatment to
obtain glass-ceramic

Crystalline phases in as-
joined glass-ceramics

Heating/cooling rate 5 °C/min

HJ3 glass- Room Temperature -950 °C, S AlLS107
ceramics Dwell: 1 h, (# 01-075-1234)
Heating/cooling rate 5 °C/min Ca.75S102Mg1.05(S1206)
(# 01-080-0388)
Ca;Mg(Si207)
(#01-083-1815)
HJ4 glass- Room Temperature -950 °C SrSi0O; (# 01-087-0474)
ceramics Dwell: 1 h,

Room Temperature-950 °C
Dwell: 5 h,
Heating/cooling rate 2 °C/min

SrSiO; (# 01-087-0474)
Si0; (# 01-082-0512)
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As shown in Figure 63 and Table 14, both the HJ3 and HJ4 as-joined glass-
ceramics formed Sr containing crystalline phases. The formation of Sr based
crystalline phases is beneficial to reduced its concentration into the residual glassy
phase and consequently to minimize the possibility of formation of undesirable
SrCrO4 phase. However, at the same time, it is highly desirable that the formed
phase in glass-ceramics should have the CTE in a desire range (9-12 x 10° K1)
for SOEC applications.

Quantitative XRD analyses based on the Rietveld method were not feasible
for the as-joined HJ3 and HJ4 glass—ceramics due to the complex crystalline
phases and the corresponding XRD patterns. Consequently, in order to determine
the relative quantities of the crystalline phases in the HJ3 and HJ4 as-joined
glass—ceramics, an estimation could be made on the relative weight balance
between the crystals in the glass—ceramics and the internal standard (ZnO),
introduced in a defined quantity (20 wt.%). Therefore, the semi-quantitative
analysis was performed by means of a Match software package (version 1.10,
Crystal impact, Bonn, Germany), operating based on the reference intensity ratio
method (RIR method) [8].

Figure 64(a) shows the XRD analyses performed on the as-joined HJ3 and
HJ4 glass—ceramics. Due to the complex crystalline phases (especially in HJ3),
some peaks are unidentified, as shown in Figure 64(a,b) shows the XRD patterns
of both glass—ceramics after the inclusion of the standard (ZnO). Closer inspection
of the XRD reported in Figure 64(b) shows the presence of a slightly more
pronounced “amorphous halo” in the XRD pattern of the HJ4 glass—ceramic with
respect to HJ3 system, thus undoubtedly indicating a relatively lower degree of
crystallization in the HJ4 system. Even if the HJ4 system was processed for longer
time in comparison with HJ3 (5 h vs. 1 h), it maintained a significant amount of
amorphous phase, as further supported by the dilatometer curves of the as-joined
HJ3 and HJ4 glass—ceramics shown in Figure 64, thus highlighting a significant
difference between the two compositions. These results agree with the results
obtained from the DTA, HSM and dilatometer analyses of these glass—ceramics
1.e., the HJ4 glass—ceramic has a relatively higher quantity of residual glass than
the HJ3 as-joined glass—ceramic.
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Figure 64. (a) Indexed XRD patterns of the HJ3 and HJ4 as-joined glass-ceramics (b) XRD
pattern of as-joined glass-ceramics and ZnO standard

The HIJ3 glass-ceramic contains Sr2Al>S1,07 as main crystalline phase with
CTE of 1.1 x 10° KT'[5]. Although the presence of high CTE
Cao.758102Mg105(Si206) [6] phase maintained the overall CTE of 10.2 x 10% K in
the as-joined HJ3 glass-ceramic, nevertheless the presence low CTE Sr2Al>S1,07
phase can generate localized stresses within HJ3 glass-ceramic and can cause
problem in long term tests. On the other hand, in case of HJ4 glass-ceramic, the
higher SrO content and a suitable SiO2/SrO resulted in the formation of desired
high CTE SrSiO; having CTE of 10.9 x 10 K![7]. The long dwelling time (5
hours) also resulted in the devitrification of a secondary SiO2 phase (cristobalite)
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in addition to parent SrSiOs; phase. For SOEC applications, as the glass-ceramic
sealant has to be subjected to several thermal cycles, the presence of cristobalite
phase could be an issue due to the fact that it has phase transformation around
270°C (with a change in the specific volume) and can lead to the generation of
thermo-mechanical stresses with possible crack formation. Therefore, it can affect
the long-term integrity of SOEC stack subjected to thermal cycles.

4.1.3 Effect of thermal ageing on the cofficient of thermal
expansion and XRD phase analysis of the glass-ceramics
belonging to 1% series

The XRD analysis was performed on the aged HJ3 and HJ4 glass-ceramics to
investigate crystalline phases after ageing. The XRD analyses were carried out on
the glass-ceramics in powder form, obtained by crushing and ball milling the aged
pallets of glass-ceramics. The corresponding XRD patterns are shown in Figure
65, while the different crystalline phases are summarized in Table 15. The Table
15 shows that the thermal ageing for 1000 hours at 850°C does not resulted in the
formation of new phases in both (HJ3 and HJ4) glass-ceramics. All the crystalline
phases after ageing (Table 15) are similar to those detected in the as-joined HJ3
and HJ4 glass-ceramics (Table 14).
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Figure 65. XRD patterns of (a) HJ3 and (b) HJ4 glass-ceramics, aged for 1000 hours at 850°C

Table 15. Crystalline phases (and relative ICCD reference number cards) present in the HJ3 and
HJ4 glass-ceramics after ageing for 1000h at 850 °C, as detected by the XRD

Glass-ceramics Crystalline phases

(aged- 1000 hours, 850 °C)
HJ3 SrALSIO7 (# 01-075-1234)
Cag.75510.2Mg1.05(S1206)

(# 01-080-0388)
CaxMg(Si207) (# 01-083-1815)
HJ4 SrSiO;s (# 01-087-0474)
Si0; (# 01-082-0512)

The CTEs of the HJ3 and HJ4 glass-ceramics after the thermal ageing for
1000 hours at 850°C in static air were also measured and are reported in Table 16.
The CTE of the HJ3 glass-ceramic after ageing remained unchanged as compared
with the as-joined HJ3 glass-ceramic. On the other hand, thermal ageing further
increased the CTE of the HJ4 glass-ceramic. Therefore, the CTEs of both glass-
ceramics after ageing are in the desirable range (9-12) x 10% K for SOEC

applications.

Table 16. CTEs of HJ3 and HJ4 glass-ceramic after ageing aged for 1000 h at 850°C

HJ3 HJ4

CTEs of glass-ceramic aged for 1000 hat | 10.1+0.2 | 9.6+£0.1
850°C (200 °C-500°C) 1 x 10° K"!

99



Due to the presence of similar crystalline phases in the HJ3 and HJ4 glass-
ceramics after joining and thermal ageing, the CTEs of both the glass systems
remained almost unchanged after the ageing. Thermally aged HJ3 glass-ceramic
showed CTE of 10.1 x 10 K'! in spite of having a low CTE SrALSi>O7 phase
(Table 16). The presence of a high CTE Sr-diopside phase was responsible for
retaining the overall CTE of the HJ3 glass-ceramic. In case of HJ4 glass-ceramic,
the increase in CTE after ageing was probably due to an increase in the quantity
of the high CTE SrSiO3 phase.

4.1.4 Joining of 1°*' series glass-ceramics with Crofer22APU and
3YSZ

In order to investigate the compatibility and adhesion of the HJ3 and HJ4
glass-ceramics with the Crofer22 APU and 3YSZ substrates, Crofer22 APU/glass-
ceramic/3YSZ joined samples were prepared. The SEM analyses was carried out
to observe the adhesion of glass-ceramics with the neighboring components, while
EDS analyses was done to detect diffusion of different element across the
Crofer22 APU/glass-ceramic interface and to investigate the composition of
residual glassy phases in HJ3 and HJ4 as-joined glass-ceramics. Figure 66 shows
the SEM cross-section images of the as-joined Crofer22APU/HJ3 glass-
ceramic/3YSZ and Crofer22APU/HJ4 glass-ceramic/3YSZ samples. The
Crofer22 APU/HIJ3 glass-ceramic/3YSZ joined sample was processed at 950 °C
for 1 hour at a heating/cooling rate of 5 °C/min. However, the Crofer22 APU/HJ4
glass-ceramic/3YSZ joined sample was processed at 950°C for 5 hours at a
heating/cooling rate of 2 °C/min. The slow heating/cooling rate and long dwelling
time for HJ4 system was chosen to ensure sufficient degree of crystallization in
HJ4 glass-ceramic. The SEM analyses show continuous interfaces of both HJ3
and HJ4 glass-ceramics with the Crofer22APU and 3YSZ, thus confirming a
strong adhesion. No evidence of cracks or delamination was observed at both
interfaces. The SEM microstructure of both glass-ceramics is uniform and dense
throughout the joining region.
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Figure 66. SEM image of (a) Crofer22APU/HJ3 glass-ceramic/3YSZ joint, (b) Crofer22APU/HJ3
glass-ceramic interface, (c) Crofer22APU/HJ4 glass-ceramic/3YSZ joint, and (d) Crofer22APU/HJ4
glass-ceramic interface

The SEM microstructure of the HJ3 glass-ceramic (Figure 66 (a) and (b))
showed different crystalline phase as well as the residual glassy phase. The
residual glassy phase of the HJ3 glass-ceramic is labeled as point 1 in the Figure
66. The Figure 66 (c) and (d) show quite dense HJ4-based joint with a little
porosity. A significant residual glassy phase can be seen in HJ4 glass-ceramic
(Figure 66 (d)-Point 2), that impart viscous behavior to HJ4 glass-ceramic. The
“viscous character” of this system led to a negligible level of porosity during the
joining treatment.

The EDS point analyses carried out at the residual glassy phases of HJ3 and
HJ4 as-joined glass-ceramics are given in Table 17. The EDS analyses shown in
the Table 17 corresponds to the point 1 and 2 labeled in the Figure 66. It is
important to note that the residual glassy phases of both glass systems contain Sr
less than 10 at %. This minimal concentration of Sr is beneficial not only to
maintain the viscous behavior of glassy phase but also to avoid the potential
formation of undesirable SrCrO4 phase.
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Table 17. The EDS point analyses (at. %) at the residual glassy phase of as-joined HJ3 and HJ4
glass-ceramics shown in the Figure 66

Elements HJ3 (Point 1) HJ4 (Point 2)
0] 66.3 72.3
Mg 5.2 -
Al 1.4 2.8
Si 14.2 16.4
Ca 29 ---
Sr 9.4 7.1
Y 0.6 1.4

The microstructure of the HJ4 glass-ceramic processed at different heat
treatments is shown in Figure 67. The microstructure of HJ4 glass-ceramic
obtained after the heat treatment of 950°C, 1h (Figure 67(a)) shows the presence
of only one crystalline phase (Figure 67(a)-point 2) in addition to the residual
glass phase (Figure 67(a)-point 1). According to XRD (Figure 63(b)) that
crystalline phase corresponds to the SrSiOs;. On the other hand, the heat treatment
at 950°C, 5h at a heating/cooling rate of 2 °C/min resulted in the significant
evolution of microstructure. Apparently, long dwelling of 5 hours not only
increased the volume fraction of the initially formed SrSiO; phase but also
resulted in the devitrification of a new phases (Figure 67(b)- point 4 and 6).

Figure 67. SEM images correspond to the HJ4 glass-ceramic synthesized at (a) 950°C for 1 h,
heating/cooling rate 5 °C/min and (b) at 950 °C for S h, heating/cooling rate 2 °C/min.

The EDS point analysis performed on the HJ4 glass-ceramic microstructures
(Figure 67) evolved as a result of different heart treatments, are shown in Table
18. According to EDS analysis, the point 1 and 2 in the Figure 67 correspond to
the residual glassy phase and SrSiO3 phase respectively. The point 3 in Figure 67
(b) represents the residual glass in the HJ4 glass-ceramic formed after the long
dwelling time. The comparison of residual glass compositions before (Table 18-
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point 1) and after long dwelling (Table 18-point 3) shows that the Sr
concentration reduced form 13.9 at. % to 7.1 at.%. The long dwelling increased in
the concentration of SrSiO3 phases, thus cause reduction in Sr concentration into
the residual glass and consequently further minimized the possibility of SrCrO4
phase formation.

The EDS analyses carried out at dark phase in the Figure 67 (b)-point 4,
indicated a SiO» rich phase thus refer to cristobalite as investigated by XRD. The
detection of Sr and Al at point 4, is most likely due to the surrounding
environment of the point where the EDS analysis was carried out. The EDS
analyses of point 6 is similar to point 2, thus indicates SrSiO3 phase. The different
contrast between point 2 and 3 was probably due to the presence of very thin glass
layer on the crystals at point 6. These EDS results validate the XRD analyses of
HJ4 at different heat treatments, as discussed earlier in this section.

Table 18. The EDS point analyses (at.%) performed at the HJ4 glass-ceramics shown in the Figure 67

1 2 3 4 5 6
(0} 58.8 53.6 72.3 74.3 68.6 75.1
Al 4.5 0.7 2.8 3.8 0.4 1.3
Si 21.5 20.3 15.0 16.4 15.6 17.3
Sr 13.9 254 7.1 5.5 14.9 6.4
Y 0.9 - 1.4 0.0 0.5 0.0
Cr --- --- 0.7 - - -
Mn - - 0.6 - - -

Figure 68 shows the EDS line scans across the Crofer22 APU/ as-joined glass-
ceramics (HJ3 and HJ4). According to EDS line scans, no Cr diffusion was
observed from Crofer22APU into glass-ceramics, nor diffusion or segregation of
any element of glass-ceramics at Crofer22APU/glass-ceramic interface was

detected. The EDS line scan also confirmed that no undesirable chromates were
formed.
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Figure 68. EDS line scan across (a) Crofer22APU/as-joined HJ3 glass-ceramic and (b)
Crofer22APU/as-joined HJ4 glass-ceramic

To investigate the effect of thermal ageing on the compatibility of HJ3 and
HJ4 glass-ceramics with Crofer22APU, the Crofer22 APU/glass-ceramics joined
samples were aged at 850°C for 1000 hours in static air. The corresponding SEM
images of Crofer22APU/glass-ceramics interfaces after the thermal ageing are
shown in Figure 69. Both the glass-ceramics showed excellent compatibility with
the Crofer22APU after thermal ageing. The Crofer22APU/aged glass-ceramic
interfaces uniform and crack free. The microstructures of both glass-ceramics is
similar to their as-joined microstructures (Figure 66).
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Figure 69. SEM images of (a) Crofer22APU/HJ3 glass-ceramic and (b) Crofer22APU/HJ4 glass-
ceramic, after thermal ageing for 1000 hours at 850°C

The EDS line scans across the Crofer22APU/HJ3 and the Crofer22 APU/HJ4
interfaces after thermal ageing are shown in Figure 70. The EDS line scan
analyses showed the formation of Cr rich layer at the Crofer22APU surface. The
formation of Cr-based scale is due to the long-term thermal ageing (1000 hrs) at
850°C. Nevertheless, from the EDS line scans, no Cr diffusion was detected in
HJ3 and HJ4 glass-ceramics after the thermal ageing. These SEM-EDS results
excluded the formation of SrCrO4 and the consequent possible delamination at the
Crofer22 APU/glass-ceramic interface. The presence of low CTE Sr2AlLSiO7
phase in HJ3 and cristobalite phase (with different polymorphs) [1] in HJ4 did not
determine cracks within the glass-ceramics or at the interface with Crofer22 APU
even after 1000 hours at 850 °C.
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Figure 70. EDS line scan across (a) Crofer22APU/aged HJ3 glass-ceramic, and (b)
Crofer22APU/aged HJ4 glass-ceramic

4.1.5 Mechanical properties and post mortem analysis of glass-
ceramics belonging to 1% series

To provide a reliable integration of components within a solid oxide
electrolysis cell stack, it is fundamental to evaluate the mechanical properties of
the glass—ceramic sealing materials, as well as the stability of the metal—glass—
ceramic interface. In this context, the mechanical properties of HJ3 and HJ4
glass—ceramics were investigated under the shear compressive load at room
temperature, 650 °C and at 850 °C.

In order to investigate the mechanical integrity of the HJ3 and HJ4 glass-
ceramics at room and high temperature, the Crofer22APU/glass-
ceramic/Crofer22APU  joints  were  tested. =~ The  configuration of
Crofer22 APU/glass-ceramic/Crofer22 APU samples and the testing parameters
have been discussed in detail in the chapter 3.
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Figure 71 shows the shear stress vs. load displacement curves for the HJ3 and
HJ4 joint samples, tested at three different temperatures. For the sake of
simplicity, only one curve has been shown for each temperature measurement.
The traces reflect that the high temperatures significantly affect the deformation
history and fracture behavior of joints made by two different glass-ceramics. Note
that slope of linear part of traces does depend not only on the Young’s modulus
level but may be partly affected by inexact determination of the joint area as
carried out by post mortem from fracture surfaces of broken joints. For
Crofer22 APU/glass-ceramic/Crofer22 APU joints made of both glass-ceramics,
when tested at room temperature and at 650 °C (lower than T,), the fracture
occurred in the linear mode once the applied stress reached to maximum shear
strength. This behavior reflects almost elastic deformation and brittle response of
the glass ceramic joint. However, at 850 °C (T higher than 7), the joints showed
enhanced displacement under the applied load and extensive non-linear behavior
of the trace. This effect is due to the stress relaxation and softening of the residual
glassy phase above T, and partly also due to viscous flow of the glassy phase
present in the material of joint. Thus, although both systems were crystallized at
950 °C, the residual glassy phase seemed to be the main factor in controlling the
mechanical behavior of the joint. As both glass systems were designed for the
working temperature of 850 °C, the stress relaxation phenomena are favorable in
reducing the thermal stresses that could generate due to thermal mismatch at high
temperature changes associated with the cell operation. Moreover, this behavior
(remaining glassy phase exhibiting viscous flow component) could also be
beneficial for the self-healing and consequently can enhance the long-term
stability of the sealant. Chang et al. [9] observed the stress relaxation phenomena
for the as-joined and aged glass-ceramic when tested in the temperature range of
650 °C - 750 °C and attributed it as the viscoelastic behavior of residual glassy
phase. Similarly, Zhao et al. [10] also observed transition from elastic to non-
elastic fracture of glass-ceramic with increasing temperature from room
temperature to 800 °C.
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Figure 71. Shear stress vs. displacement curves for HJ3 and HJ4 joints tested under shear loads at
three different temperatures

The shear strength values as determined and calculated from the above shown
stress displacement curves (Figure 71) are shown in Figure 72(a). The Figure
72(a) shows the average shear strength and corresponding load displacements at
fracture as obtained from three samples for each composition and at each test
temperature. The shear strength of joints made by both glasses is observed to
decrease with increasing testing temperatures. For HJ3 based joints the strength
reduced from 14.1 (at 25 °C) to 5.5 MPa (850 °C), while for HJ4 based joints, the
shear strength dropped from 13.9 MPa (25 °C) to 1.8 MPa (850 °C). The observed
reduction in the strength with increasing temperature was according to
expectations due to softening of residual glassy phase at high temperature and its
viscous flow (creep deformation). While increasing testing temperature from
650°C to 850°C, the shear strength of HIJ4 glass-ceramics reduced more
drastically as compared with HJ3 glass-ceramic. This is most likely due to low
volume fraction of crystalline phases and more residual glassy phase in HJ4, and
consequently softening of residual glassy phase reduce the mechanical rigidity of
HJ4. Osipova et al. [11] also investigated the shear strength of glass-ceramics at
room temperature, 600°C and 800°C and found similar behavior of enhanced
reduction in shear strength at 800°C, due to softening of remaining glassy phase.
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Figure 72. Comparison of shear strength (left) and load displacement (right) corresponding to
fracture of both different glass systems as the function of test temperature

The displacement to fracture of both glass-ceramics joints, showed quite
interesting results. For both glass systems, by increasing the testing temperature
from room temperature to 650 °C, caused the fracture at displacement slightly
lower than at room temperature (Figure 72(b)). For both glass systems (HJ3 and
HJ4), as the test temperature of 650 °C is lower than their corresponding glass
transition temperatures and glass-ceramics were still rigid, the reduction in shear
strength was responsible to cause the reduction in displacement to fracture. On
contrary to this, joined samples showed noticeable increase in the displacement
preceding the fracture at 850 °C due to softening of residual glassy phases. Both
the systems showed enhanced displacement under the applied stress as also
evident from stress-displacement curves at 850 °C (Figure 71).

Table 19 summarizes the dominant fracture mode for broken joints made of
both glass-ceramics tested at three different temperatures. The HJ3 based joints
gave cohesive fracture (fracture occurred within the glass-ceramic joint); while
HJ4 based joints fractured in adhesive manner (fracture occurred at
Crofer22 APU/glass-ceramic interface), as first visually observed and further
confirmed by light microscope. The Figure 73 illustrates the cohesive and
adhesive mode of fractures for the better understanding.
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Table 19. Fracture mechanism of Crofer22APU/glass-ceramic/Crofer22APU joints made by HJ3
and HJ4 glass-ceramic, tested under shear conditions at room temperature, 650 °C and 850 °C

Room 650 °C 850 °C
Temperature
HJ3 Cohesive Cohesive Cohesive
HJ4 Adhesive Adhesive Adhesive

(a) (b)

Crofer22APU

Crofer22APU

Crofer22APU

/f’ Crofer22APU ]

Crack propagation
during fracture

Figure 73. Illustration of (a) cohesive fracture for HJ3 and (b) adhesive fracture for HJ4 glass
system, in Crofer22APU/glass-ceramic/Crofer22APU joints

Figure 74 shows the SEM images of the fracture surfaces of joints based on
both glass systems. For HJ4 based systems, the SEM images corresponds to the
Crofer22 APU plate containing all the HJ4 glass-ceramic. Table 19 and Figure 74
shows that in case of HJ3 system the cohesive mode of fracture occurred, when
the tests were performed at room temperature, 650 °C and at 850 °C.
Corresponding SEM images (Figure 74(a) and (b)) of
Crofer22 APU/HJ3/Crofer22 APU samples tested at room temperature and at 650
°C shown that the glass-ceramics completely adhered throughout the joining area
of both Crofer22APU plates. However, for the HJ3 system based joint tested at
850 °C, the glass-ceramic was also partially detached from one the Crofer22APU
plate as shown in Figure 74(c). The fracture was probably initiated within the
glass-ceramic bulk as in case of low temperature testing and then propagated to
the interface. On the other hand, for the Crofer22 APU/HJ4/Crofer22 APU system
tested at room and high temperatures, the adhesive fracture occurred at one of the
two Crofer22APU/HJ4 glass-ceramic interfaces, which resulted in complete
delamination of HJ4 glass-ceramic at one interface. Nevertheless, when
evaluating the quality of the sealing material, the fracture surfaces in Figure 74
exhibit quite dense glass-ceramics structure with slight porosity. In particular, the
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high sintering ability of HJ4 glass (as discussed in section 4.1.1) makes it highly
dense sealant.

The thermal expansion coefficient (CTE) of the glass-ceramics as well as that
of individual crystal phases in a glass-ceramic system can play a key role towards
the fracture behavior as they can create the stress concentration regimes, either
within the glass-ceramics and/or at interface. The HJ3 glass-ceramic has CTE of
10.2 x10% K'' [12] that is closely matching with CTEs of Crofer22APU (12 x10°®
K1) [4], however, the presence of Sr2Al,SiO7 as main crystalline phase with CTE
of 1.1 x10% K [5] can generate localized stresses within the glass-ceramics. The
localized stress concentration at a crystalline phase can act as nucleation site for
crack initiation particularly during externally applied shear load. HJ4 system has
SrSiOs3 as main crystalline phase having CTE of 10.9 x10°° K™!' [7] thus excluding
the possibility of localized stresses formation within the glass-ceramics. In our
previous paper, it has been shown that HJ4 glass-ceramic had strong interface
with Crofer22APU, but the as-joined HJ4 glass-ceramic has CTE of 9.3 x10° K!
[12] which is slightly less than that of Crofer22APU, therefore it can lead to
generate stresses at Crofer22APU/HJ4 glass-ceramics interface and make
adhesive fracture more favorable under the externally applied load.

Glass-ceramic

Crofer22APU

Figure 74. SEM images of top morphology of fracture surfaces of broken joint material; samples
(a) HJ3 tested at RT, (b) HJ3 tested at 650 °C, (c) HJ3 tested at 850 °C, (d) HJ4 tested at RT, (e¢) HJ4
tested at 650 °C, (f) HJ4 tested at 850 °C

111



Figure 75 shows the SEM images of the Crofer22 APU/glass-ceramic interface
of fractured samples for both the glass systems, tested at three different
temperatures under shear load. For HJ4 system, the images corresponding to the
Crofer22APU/HJ4 contained all the joined glass-ceramics well adhered to
Crofer22APU surface after the fracture. The SEM images showed a strong
bonding of both glass-ceramics with the Crofer22APU at room temperature as
well as at high testing temperatures. A uniform and dense microstructure was
observed with no pores or crack. For a particular glass system, the
Crofer22 APU/glass-ceramic interfaces showed similar morphology for all the
testing temperatures. Further details about the microstructure can be found
elsewhere [12].

E))

043 (RY) HJ4 (RT)

Crofer22APU = Cl'OferZZAPU el

(b)

HJ3 (650 °C) HJ4 (650 °C)

Crofer22APU Crofer22APU
(c)

HJ3 (850 °C) HJ4 (850 °C)

Crofer22APU Crofer22APU

Figure 75. SEM images of interface of Crofer22APU with (a) HJ3 tested at RT, (b) HJ3 tested at
650 °C, (c) HJ3 tested at 850 °C, (d) HJ4 tested at RT, (e) HJ4 tested at 650 °C, (f) HJ4 tested at 850 °C.

The elastic moduli of as-joined glass-ceramics for both systems are shown in
Figure 76. Measurements were performed up to 650°C and elastic modulus was
measured both during heating and cooling. Above 650 °C, the obtained resonance
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frequencies were not sufficient to measure the reliable values due to possible
softening of the glass-ceramics. Direct comparison (Figure 76) shows that HJ3
glass-ceramic have higher values of elastic modulus as compared with HJ4
system. The higher volume fraction of crystals in HJ3 glass-ceramics made this
system stiffer than HJ4 glass-ceramics. Similar behavior were observed by
Milhans et al. [13] where reduced modulus was observed to increase with
increasing volume content of the crystalline phases in glass-ceramics, as measured
by nanoindentation. Zhao et al. [14] also compared the elastic modulus of
different glass-ceramic systems having different amounts of residual glassy
phases. The glass-ceramic with less quantity of residual glassy phase showed
higher elastic modulus. The elastic modulus also increased after ageing (500 hrs),
due to increase in the concentration of crystalline phases. Nevertheless, both of
our glass-ceramics systems (HJ3 and HJ4) showed linear reduction in their
corresponding elastic modulus with temperature due to possible softening. For
HJ3 glass-ceramics, the elastic modulus reduced from 100 GPa (at room
temperature) to 92 GPa (650°C), whereas for the HJ4 glass-ceramic it decreased
from 80 GPa (room temperature) to 75 GPa (650°C). Zhao el al. [10] also
observed almost 10% reduction in elastic modulus of different glass-ceramics
when testing temperature was increased from room temperature to 650°C,
however above 650°C the softening of glassy matrix strongly reduced the elastic
modulus. The elastic modulus curve for HJ4 glass-ceramic (Figure 6) also shows
discontinuities around 230°C during heating cycle and around 230 °C — 270 °C
during cooling. This is due to the presence of cristobalite (SiO2) phase in HJ4 [12]
that has different polymorphs and cause volume expansion around 250 °C [15].
Nevertheless, the obtained elastic moduli for both systems (HJ3 and HJ4) are
comparable or slightly higher than the elastic modulus of glass-ceramics available
in the literature (50-80 GPa) [13], [14], [16]-[19].
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Figure 76. Elastic modulus of HJ3 and HJ4 glass-ceramics after joining, measurement was done
from room temperature to 650°C

4.1.6 Electrical properties of 1°' series glass-ceramics in air and
post mortem analysis

The  electrical  resistivity of  the  Crofer22APU/HJ3  glass-
ceramic/Crofer22APU and the Crofer22APU/HJ4 glass-ceramic/Crofer22APU
joined samples was measured for 2800 hours in static air. For this purpose, the
glass was deposited manually in the form of slurry on the Crofer22APU substrates
having dimensions of 3 cm x 3 cm. The electrical resistivity was measured at
850°C under the applied voltage of 1.6 V. The electrical resistivity curves of
Crofer22 APU/glass-ceramics/Crofer22 APU joined samples for both HJ3 and HJ4
systems are shown in Figure 77.
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Figure 77. Electrical resistivity of Crofer22APU/glass-ceramics/Crofer22APU joined samples for
HJ3 and HJ4 glass-ceramics. These measurements were carried out at 850 °C with 1.6 V applied

Figure 77 depicts that the resistivity of both the joined samples is in the range
of (10%-107 Q.cm). These resistivity values are higher than the minimum threshold
(10* Q.cm) required for the sealants to work effectively in the SOEC conditions in
order to ensure the electrical insulation between two conductive Crofer22APU
plates [20].

The electrical resistivity analyses for both the joined samples as shown in
Figure 77, were conducted independently and under slight different conditions.
The electrical resistivity of HJ4 system was measured without any interruption
while during the electrical resistivity test of HJ3 glass-ceramic based joint the test
was stopped after 300 hours, 800 hours and 2000 hours due to some maintenance
issues and later restarted, therefore, the HJ3 based joint sample undergo some
thermal cycles. During the thermal cycles the Crofer22APU/HJ3 glass-
ceramic/HJ3 joined sample was cool down from 850°C to the room temperature at
a cooling rate of 2 °C/min and reheated to the testing temperature of 850 °C at a
heating rate of 2 °C/min for further ageing. The slight discontinuity in the
resistivity curve of HJ3 based joined sample after 300, 800 and around 2000
hours, corresponds to thermal cycle. However, after each thermal cycle, the HJ3
based joined sample reached the same resistivity values as before that thermal
cycle. The electrical resistivity curve for the HJ3 based joint (black curve) shows
a slight and gradual reduction in resistivity over the time. Nevertheless, the
resistivity after 2800 hours is still higher than 10° Q.cm and no abrupt change was
noticed during the whole testing duration. Moreover, the stability in the electrical
resistivity values of HJ3 based joined samples also suggests that no chemical
interaction took place between the HJ3 glass-ceramic and the Crofer22APU
plates, thus excluding the possibility of corrosion.
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For HJ4 system based joint, the electrical resistivity initially reduced up to
200 hours followed by a constant behavior up to 800 hours. After 800 hours, some
discontinuity was again observed and the resistivity values showed a reduction,
followed by a steady constant behavior till the end of test. The initial gradual
reduction up to 200 hours is most likely due to the presence of free ions, as HJ4
glass-ceramic has significantly low fraction of crystallization. The free ions in the
residual glassy phase can move under the high applied voltage of 1.6 V and
testing temperature of 850 °C, therefore consequently reduce the resistivity. The
second discontinuous behavior noticed after 800 hours is probably due to any
chemical interaction between the HJ4 glass-ceramic and the Crofer22APU
substrates, or thermal stresses generated during cooling of samples. However,
after 800 hours the resistivity values for HJ4 based joint became constant until the
end of test (2800 hours). Nevertheless, like HJ3 based joined sample, the
electrical resistivity of HJ4 based joint is also higher than 10° Q.cm as tested up to
2800 hours, therefore it ensured the electrical insulating behavior of the HJ4
glass-ceramic.

After the long term electrical resistivity tests in the static air, the compatibility
of both the glass-ceramics with the Crofer22APU substrates was examined by
SEM. EDS analyses were also conducted to investigate the possible diffusion of
elements across the Crofer22APU/glass-ceramics interfaces and to detect the
possible chromates formation in specially in case of HJ4 glass system.

The SEM post mortem image of the positive polarized Crofer22 APU/HJ3
glass-ceramic, after the electrical resistivity test, is shown in Figure 78. A dense
microstructure (with low porosity) of HJ3 glass-ceramic is clearly evident from
the Figure 78. The HIJ3 glass-ceramic is strongly bonded with the positive
polarized Crofer22APU substrate. No cracks were detected at positive polarized
Crofer22 APU/HIJ3 glass-ceramic interface. An oxide scale can be seen at
Crofer22 APU/HIJ3 glass-ceramic interface, which is formed due to the long-term
(2800 hours) exposure of Crofer22APU to a high temperature of 850 °C.

HI3 glass-ceramic -

Figure 78. Post mortem SEM image of the positive polarized Crofer22APU/HJ3 glass-ceramic
interface, after the electrical resistivity test for 2800 hours in the static air, under a voltage of 1.6 V

An EDS mapping carried out at the positive polarized Crofer22APU/HIJ3
glass-ceramic interface after the electrical long-term resistivity test is shown in
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Figure 79. The EDS analysis shows that no diffusion across the positive polarized
Crofer22 APU/glass-ceramic interface was detected. Due to the minimal
concentration of Sr in the HJ3 glass composition, no formation of undesirable
high CTE SrCrO4 phase was detected. Moreover, the EDS mapping also confirms
the presence of a Cr rich scale at the Crofer22 APU surface.

HJ3 glass-ceramic

S

Positive Polarized Crofer22APU

Si Sr
Ca Mg
Cr Fe

Figure 79. EDS mapping of the SEM image corresponding to the post mortem analyses of positive

polarized Crofer22APU/HJ3 glass-ceramic interface, after the electrical resistivity test for 2800 hours
in static air, under a voltage of 1.6V
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After the resistivity test, the 3cm x 3cm Crofer22APU/HJ3  glass-
ceramic/Crofer22APU joined sample was fractured at negative polarized
Crofer22 APU/HIJ3 glass-ceramic interface, during the cutting (as required for
SEM analyses). This fracture is probably due to stresses generated during cutting.
Therefore, in this thesis the post mortem analyses of negative polarized
Crofer22 APU/HJ3 glass-ceramic have not been shown.

The Figure 80 shows the SEM post mortem image of the positive polarized
Crofer22 APU/HJ4 glass-ceramic interface after the electrical resistivity test in the
static air. The microstructure of the HJ4 glass-ceramic is homogenous, dense with
slight presence of porosity and similar to its microstructure after 1000 hours as
shown in Figure 69. The SEM image shows that the positive polarized
Crofer22 APU/glass-ceramic interface is free of any crack or delamination thus
confirmed strong bonding and good compatibility. The long-term (2800 hours)
thermal ageing also resulted in the formation of an oxide scale at
Crofer22 APU/HJ4 glass-ceramic interface as shown in the Figure 80.

. Hia glass-ceramic

Figure 80. Post mortem SEM image of the positive polarized Crofer22APU/HJ4 glass-ceramic
interface, after the electrical resistivity test for 2800 hours in static air, under a voltage of 1.6 V

The EDS point analyses were performed at different regions of HJ4 glass-
ceramic after the electrical resistivity test. These regions are marked in the Figure
80 and their corresponding EDS analyses are given in Table 20. The EDS
analyses carried out at point 1 shows that it corresponds to SrSiO3 phase, similar
to one observed in the HJ4 glass-ceramic after joining (Figure 66) and after
thermal ageing for 1000 hours (Figure 69). The EDS analyses performed at point
2 (black phase) confirmed cristobalite (SiO2) phase. A 3.1 at % of aluminum was
also detected at point 2, most likely due to the surrounding environment of the
EDS point analysis, however, the morphology of black phase (point 2) is similar
to cristobalite phase observed in the Figure 66 and Figure 69. Point 3 in Figure 80
corresponds to the residual glassy phase. The residual glassy phase contains 7.4 at
% of Sr, which is beneficial to maintain viscous behavior of residual glass. The
SEM image (Figure 80) also shows that even after thermal ageing of 2800 hours
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at 850 °C, a significant residual glass is still present. This residual glass can
promote the self-healing above the glass transition temperature (7).

Table 20. EDS point analyses (at.%) performed on HJ4 glass-ceramic shown in Figure 80, after
electrical resistivity test for 2800 hours in static air

Point 1 Point 2 Point 3
(0] 71.2 75.6 73.4
Si 21.5 213 16.2
Sr 7.2 === 7.4
Al - 3.1 2.0
Y — - 0.7

Figure 81 shows the EDS mapping of the positive polarized
Crofer22APU/HJ4 glass-ceramic interface after the resistivity test. The EDS
mapping confirmed that no evidence of Cr diffusion from the positive polarized
Crofer22APU into the HJ4 glass-ceramic side was found, thus eliminating the
possibility of the formation of undesirable SrCrO4 phase. Besides that, no other
element of glass-ceramic diffused or segregate at interface with Crofer22APU.
These results also confirmed that HJ4 glass-ceramic is chemically stable after
high temperature and long term ageing under electric load.
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Figure 81. EDS mapping of the SEM image corresponding to the post mortem analyses of positive
polarized Crofer22APU/HJ4 glass-ceramic interface, after the electrical resistivity test for 2800 hours

in static air, under a voltage of 1.6V

The SEM post mortem analysis of the negative polarized Crofer22 APU/HJ4
glass-ceramic interface after the resistivity test is shown in Figure 82, while the
corresponding EDS analyses carried out at the HJ4 glass-ceramic are given in
Table 21. A uniform and dense microstructure of HJ4 glass-ceramic in addition to
excellent compatibility with the Crofer22 APU substrate is evident from the SEM
post mortem analyses. The EDS point analyses confirmed the presence of the
SrSiOs (point 1) and cristobalite (point 2) phases in addition to the residual glassy
phase (point 3).
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HJ4 glass-ceramic

Figure 82. Post mortem SEM image of negative polarized Crofer22APU/HJ4 glass-ceramic
interface, after the electrical resistivity test for 2800 hours in static air, under a voltage of 1.6V

Table 21. EDS point analyses (at.%) performed on HJ4 glass-ceramic shown in Figure 82, after

electrical resistivity test for 2800 hours in static air

Point 1 Point 2 Point 3
(0] 57.6 65.1 67.1
Si 23.0 34.9 20.1
Sr 19.4 --- 9.3
Al - - 32
Y — — 0.3

The EDS mapping performed at the negative polarized Crofer22APU/HJ4
glass-ceramic after the electrical resistivity test, is shown in Figure 83. Like the
positive polarized Crofer22APU/HJ4 glass-ceramic interface, no diffusion of
glass-ceramic elements across the interface was detected. On the other hand, the
EDS mapping indicates that a small concentration of Cr has been diffused from
the Crofer22 APU interconnect towards the HJ4 glass-ceramic side. Nevertheless,
no chemical interaction or traces of formation of SrCrO4 phase were found from
SEM-EDS analyses.
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Figure 83. EDS mapping of SEM image corresponding to post mortem analyses of negative

polarized Crofer22APU/HJ4 glass-ceramic interface, after the electrical resistivity test for 2800 hours
in static air, under a voltage of 1.6V

Summary

Both the glass systems (HJ3 and HJ4) of the 1% series showed excellent
thermo-chemical properties and CTE matching with other cell components after
joining as well as after the thermal ageing. The microstructures of both glass-
ceramics are quite dense to act as gas tight sealants. High electrical resistivity of
Crofer22 APU/glass-ceramic/Crofer22 APU joined samples was observed for both
the glass-ceramics as measured up to 2800 hours at 850 °C in the static air. The
SEM-EDS post mortem analyses confirmed that no undesirable chromates were
formed after long-term thermal ageing under an electrical load. However, the
presence of low CTE Sr2AlbSiO7 phase in the HJ3 glass-ceramic while cristobalite
(Si02) phase in the HJ4 glass-ceramic can cause problems in long terms i.e. low
CTE Sr2ALSiO7 phase can generate localized stresses within the glass-ceramic
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while cristobalite phase can cause crack initiation due to its volume expansion
during the thermal cycling. In this context, it is important to slightly modify this
composition in order to avoid the formation of Sr2A1>SiO7 and cristobalite phases.

4.2 2" series of glass-ceramic systems

The 2" series contains one glass-ceramic, termed as HJ14. The HJ14 contains
SrO as main modifier. The 2" series of glass is designed to obtain the desire high
CTE SrSiO3 phase and to avoid the formation of low CTE SrAl>Si,Og phase as
well as cristobalite (Si03).

4.2.1 Thermal analysis of glasses belonging to 2" series

Figure 84 shows the DTA and HSM analyses carried out on the HJ14 glass
powder (<25 um) up to 1200°C at a heating rate of 5°C/min. In Figure 84, the T,
T, and T} labels on the DTA curve correspond to the glass transition temperature,
the onset of crystallization temperature and the peak crystallization temperature,
respectively. The Trs and Twms labels on the HSM curve (Figure 84) represent the
first sintering and maximum sintering temperatures, respectively. The
corresponding characteristic temperatures are also summarized in Table 22.
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Figure 84: DTA vs HSM curves for HJ14 glass system, analyses carried out at a heating rate of
5°C/min

Table 22: Characterization temperatures of HJ14 glass as measured by DTA and HSM
(measurements carried out at 5°C/min)

On set Peak First .
Glass o T ) Maximum
transition crystallization | crystallization | shrinkage shrinkage
temperature temperature temperature
temperature o o . temperature
T (°C) Tx (°C) T, (°C) Trs (°C) Twus (°C)
695+3 854+5 876 £5 716 £2 820+3
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As reported in Table 22, the HJ14 glass showed T; and T, of 695°C and
876°C, respectively, as measured by DTA. On the other hand, the sintering
process was initiated at 716°C as measured by HSM. Beyond the first sintering
temperature (Trs), the shrinkage continued until it attained maximum shrinkage at
820°C. In order to obtain a good densification of the sealant, it is necessary that
sintering is completed prior to the initiation of the crystallization process. As soon
as the crystallization occurs, the glass viscosity will drastically increase, hindering
the viscous flow of the glass and the adhesion to the metallic or ceramic
substrates. Therefore, the crystallization mechanism of the glass-ceramic should
be controlled and taken into account in the heat treatment schedule [21]. From the
data given in Table 22, it is clear that for the HJ14 glass system the sintering
process was completed before the start of the crystallization.

4.2.2 Coefficient of thermal expansion and XRD phase analysis of
the of as-joined and thermally aged glass-ceramics belonging to
the 2" series

On the basis of the DTA and HSM data, the joining treatment at 950°C for 1
hour with a heating/cooling rate of 2°C/min was selected to obtain a dense as-
joined HJ14 glass-ceramic. The coefficients of thermal expansion (CTEs) of the
as-casted glass, as-joined glass-ceramic and aged glass-ceramic (850°C, 1000
hours) are given in Table 23. The as-joined HJ14 glass-ceramic showed a CTE of
10.3 x10°° K'!, thus closely matching other cell components. The CTE of the HJ 14
glass-ceramic after ageing showed a slight reduction (0.5 £0.1 x10°° K'"), however
this reduction is negligible so it will not affect the performance of the glass-
ceramic sealant for SOEC applications.

Table 23. Coefficient of thermal expansion (CTE) of HJ14 glass and glass-ceramic, in as-joined
condition and after ageing

as-casted glass as-joined glass- aged glass-ceramic
ceramic (950°C, 1h) (850 °C, 1000 hours)
6 171
©.120.1)x107K (10.3 £0.2) x10° K" (9.8 £0.1) x 10 K!

In general, the change in the CTE of the glass-ceramic after thermal ageing is
likely due to the formation of new crystalline phases, however in the case of
HJ14, no new phases were formed as a result of ageing (1000 hours, 850°C), as
will be discussed below. Another possible reason could be the change of residual
glass/crystalline phase concentration. The XRD quantification of as-joined and
thermally aged HJ14 glass-ceramic is under progress. Therefore, the exact reason
behind a slight reduction of HJ14 CTE after ageing is not clear.

The XRD phase analyses performed on the as-joined and aged (850°C, 1000
hours) HJ14 glass-ceramics are shown in Figure 85. SrSiO; was detected as the
only crystalline phase in the as-joined as well as the thermally aged HJ14 glass-

124



ceramics. The formation of only a SrSiO3 phase validated the rationale behind the
design of the HJ14 composition i.e. to produce a high CTE SrSiO; phase and to
avoid the formation of low CTE celsian (SrAlSixOg), as well as cristobalite
(Si02) phases. The XRD patterns of the HJ14 glass-ceramics after thermal ageing
is similar to the as-joined glass-ceramic, with no new peak, thus confirming that
the HJ14 system is stable after ageing. The XRD pattern of the SrSiOz phase
(reference number: 01-077-0233) retrieved from X’Pert data base, is also shown
in Figure 85 for a good comparison.
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Figure 85. XRD patterns of HJ14 glass-ceramic in as-joined condition and after thermally aged
(1000 hours, 850°C)

4.2.3 Joining of 2™ series glass-ceramic with Crofer22APU and
3YSZ

Figure 86 shows the SEM image of the Crofer22APU/HJ14 glass-
ceramic/3YSZ joined sample processed at 950°C for 1 hour at a heating rate of
2°C/min. The selection of a suitable joining treatment produced a very dense
glass-ceramic microstructure. The HJ14 glass-ceramic contains a uniform
distribution of crystals. A good CTE match of the HJ14 glass-ceramic with the
neighboring components (Crofer22APU and 3YSZ) resulted in a crack-free joint,
in addition to which no delamination was observed at the Crofer22APU/glass-
ceramic and 3YSZ/glass-ceramic interfaces. Two different types of phases are
present in the glass-ceramic and are labeled as 1 and 2 in Figure 86. The
corresponding EDS point analyses are given in Table 24. Table 24 shows that the
dark phase (point 1) corresponds to the residual glassy phase and contains all the
constituent elements of the HJ14 glass. The EDS analyses performed on the bright
phase (point 2) show a Sr and Si rich phase and thus refer to the SrSiO; phase as
detected by XRD. However, some diffusion of Ca was also detected in the SrSiO;
phase. Moreover, the concentration of Sr measured at point 1 (residual glass) is
lower compared with its concentration at point 2, which is beneficial to minimize
the possibility of the formation of an undesirable SrCrO4 phase in the long term.
Additionally, the presence of Sr in the residual glassy phase is important to
maintain a viscous behavior in the glass.
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HJ14 glass-ceramic

Crofer22APU

Figure 86. SEM image of as-joined Crofer22APU/HJ14 glass-ceramic/3YSZ joined sample

Table 24. EDS point analyses performed on as-joined HJ14 glass-ceramic

(0) Al Si Ca Sr
Point 1 47.4 59 293 4.0 13.5
Point 2 41.8 -—- 30.1 6.1 22.0

4.2.4 Electrical characterization of 2" series glass-ceramic in dual
atmosphere and post mortem analysis

Figure 87 shows the electrical resistivity curve of the Crofer22APU/HJ14
glass-ceramic/Crofer22 APU joined sample measured under the applied voltage of
1.6V, for 1000 hours at 850°C in a dual atmosphere. The electrical resistivity
values for the HI14 glass-ceramic based joint, are higher than 1 x10° Q.cm and
are comparable with the electrical resistivity of other glass-ceramics discussed in
the literature [4], as tested under dual atmosphere. A high electrical resistivity
ensures the insulating behavior of the HJ14 glass-ceramic sealant sandwiched
between the two conducting Crofer22 APU plates, thus excluding the possibility of
a short circuit. The interaction of the glass-ceramic with the Crofer22APU
interconnect can lead to the possibility of a short circuit and the consequent
degradation of the cell. The presence of a dual atmosphere, high working
temperature and applied voltage not only facilitate this interaction but also cause
the formation of some conductive species, such as Fe3O4 and FeO, due to the
volatilization of iron from the Crofer22APU [22], [23]. However, in the case of
the HJ 14 glass-ceramic based joint, no short circuit was observed during electrical
resistivity measurements, even in the presence of a high steam content, a high
working temperature (850°C) and an applied voltage of 1.6V. Furthermore, no
formation of iron based (Fe3O4 and FeO) conductive oxides or interaction of the
glass-ceramic with the Crofer22 APU was detected during post mortem analyses.

The electrical resistivity trend reported in Figure 87 shows an increase of the
resistivity in the first period of the test, with a maximum around 200 h, and then
an almost linearly decreasing behavior. This trend is similar to that of other glass-
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ceramics tested under SOFC voltage conditions for shorter periods [24], with the
resistivity reaching a plateau within 300 h of testing for some of the samples in
[24]. A longer test would be needed to investigate if the resistivity of HJ14 would
also evolve towards an asymptotic value after a longer exposition to dual
atmosphere conditions and voltage.
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Figure 87. Electrical resistivity of Crofer22APU/HJ14 glass-ceramic/Crofer22APU joined
sampled, measured for 1000 hours at 850°C in dual atmosphere
After the long-term resistivity analysis in dual atmosphere , the SEM-EDS
post mortem analyses were carried out on the Crofer22APU/HJ14 glass-
ceramic/Crofer22APU joined sample in order to investigate the thermo-
mechanical compatibility of the glass-ceramic with the Crofer22APU and the
possible formation of chromates at the Crofer22APU-glass-ceramic-air triple
phase boundary. SEM-EDS analyses were performed both at air and fuel sides
after testing the joined sample under electric load at 850°C for 1000 hours.

Air side

Figure 88 shows the Crofer22APU/HJ14 glass-ceramic/Crofer22APU joined
sample facing the air side during the electrical resistivity test. Good interfacial
bonding and thermo-mechanical compatibility between the Crofer22APU and the
HJ14 glass-ceramic are evident from Figure 88. The EDS mapping carried out
confirms that no chromates were formed at Crofer22 APU-glass-ceramic-air triple
phase boundary.
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Figure 88. SEM post mortem analyses of Crofer22APU/HJ14 glass-ceramic/Crofer22APU joined
sampled, after thermal ageing of 1000 hours at 850°C on air side under the applied voltage of 1.6V

Figure 89 shows the magnified SEM image and EDS mapping of the positive
polarized Crofer22APU/HJ14 glass-ceramic interface at the air side. No cracks
within the HJ14 glass-ceramic nor delamination were observed at the
Crofer22 APU/glass-ceramic interface. The different crystals are uniformly
dispersed (bright regions) in the HJ14 glass-ceramic. The corresponding EDS
point analyses performed on these different phases in the HJ14 glass-ceramic are
given in table 5. The EDS analyses carried out at point 1 (Figure 89) correspond
to the SrSiO3 phase, thus validating the XRD analyses as discussed in section
4.2.2. However, some diffusion of Ca into the SrSiO3 phase was also detected by
EDS, similar to the EDS analyses performed on the as-joined glass-ceramic. The
EDS analyses at Point 2 (Figure 89) correspond to the residual glassy phase, as it
contains all the constituent components of the HJ14 glass system. In contrast with
point 1, a lower concentration of Ca was detected in the residual glassy phase due
to its diffusion into the SrSiO; phase. The residual glassy phase also contains 9 at.
% Sr, which is beneficial to maintain the glass transition temperature (Tg) and to
produce viscous behavior in the residual glass. A negligible concentration (0.3 at.
%) of Cr was also detected in the residual glassy phase, and is present close to the
Crofer22APU interface. The residual glassy phase (dark regions) is mainly
present along the Crofer22APU substrate, which is beneficial to promote self-
healing at the Crofer22APU/ glass-ceramic interface above Ty. The EDS analysis
at point 3 is similar to point 1, thus indicating the presence of SrSiOs with little
diffusion of Ca. The presence of a black phase was also observed by SEM at the
Crofer22 APU/glass-ceramic interface as indicated by point 4. The corresponding
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EDS at point 4 (table 5) confirms that this phase corresponds to a cristobalite
phase (SiO2). However, the SEM image of the HJ14 (Figure 89) shows that the
concentration of cristobalite is very negligible and is only crystallized along the
Crofer22 APU substrate.

The EDS mapping shown in Figure 89, and the EDS point analyses performed
at different regions on the HJ14 glass-ceramic joined to the positive polarized
Crofer22APU did not detect the diffusion of Cr, therefore excluding the
possibility of the formation of an undesirable SrCrO4 phase.

4

Crofer22APU (Positive side)

Si Ca Sr Al
Figure 89. SEM image and EDS mapping of positive polarized Crofer22APU/HJ14 glass-ceramic
interface at air side

Table 25. EDS point analyses performed on HJ14 glass-ceramic, bonded to positive polarized
Crofer22APU on air side

(0) Al Si Ca Cr Sr
Point 1 57.2 -—- 21.9 4.3 -—- 16.5
Point 2 66.9 3.1 20.1 0.7 0.3 8.9
Point 3 54.6 === 24.0 4.4 === 17.0
Point 4 66.5 - 335 — — o

The SEM image and EDS mapping of the negative polarized
Crofer22 APU/HJ14 glass-ceramic interface at air side is shown in Figure 90. A
strong bonding was observed between the negative polarized Crofer22APU and
the HJ14 glass-ceramic, with no delamination. The glass-ceramic seems to be
significantly dense (with little porosity), ensuring gas tightness during the SOEC
operation. The corresponding EDS analyses performed in different regions are
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given in table 6. The EDS analyses at point 1 in Figure 90 correspond to the
residual glassy phase, which is mainly present close to the interface with the
Crofer22 APU. The concentrations of Sr, Si and Ca in the residual glassy phase are
comparable at both polarized Crofer22APU sides (Table 5 and 6). However, a
slightly higher concentration of Cr was observed in the residual glassy phase at
the negative polarized Crofer22APU/HJ14 glass-ceramic interface. The EDS
mapping in Figure 90 also shows the presence of Cr in the residual glassy phase.
The EDS analysis at point 2 shows the presence of a SrSiOs phase with slight
diffusion of Ca. As at the positive polarized Crofer22APU/HJ14 glass-ceramic
interface, no chromates were detected at the negative polarized
Crofer22 APU/HJ14 glass-ceramic interface, thus excluding the possibility of any
corrosion. Moreover, unlike the negative polarized Crofer22APU/HJ14 glass-
ceramic interface (air side), no black (cristobalite) phase was detected at the
positive polarized Crofer22 APU/HJ14 glass-ceramic interface (air side).

Crofer22APU (Negative side)

Residual
glass

;.“,' - - ~. ‘ ‘
Si Ca Sr Al

Figure 90. SEM image and EDS mapping of negative polarized Crofer22APU/HJ14 glass-ceramic
interface at air side

Table 26. EDS point analyses performed on HJ14 glass-ceramic, bonded to negative polarized
Crofer22APU on air side

(0) Al Si Ca Cr Sr
Point 1 58.5 11.8 20.1 07 1.2 7.4
Point 2 56.8 — 23.0 46 L 15.7
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Figure 91 compares the EDS line scan performed across the
Crofer22 APU/HJ14 glass-ceramic interface, where the Crofer22APU has positive
(Figure 91 (a)) and negative polarities (Figure 91(b)). Both the interfaces shown
in Figure 91 correspond to the air side. A direct comparison shows that in the case
of the negative polarized Crofer22APU, a diffusion of Cr can be seen from the
Crofer22 APU into the glass ceramic, while no Cr diffusion was detected from the
positive polarized Crofer22APU. On the other hand, no diffusion or segregation
of the glass-ceramic elements was detected across the Crofer22APU/HJ14 glass-
ceramic interface. These results are in agreement with the EDS point analyses
given in table 5 and 6, where a slight amount of Cr diffusion was detected from
the negative polarized Crofer22APU into the glass-ceramic side.

5
5 85

Figure 91. EDS line scan across (a) positive polarized Crofer22APU/HJ14 glass-ceramic and (b)
negative polarized Crofer22APU/HJ14 glass-ceramic interfaces at air side

Figure 91 shows that the Crofer22APU/HJ14 glass-ceramic interface can be
divided into different regions based on different phases. In Figure 91 (a), region 1
corresponds to a Cr-oxide scale of ~3 um thickness. The formation of the oxide
scale is as expected and is formed during high temperature ageing. Region 2
(black phase) shows a high concentration of Si, and it corresponds to the
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cristobalite phase. Region 3 is the residual glassy phase, as its contains a high
concentration of Al, Si and Sr, in addition to a small concentration of Ca. In
region 4, the concentration of Al reduces compared with region 3, while it
contains a significantly high concentration of Si and Sr, thus referring to the
SrSiO3 phase. Moreover, the concentration of Ca also increases in region 4
compared with region 3, thus confirming its diffusion into the SrSiO3 phase as
discussed before.

Similarly, for Figure 91 (b), region 1 is a Cr rich area, thus referring to the Cr-
oxide scale. Region 2 has a high concentration of Al, Si and Sr, in addition to a
small quantity of Ca, and therefore corresponds to the residual glassy phase. In
region 3, the Si and Sr concentration increased while the Al concentration reduced
compared with region 2, thus region 3 contains mainly the SrSiO3 phase. As in
Figure 91(a), the concentration of Ca is higher at the SrSiO; region compared with
the residual glass due to its possible diffusion during thermal ageing.

Fuel side

Figure 92 shows the SEM post mortem image of the Crofer22APU/HJ14
glass-ceramic/Crofer22 APU joined sample on the fuel side, after the electrical
resistivity test for 1000 hours at 850°C. Like the air side, the HJ14 glass-ceramic
has some porosity, however the glass-ceramic seems to be significantly dense
enough to work effectively as a gas tight sealant in SOEC conditions. Moreover,
no cracks were detected within the glass-ceramic.

Crofer22APU (Negative side)

HJ14 glass ceramic

Crofer22APU (Positive side)

Figure 92. SEM post mortem analyses of Crofer22APU/HJ14 glass-ceramic/Crofer22APU joined
sampled, after thermal ageing of 1000 hours at 850°C on fuel side under the applied voltage of 1.6V
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Figure 93 shows the magnified SEM post mortem image of the positive
polarized Crofer22APU/HJ14 glass-ceramic interface. The HJ14 glass-ceramic
shows good adhesion with the Crofer22APU, with no delamination or cracks at
the interface. The SEM image (Figure 93) shows the presence of different
crystalline phases within the glass ceramic, and their detailed EDS point analyses
are given in table 7. The EDS analyses carried out at the black region (point 1)
show a silica-rich phase, thus referring to the cristobalite (Si02) phase. The EDS
at points 2 and 3 shows that these regions contain a high concentration of Si and
Sr, with no Al, thus referring to the SrSiO3 phase. A small concentration of Ca
was also detected at points 2 and 3, due to its diffusion into the SrSiOs phase as
discussed before. Point 4 is a residual glassy phase, as it contains all the
constituents (Si, Sr, Al, Ca) of the HJ14 glass system. The composition of the
residual glassy phase is similar to that discussed before for the HJ14 glass-
ceramic. A negligible concentration of Cr and Mn was also found in the residual
glass phase, however no evidence for the formation of unwanted SrCrO4 was
noticed.

=D T I W s N
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Figure 93. SEM image of positive polarized Crofer22APU/HJ14 glass-ceramic interface at fuel side

Table 27: EDS point analyses (at. %) performed at HJ14 glass-ceramic joined with positive
polarized Crofer22APU at fuel side

(0] Al Si Ca Cr Sr Mn
Point1 | 630 370
Point2 | 359 — | 224 | s 12
point3 | 376 — 208 | 5, 177
Point4 | 0 | 3 173 | 24 05| 978 | 14
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The negative polarized Crofer22 APU/HJ14 glass-ceramic interface at the fuel
side is shown in Figure 94 and is also similar to the Crofer22 APU/HJ14 glass-
ceramic interfaces observed at the air side in terms of good adhesion and the
presence of crystal phases. As at the positive polarized Crofer22APU/HJ14 glass-
ceramic interface, no black silica-rich (cristobalite) phase was observed at the
negative polarized Crofer22APU/HJ14 glass-ceramic interface on the fuel side.
The EDS point analyses performed at the different regions of Figure 94 are in
given table 8. The EDS point analyses confirmed the presence of a high
concentration of Cr and O at point 1 in Figure 94, thus indicating the formation of
a Cr20;3 oxide scale layer. In addition to this, a significant concentration of Mn
was also detected at point 1 (Figure 94). Point 2 is the SrSiO3 phase with a small
concentration of Ca, as discussed in detail in the previous section. No Cr was
detected at point 2, thus confirming that Cr is only diffused close to the
Crofer22 APU/HJ 14 glass-ceramic interface.

Figure 94. SEM image of negative polarized Crofer22APU/HJ14 glass-ceramic interface at fuel side

Table 28. EDS point analyses (at. %) performed at HJ14 glass-ceramic joined with negative
polarized Crofer22APU at fuel side

o Al Si Ca Cr Sr Mn Fe

Point 1 552 | 24 1.0 0.7 25.6 --- 14.3 0.9

Point 2 59.1 --- 21.7 4.1 --- 15.1 --- ---
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Summary

By adjusting the SiO2/SrO, the suitable SrSiOs phase was obtained in the 2"
series glass-ceramic (HJ14) after joining and thermal ageing for 1000 hours at 850
°C. The long term ageing does not result in the devitrification of any undesirable
phase. The thermal properties such as the glass transition temperature, the
sequence of crystallization and sintering phenomena were found to be suitable to
obtain a dense glass-ceramic sealant in order to ensure gas tightness. The HJ14
glass-ceramic showed coefficients of thermal expansion of 10.3 x 10 K! and 9.8
x 10 K'! after joining and thermal ageing (1000 hours, 850°C), respectively, thus
closely matching that of the neighboring cell components. An excellent thermo-
mechanical compatibility of the glass-ceramic with the Crofer22APU interconnect
and 3YSZ was observed. A high electrical resistivity (>10° Q.cm) was measured
for the glass-ceramic sandwiched between the two conductive Crofer22APU
plates, thus excluding the possibility of a short circuit. No formation of
undesirable chromates nor diffusion of elements across the Crofer22APU/glass-
ceramic interface were detected after post mortem analyses of the
Crofer22 APU/glass-ceramic/Crofer22APU  joined samples treated in dual
atmosphere for 1000 hours at 850°C. Owing to these properties, the HJ14 glass
system is a promising candidate for the SOEC sealant at 850°C.

4.3 3" series of glass-ceramic systems

The 3™ series of glasses contains two glass systems termed as HI11 and HI28.
Both the glass systems contain BaO as the main modifier. The compositions of
these glass systems are given in chapter 3. Both of these glass systems were
analyzed in terms of their thermal properties, thermo-mechanical compatibility
with Crofer22APU and 3YSZ substrates, and long term electrical analysis in the
dual atmosphere.

4.3.1 Thermal analysis of glasses belonging to 3" series

To investigate the characteristic temperatures of the HJ11 and HJ28 as-casted
glass systems, the DTA and HSM analysis were carried out at 5 °C/min, on the
glass powder having the particle size <25 pm. The DTA and HSM curves for
HJ11 and HJ28 glasses are shown in Figure 95. The characteristic temperatures
such as glass transition (Tg), onset of crystallization (Tx) and peak crystallization
temperature (T,) obtained from DTA, as well as the first sintering temperature
(Trs) and maximum sintering temperature (Twms) obtained from HSM analyses are
given in Table 29.

From the DTA analysis, the HJ11 glass showed the glass transition (Tg) of
677 °C and the onset crystallization (Tx) of 833 °C. The DTA curve of HJ11
(Figure 95 (a)) also showed a clear exothermal peak at 887 °C corresponding to
the peak crystallization temperature (T,). The HSM curve of HJ11 glass shows
that the sintering process started at 675 °C, while the sintering completed at 778
°C. After the completion of the sintering process (Twms), the HJ11 glass showed
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slight viscous flow, followed by the constant shrinkage behavior. The constant
shrinkage behavior after (Twms) is due to the initiation of the crystallization process
that enhanced the thermal stability of the glass.

The DTA analysis of the HJ28 glass (Figure 95(b)) showed that Ty of 685 °C.
However, no sharp and clear crystallization peak was detected during the DTA
analysis of HJ28 glass. As discussed before for the HJ4 glass system (1% series of
glass), this is due to the fact that the degree of devetrification in the HJ28 glass is
not significant to be detected during the DTA analysis. The HSM analysis of HJ28
(Figure 95(b) and Table 29) showed that the sintering started at 717 °C while
completed at 829 °C. After the completion of sintering process, the HJ28 glass
showed more significant viscous flow compared to HJ11 glass (Figure 95 a)

Table 29 shows that the HJ11 glass has lower characteristic temperatures i.e.
Tg, Trs, Tms etc. compared with the HJ28 glass system. The higher characteristic
temperatures of HJ28 glass system is most likely due to the reduction in the total
concentration of modifiers (especially BaO) in the HJ28 glass system as compared
with HJ11 glass.

As discussed before, in order to obtain a dense sealant, the sintering should be
completed before the start of crystallization phenomena. From the Figure 95 and
characteristic temperatures mentioned in the Table 29, it is clear that the sintering
process of both the glass systems completed prior to the initiation of
crystallization (Tx).
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Figure 95. DTA and HSM curves of (a) HJ11 and (b) HJ28 glasses. Analyses were carried out at 5
°C/min

The dilatometeric curves of the HJ11 and HJ28 as-casted glasses are shown in
the Figure 96 and the corresponding CTE values are reported in Table 29. The as-
casted HJ11 and HJ28 glasses showed the coefficient of thermal expansion (CTE)
0of 9.1 x 10 K" and 8.6 x 10° K'! respectively, as measured in the temperature
range of 200-500 °C. The softening temperature (Ts) of 720 °C and 739 °C (Table
29.) were measured for the HJ11 and HJ28 as-casted glasses, respectively. As
discussed before, the presence of modifiers such as BaO tends to increase the CTE
of as-casted glass; therefore, the higher BaO content in the HJ11 is responsible for
its higher CTE compared with the HJ28 as-casted glass.

as-castglasses| ' ' T 7 1
0,005 [——HJ11
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Figure 96. Dilatometeric curves of HJ11 and HJ28 as-casted glasses obtained at a heating rate of 5
°C/min
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Table 29. Characteristic temperatures and CTE s of HJ11 and HJ28 glasses, obtained from DTA,
HSM and dilatometer at a heating rate of 5 °C/min

HJ11 HJ28
Glass transition temperature 7, (°C) 677+3 685 + 2
Onset crystallization temperature 7y (°C) 833+5 Not
detected
Peak crystallization temperature 7}, (°C) 887 +2 Not
Detected
First shrinkage temperature Trs (°C) 675+4 717
Maximum shrinkage temperature 7vs (°C) 778+ 3 829
CTE of as-cast glass/1 x 106 K! 9.1+£0.2 8.6+0.1
(200 °C-500 °C)
Softening temperature 7 (°C) 720 £ 5 739 +£3

4.3.2 Cofficient of thermal expansion and XRD phase analysis of
the of as-joined glass-ceramics belonging to the 3" series

In order to synthesize the HJ11 and HJ28 glass-ceramics, a heat treatment of
950 °C was chosen. The selection of heat treatment was based on the
crystallization and sintering data obtained from the DTA and HSM analyses, and
was chosen to obtain maximum densification as well as sufficient crystallization.
The dwelling time for the HJ11 was kept 1 hour. However, due to the fact that the
HJ28 glass showed considerably less devetrificaiton during the DTA analyses, the
HJ28 glass-ceramic was synthesize at 950 °C for 2 hours to increase the
possibility of crystallization. The HJ11 and HJ28 glass-ceramics were synthesized
at heating/cooling rate of 2 °C/min in order to minimize the possibilities of stress
generation due to fast heating/cooling rates. The XRD and dilatometer analysis
were performed to investigate the crystalline phases and the CTE of HJ11 and
HJ28 as-joined glass-ceramic.

The XRD patterns of the as-joined HJ11 and HJ28 glass-ceramics are shown
in Figure 97. According to the XRD analyses, the as-joined HJ11 and HJ28 glass-
ceramics contain only BaSi>Os crystalline phase. The reference pattern of BaSi>Os
is also shown in Figure 97. The BaSi,Os is a high CTE phases with CTE in the
range of 11-14 x 10% K'! [25] and is important to obtain a high CTE (9-12 x 10°®
K!) glass-ceramic sealant, for the SOEC applications [1]. These XRD results also
validate the rationale behind designing the HJ11 and HJ28 glass compositions i.e.
to have high CTE BaSi>Os phase and to minimize the formation of cristobalite
(S102) phase.
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Figure 97. XRD patterns of (a) HJ11 glass-ceramic synthesized at 950 °C (1h) , and (b) HJ28 glass-
ceramic synthesized at 950 °C (2h)

The dilatometer analyses was carried out on the as-joined HJ11 and HJ28
glass-ceramic pellets to investigate their CTEs. The dilatometer curves of both the
glass-ceramics are shown in Figure 98 and their respective CTEs are reported in

Table 30. The as-joined HJ11 glass-ceramic has the CTE of 11.4 x 10 K'!
while the CTE of as-joined HJ28 glass-ceramic is measured as 9.2 x 10 K'!. The
CTEs of HJ11 and HJ28 glass-ceramics are matching with other cell components
i.e. Crofer22APU and 3YSZ [1], [26] and are suitable for the SOEC applications.
The dilatometer curves of the HJ11 and HJ28 as-joined glass-ceramics also
showed a hump around 700 °C. This is most likely due to the softening of the
residual glassy phase around the glass transition temperatures (Tyg).

A significant increase in the CTE of the HJ11 as-joined glass-ceramic as
compared with the as-casted HJ11 glass is due to the higher degree of
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devetrification of the high CTE BaSi,Os phase. Although, the as-joined HJ28
glass-ceramic also have the high CTE BaSi>Os phase, however, a low degree of
devetrification in HJ28 is probably the reason for its low CTE as compared with

the as-joined HJ11 glass-ceramic.
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Figure 98. Dilatometer curves of as-joined HJ11 and HJ28 glass-ceramics. Measurements were
carried out at a heating rate of S °C/min

Table 30. CTEs of as-joined HJ11 and HJ28 glass-ceramics

Heat treatments to obtain CTEs of glass-ceramic
glass-ceramic 1 x10%K!
(200 °C-500°C)
HJ11 glass-ceramics Room Temperature-950 °C, 11.4£0.3
Dwell: 1 h,
Heating/cooling rate: 2 °C/min
HJ28 glass-ceramics Room Temperature-950 °C 9.2+0.1
Dwell: 2 h,
Heating/cooling rate 2 °C/min

4.3.3 Joining of 3" series glass-ceamics with Crofer22APU and
3YSZ

The compatibility and bonding of the HJ11 and HJ28 glass-ceramics with the
Crofer22 APU interconnect and 3YSZ electrolyte were investigated by producing
the Crofer22APU/glass-ceramic/3YSZ joined samples according to the heat
treatments mentioned above. The SEM images of the Crofer22APU/HJ11 glass-
ceramic/3YSZ and Crofer22 APU/HJ28 glass-ceramic/3YSZ joints cross sections
are shown in Figure 99. Both the glass-ceramics showed good interfacial bonding
with the Crofer22APU and 3YSZ substrates, with no crack or delamination at
either interface. Some isolate pores can be seen in the as-joined glass-ceramics;
however, these pores are not interconnected and could be formed as a result of
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manual glass deposition. Moreover, no crack within the as-joined glass-ceramics
was observed.

The microstructure of the HJI1 glass-ceramic after joining is quite
homogenous. The crystalline phases are uniformly distributed throughout the
joining area. The EDS point analysis performed at different regions of as-joined
HJ11 glass-ceramic (Figure 99) are given in Table 31. The EDS analyses at the
bright phase (point 1) indicates the BaSi,Os phase while the dark region
corresponds to the residual glassy phase. The EDS analyses shows that the Ba
concentration in the residual glassy phase is around 11 at %, which would be
favorable to maintain the CTE and to impart a viscous behavior to the residual
glass.

Similar to HJ11, the microstructure of the HJ28 glass-ceramic is also uniform
and homogenous. The morphology of the crystalline phases in HJ28 glass-ceramic
is similar to that of HJ11 glass-ceramic. The EDS analysis reported in

Table 31 confirmed that the bright phase (point 3) in the HJ28 as-joined glass-
ceramic is the BaSi2Os phase similar to one observed in the HJ11 as-joined glass-
ceramic. However, the dark phase (phase 4) is the residual glassy phase. The
small Ca concentration detected at point 3 is most likely due to the effect of
surrounding area of this EDS point analysis. Despite of the fact that as compared
with HJ11 glass system the HJ28 glass has lower concentration of BaO, the
residual glassy phases of both the as-joined glass-ceramics contain almost same
Ba contents as reported in

Table 31. This is due to the relatively less devetrification of BaSi,Os phase in
the HJ28 as-joined glass-ceramic. One the other hand, the residual glass of HJ28
glass-ceramic has higher Si concentration as compared with HJ11, due to having
higher SiO> content in its corresponding glass composition.

The SEM-EDS analyses performed on the as-joined HJ11 and HJ28 glass-
ceramics are in agreement with the XRD results of the as-joined HJ11 and HJ28
glass-ceramics.
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Figure 99. SEM images of as-joined (a) Crofer22APU/HJ11/3YSZ and (b) Crofer22APU/HJ28/3YSZ
joined samples

Table 31. EDS point analyses performed on the HJ11 (point 1 and 2) and HJ28 (point 3 and 4) glass-
ceramics as shown in Figure 99

Point 1 Point 2 Point 3 Point 4
0] 46.3 51.2 48.0 49.7
Si 35.6 25.5 35.2 31.6
Ba 18.1 11.2 15.1 10.1
Ca --- 4.8 1.7 3.7
Al 7.2 - 4.3
Y --- --- --- 0.6

4.3.4 Effect of thermal ageing on the
expansions and XRD phase analyses of the glass-ceramics

belonging to 3" series

The XRD was carried out on the HJ11 and HJ28 glass-ceramics after the
thermal ageing for 1000 hours and 2000 hours respectively at 850°C. The XRD
analyses was carried out on the glass-ceramics powder obtained by ball milling of
the aged pallet. The corresponding XRD patterns are shown in Figure 100. Long-
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term ageing resulted in the devetrification of a secondary phase (BaAl>Si20s), in
both the glass-ceramics. The newly formed BaAl>Si>Og phase has low CTE [27]
and therefore, can lead to generation of thermal stresses either within the glass-
ceramic or at Crofer22APU/glass-ceramic interface. These thermal stresses can
produce a crack and consequently reduce the mechanical integrity of sealants.
Nevertheless, the XRD patterns of both the glass-ceramics (HJ11 and HJ28)

contain an unidentified peak at 2'=23.7°.
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Figure 100. XRD patterns of thermally aged (a) HJ11 and (b) HJ28 glass-ceramics
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Table 32 summarizes the different crystalline phases present in the as-joined
and thermally aged HJ11 and HJ28 glass-ceramics.

Table 32. Crystalline phases present in the thermally aged HJ11 and HJ28 glass-ceramics

HJ11 HIJ28
After joining BaSi,0s BaSi,0s
After thermal BaSi;0s BaSi,Os
ageing BaAl,;Si,0s Si0,
BaAl;Si>Os

From the dilatometeric analyses performed on the aged HJ11 glass-ceramic
(1000 hours, 850 °C), a CTE of 9.7 x 10°® K! was measured in the temperature
range of 200-500 °C. The reduction is the CTE of HJ11 glass-ceramic after the
ageing is most likely due to the devetrification of low CTE BaAl>Si2Og phase as
detected by the XRD. Another reason of reduction in CTE could be the change in
the composition of residual glass due to devetrification of new phase and/or
change in the concentration of initially formed BaSi>Os phase. Although, after the
ageing the CTE of the HJ11 glass-ceramic is in the desire range (9-12 x 10° K)
for SOEC applications, nevertheless the low CTE phase can lead to stress
generation and cause problem in terms of long term stability of the sealant.

The CTE of the HJ28 glass-ceramic was measured after the thermal ageing of
2000 hours. The corresponding dilatometer curve is shown in Figure 101. The
CTE of the thermally aged HJ28 glass-ceramic was 9.4 x 10 K'! as measured in
the temperature range of 250-500 °C. The dilatometer curve of the HJ28 glass-
ceramic shows a significant change in slope around 230 °C. This change in slope
was due to the presence of cristobalite phase that undergo phase transformation
around 230 °C. While measuring the CTE of the aged HJ28 glass-ceramic, the
measurement below 250 °C were exempt to avoid the effect of cristobalite. The
CTE of the aged HJ28 glass-ceramic does not showed any change compared with
as-joined HJ28 glass-ceramic (9.3 x 10 K'!). Nevertheless, the CTE after ageing
is also in desire range for the SOEC applications.
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Figure 101. Dilatometer curves of HJ11 and HJ28 glass-ceramics after the thermal ageing of 1000
hours and 2000 hours respectively

4.3.5 Electrical characterization of 3™ series glass-ceramic in dual
atmosphere and post mortem analysis

The  electrical  resistivity of the  Crofer22APU/HJ11  glass-
ceramic/Crofer22 APU joined sample was measured in the dual atmosphere for
800 hours at 850 °C. For this purpose, the glass was manually deposited in the
form of slurry, and joining was carried out at 950 °C for 1 hour, followed by the
ageing at 850 °C for 800 hours without any interruption. The -electrical
characterization was performed under the applied voltage of 1.6V.

The electrical resistivity data of the Crofer22APU/HJ11 glass-
ceramic/Crofer22APU joined sample is shown in Figure 102. The electrical
resistivity curve shows a slight reduction in the beginning of test (up to 20 hours),
followed by a steady and stable behavior. The initial reduction is probably as a
result of mobility of some free ions before the sufficient crystallization occurred.
Afterward, the resistivity curve showed a very stable behavior up to 500 hours.
After 500 hours, a discontinuity in the resistivity data can be seen, that caused
reduction in the resistivity. The discontinuity in electrical resistivity could be due
to some polarization effect. However, soon after this interruption, the resistivity
curve again became stable and remained uniform until the end of the test. During
the entire testing period, the electrical resistivity values of the Crofer22APU/HJ11
glass-ceramic/Crofer22 APU joined sample were in the range of 10°-10° Q.cm,
higher than the minimum require limit (10* Q.cm) for SOEC applications in order
to avoid any short circuit during operation. The uniform electrical resistivity
behavior also suggests that no chemical interaction between the HJ11 glass-
ceramic and the Crofer22 APU plates occurred.
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Figure 102. Electrical resistivity of the Crofer22APU/HJ11/Crofer22APU joined sample, as
investigated in the dual atmosphere for 800 hours at 850 °C

After the electrical resistivity test, the post mortem analyses of the
Crofer22 APU/HJ11 glass-ceramic/Crofer22 APU joined sample was carried out
by the SEM in order to investigate the morphology of glass-ceramic and its
compatibility with the Crofer22APU substrates. Figure 103 shows the
Crofer22 APU/HJ11 glass-ceramic/Crofer22 APU joined sample after the electrical
resistivity test in dual atmosphere for 800 hours. The SEM analyses shows that the
HIJ11 glass-ceramic is significantly dense; however, it contains few isolated pores.
The pores size and overall level of porosity in the HJ11 glass-ceramic after the
long-term resistivity test seems similar to that of as-joined HJ11 glass-ceramic as
shown in Figure 99 (a). The presence of residual porosity is most likely due to the
manual deposition of the glass. However, the HJ11 glass-ceramic showed good
compatibility and strong bonding to the Crofer22 APU substrates.

The Figure 103 also shows the magnified SEM images of the HJ11 glass-
ceramic interfaces with negative and positive polarized Crofer22APU. The HJ11
glass-ceramic is well adherent to the both polarized Crofer22APU plates, after the
long-term resistivity test. Despite of the presence of low CTE BaAl>S1,0s phase
after ageing (as detected by XRD), no delamination or cracks were observed at the
Crofer22APU/HJ11  glass-ceramic interfaces, with different polarized
Crofer22APU substrates. The microstructure of HJ11 glass-ceramic is also
uniform where different crystalline phases are evenly distributed though out the
glass-ceramic without any segregation.
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~HI11 Glass-ceramic

Figure 103. SEM image of Crofer22APU/HJ11/Crofer22APU joined sample interface after
electrical resistivity test in the dual atmosphere for 800 hours at 850 °C

The morphology of the HJ11 glass-ceramic was further analyzed by EDS. For
this purpose, the EDS point analyses were carried out on different crystalline
phases shown in Figure 104. The corresponding EDS data is given in Table 33.
The EDS analysis at bright phase (point 1) shows the presence of Ba, Si and O
thus refer to BaSi2Os phase. On the other hand, the EDS analysis at dark needle
like phase (point 2) depicts that this phase contains significantly higher
concentration of Al, in addition to Ba and Si. This Al-rich phase corresponds to
the celsian (BaAl>Si20g). This dark phase (BaAl>Si2Og) was not observed during
the SEM analysis of as-joined HJ11 glass-ceramic and is formed as a result of
long-term thermal ageing during the resistivity test. The region corresponding to
the point 3 is the residual glassy phase. A minimal concentration of Ba (8 at.%) is
present at the residual glass after the long term electrical resistivity test. The Ba
concentration slight reduced in the residual glassy phase after long-term resistivity
test as compared with the residual glass after joining. This is most likely due to
the devitrification of more crystalline phases during the ageing. Nevertheless, the
Ba concentration is still sufficient to maintain the CTE and viscous behavior of
glass.

These SEM-EDS analyses also confirmed the XRD analyses performed on
HIJ11 glass-ceramic after the thermal ageing.
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HJ11 glass-ceramic

Figure 104. SEM image of HJ11 glass-ceramic after electrical resistivity test in the dual atmosphere for
800 hours at 850 °C

Table 33. EDS point analyses performed on the HJ11 glass-ceramic shown in Figure 104, after
electrical resistivity test in the dual atmosphere for 1000 hours at 850 °C

Point 1 Point 2 Point 3
o 50.0 63.4 69.6
Si 30.4 19.9 17.6
Ba 19.6 7.3 8.0
Al - 8.1 1.3
Ca - 1.3 34

The EDS line scans performed across the negative and positive polarized
Crofer22APU/HJ11 glass-ceramic, after the electrical resistivity test in dual
atmosphere is shown in Figure 105. According to the EDS line scans, no diffusion
of elements across the Crofer22 APU/HJ11 glass-ceramic interface was detected.
Formation of no Cr.O3; oxide scale nor segregation of glass elements was
observed at the Crofer22 APU/HJ11 glass-ceramic interface. Therefore, there was
no indication were found regarding the formation of undesirable high CTE
BaCrOs phase or corrosion at the Crofer22APU/HJ11 glass-ceramic interface.
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Figure 105. SEM-EDS line scan across (a) positive polarized Crofer22APU/HJ11 and (b) negative
polarized Crofer22 APU/HJ11 interfaces, after resistivity test in the dual atmosphere for 800 hours at
850 °C

The EDS mappings carried out at the positive and negative polarized
Crofer22 APU/HJ11 glass-ceramic after the electrical resistivity test are shown in
Figure 106 and Figure 107 respectively. The EDS mapping results are in
agreement with the EDS line scan analyses discussed above. No Cr rich layer was
formed at both polarized Crofer22APU plates, therefore excluded the possible
formation of BaCrO4 phase. The presence of hard atmosphere i.e. Ho»/H>O, high
working temperature and applied electrical load offer promotes the chemical
interaction [28], however, the EDS analyses confirmed that no chemical
interaction took place between the HJ11 glass-ceramic elements and that of
Crofer22APU after the electrical resistivity test in dual atmosphere and
consequently no corrosive products were formed at interface. In the glass-ceramic,
the compositional difference between different crystalline phases is also clear
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from the EDS mapping. The bright phases in the HJ11 glass-ceramic show the
absence of Al and Ca, thus indicating the BaSi>Os phase. The Ca and Al were
detected at the residual glassy phase (dark phase).

HJ11 glass-ceramic

Positive polarized Crofer22APU

Cr Kal Fe Kal

Figure 106. EDS mapping of positive polarized Crofer22APU/HJ11 interface after electrical resistivity
test in the dual atmosphere for 800 hours at 850 °C
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Figure 107. EDS mapping of negative polarized Crofer22APU/HJ11 interface after electrical resistivity
test in the dual atmosphere for 800 hours at 850 °C

The  electrical  resistivity of the  Crofer22APU/HJ28  glass-
ceramic/Crofer22APU joined sample was investigated for 2000 hours at 850 °C in
dual atmosphere. In order to simulate the real working conditions of SOEC, two
thermal cycles were employed after 500 hours of initiation of resistivity test,
where the Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample was
cooled down from 850 °C to room temperature. After the thermal cycles, the
Crofer22 APU/HJ28 glass-ceramic/Crofer22APU joined sample was reheated and
aged for remaining 1500 hours following by cooling down to room temperature.
The time-temperature profile for the long term electrical resistivity test of the
HJ28 glass-ceramic is shown in Figure 108.

In this research work, the electrical resistivity of only HJ28 glass-ceramic has
been investigated in the simulated SOEC conditions (dual atmosphere, thermal
cycles etc.). The investigation of electrical resistivity of other glass-ceramics in
such conditions is under progress.
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resistivity curve for the Crofer22APU/HJ28 glass-
ceramic/Crofer22APU joined sample is shown in Figure 109. The electrical
resistivity for the Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample
was recorded in the range of 10° — 107 Q.cm, thus higher than the minimum
threshold (10* Q.cm) required to ensure insulation between the two the
conducting Crofer22APU plates. The electrical resistivity curve is quite uniform
with small fluctuations that are most likely due to the polarized effect. At 500
hours, an abrupt increase in the electrical resistivity is due to the applied thermal
cycles. However, after the thermal cycles the resistivity achieved the same values
as prior to the thermal cycles. The smooth resistivity curve also indicates that

between the HJ28 sealant and Crofer22 APU interconnects.
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Figure 109. Electrical resistivity of Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined
sample, as measured for 2000 hours at 850 °C under the applied voltage of 1.6V.

The SEM-EDS post mortem analyses on the HJ28 glass-ceramic after the
long-term resistivity are under progress.

Beside long term testing in dual atmosphere and under electric load, the
Crofer22 APU/HJ28 glass-ceramic/Crofer22 APU joined sample was also aged in
static air for 2000 hours according to heat treatment shown in Figure 108. The
corresponding SEM post mortem analyses are shown in Figure 110. Figure 110
(a) shows the SEM analysis carried out at middle of Crofer22 APU/HJ28 glass-
ceramic/Crofer22APU joined sample. The HIJ28 glass-ceramic seems to be
strongly bonded to both the Crofer22 APU plates. No cracks were found within the
HJ28 glass-ceramic nor at Crofer22APU/HJ28 glass-ceramic interface after the
long-term thermal ageing in static air. The HJ28 glass-ceramic microstructure is
dense with little residual porosity. Figure 110 (b) shows the SEM image of
Crofer22 APU/HJ28 glass-ceramic/Crofer22APU joint at air side. Few small
cracks are visible within the HJ28 glass-ceramic, close to air side. These cracks
are not penetrating throughout the glass-ceramic, but seem to be present only
close to the air side. Nevertheless, the HJ28 glass-ceramics seems to be strongly
attached to both the Crofer22APU plates. Close to the air side, the HJ28 glass-
ceramic also showed porosity; however, the glass-ceramic is still significantly
dense to act as suitable sealant for SOEC applications.
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Figure 110. SEM post mortem analyses of Crofer22APU/HJ28/Crofer22APU joined sample tested in
static air at 850 °C for 2000 hours. The shown images correspond to (a) middle of joint and (b) at
Crofer22APU/glass-ceramic/air triple phase boundary. The labelled numbers in Figure 110 (a)
represents different crystalline phases with corresponding EDS analysis given in Table 34.

The EDS point analyses carried out at different crystalline phases of the HJ28
glass-ceramic (Figure 110), after the long term thermal ageing are given in Table
34. The bright phase at point 1 shows presence of Si, Ba and O based phase thus
refer to BaSi2Os while the black phase (point 2) is cristobalite (SiOz). Point 3
represent the residual glassy phase and contains significant concentration of Ba,
Si, O in addition to Ca and Al. No Cr was detected into residual glass phase after
long-term thermal ageing for 2000 hours. The EDS analysis at the needle like
structure (point 4) shows prominent increase in the Al concentration. Besides Al,
significant amount of Si, Ba and O are also measured. The presence of these
elements indicates that the needle like phase corresponds to celsian BaAl2Si;Os.
The celsian is a low CTE phase and formed during long-term ageing. On the other
hand, point 5 shows high concentration of Y (11.8 at. %) besides Ba, Si and O.
The HIJ28 glass system contains only 1 mol% of Y»03, therefore the detection of
such a high concentration of Y is most likely due to wrong estimation during EDS
analysis. Nevertheless, the point 5 shows 2.3 mol% of Cr, therefore, probably this
phase corresponds to the Cr-oxide scale.
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Table 34. EDS point analyses (at.%) carried out at different regions of Figure 110 (a)

Point 1 Point 2 Point 3 Point 4 Point 5
(0) 31.2 51.8 33.9 32.6 344
Si 19.9 423 17.9 18.0 17.9
Ba 47.0 5.9 41.9 40.5 28.6
Ca 1.9 --- 52 2.7 2.7
Al --- - 1.0 6.2 23
Y --- --- --- --- 11.8
Cr - - - - 2.3

Figure 111 shows the EDS mapping carried out at Crofer22 APU/HJ28 glass-
ceramic/Crofer22APU joint, at air side after long term ageing in static air. The
EDS mapping shows the presence of chromates at the glass-ceramic/air interface.
These chromates are formed most likely due to the chemical reaction between the
Ba from glass-ceramic and Cr from Crofer22APU. These chromates have high
CTE and can be a source of crack initiation. The cracks visible in the glass-
ceramic, close to the air side, could probably due to these chromates. However, no
chromates were formed at HJ28 glass-ceramic/Crofer22APU interface, thus no
crack or delamination was detected at glass-ceramic/Crofere22APU interface.
Furthermore, no signs were found regarding the diffusion or segregation of other
elements within the glass-ceramic or at glass-ceramic/Crofer22APU interface.
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Figure 111. EDS mapping carried out at Crofer22APU/HJ28 glass-ceramic/Crofer22APU joint, at air
side after long term ageing in static air.

Summary

The 3rd series of glasses (HJ11 and HJ28) contained BaO as main modifier.
The as-joined glass-ceramics showed excellent compatibility with other cell
components. XRD confirmed the presence of only desirable BaSi-Os phase in
both the glass-ceramics. However, the long-term treatment resulted in the
formation of low CTE BaAlSixOs celsian phase in both glass-ceramics. The
formation of cristobalite (SiO2) phase was also detected after long term ageing of
HJ28 glass-ceramic. Nevertheless, both glass-ceramics showed adequate electrical
resistivity measured in dual atmosphere. In particular, the HJ28 showed the most
promising results as it was tested under the electrical load for a total of 2000 hours
with 3 applied thermal cycles.

4.4 Stencil printing of glass paste

The novel glass pastes were developed based on HJ28 glass system. The
rheological properties such as viscosity, shear modulus and storage modulus of
pastes were analyzed by using a rheometer (Physica, Anton Paar). The rheological
properties of the most promising pastes are summarized in Table 35.

156



Table 35. Rheological properties of glass pastes

Property (unit)

Viscosity (Pa.s) 16-18
Storage Modulus (Pa) 19-22
Loss Factor 0.4-0.6

The glass pastes were deposited on the real dimensioned Crofer22APU
interconnect. Figure 112 shows the Crofer22APU interconnect, where glass paste
was deposited by using automatic stencil printing. The deposited glass paste
seems to be uniform, without any missing sections. The glass paste also did not
slump after deposition.

Figure 112. Glass paste deposited on the Crofer22APU substrate by stencil printing

After paste deposition, the 3YSZ electrolyte was placed on the stencil printed
HJ28 glass paste. A short stack was build up using Crofer22APU plates
containing stencil deposited HJ28 glass. The joining of the stack was carried out
according to standard heat treatment of HJ28 glass system. The short stack was
operated at 850 °C for 4 hours. After joining and testing, the SEM post mortem
analyses were performed to analyze the microstructure and compatibility of HJ28
glass-ceramic with other cell components.

Figure 113 shows the corresponding SEM images of Crofer22APU/HJ28
glass-ceramic/3YSZ joint sample. The SEM analyses were carried out at fuel-in
side, air side and in middle of joint. The SEM images show that the HJ28 glass-
ceramic deposit in the form of paste by stencil printing is dense throughout the
joining regions. The microstructure of HJ28 glass-ceramic is quite homogenous.
No cracks were found within the glass-ceramics or at either interface. These SEM
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results also confirm that the novel paste formed was promising in order to obtain
the dense sealant.

3YSZ

Fuel in
side

Crofer22APU

Crofer22APU

Crofer22APU

Figure 113. SEM analyses of Crofer22APU/HJ28 glass-ceramic/3YSZ joined sample. HJ28 glass
paste was deposited by stencil printing. The shown images were taken at (a) fuel in side, (b) middle of
joining and (c) air side
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Chapter 5

Protective Coatings - Results and
Discussion

The following section will discuss the results related to electrophoretic
deposition (EPD) and characterization of Mnj5C01.504 (MCO) coatings on the
Crofer22APU substrates, the up-scaling of EPD process from lab to industrial
scale and long term area specific resistance (ASR) analyses of MCO coated
Crofer22 APU.

The following text, data and images are an adaptation of the results that were
published in the article:

S. Molin, A. G. Sabato, H. Javed, G. Cempura, A. R. Boccaccini, and F.
Smeacetto, “Co-deposition of CuO and Mn;5Co1.504 powders on Crofer22APU
by electrophoretic method: Structural, compositional modifications and corrosion
properties,” Materials Letters, 2018, 218, pp. 329-333.

It is partially reproduced in this chapter with the incorporation of more results
and slight modifications.

5.1 Electrophoretic deposition and SEM characterization
of MCO coatings on Crofer22APU

The deposition parameters used for the EPD deposition of MCO coatings
have already been reported in chapter 3. The coatings were deposited on the
1.5x1.5 cm flat Crofer22 APU samples and were sintered at 1000°C for 2h in static
air. The Crofer22APU/coatings interface was characterized by using SEM in
order to observe the uniformity and thickness of coatings.

The SEM images of the EPD deposited and subsequently sintered MCO
coating on the Crofer22APU substrates are shown in Figure 114. The SEM
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images shows that the EPD resulted in uniform deposition of MCO coating. The
coatings have the thickness of ~15 pm.

(a)

Mn, ;Co, ;0,coating

Crofer22APU

Figure 114. SEM images of EPD deposited and sintered MCO coating on the Crofer22APU
interconnect

Despite satisfactory results in terms of thickness and uniformity of the
coatings shown in Figure 114, the densification after the sintering process in air
was still low. In order to improve this aspect a 2-step sintering process was also
evaluated: a first step in reducing atmosphere (Ar/4% H> mixture) at 900°C for 2h
and a subsequent step at 900°C for 2h in air. This process results in the formation
of metallic Co and MnO during the first step and spinel form during the second
step sintering in air. In this way, it is possible to take advantage from the presence
of the metallic Co for improving the densification during the sintering. XRD
carried out on MCO coating after the reducing step and reported in Figure 115,
confirmed the formation of Co and MnO after the treatment in Ar/Ho.
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Figure 115. XRD pattern of MCO after sintering in reducing atmosphere

5.2 Up-scaling of EPD process at industrial scale

After optimization and successful deposition of uniform coating on the
1.5x1.5 cm samples, the EPD process was up-scaled in order to coat the real
dimensioned (16 cm x 18 cm) corrugated Crofer22APU plates to be used into an
SOEC stack. The Figure 116 shows the 16 cm x 18 cm Crofer22 APU plate coated
with MCO by EPD process.

Figure 116. MCO coated real dimensioned (16 x 18 cm?) Crofer22APU interconnect by EPD

SEM analyses were carried out on samples in the as-prepared and sintered
state. For this purpose, the real dimensioned MCO coated Crofer22APU plates
were sintered in air (1000 °C, 2 hours). For SEM, the samples were collected from
the real dimension coated plates in order to have information about the
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morphology of the coatings obtained on the real plate after the up-scaling of the
EPD apparatus and the sintering treatments. Figure 117 shows the corresponding
SEM images of Crofer22 APU/MCO coating interface after one-step sintering in
air.

MCO inner dense layer

Crofer22APU

Lum  crofer22APU 3

Crofer22APU

Figure 117. SEM pictures (cross-section) of MCO-EPD-1 step sintered

The MCO coating appeared to be denser in the first layer in contact with the
Crofer22 APU, for around 1-2 pm (labelled in the picture as “MCO inner dense
layer”). On the contrary, it was found to be porous in the outer part. The porous
area was also partially infiltrated by the cathode paste deposited to produce the
cathode ribs (picture on the left). However, the coating is uniformly present on the
horizontal region of the plate as well as on the “walls”, thus confirming the good
performances of EPD for coating channeled surfaces.

The effect of the 2-step sintering process was also investigated by carrying
out SEM on the as-prepared MCO-EPD-2 step sintered coating. The results are
reported in Figure 118. The densification of the coatings shown in here is much
higher in comparison with one-step sintering, thus confirming the enhanced
sintering due to the formation of metallic Co during the first reducing step of the
sintering process. In addition, in this case the coating is homogeneously present
on the horizontal surfaces as well as on the “walls”.

Crofer22APU

Figure 118. SEM pictures (cross-section) of MCO-EPD-2 steps sintered

In Figure 117 and Figure 118 the thickness of the coatings (= 4um) appears to
be reduced in comparison with the 10-15 um obtained on 1.5x1.5cm samples.
This was likely due to the upscaling of the experimental apparatus. Indeed, all the
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deposition parameters (applied voltage, electrodes distance and time of
deposition) were maintained constant after the upscaling.

5.3 Area specific resistance (ASR) measurements and post
mortem analyses

The area specific resistance of the EPD coated MCO coating was measured
up to 8600 hours at 850 °C. The details about the samples preparation have been
already described in detail in the chapter 3. In order to investigate the effect of
different sintering treatments, the MCO coatings were sintered by two following
routes followed by the long term ASR measurements.

1. One-step sintering carried out in static at 900 °C for 2 hours at a
heating/cooling rate of 10 °C/min.

2. Two steps sintering, first step sintering in the reducing atmosphere and
second step sintering in static air. Sintering in both steps was carried out at
900 °C for 2 hours at a heating/cooling rate of 10 °C/min.

Figure 119 shows the long-term ASR data of the EPD deposited MCO
coatings, sintered by two different routes as discussed above. The ASR test was
conducted for total duration of 8600 hours, however, after 5000 hours the test was
stopped due to some technical reasons and samples were cooled down to the room
temperature. Later, the ASR test was restarted by heating the samples to 850 °C
followed by the ageing.

According to the Figure 119, the MCO coating sintered by two different
routes shows the quite steady ASR values up to 5000 hours (before the furnace
shut down). However, after 5000 hours a sudden increase in the ASR data was
recorded for both the samples. This abrupt increase in the ASR can be either due
to the delamination of coatings from the Crofer22APU substrate or the
delamination of cathode ribs from the top of coatings, because of applied thermal
cycle.

Figure 119 also shows the ASR data before the thermal cycle i.e. up to 5000
hours. The direct comparison shows that the ASR values of the two steps sintered
(reducing and oxidizing atmospheres) MCO coating are almost three times lower
than MCO coating sintered in a single step (in oxidizing atmosphere). The higher
ASR for the single step sintered MCO coating was probably due to the formation
of Cr203 scale on the Crofer22 APU surface because of sintering treatment only in
static air. The Cr203 scale is electrical insulator and can increase the resistivity.
On the other hand, in case of two steps sintering, the initial sintering treatment in
reducing atmosphere can avoid the formation of Cr oxide scale.

The ASR results are also summarized in Table 36.In case of MCO-EPD-1
step sintering, ASR value after the shutdown of the apparatus are not reported,
since they would be not meaningful. ASR degradation rate was evaluated with a
linear interpolation of the data collected after 1000h thus excluding initial
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consolidation of the samples (i.e. sintering of the contact paste). The degradation
data after the shutdown (5000 hours) was not considered.

Table 36. Area specific resistance (ASR) and degradation rate of MCO coating up to 8.6kh at 850 °C

Var Description ASR after ASR Degradatio
iant Skh after 8.6kh n rate
(mQ cm?) (mQ (mQ cm?
cm?) kh)
1 MCO-EPD- 28.1 n.a. 0.5*
2step sint.
2 MCO-EPD- 94.7 n.a 6.7
Istep sint.

* ASR evaluated between 1000h and 5000h
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Figure 119. Area specific resistance (ASR) of the MCO coating sintered in one-step (red curve)

and in two steps (black curve). The ASR was measured for 8600 hours at 850°C

For the single step sintered MCO coating the ASR values gradually increase
with time, while in case of two steps sintered coating the ASR values are quite
constant. The continuous gradual increase in the ASR of single step sintered
coating is probably due to the fact that the density of coating after single step
sintering is not sufficient to control oxygen diffusion. This oxygen diffusion can
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facilitate the formation of non-conducting Cr oxide scale and consequently
increase ASR. These results clearly show that the two steps sintering of MCO
coating is necessary in order to achieve better electrical properties.

In order to correlate possible microstructural and chemical changes occurred
during the test with the ASR behavior, SEM/EDS analyses were carried out on the
samples after the ASR test up to 8600 hours.

The SEM post mortem images of the Crofer22 APU/MCO coating interface
sintered in two-steps are shown in Figure 120. The cathode ribs of LSMC are also
visible above the MCO coating. A crack between the coating and cathode rib can
be seen. This crack formation and consequent delamination was probably
occurred during the thermal cycle applied after the 5000 hours of ASR test. This
crack is most likely be the reason of increasing the ASR of coatings after 5000
hours as shown in Figure 119.

The red rectangles indicate the regions on which EDS semi-quantitative
analyses were performed. In Figure 120(a) it is clearly visible the difference
between the coated side and the uncoated side. In the latter case, the oxide scale
grew up to =25um. This is not the case for the coated side (Figure 120 (c) and
(d)), where the oxide scale has a thickness of =3-5um depending on the
considered region. Although the cathode rib appears to be completely detached
from the coating, however the coating appears to be still adherent to the
underlying Crofer22 APU substrate, more precisely to its oxide scale (Cr203). This
together with the high degree of densification justifies the very good
performances in terms of ASR and degradation rate recorded for this sample. The
EDS analyses carried out on the coating and marked as region 3 (Table 37)
detected an amount of Cr around 8.7 at%. This is due to the Cr diffusion from the
steel into the coating, considering the very long duration of the ASR test (8.6kh).
This could cause the formation of (Mn,Cr,Co0)304 mixed spinel with higher
electrical resistivity, leading to an increase of the overall electrical resistance of
the coating/Crofer22APU system. Furthermore, also the Mn/Co ratio results to be
higher than region 1 (as would be expected for MCO). This is due to fact that the
Mn can diffuse toward the spinel from the cathode rib (LSMC) and Co can diffuse
from the coating towards the cathode rib. The EDS carried out on region 2 did not
detect any traces of Cr, suggesting that despite the diffusion of Cr from the
Crofer22 APU into the coating, Cr did not diffuse in to the cathode rib above the
coating.
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Figure 120. SEM post mortem image of MCO coated Crofer22APU after electrical resistivity test
for 8600 hours at 850°C. Coating was sintered in two steps

Table 37. EDS analyses (at. %) carried out at different regions of Figure 120

Elements Region 1 Region 2 Region 3

(0) 58 60.6 64.5
Cr 41.5 --- 8.7

Mn - 17 17.2
Co - 2.1 8.6

Fe 0.5 0.6 1.0
La --- 16.2 ---

Sr - 3.5 -—--

Figure 121 shows the SEM post mortem images of the one-step sintered MCO
coated Crofer22 APU, after the long term ASR test. The coating seems very dense
and uniform with a thickness of -10 um. No delamination was observed at the
Crofer22 APU/coating interface after the long-term ASR test. A Cr rich oxide
scale is visible between the Crofer22APU and coating. The SEM analysis
performed on the non-coated side (not shown here) of the Crofer22APU, showed
the presence of -20-25 pum thick Cr oxide scale. However, the oxide scale at
coated side has thickness of -5-7 um, therefore confirmed that coatings
successfully hindered the formation of Cr oxide scale. Nevertheless, the thickness
of the oxide scale in case of two steps sintering (Figure 120) is less compared to
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one-step sintered coating (Figure 121). This is due to the fact that two steps
sintering treatment involved the first step sintering in reducing atmosphere. The
sintering in reducing atmosphere not only improves the density of the coating, but
also does not effectively promote the formation of oxide scale. In the second step,
the already dense coating hinders the formation of oxide scale. However, on the
other hand, the one-step sintering in air increase the possibility of oxide scale
growth due to simultaneous densification of green coating.

E Cad ]
i

Crack

mMco..
Coating

MCO Coating

e ‘.'_ . B
-Croferd2APU” 1 |

Crofer22APU

Figure 121. SEM post mortem image of MCO coated Crofer22APU after electrical resistivity test
for 8600 hours at 850°C. The shown coating was sintered in one-step

The EDS analyses carried out on different regions of Figure 121 are given in
Table 38. According to EDS analysis, the MCO coating hindered the Cr diffusion
from the Crofer22 APU substrate into the cathode rib. On the other hand, the EDS
analysis performed on the MCO coating showed the presence of small
concentrations of La due to its diffusion from cathode side towards the coating.
Besides that, in the coating region the Mn concentration is more than twice as that
of Co. This significant difference is due to possible diffusion of Mn from cathode
side towards the coating.

Table 38. EDS analyses (at. %) carried out at different regions of Figure 121

Elements Region 1 Region 2

(0} 432 63.2
Mn 25.6 19.9
Co 2.9 8.41
Cr --- 6.7
La 21.5 0.4
Sr 4.9 -

Fe 1.9 1.6
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5.4 EPD deposition and characterization of Cu doped
MCO coating

The EPD technique was used to co-deposit MCO and CuO particles on the
Crofer22 APU substrate. Formation of Cu-doped spinel by a co-deposition process
using commercial powders can be considered a new and promising route for
spinel modification. As earlier works show the CTE and electrical conductivity
might be matched to a desired level by doping of the spinel by Cu and/or Fe, thus
tailoring for specific alloy and possible operation temperature [1]-[5]. For this
purpose, the MCO was doped with 5 wt% and 10 wt% CuO. The up-doped MCO
coating were also deposited and investigated to have better comparison. The
deposition parameters were kept same as that of pure MCO coating, and are
described in chapter 3. The Cu doped MCO coating were also sintered at 900 °C
in two steps i.e. first in reducing atmosphere and secondly in static air. The two
steps sintering was carried out with the aim to form the metallic Co and Cu during
the first step sintering in reducing atmosphere and consequently formation of Cu
containing Mn-Co mixed spinel during the second step sintering in air. The
formation of the metallic Co during sintering in reducing atmosphere and
reformation of spinel in air has been studied by other researcher [6]-[9]. In
addition to that, the two steps sintering also improves the densification of coating.

The SEM images of un-doped MCO and MCO coating doped with 5wt% and
10wt% of CuO, are shown in Figure 122. The un-doped and CuO doped MCO
coatings are quite uniform and have thickness of almost 10 um. By comparing the
un-doped MCO coating (Figure 122 (a)) with the CuO doped MCO (Figure 122
(b) and (c)), it can be clearly seen that the Cu doping considerably improved the
density of MCO coating.
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(a) (b)

Mn15C01504 Mn1.5Co1.504 + 5wWt% CuO

Coating

Crofer 22 APU

(c)

Mn15C01.504 + 10wt% CuO

Coating

Crofer 22 APU

Figure 122. SEM images of EPD deposited and two steps sintered (a) MCO and MCO doped with
(b) Swt% (c) 10 wt% of CuO.

The EDS analyses were carried out on the EPD deposited un-doped and CuO
doped MCO coatings (Figure 122). The corresponding EDS analyses are given in
Table 39. From the EDS analyses, a negligible Cr concentration (below 0.5 at. %)
were detected after the sintering.

Table 39. EDS analyses carried out at different regions of EPD coatings shown in Figure 122

(a) MCO (b) MCO+5 wt% CuO | (¢) MCO+10wt% CuO
(0) 59.6 54.0 29.6
Cr 0.4 0.3 -
Mn 19.6 21.5 33.1
Co 20.4 22.0 32.6
Cu - 2.1 4.7

EDS mapping carried out at Cu doped MCO coating is shown in Figure 123.
The shown coatings contains 5 wt% (Figure 123 (a)) and 10 wt% of CuO (Figure
123(b)) and have been sintered in two steps. The EDS mapping shows that the Cu
is distributed uniformly throughout the coatings without being precipitated, which
indicates that the Cu form the solid solution with the Mn-Co spinel. Besides Cu,
the Mn and Co is also homogenous within the entire coatings. On the other hand,
the Cr seems to be mainly confined between the coatings and the Crofer22 APU
substrate. This is due to the formation of Cr oxide scale during the sintering
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process. Nevertheless, the EDS mappings did not detect any Cr diffusion into the
coatings region.

(a)

Figure 123. EDS carried out at Crofer22APU/ MCO coatings doped with (a) S wt% CuO and (b)
10 wt % CuO. The shown coatings are EPD deposited and sintered in two steps

Figure 124 shows the SEM images of the un-doped and CuO doped MCO
coatings, after sintering in reducing (Figure 124 (A,B,C)) and subsequently in the
oxidizing conditions (Figure 124 (D,E,F)). From the SEM images, the coatings
sintered only in reducing atmosphere showed the presence of individual Co and
Cu particles. These particles are bright in color and are uniformly distributed
throughout the coatings without any agglomerates. However, after the re-
oxidization (Figure 124 (D,E,F)) step, no individual Co or Cu particles were
observed. This indicates that the sintering in reducing atmosphere leads to the
reduction of CuO into metallic Cu, and decomposition of MCO spinel into the
metallic Co and MnO. On the other hand, the second step sintering in oxidizing
atmosphere results in the reformation of Mn-Co-Cu based mixed spinel. These
results are in agreement with the EDS mapping results shown above (Figure 123)
where Cu was found to be uniformly distributed after the two steps sintering.

173



S S R = S a

ZAToh l ’q“h; .&2 b K
ey
(kY

A metallic Cu
B S "‘"5: 4

.
2 SR
i fd \‘1‘!""’%- ﬁ‘

T R B y ; : TN S Tty At LAY
-u?'.’—q?’,."‘"g.‘b| L s & Y e g A o B N o LS e i s,

REDUCED 900°C 2h

OXIDIZED 900°C 2h |

|
L

Figure 124. SEM surface images of reduced (top row) and re-oxidized (bottom row) coatings A, D)
MCO, B, E) 5CuMCO and C, F) 10CuMCO and re-oxidized coatings

The XRD analyses were also carried out on un-doped and CuO doped
coatings after sintered in reducing and oxidizing conditions. The corresponding
XRD patterns are shown in figure. After sintering in reducing atmosphere, the
presence of metallic Cu and Co was detected by the XRD. As discussed before,
the heat treatment in the reducing condition can lead to the reduction of CuO into
the metallic Cu in addition to decomposition of MCO into the MnO and metallic
Co. However, after the heat treatment in static air, the XRD analyses does not
detect metallic Co or Cu anymore. The absence of Co and Cu peaks after re-
oxidization is due to the formation of Mn-Co-Cu based mixed spinel. These XRD
results are in agreement with the EDS results shown in figure, thus confirm that in
cased of CuO doped MCO, the two steps sintering resulted in incorporation of Cu
into the MCO spinel. The Pt-peaks in the XRD analyses are due to the sample
holder.
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Figure 125. XRD patterns of the coated alloys. Spectra of (A) reduced coatings, and (B) after re-
oxidation

The area specific resistance (ASR) of MCO coatings (un-doped, 5 wt% and
10 wt% doped with CuO) deposited on the Crofer22APU, was measured up to
2000 hours at 800 °C in the static air and under the applied current density of 500
mA x cm™. For comparison, the ASR data of the un-coated Crofer22APU was
also recorded.

The Figure 126 shows the ASR data for the coated and un-coated
Crofer22 APU substrates as measured up to 2000 hours. For all the samples, the
ASR values show a reduction up to almost 150 hours. This reduction is possibly
due to the sintering of applied LSM paste or due to the formation of interface
between the LSM paste and the sample. After the initial reduction, the ASR
values started to increase gradually. For the uncoated Crofer22 APU, the increase
in the ASR values was most significant. Among the coated Crofer22APU, the
CuO doped MCO coatings showed low ASR as compared with un-doped MCO
coating. These results suggest that the doping of CuO into the MCO is beneficial
in order to improve its electrical conductivity. The Figure 126 also shows the
degradation rate for coated and uncoated samples. The degradation rate for the
uncoated Crofer22APU (3.62 mQ.cm?/kh) is almost three times higher than
coated Crofer22APU (1.35 mQ.cm?/kh).
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Figure 126. Long-term ASR analysis of the bare and coating Crofer22APU. The Crofer22APU
was coated with pure MCO, and MCO doped with 5wt% and 10 wt% of CuO

The high temperature corrosion properties of the CuO doped MCO spinel
were analyzed for 2000 hours at 800 °C and compared with the un-doped spinel
by weight gain (corrosion kinetics). The corresponding weight gain data is shown
in Figure 127. For the better comparison, the Figure 127 also shows the weight
gain for the uncoated steel. The doping of CuO does not deteriorate the corrosion
protection capability of the MCO spinel. However, as compared with the uncoated
steel, these protective coatings improve the corrosion behavior by the factor of
almost 10.
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Figure 127. Comparison of thermo-gravimetric measurements of the coated samples

5.5 Flash sintering of un-doped MCO and MCO doped
with CuO and Fe203

Flash sintering is a fascinating technique for achieving high dense ceramics in
few min or even in seconds by applying pressure/electrical field [10]. Gaur et al.
[11] studied the flash sintering behavior of MnCo0204 spinel in terms of
microstructure and phase analysis. Previously, the flash sintering was carried out
on MCO spinel in powder form [11], [12], however, according to author best
knowledge no studies have been carried out related to flash sintering of MCO
spinel based coatings. The novelty of our research is to observe the flash sintering
of EPD deposited MCO based spinel coatings in terms of coating density, oxide
scale growth and microstructure.

The application of flash sintering was used to sinter the EPD deposited un-
doped MCO and MCO doped with CuO and Fe;0s. For doping,10 wt% of the
deponents (CuO and Fe>O3 ) were co-deposited with MCO by the EPD process.
The coatings involving the flash sintering, were sintered in three different ways
termed as S1, S2 and S3. The S1 treatment was one-step sintering i.e. by flash
sintering, the S2 involved two steps sintering i.e. 1% step in reducing atmosphere
and 2™ by flash sintering, while the S3 was a three steps sintering process i.e. 1°
step in reducing atmosphere, 2™ by flash sintering and 3™ step sintering in static
air. Further details about these three heat treatments and their parameters have
been already discussed in chapter 3.
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Figure 128 shows the EPD deposited MCO coatings, sintered in the different
ways as described above. It can be clearly seen from the Figure 128, that for all
three types of sintering treatments, the coatings are very dense. Despite of fast
heating and cooling rates (200 °C/min) during the flash sintering, no crack or
delamination between the Crofer22APU substrate the MCO coatings was
observed. The MCO coatings sintered in three different ways are strongly bonded
with the Crofer22 APU substrates.

The magnified SEM images of the MCO coatings (Figure 128) shows that the
three different routes resulted in different morphologies of MCO coatings. As a
result of one-step sintering (S1-flash sintering in vacuum), the coating
microstructure is quite uniform, however, different phases are apparent in the
coating. When the MCO coating sintered in two steps (1* in reducing atmosphere
and 2™ step by flash sintering), the different phases are more clearly visible and
distinguishable. The corresponding EDS point analyses performed on different
phases are given in Table 40. The EDS point analyses show that the bright phase
(point 1) is metallic Co while the dark phase (point 2) is MnO. The decomposition
of MCO into MnO and metallic Co was according to expectation after the
sintering in the reducing atmosphere. Similar behavior has been reported by many
research groups, where the MnCo based spinel decompose while sintering in
reducing conditions [6]-[9]. Although during the one-step sintering (S1-flash
sintering), the treatment was performed in reducing conditions (vacuum),
however, due to high heating/cooling rates (200 °C/min) and no dwell time at
maximum temperature, the flash sintering (S1 treatment) did not cause complete
decomposition of MCO spinel. On the other hand, in case of two steps sintering,
the relatively slow heating/cooling rates (10 °C/min) and dwell of 2 hours during
reducing step, mainly cause the reduction of MCO into metallic Co and MnO.

After the re-oxidation step in S3 treatment, the morphology of the MCO is
very uniform and homogenous without any Mn or Co rich zones. This indicates
that re-oxidation step resulted in the formation of MnCo spinel.
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Figure 128. EPD deposited MCO coating on the Crofer22 APU substrates. Sintering was
performed according to three different treatments

Table 40. EDS point analyses (at. %) carried out in different regions of Figure 128

(0) Mn Co
Point 1 19.3 9.2 71.6
Point 2 52.5 36.6 10.9

Figure 129 shows the EDS mapping carried out at Crofer22APU/MCO
coating sintered by three different heat treatments i.e. S1, S2 and S3. From the
one-step (S1) and two steps (S2) sintering treatments, no evidence was found
either about the diffusion of elements across the interface or segregation of any
element at interface. From the EDS mapping of two steps sintered (S2) coating,
Co rich zones can been seen due to formation of metallic Co as a results of MCO
decomposition as discussed above. After the three steps sintering, no Co rich
zones are visible, thus indicating the re-formation of MnCo spinel. Besides that, in
contract to S1 and S2 treatments, a Cr rich scale was formed after S3 (three steps)
treatment, as clearly visible from the corresponding EDS mapping (Figure 129).
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Figure 129. EDS mapping carried out at MCO coated Crofer22APU substrates. The MCO
coatings were sintered according to three different treatments

Figure 130 shows the SEM images of the CuO doped MCO spinel coatings
sintered by three different routes. The coatings are quite dense and have uniform
thickness of -10-15 pm. Different sintering treatments resulted in different
microstructural morphologies of coatings. The one-step sintering (flash sintering)
of CuO doped MCO coating contains randomly dispersed Cu particles. Beside Cu
particles, the morphology of single step sintered coating is similar to the un-doped
MCO coating sintered by similar treatment (Figure 128).

The SEM image of the CuO doped MCO coating after two steps sintering
treatment (S2), show the presence of different distinguishable phases. Similar to
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un-doped MCO coating, sintered according to the S2 treatment, the CuO doped
MCO coating also contains metallic cobalt and MnO, formed due to
decomposition of MCO, in addition to the Cu particle of the dopant.

The three steps sintering route (S3), that involves additional re-oxidation step
after the S2 route, resulted in homogenous coating without presence of residual
Cu or Co particle. The re-oxidation caused the formation of MnCoCu mixed
spinel. The formation of MnCoCu mixed spinel after the re-oxidation has already
been observed and discussed in the section 5.4 for the CuO doped MCO coatings.

The corresponding EDS mapping of the CuO doped MCO coatings sintered
by three different ways are shown in Figure 131. In case of one-step and two steps
sintering routes, the presence of Cu particles is clearly visible. Besides Cu, the Co
rich zones are also present especially after two steps sintering (S2). However, in
case of three steps sintering (S3) in air, and Cu became the part of Mn-Co spinel
and therefore, Cu was found to be distributed uniformly in the overall coating.
These EDS analyses further confirmed the formation of MnCoCu based mixed
spinel as discussed above. The EDS mapping also shows the presence of Cr rich
scale at Crofer22APU interconnect surface as a result of S3 sintering treatment.
Besides Cr, no segregation or diffusion of elements across the
Crofer22 APU/coatings interface was detected.

500 nm

1 step sintering

Step 1: Flash sintered —=

2 steps sintering

Step 1: Reducing atm. .
Step 2: Flash sintered

3 steps sintering

Step 1: Reducing atm. ol
Step 2: Flash sintered
Step 3: Oxidizing atm.

Figure 130. SEM images of Cu doped MCO coated Crofer22APU substrates. The CuO doped
MCO coatings were sintered according to three different treatments
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Figure 131. EDS mapping carried out at Cu doped MCO coated Crofer22APU substrates. The
MCO coatings were sintered according to three different treatments

The XRD phase analyses were carried out on the Cu doped MCO coatings
sintered by different heat treatments i.e. S1, S2 and S3. For this purpose, the
sintered coated Crofer22APU samples were sonicated for 5 min in order to
remove the boron nitride (BN) layer from the top. As discussed in chapter 3
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(experimental) that a BN layer was deposited in order to avoid the direct contact
of EPD deposited coatings with the mold during flash sintering.  The
corresponding XRD patterns are given in Figure 132.

The Figure 132 (a) shows the XRD analysis of Cu doped MCO coating after
one step sintering conducted by flash sintering. According to XRD patterns, the
flash sintering resulted in the formation of (Co,Mn),04 phase in addition to CuxO.
The presence of reducing atmosphere caused the reduction of CuO to Cu0O. In
addition to these phases, the peaks of boron nitride (BN) were also found. The
presence of BN peaks was due to the fact that sonication time was not sufficient to
completely remove the BN layer from the top of Cu doped MCO coating.

The two steps sintering (first in reducing atmosphere followed by flash
sintering) results in the decomposition of MCO spinel into MnO and metallic Co.
The decomposition of MCO into MnO and Co after sintering in reducing
atmosphere is according to expectation and has been observed before Figure 125.
Furthermore, the two steps sintering also resulted in the complete reduction to
CuO in to metallic Cu. The corresponding XRD analysis of Cu doped MCO
coating after two steps sintering is shown in Figure 132 (b).

Figure 132 (c) shows the XRD pattern of the Cu doped MCO after three steps
sintering i.e. in reducing atmosphere followed by the flash sintering and in air
respectively. The third steps sintering in air resulted to reformation of MCO based
spinel in addition to CuMn204. No peaks of metallic Cu or Co were detected after
sintering in oxidation conditions. These XRD analyses are in accordance with the
SEM-EDS results shown in Figure 131.
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Figure 132. XRD patterns of Cu doped MCO after (a) one step-S1 (b) 2 steps- S2 and (c) 3 steps-
S3 sintering

The SEM images of 10 wt% Fe2O3; doped MCO coatings, sintered by three
different heat treatments are shown in Figure 133. In contrast to Cu doped MCO,
no particles of the Fe were found after sintering carried out either by one-step (S1)
or by two steps (S2). The corresponding EDS mapping shows that the Fe is
uniformly distributes in the whole coating area after S1, S2 and S3 sintering
treatments. However, after the S2 treatment, the bright metallic Co is clearly
visible similar to what observed in un-doped MCO (Figure 129) and Cu doped
MCO (Figure 131). The absence of Fe residual indicates that Fe forms some
intermediate compound with either MnO or Co. Moreover, the Cr rich oxide scale
is clearly visible from the EDS mapping of Fe doped MCO coating sintered by the
S3 treatment. However, the S1 and S2 treatments do not form Cr oxide scale on
the Crofer22APU surface. Besides that, no diffusion of elements was detected
across the Crofer22 APU/coating after three sintering treatments.
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Figure 133. SEM images of Fe doped MCO coated Crofer22APU substrates. The Fe203 doped
MCO coatings were sintered according to three different treatments
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Figure 134. EDS mapping of Fe doped MCO coated Crofer22APU substrates. The Fe:03 doped
MCO coatings were sintered according to three different treatments

Summary

MnCo spinel based coatings were deposited by electrophoretic deposition
(EPD) on Crofer22APU 1.5x1.5 cm samples. The suspensions and deposition
parameters were optimized in order to obtain thick (10 pm) and uniform coatings.
Subsequently the EPD experimental apparatus was up-scaled for coatings
deposition on the real dimensions (16x18cm) Crofer22APU plates and real bipolar
plates were successfully coated. The area specific resistance (ASR) of the MnCo
coating was measured for 8.6k hours at 850 °C. The effect of two different
sintering treatments was observed on the resultant ASR values of MnCo coating.
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The ASR results indicate that as compared with one-step sintering (in air), the two
steps sintering (1! in reducing atmosphere and 2" in air) in beneficial to obtain
low ASR values. The ASR values of two steps sintered MCO coating are in the
range of 15-27 mQ.cm? while that of single step sintered are in the range of 50-95
mQ.cm?, as measured up to 5000 hours. In addition to pure MCO, the Cu doped
MCO coatings were also deposited by EPD process. The 5-10 wt% doping of
CuO was found to improve the sintering ability and electrical properties of the
MCO spinel. A two-steps sintering was found to be a viable method to obtain a
Mn-Co-Cu mixed spinel.

Besides conventional pressure-less sintering, the flash sintering process was
employed for rapid sintering. Flash sintering of un-doped MCO as well as Cu and
Fe doped MCO coatings was carried out. Flash sintering was found to be a
promising sintering method that involved less sintering time and results in higher
level of densification with respect to conventional sintering. The effect of Cu
doping to enhance the densification was also observed in flash sintering. The
enhanced densification of Cu doped MCO coating was due to formation of
metallic Cu during sintering in reducing atmosphere and formation of MnCo-Cu
mixed spinel during re-oxidation. However, the Fe doped MCO coating sintered
by flash sintering contain small porosity. Moreover, the presence of reducing
atmosphere during flash sintering does not promoted the formation of any oxide
scale at Crofer22 APU substrate.

Besides the possibility of achieving high coating density, currently the flash
sintering technique is not suitable for mass production. Due to geometrical
constrains, it is not feasible to flash sinter the large size samples. Nevertheless, in
future the issues related to geometrical constrains can be solve and it can be used
in SOEC technology; where the coated interconnects can be sintered by flash
sintering followed by sintering during stack consolidation. It would result in time
saving and will limit sintering treatments.
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Chapter 6

Conclusions and Future
Perspectives

This PhD research was focused on the design and synthesis of glass-
ceramics sealants and deposition of ceramic coatings on the metallic
interconnect for the solid oxide electrolysis cell (SOEC) applications. The
glass-ceramics were mainly divided into three series either on the basis of
used modifiers or their relative concentration. The first two series of glasses
contained SrO as main modifier while third series was focused on BaO-
containing glass-ceramics. The rationale behind design novel glass
compositions, their properties after joining and long term testing in SOEC
working conditions were reviewed and discussed in this thesis. In addition
to glass-ceramic sealants, the results related to the MnCo spinel based
protective coating were also presented and discussed. The obtained results
can be summarized as follows:

6.1 Glass-ceramics

Among the SrO containing glasses, the HJ14 glass-ceramic, coupled
with the Crofer22APU showed an optimal electrical resistivity during 1000h
of test @ 850°C in dual atmosphere and under the application of 1.6 V.
Despite a slight decrease in resistivity observed during the test, the electrical
resistivity values were always in the range 10°-10° Q cm, which are
acceptable in a SOEC stack and considerably higher than the limit to avoid
current shunting. HJ14 composition showed a very good glass-ceramic
stability and an excellent compatibility with the Crofer22APU, both at the
positive and negative polarised interfaces. No Cr diffusion phenomena
occurred and no strontium chromate formation was detected neither at the
three phase boundary nor at the interface.
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Further research should be undertaken to investigate the possibility of
increasing the amount of residual glassy phase in the HJ 14 composition.

Considering BaO containing compositions, two compositions, labelled
as HJ11 and HJ28 demonstrated very interesting properties in terms of
electrical resistivity and capability to avoid the formation of barium
chromate.

In particular, the HJ11glass-ceramic joined samples did not show any
critical porosity or cracks induced by the aging test and no evidence of Ba-
chromate formation was found; slight amounts of celsian (BaAl>Si,Og) in
addition to the sanbornite (BaSi»Os) were detected, determining a slight
decrease of the overall CTE. On the other hand, the HJ28 system
demonstrated an excellent stability concerning the electrical resistivity
values (10° Q cm) as tested in dual atmosphere for 2000 hours and under the
applied thermal cycles. However, the HJ28 glass-ceramic showed the
formation of slight amounts of celsian (BaAl>Si2Og) and cristobalite phases
in addition to parent sanbornite (BaSi2Os) phase after 2000 hours of test at
850°C.

Concerning BaO containing systems, further studies, which take these
variables into account, will need to be undertaken, in order to minimize the
presence of celsian and cristobalite while maintaining proper balance
between the silica and barium oxide content.

In spite of an extensive amount of research, it is still not possible to
define the universal or optimal sealing solution, since it depends on the
SOEC working temperature and stack design. Furthermore, specific
investigations are necessary to understand the possible poisoning effect
from silica-based sealants on fuel electrode-electrolyte interface, for
example. These research findings provide important insights for future
sealing development, their characterization and validation in relevant
conditions. In particular, different mechanical characterization (such as
torsion tests) approaches will be very useful in the view of characterizing
and improving the mechanical strength of glass-ceramic sealants as well to
properly balance the crystalline/amorphous phase ratio, in order to limit
possible sealant’s failure at high temperatures, due to viscous flow of
residual glassy phase.

6.2 Protective coatings

The MCO based protective coating deposited by electrophoretic
deposition (EPD) resulted in uniform and homogenous coating having the
thickness of~ 10-15 um. The EPD process was scaled up to coat the real
dimensioned (16 x 18 cm) Crofer22APU plates for industrial application.
The effect of different sintering routes was examined on the area specific
resistance (ASR) of MCO coating, as measured for 8600 hours at 850 °C.
According to ASR analyses, the two-steps sintering (first in reducing
atmosphere followed by in air) of MCO coating resulted in low ASR and
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degradation rate as compared with the MCO coating sintered by one-step
i.e. in air. The ASR values of two steps sintered MCO coating are in the
range of 15-27 mQ.cm? while that of single step sintered are in the range of
50-95 mQ.cm?, as measured up to 5000 hours The ASR post mortem
analyses also confirmed that the presence of protective coatings
significantly reduced the growth of Cr-oxide scale on the Crofer22APU
surface. Besides that, a strong bonding of MCO coating with the
Crofer22 APU substrate was examined by SEM-EDS post mortem analyses.

In addition to pure MCO, the CuO doped MCO coatings were also co-
deposited by EPD technique. For this purpose, the MCO was doped with 5-
10 wt% of CuO. The CuO doping enhanced the density of the MCO coating
in addition to slight improvement in the electrical properties.

Cu was found to be highly effective in reaching higher density of the
MnCo doped coatings; in the view of reaching lower rates of Cr evaporation
from the steel, this result looks to be very interesting and promising.

However, it is not possible to absolutely define the optimal coating
solution, since it depends on coating method and sintering procedure, costs,
environmental issues etc; research findings reported in this thesis provide
new insights for future coating development. By properly balancing the
microstructural, thermomechanical and electrical properties of Cu (or other
doped element) spinels by EPD co-deposition it will be possible to further
optimize MnCo coatings or to substitute Co, due to critical environmental
issue, to obtain proper functional requirements.

Furthermore, controlling and understanding the evolution of the oxide
scale-spinel coating interface will provide useful tools to further improve
SOC durability and performance issues.
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Secondments and Trainings

e The electrical properties of the glass-ceramics were measured at Sunfire
GmbH, Dresden Germany, 2" May — 28 June 2016.

e The 5th Stanislaw Gorczyca European School on Electron Microscopy and
Electron Tomography was attended at AGH University of science and
technology, Krakow, Poland, 4™ -9t July 2016.

e The mechanical properties of glass-ceramics at room temperature and high
temperature were analysed at Institute of Physics of Materials (IPM), Brno
Czech Republic, 1% — 315 March 2017.

e Electrophoratic deposition of ceramics based coatings on the Crofer22APU
interconnects was performed at Institute of Biomaterials, Univeristy of
Erlangen, Germany, 15t -28" April 2017.

e The XRD characterizations of the glass-ceramics was carried out at
Universita degli studi di Padova, Padova, Italy, 12 — 14 December 2017.

e The glass paste development was carried out at Sunfire GmbH, Dresden
Germany, 11" March — 2" May 2018 and 29" July — 24" August 2018.

e The flash sintering of the ceramic coatings was carried out at Nanoforce Ldt,
Queen Mary University of London, UK, 27" August — 14" September
2018.
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