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1 Summary

Solid Oxide Fuel cells (SOFC) and dense gas separation membranes based
on mixed ionic and electronic conductors have gained increased interest the
resent years due the search for new technologies for clean energy
generation. These technologies can be utilized to produce electricity from
fossil fuel with low CO, emission compared to conventional gas or coal
based energy plants. One crucial challenge with high temperature membrane
reactors and SOFCs is the sealing of the active membranes/electrolytes to
prevent leakage of air to fuel side or vice versa. Due to the high operating
temperatures of typical 800-1000 °C the selection of reliable sealing
materials is limited. The seals have to remain gas tight during the life time
of the reactor/SOFC, they need to be chemical compatible with the sealed
materials and stable in reducing and oxidizing atmospheres containing water
vapour and CO,, and finally they should be cheap, readily available and
easy to process.

The main purpose of the present work was to evaluate rigid bonded glass
ceramic seals for dense oxygen ion and proton conducting membranes and
electrolytes for SOFCs and high temperature (HT) membrane reactors. First,
a review of sealing technologies has been carried out with emphasis on
SOFC and ceramic membranes technologies applicable for zero emission
power plants. Regarding sealing, the best and cheapest materials at the
present time are based on silicate glass and glass ceramics. In the present
work aluminate glass without silica is introduced as a new class of seals
expanding the material selection for HT membrane sealing technologies.
The main reason for studying silica free systems is that silica is known to be
unstable in humid atmospheres and/or reducing conditions at elevated
temperatures.

Two glass systems have been evaluated. The first was based on aluminate
glasses in the system RO-Ca0O-Al,0; (R=Mg, Ba, Sr) with special focus on
the CaO-MgO-Al,0; denoted CAMn where (MgO+CaO) = 63.7 mol % and
Al,O3 = 37.3 mol %, n reflects the amount of MgO substituted for CaO).
The second was a glass from the BaO-La,0;-SiO, system denoted BLS.
Fabrication and characterisation of the glasses are reported with special
focus on the thermal properties, glass forming ability and crystallization
region. The evaluation showed that the aluminate glass with 8-10 molar %
MgO was a candidate for sealing LaNbO4 based SOFC, while the BLS glass
was suited for sealing La,NiO4 membranes. The two seal concepts were
investigated with focus on the reactions between seal and membrane. The
secondary phases formed at the reaction interface between seal and the
sealed materials in the respective systems, have been identified and the
reaction mechanisms have been elucidated (the notation “secondary phases”



will be used for phases that are formed in the reaction between the seal glass
and the sealed materials). The results showed that both seal materials had
promising sealing capability developing good physical and chemical contact
with the membrane materials and good match regarding thermal expansion.
With respect to the BLS/La;NiO4 system a previously not reported silicate
phase (Ba;La,Si40;3) was observed. Another phase of special interest was
an apatite phase with composition BayLa;oxSisO27.x2 where 1<x<2, which
were shown to cause mechanical stress and severe crack formation in the
seal due to mismatch in the thermal expansion. The formation of apatite
should therefore be controlled and minimised when BLS is used as a seal for
LazNiO4.

Leakage tests of seal/membrane/support assemblies at elevated temperatures
have been performed demonstrating that both seal concepts are promising.
Further optimization of the sealing procedure and possibly alternative
fabrication processes of the seal would however improve the seal
performance in both cases.

Residual stresses in the seal and membrane for the two systems have been
modelled, using an approach suitable for planar membrane systems and for
the support/seal/membrane assemblies used for leakage test in the present
study. The estimations showed good agreement with observed fractures in
the seal microstructure and the leakage tests.

Finally, an outline for developing rigid bonded ceramic seals is reported
with suggestions for different approaches to improve the seal performance.
The present study demonstrates that secondary crystalline phases formed
during the sealing procedure may have thermal expansion coefficients
significantly different from the original materials resulting in a fractured
interface. In order to minimize the extent of these “unwanted” phases it is
discussed that the seal may also be fabricated from fine crystalline materials
rather than glasses. By starting with a ceramic seal material the whole glass
making procedure can be avoided resulting in a more simple process and a
better seal.



2 Introduction

The increasing demands world wide for clean energy supply without
greenhouse gas emissions have set focus on fuel cell technologies and
oxygen transport membrane reactors (OTMR). Fuel cells are
electrochemical devices that can convert chemical energy from different
fuels (hydrogen, methane, propane, CO etc.), directly into electrical energy.
Fuel cells are attractive due to high efficiency, low emissions, zero noise
and their modular and distributed nature. There are many types of fuel cells
that have been developed such as alkaline fuel cells (AFC), phosphoric acid
fuel cells (PAFC), polymer electrolyte fuel cells (PEM), molten carbonate
fuel cells (MCFC) and Solid oxide fuel cells (SOFC) [1-8]. In this work the
focus is set on the SOFCs since these are the most promising for converting
fossil fuel to electricity in an environmental friendly way [3].

High temperature membrane reactors can be used to separate oxygen or
hydrogen from gas mixtures. These membranes are usually mixed ionic and
electronic conductors (MIEC). Oxygen transport membranes (OTM) can be
used to separate oxygen directly from air for use in combustion of fossil
fuels (gas, oil, coal etc) in so called “oxyfuel” combustion [9]. In a similar
manner hydrogen transport membranes (HTM) can be used to separate
hydrogen directly from natural gas by use of e.g. steam reforming.
Hydrogen is a clean energy carrier that can be used in PEM fuel cells or
other fuel cells for direct electrical energy generation or used in combustion
with air to make heat and steam for further processing to electricity and
direct heating. Common for the membrane reactors based on MIECs is that
they are operating at high temperatures — typically 800-1000 °C, while
SOFC operates in the ranges 500-800 °C for low and intermittent
temperature fuel cells (IT-SOFCs), and 800-1000 °C for high temperature
solid oxide fuel cells (HT-SOFCs.) [3, 4, 5, 6, 7, 13]

2.1 SOFC and solid oxide gas membrane reactors

A Solid Oxide Fuel Cell (SOFC) consists of a dense metal oxide ceramic
ion conducting electrolyte placed between a porous anode or “fuel
electrode” and a porous cathode or air electrode. Together, these three
components are often denoted as the membrane electrode assembly (MEA)
[2]. The electrolyte should be a good ionic conductor and have no electronic
conductivity, while the electrodes should be good electronic conductors and
possibly also being ionic conductors. Depending on if the electrolyte is
being a pure oxygen ion conductor or a proton conductor, two types of
SOFC can be considered. For the oxygen ion conducting electrolyte the fuel
(in this case H;) is brought into the anode compartment and the oxidant (air)
into the cathode compartment as shown in Figure 2.1. The membrane
prevents direct contact between oxygen and hydrogen. At the cathode



oxygen gas is electrochemically reduced to O, which migrates through the
membrane to the anode. At the anode, hydrogen is oxidized in the reaction
with oxygen to produce water and heat: H, +O* = H,O+2e. In the process
two electrons are released to the outer circuit giving electrical power. If the
fuel gas had been methane the overall reaction at the anode would be: CH4 +
40%* = CO, + 2H,0 + 8¢ and at the cathode: 20, + 8¢” = 40, resulting in
the total reaction; CH,4 + 20,=CO, + 2H,0.

For a pure proton conducting solid oxide electrolyte, often denoted PCFC
(proton conducting fuel cell) the process is analogue to the SOFC as shown
in Figure 2.2. Here hydrogen gas is being oxidized at the anode releasing 2
electrons to the outer circuit. Hydrogen ions migrate through the membrane
to the cathode where they react with oxygen producing water.

Electrical Current Electrical Current
E o depleted Oxygen depleted Air,
xcess . xygen deplete - Water and
Fuel + H,O (steam) —> 4e air out E;EZTS = 4e Heat out
g 2H,0
Y ) 2 s
o e g e 2D
£ _ S0 2H, |E 4 H
2H, [&| 20 ! 2 T - o
u 2 S <
o) + "N +N [
A S & 9
& z
— Sm— N
Fuel in / 1 N Air in Fuel in 7 1 X Airin
| |
Anode Electrolyte Cathode Anode Electrolyte Cathode
Oxygen ion Proton conductor
conductor
Figure 2.1 Figure 2.2
SOFC based on oxygen ion PCFC based on solid oxide proton
conducting electrolyte and conducting electrolyte and hydrogen
hydrogen fuel fuel

MIEC in form of OTM and HTM can be utilized in numerous ways [9, 14,
15] in power plants and other applications. One example of a complex
application where both OTM and HTM reactors are combined in the same
unit is shown in Figure 2.3 [14]. In the upper part an OTM is used to
remove the oxygen from air flowing trough the central cannel. The oxygen
is transported through the OTM where it is used for partial oxidation of



methane flowing in the outer chamber (CH4 + O, = CO + H,0 + Hy). In this
first stage the methane is transformed into; CO (g), H,O (g) and H; (g). The
nitrogen that is left after the oxygen has been removed from the air acts as a
sweep gas in the next stage where the HTM removes hydrogen from the flue
gas mixture in the outer chamber and transports it to the nitrogen flow. The
N, + H; gas mixture can be used as fuel either in a fuel cell or gas turbine.
The gas leaving the outer chamber is wet CO, that can be dried and
compressed for sequestration.

Air
(4N2+02)
Methane
permeable
. |~ membrane
H, [4e
//
co | container
e
— —
H.O0 |4H*
2 ﬂ Hydrogen
_ 4N; permeable
4e // membrane
e
CO. ’EICOZ+H20
2H>+4N,»

Figure 2.3

Combination of OTM- and HTM-reactors based on mixed ionic/electronic
conductors, for production of N,+H, fuel gas mixture from methane and air. The
N>+H, mixture flowing in the inner channel can be used in fuel cells or gas
turbines. The methane flowing in the outer chamber is transformed to wet CO,
which can be dried and compressed for sequestration [14]

Another technology that utilizes OTMs is the AZEP (Advanced Zero
Emission Process) concept introduced by Hydro [9]. In AZEP a mixed
oxygen ion/electron conducting membrane is integrated in a power plant
with CO; capture using natural gas as fuel. A flow sheet of this process is
shown in Figure 2.4. The combustion should be stoichiometric, giving only
CO; and H,O as the combustion products. Heat from the combustion is used
to heat the pressurized air. Reference [9] gives an excellent overview on the
state of the art of the possibilities for use of ceramic membranes in energy
production based on fossil fuels with CO,-capture.
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HRSG: Heat recovery steam generator

2.2 Materials for SOFC /PCFC and membrane reactors

The high operating temperature of ceramic fuel cells at around 800-1000 °C
combined with the multi-component nature and expected life time of at least
5 years severely restricts the choice of materials for cell components. All
components need to be chemically stable on their own but at the same time
also be chemically compatible with the components they are in close contact
with. The demands for chemical stability depend on the application. SOFC
electrolytes have to be stable both under reducing and oxidizing conditions,
anodes must be stable in reducing environment and cathodes in oxidizing
environment. In other applications the conditions might be oxidizing or
reducing on both sides of the membrane. Moreover, all parts of the fuel cell
should have comparable thermal expansion coefficients from room
temperature up to the maximum operating temperature, and have reasonable
mechanical strength.

High oxygen ion conductivity is found in several classes of structural phases
such as; fluorites (AB;) and related types e.g. pyrochlores (A;B,07),
perovskites (ABO;) and related types (e.g. Ruddlesden-Popper phases
AO(ABOs3), and Brownmillerite structure A,;B,0Os) and Aurivillius type
materials e.g. Bi,02(A,.1BnOx) [9].

Perovskites with large metal ions and more open oxygen lattices may have
high proton mobility. Acceptor doping can be used to increase the proton
concentration and conductivity [9]. Mixed conductors (ionic and electronic)



with high conductivity can be made as composites of highly ionic- and
electronic conductive materials. Few single phase materials with
simultaneously high electronic and protonic conductivity exist.

2.2.1 Membranes

There are several different membrane materials available for HT-gas
separation such as Pd-membranes for hydrogen separation, microporous
silica membranes, zeolittes etc. [9]. In the present work the focus will be on
dense oxide membranes with mixed ionic and electronic conductivity
(MIEC) for oxygen and hydrogen separation. These types of membranes
have 100 % selectivity for the specific gases O, or H, and need no external
circuits for electron transport. Accordingly there is no need for electrodes,
but usually there is need for a catalyst on one or both sides of the membrane
to enhance the reduction/oxidation reactions. Most technological
applications of such membranes require current densities approaching 1
A-cm™ corresponding to a flux of 3.8 cm® O, cm™min’ at normal conditions
[16]. Such high fluxes can only be achieved at high temperatures, typically
800-1000°C. The driving force for the gas transport is partial pressure
gradients across the membrane. If the main gas transport is determined by
the bulk (thick membranes) the gas flux (J) is described by the Wagner
relation as shown in eq. 2.1 for oxygen flux Jo,.

RTo,0,
Joy = —— 00| Pox 2.1
16F*(c, +0,)L \ Poy,

Here R is the gas constant, . and o; the electronic and ionic conductivity
respectively, F the Faradays constant, L the membrane thickness, Py, the
oxygen pressure on the high pressure side and P; the oxygen pressure on the
low pressure side [17, 18]. For proton conducting membranes the flux is
given as:

Yy = ZRTO-eO-i In P o)
4F (O-e +O-i )L pHZl

By plotting oxygen flux (eq. 2.1) against 1/L at constant pressure ratio and
temperature the result is a straight line with slope A given as:

_ RTo 0, 1 Poan 23
= > n
16F*(0, +0,) \ Pos,




For perovskites, the electronic conductivity is in most cases much higher
than the ionic conductivity. In this case the slope expression can be reduced

to:
A= RT2 In M (oF 2.4
16F Poyy '

From this equation the ionic conductivity o; can be easily determined. It can
be seen from eq. 2.1 that the flux is proportional to the temperature and to
the logarithm of the pressure ratio across the membrane, and inverse
proportional to the membrane thickness. In order to obtain high flux the
membrane should be thin (5-20 pum), and the temperature high. For
pressurized systems the high pressure is typically 20-30 bars. Thin
membranes in pressurized systems have too low intrinsic mechanical
strength and have to be supported by a thicker and porous substrate. The
porous support is usually made of the same material as the membrane in
order to avoid thermal expansion mismatch.

It is beyond the scope of the present work to give a detailed review of all
potential candidates for HT-MIECs, which are given in [9, 19, 20]. However
some of the most promising materials will be briefly mentioned.

Among mixed oxygen-ion/electron conductors a series of mixed perovskites
with the general composition; La;.,SryCoi.,Fe,O35 (LSCF) are known for
having high oxygen ion and electronic conductivity. Especially the
compound Lag ¢St 4Fep2C0303.5 (LSCF-6482) has an ionic conductivity of
15 Sem™ and electronic conductivity of 600 Scm™ at 800 °C  [21]. The
thermal expansion coefficient (TEC) is high for these compounds and
dependent on the Co content. The compound LSCF-6482 (rombohedral
structure) has the highest TEC; 20.7-10°°C™ (20-900 °C) [22, 23]. These
compounds also possess chemical expansion (chemical expansion is
dimensional changes caused by changes in oxygen content in the crystal
structure. The material expands with decreasing oxygen content.). Chemical
expansion may cause bending of the membrane when the partial pressure of
oxygen is different on the two sides.

Another interesting membrane material is La,NiO4, which has the
Ruddlesden-Popper structure [24, 25, 26]. La;NiO4 has a high oxygen
transport capacity, a thermal expansion coefficient of 12.4-10°°C™" (20-1000
°C) [present work] and contrary to the LSCF-materials it shows almost no
chemical expansion. This renders La,NiO4 as a good candidate as OTM in
e.g. the AZEP-concept. Unfortunately La;NiO4 decomposes to La,O; and
Ni in reducing atmosphere [27]. La;NiOy is therefore best suited as an
oxygen transport membrane in systems with oxidising atmosphere on both



sides of the membrane. An alternative material that is more stable is the
perovskite series CaTij<FexCOs;5 The compositions with x=0.1-0.2 have
relatively high electronic and i1onic conductivity and a linear thermal
expansion with TEC(25.1000°c) of 13.0-10°¢ °C! [present work, Appendix 1].
The material is stable in both oxidising and reducing atmosphere as well as
in CO; [28, 29].

Numerous cerate and zirconate perovskite oxides (e.g. SrCeO;, BaCeO;,
CaZrOs; or SrZrO;) have been reported to have reasonable proton
conductivity at high temperatures when doped with a trivalent rare earth ion.
Their general formula is AB;xMxOss where M is typically; Nd, Gd, Y, Yb
and La [30]. BaCeO; and SrCeO; are proton conductors in atmospheres
containing H, or water vapour. The electronic conductivity may typically be
relatively low, but can be increased by doping with aliovalent ions on the B-
site. SrCe95Tbo 05035 has been reported to have proton conductivity of
0.005 Sem™ at 800 °C and 0.018 Scm™ at 1000 °C [30]. The flux needs
however to be increased by a factor 10 in order to be applied in commercial
systems. One disadvantage with the cerates is their low chemical stability in
CO; containing atmospheres due to formation of carbonates. On the other
hand, zirconates are more stable in CO; containing atmospheres however
they have low proton conductivity and require high sintering temperatures.
A possible solution is to prepare mixed solutions of BaCeO; and BaZrO:s.
Even better is to introduce a pentavalent ion in the structure as in
Ba;CaNb,0,, but the unstability of Ba oxides in CO, and H, is a drawback
for practical operations.

One promising candidate as dense mixed proton/electron conductor is a
cermet with Y-substituted BaCeOs as the proton conducting phase [9, 31]. It
should be noted that the mixed conductors do not need electrodes. This
means that the membrane reactors are less complex than solid oxide fuel
cells. So far no mixed proton/electron conducting membrane with sufficient
proton conductivity for commercial use has been identified [14].

2.2.2 Electrolytes

From a material point of view the electrolyte is one of the most demanding
components in a SOFC or membrane reactor. The electrolyte has to be
stable in both oxidising (Pp,>0.2 bar at the anode) and reducing conditions
(P02<107" bar at the cathode) [8]. The oldest and still most used electrolyte
for oxygen ion conduction is ZrO, stabilized with 8 mol % Y03 (YSZ).
The operating temperature is typically 800-1000 °C. Ceria with 10-20 mol
% Gd, (CGO) offers excellent promise as a potential electrolyte for lower
temperature SOFC (500-600 °C). However, unfortunately in reducing
atmosphere, such as at the anode, ceria becomes an electronic conductor,



which significantly reduces the efficiency of the SOFC. Extended research
is going on to solve this problem [2, 4].

Recently proton conductors based on LaNbO, doped with Ca, Ba or Sr have
been reported. The state-of-the-art proton conductors e.g. BaZrO; and
SrCeO; have far better proton conductivity than LaNbOs, but are not stable
in CO,-containing atmospheres and render them useless in contact with a
proton source like CHy4 [8].

2.2.3 Anode materials

Since the atmosphere is reducing at the anode side, metallic anodes can be
used. The most common anode material for SOFCs is nickel/YSZ cermet
with 40-50 % nickel evenly distributed in a porous YSZ matrix. Other anode
materials are perovskites (ABOs3) of the type LaCrOs; doped with Ca, Sr, or
Ti, e.g. SroTi92NbysO; and SrTiO; doped with niobium or lanthanum e.g.
Sr0,6Ti0.2Nb0,803 and Lao.4SrO.6Ti03 [3, 4, 12]

2.2.4 Cathode materials

The cathode material has to be stable in oxidizing atmosphere and possess
high electronic conductivity. Noble metals could be used but are excluded
due to high cost. Ceramics with the perovskite structure possessing high
electronic conductivity have so far been the number one choice for
cathodes. The most used cathode material is lanthanum manganite doped
with strontium La; SryMnO; (LSM). Also other ceramic electrolytes have
been investigated such as; lanthanum cobaltite, LaCoOs (LC), LC doped
with Sr and Fe e.g. La;Sr,CoiyFe O3 (LSCF), lanthanum calcium cobaltite
ferrite (LCCF), samarium strontium cobaltite (SSC) and others [2, 3, 4, 14].
The cathode is often made of two layers, one consisting of a porous mix of
the electrode and the electrolyte (e.g. LSM/YSZ) and the other pure
electrode material (e.g. LSM). This two-layer cathode gives a better match
of the thermal expansion coefficients between electrolyte and cathode and
better chemical compatibility without reducing the performance of the
cathode.

2.2.5 Interconnects

So far only single cells have been described. To obtain functional fuel cell
units the single cells have to be assembled in stacks in order to give enough
power for commercial use. This can only be accomplished by interconnects
between each cell.
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The main purpose of the interconnects, is to provide electrical contact
between the anode of one individual cell and the cathode of the
neighbouring one in the stack. The interconnect must therefore be a 100 %
electronic conductor with high electronic conductivity and the thermal
expansion must be comparable to the membrane electrode assemblies. The
interconnects also have to separate the fuel side of one cell from the oxidant
side of the next. This implies that interconnects have to be stable under both
oxidizing and strongly reducing conditions. The most common
interconnects for zirconia based SOFC are the perovskite LaCrO; doped
with divalent cations, e.g. La;\MyCrO; (M= Mg, Ca, Sr) [4,8,33].
Unfortunately most of these compounds show chemical expansion at
P0y<10" bar, which might cause warping and mechanical stress in the
SOFC assembly. Interconnects based on steel alloys containing chromium
have also been developed for use in SOFCs [10, 11], such as Crofer22 APU
(Thyssen Krupp VDM, Germany) and Cr5FelY,O; (Plansee, Reutte,
Austria [15]). One problem with chromium containing materials is
formation of volatile CrO, (g) and CrO; (g) in dry atmosphere. In humid
atmosphere CrO,(OH), (g) is the dominating volatile chromium compound.
The wvolatile chromium species cause severe reduction of the
electrochemical performance of the cell in relative short time and reduce the
protective Cr,0O3 scale at the interconnect surface [34, 153, 154].

2.2.6 Cell design

There are two main designs of membrane gas separation units and fuel cells;
the planar (pSOFC) and the tubular (tSOFC) designs. In the planar design
the electrolyte with anode and cathode is typically square shaped with
dimensions 100x100 mm? to 300x300 mm?. To obtain high efficiency the
membrane assemblies are stacked with metallic or ceramic interconnects
between as shown in Figure 2.6. The interconnects have channels for fuel

| Interconnect

Anode

Air
Cell T

repeat
unit

Figure 2.6 Planar SOFC stack design [33]
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gas and air usually in cross flow enabling manifolds for air on two opposite
sides and for fuel on the two other sides of the stack. The most common
tubular design introduced by Siemens [18] is shown in Figure 2.7. The air
flows through the centre and the fuel flows outside the tube. The anode (air
electrode) and cathode (fuel electrode) are linked by the interconnect. When
cells are stacked they are connected along the interconnect. The most energy
efficient design (measured in kW/m?) is the planar design, but it is more
complex and still has a lot of challenges when it comes to commercial use
of high temperature SOFC. One of these challenges is the seal that is needed
to prevent direct gas exchange between the anode and the cathode
compartments of the cells.

Interconnect

Anode

Electrolyte
Cathode

AI gas

Air flow

Figure 2.7
Siemens Westinghouse, tubular fuel cell [35]

2.2.7 Sealing

The complexity of sealing of a pSOFC is demonstrated in the typical stack
assembly shown schematically in Figure 2.8 [19]. The seal has to match the
electrolyte, cathode and interconnect materials with respect to thermal
expansion. Depending on the design the seal might have to join ceramic to
ceramic, ceramic to metal or metal to metal. For air and fuel supply, the
SOFC stacks need manifolds with corresponding sealing as shown in Figure
2.9 [36]. These examples demonstrate the extreme demands that are put on
the seals for pSOFCs. Several seal concepts for SOFCs have been
developed during the last 20 years but few have been tested for long time (>
2 years) under realistic conditions. Glass and glass ceramic seals have
proven to be effective in sealing stacks for short- and moderate-term
operation, but questions remain concerning the long-term durability and
thermal cycling performance of these seals [37]. Finding solutions for the
seal challenges are crucial for large scale use of SOFC technology and high
temperature membrane reactors.
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Figure 2.8
Schematic of edge sealing of pSOFC stack [36]
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Air

Manifold

External manifold and seals

Figure 2.9
Schematic of one possible design for sealing the air supply
manifold to a pSOFC stack. A corresponding manifold is needed

for the fuel supply [36]

Published glass or glass-ceramic seals for SOFC and other high temperature
membrane systems are so far based on different silicate systems [43-80] and
a few phosphate glass systems [38, 39]. The main focus has been on making
seals with thermal expansion close to the expansion of the interconnects and
membrane electrolyte assembly. However recent research has shown that
silica may be detrimental to both electrolyte and electrodes over time due to
formation of secondary silicate phases, resulting in possible reduced
performance of the system [40, 41]. It is well known that silica is not stable
in strongly reducing atmosphere due to formation of SiO (g) according to
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the reactions: SiO, + CO(g) = SiO(g) + CO,(g) or SiO,(s) + Ha(g)=Si10(g) +
H,0O(g). Due to this, silicate based seals will degrade the anode over time.
How fast the degradation will be is not fully known and other glass ceramic
systems should be considered.

In humid atmospheres at high temperatures and high pressures, SiO, is not
stable even under oxidizing conditions. In this case SiO, reacts with water to
form the gaseous silicate phases Si(OH)4 (g) or SIO(OH); (g) [14, 41-44].
Studies of SrFeOs-based electrolytes (oxygen ion conductors) at 1000°C and
30 bar pressure in humid hydrogen atmosphere [41, 45] showed formation
of Sr;Si04 due to reaction with silicon hydroxide transported in the gas
phase. The resulting Sr-depletion of the electrolyte led to reduced
performance. This can be an important issue for gas separations membrane
reactors exposed to high pressure.

It is not sufficient that the seal and membrane are chemical and
dimensionally stable in their own and have matching thermal expansion
coefficients at the operational conditions. The secondary phases should also
have matching thermal expansion and not degrade the membrane or
electrodes during operation. Mismatch in thermal expansion between the
seal and the sealed materials might cause residual stresses passing the
mechanical strength of the interfaces resulting in crack formation and
subsequent seal leakage.

2.3 Aim of the present work

The present work addresses possible glass ceramic seals for membrane
reactors operating at 800-1000°C using La,NiO4 or LaNbO4 as membrane or
electrolyte. One purpose was to evaluate sealing materials without silica
with special focus on the alkaline-earth-aluminates in the system CaO-
MgO-AL O3 (CAM).

Another aim was to evaluate a silicate glass in the system BaO-La,05-SiO,
(BLS) [50] for use as seal for membrane reactors with La;NiO4, This was
included since this kind of membrane reactors are potential candidates for
future energy production based on clean fossil fuel combustion. The main
tasks can be summarized as follows:

a) Evaluate the glass forming ability of the aluminate glasses versus
content of MgO

b) Evaluate the thermophysical properties of the glass compositions

c) Identify the phases in crystallised glasses

d) Evaluate reactions between membrane and seal materials focusing
on secondary phases formed in the reactions
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e) Evaluate the chemical stability of glasses at elevated temperatures in
dry and humid atmospheres containing CO,

f) Evaluate seal performance with respect to leakage at elevated
temperatures

Due to the complexity of the systems most of the work was focused on tasks
a-d.
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3 Sealing technology

3.1 Seal Concepts

Both high temperature SOFC and high temperature gas separation
membrane systems need reliable seals in order to operate. The demand on
commercial systems is continuous operation for at least 40 000 h (5 years).
The main purpose of the seal is to hermetically separate the fuel side from
the air side in order to prevent that fuel gets direct access to the air side. For
a SOFC the seal also needs to be an electrical insulator to prevent short
circuiting of the stack. Any short circuiting of electrical current or gas
leakage between the air side and fuel side will lead to reduced performance
of the system. There are three basic seal designs:

1. Rigid bonded seals
a. Room temperature analogue: Epoxy glue
b. Materials: Glass, glass ceramic, braze

2. Compliant, bonded seals
c. Room temperature analogue: Rubber glue
d. Materials: Metal

3. Compressive seals
e. Room temperature analogue: Rubber O-ring, gaskets
f. Materials: Mica based, vermiculite, other ceramic fiber
(Al,O3, aluminium silicate, silicate)

General for these designs is that the sealing materials must be chemically
stable both in highly reducing as well as in oxidizing atmosphere and be
chemically compatible with the joining materials such as electrodes,
membranes, interconnects and frame material (often heat resistant alloys).
The demands differ for the different seal concepts. The seals needed in a
typical pSOFC stack where air and fuel supplies are in a cross flow
configuration [36] are shown in Figure 3.1. The single cells are all ceramic
materials, the interconnect can be either a ceramic or a metallic material,
and the housing is based on metal parts with ceramic spacers. In this design
there are 4 seal positions:

S1: Cell to metal frame (ceramic to metal seal)

S2: Metal frame to interconnect (metal to metal or metal to ceramic seal)
S3: Ceramic spacer to metal frame and ceramic spacer to interconnect.
S4: Stack to base manifold plate (metal to metal seal)
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Figure 3.1 Possible seals for SOFCs [36]

Another design developed at Jiilich, Germany [51] is shown in Figure 3.2.
In this case, the interconnecting plates and the cell frames (each housing one
electrolyte assembly), are made of the alloy, which is specially developed
for YSZ-electrolytes. The seal is placed between the interconnect and cell
frame at the anode side and between the cell-frame/electrolyte and

cell repeating unit

anode substrate
anode layer
electrolyte layer
cathode layer

l interconnect
anode contact layer

electrolyte ria stabilized zirconia (YSZ l
vie i (vsz) cathode contact layer

anode Ni/YSZ cermet

cathode (La,Sr)MnO, cell frame
(La,Sr)(Co,Fe)O, sealing
interconnect
and cell frame CroFer22APU (JS-3)
sealing (Ba,Ca,Al) silicate glass

anode contact layer Ni-mesh
cathode contact layer  (La,Sr)CoO,

Figure 3.2
Planar SOFC stack developed at Forschungszentrum Jiilich Germany [51],
showing in detail how the stack is built
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interconnect at the cathode side. The seal material thus has to be chemical
compatible with the interconnect, cell frame and the membrane/cathode
assembly. The complexity of the sealing concepts demonstrated above
indicates that the use of different seal compositions in the same SOFC stack
can not be excluded.

3.2 Rigid bonded seals

For high temperature purposes seals based on glass or glass-ceramics are the
most promising concept due to high chemical stability at high temperature.
The glasses in question are cheap, readily available and can be supplied as a
paste or paint of powders mixed with a liquid binder. The glass powders can
also be tape cast in thin sheets, which can be cut into special shapes to fit the
parts to be sealed. The sealing function is achieved by heating the
membrane assembly with the “green” seals to a temperature high enough for
the seal to sinter completely. A special heating cycle may be needed in order
to get the glass to crystallise. The maximum temperature for the sealing
cycle should be lower than for all the previous fabrication steps of the cell
components and higher than the operational temperature. The seal must wet
the components during sealing, but not react in a way that reduces the
performance of the seal or the sealed components.

Glass ceramic seals are rigid and brittle and are strongly bonded to the
joined parts. To prevent cracking it is vital that the thermal expansion of the
seal matches the joined parts to within a few % from room temperature and
up to the operating temperature. The ideal seal would be a glass ceramic
with a few % glassy phase that is able to deform plastically (highly viscous
at operation temperature for the system). Unfortunately all glasses will tend
to crystallise when held at high temperature for long time and will in most
cases become completely crystalline long before the expected lifetime for
the system has run out. One complicating factor is that the crystalline
material may consist of several phases. It is therefore of great importance
that these phases all have similar thermal expansion. If not, microcracks are
likely to arise resulting in reduced seal performance.

3.3 Thermal expansion of SOFC materials

Since thermal expansion is one of the most important parameters to control
when developing rigid seals it is necessary to know the range of thermal
expansion that has to be considered. Tietz [52] has made an excellent review
of thermal expansion of SOFC materials and some of the data from this
review are listed in table 3.1-3.3.
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Table 3.1

Thermal expansion coefficient of a selected electrolyte- and membrane materials

Short name  |Composition TEC x10° °C™! Ref.
(30-1000 °C)
8YSZ Zrp35Y0.1501.93 10.9 [52]
10YSZ Zrp3,Y0.1801 91 11 [52]
A ALOj3 (polycrystalline) 8.4 [53]
CGO Ce).3Gdy 201 9 12.7 [52]
€SO Ce.9S19.101.9 13.1 [52]
LSGM La,Sr; xGa,Mg; ;O35 (x, y=0.8-0.9) 10.8-11.4 [52]
LSGMC Lag 9Srg.1 Gag 7sMgp 2C00.0503-5 13 [52]
LN La,NiO, 12.4 Present work
LNb LaNbO, 9.6% Present work
CTF CaTip 9oFeo.103.5 12.5 Present work

* Mean value between 30- and 1000°C. LaNbOy has a phase transition at ~ 530°C, see Figure 5.3

Table 3.2
Thermal expansion coefficient of a selection of SOFC cathode materials
Shortname  |Composition TEC x10°¢ °C! Ref.
(30-1000 °C)
LSM La, St 4MnO;.5 (x=0.65-0.8) 11.1-12.3 [52]
LCMC Lag 65S19.3Mng §C00 2035 11.7 [52]
PSM Pry sSto ;MnOj 5 10.1 [52]
NSM Ndo ¢5Sro sMnO3.5 9.7 [52]
GSM Gag ¢5Sto sMnOs_5 9.9 [52]
GSMC Gag gSrg ,Mny §C0g 055 10.2 [52]
LSC Lag 7S193C005.5 19.2 [52]
Table 3.3
Thermal expansion coefficient of a selection of interconnect materials.
Short name Composition TEC x10° ! Ref
(30-1000 °C)
LSC Lag 4Srp 1 CrO; 10.7 [52]
LCCT Lag 7Cay 3Cro 5 Tig 503 10.1 [52]
LSCT Lag 7519.3Cro s Tip 203 10.7 [52]
CrFe5Y,0; Fe-Cr alloy 11.3-12.0 [52]
X10CrAll8 Ferritic steel 13.9 [52]
Crofer 22APU  |Fe-Cr-alloy 12.7 [54]
253MA Fe-Cr-Nialloy 19.5 [55]
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TECs for electrolytes and membranes for SOFCs and membrane reactors
are in the order of 9-14x10° °C™! (see Tables 3.1-3.3). Thermal expansion of
common cathode materials is in the range 9.7-19.2:10° °C™" as shown in
Table 3.2. The corresponding thermal expansion coefficients for metallic
and ceramic interconnects are in the range 10-19.5-10° °C™' as shown in
Table 3.3. This shows that the TEC of glass ceramic seals in most cases,
will have to be in the range 9-14- 10 °C™" for SOFC purposes.

Before the different seal glass systems proposed for SOFC sealing are
reviewed, glass and glass-ceramic properties will be shortly described.

3.4 Glass and glass ceramics

Inorganic glasses consist of one or several network formers added one or
several network modifiers and often also some intermediates [56]. Glasses
are amorphous solids, but can also be partly or totally crystallised (also
denoted inverted) to give a glass ceramic. Oxide glasses can be described as
a continuous network of atoms linked together by oxygen atoms. Common
network formers are; Si0,, B,Os P,0s, GeO,, TeO,, SeO,, As,O3, SbO, and
V,0s. Except for SiO,, ZrO,, B,O; and P,Os these oxides are reduced by
hydrogen at 750 °C and can not be used as a SOFC seal [73].

B,O; additions to silicate glass generally decrease the viscosity and the
tendency for crystallization, which are favourable properties. Addition of
more than 12 mol % B,0; increases the thermal expansion [74]. One
disadvantage with the B,O; addition is that boron oxide forms volatile
compounds with water vapour at elevated temperatures resulting in seal
degradation [73]. The use of B,O; in silicate glasses thus has to be a
compromise between the favourable and less favourable properties of B,Os.
The majority of suggested silicate seal glasses for SOFCs contain B,03 [59-
96].

Common network modifiers are alkali and alkaline earth oxides and some
other oxides such as ZnO, PbO, Y,03, TiO, and La,O3. The modifiers affect
the chain structure so that physical properties such as viscosity, thermal
expansion, density, refractive index, chemical durability, etc. can be
tailored. The alkali oxides are common in glasses for use at ambient
temperatures, but for glasses that are to be used at high temperatures these
oxides are avoided due to their high reactivity and high ionic mobility. The
most common modifiers in glasses for high temperature applications are the
alkaline earth oxides.
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Intermediate oxide candidates are Al,O;, Cr,O;, TiO,, ZnO, ZrO,, HfO,,
Ta,Os and rare earth oxides. AlLO; and ZrO, are stable oxides even in
strongly reducing atmospheres. Ti0O; is often added as a nucleating agent for
the purpose of achieving homogeneous nucleation in the glass. TiO, may be
reduced in H;, at 800 °C and ZnO is reduced in dry H; even at 300 °C, but
shows no reduction in wet H, even at much higher temperatures. Carbon
containing fuel gases (e.g. CH4, CH30H) reduce ZnO under both wet and
dry conditions. ZnO has similar effect as boron oxide regarding the
viscosity and thermal expansion.

Alumina is an important constituent in many glasses. Al,O3 increases the
viscosity of molten glasses and promotes development of microcrystalline
growth, which is an attractive property for glass-ceramic seals. Alumina
also increases the chemical durability, hardness and other mechanical
properties [58]. On the basis of chemical and physical properties the
following 11 oxides are potential components for SOFC seal: SiO,, B,0s,
Al,O3, BaO, SrO, CaO, MgO, Y,03, ZnO, La,0; and Ta,O5 [57].

34.1 Glass transition temperature

When a glass melt is cooled from a high temperature, T, to room
temperature, Tg, the specific volume of the system will change as shown in
Figure 3.3. Depending on the glass system and rate of cooling, the melt can
either crystallise (System 1) or solidify to a glass (System 2). As soon as the
temperature falls below the crystallization temperature, Ty, the volume of
system 1 contracts from A to B and forms a crystalline material. On the
other hand System 2, as an undercooled liquid, continues to shrink further to
point C; and if the cooling is sufficiently slow even further to point D. Here
the curve flattens out towards F. By fast cooling the glass continues to
shrink linearly directly from C to E. In both cases it will always remain
above the line B-G of the crystalline system.

The temperature T, where the glass cooling curve flattens out, is called the
glass transition or glass transformation temperature. Actually T, represents
the onset and T, the end of the glass transition range since T, is not a unique
material property but depends on the cooling rate. Below T, the glass is
considered as a solid material where mechanical stresses can build up. The
transition from the viscous state to the elastic state occurs within the
viscosity range; 10> — 10'* Pa's. In this range, which also is denoted the
annealing range, mechanical stresses that may have developed during
cooling below T, can be eliminated. At 10'* Pa-s, 15 minutes are sufficient
to accomplish this. At 10'* Pa-s, the elimination of stress may take several
hours [97]. The temperature range between T, and Ty 1s defined as the glass
stability region or glass forming ability. This temperature range is
dependent on the heating rate and accordingly it represents no precise
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definition. During heating of a glass, the dilatometric softening point, Ty, or
deformation point is reached above T, as shown in Figure 3.4. At this
temperature the force from the dilatometer pushrod will deform the glass.
The viscosity at Tg is 10'*? Pa-s which is much higher than the viscosity at
the softening point Ty (10%° Pa's) where the glass deforms under its own

Fast cooling A/_iquid

Undercooled liquid

Slow cooling

Volume

Temperature

Figure 3.3

Volume changes versus temperature for a glass system (1) and a crystalline
system (2). Path CE - fast cooling, CF- slow cooling. Glass transition temperature
T, depends on cooling rate

Dilatometric softening point

Thermal expansion AL/Lg

Ty Tq
Temperature

Figure 3.4 Typical thermal expansion curve of a glassy material
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weight. The glass can be easily shaped at a viscosity about 10° Pa-s
(working point). To make a homogeneous glass, the glass must be heated to
a temperature where the viscosity is below 10 Pa-s [98].

3.5 Temperature dependence of viscosity

Viscosity of a glass decreases with increasing temperature according to a
logarithmic law. Arrhenius described the viscosity by equation 3.1. More
common is equation 3.2 of Vogel-Fulcher-Tamman (VFT) that is usually
expressed in the logarithmic form shown in eq. 3.3.

ﬂ:ﬂoeAH,,/RT 3.1
n :noeB/(T_TO) 32
logn=A4A+ 33
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Figure 3.5

DSC pattern of one of the glasses studied in the present work, showing how
the glass transition range, To-T,’, and the onset temperature of
crystallization, T, can be determined. Heating rate 10°C/min

23



The non-linear behaviour of the viscosity in an Arrhenius plot has been used
to classify glasses as strong and fragile. Strong glasses show linear
behaviour as expressed by eq. 3.1, while fragile glasses demonstrate no-
linear behaviour as described by the VFT-equation, eq. 3.2 [47].

Moynihan et al. [99] have shown that it is possible to calculate the viscosity
of a glass as a function of temperature from DSC measurements in the glass
transition region. By measuring the temperatures at the start and completion
of the glass transition, respectively T, and Ty as shown in Figure 3.5.
Moynihan developed an empirical formula (eq. 3.4 and 3.5) that can be used
to calculate the viscosity over a wide temperature range. One example is
given in Figure 3.6 showing how the viscosity for the aluminate glass
CAMI10 (see chapter 4.2) decreases as the temperature increases. Important
viscosity ranges for glass making are also shown in the Figure.

14.2
log(% , j=—5+ : 3.4
as c(r- T, 5+1
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Figure 3.6
Calculated viscosity of the aluminate glass CAM10 as a function of temperature
(see chapter 5) by use of equations 3.4 and 3.5. Important temperatures for glass
making are shown in the Figure
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The viscosity of glass seals should be >10° Pa's at the operational
temperature [79].

3.5.1 Crystallization

Given enough time at the right temperature all glasses can devitrify and
become crystalline. The onset temperature for crystallization, Ty, depends
on the glass system but it is always higher than T,. In order for a glass to
crystallise nuclei of critical size r* are needed. The free energy change, AG;,
when a region of radius r of a new phase is formed in a glass is given by
[56]:

AG, :47rr27+%7rr3AGv 3.6

Here v is the interface energy and AG, the free-energy change per unit
volume for the phase transition. For the new phase to grow, the size of the
nuclei has to pass a critical radius r* This radius can be calculated by
minimizing AG; with respect to r (0AG,/0r=0) giving the critical radius r*
as:
r* = —2r 3.7
AG,

Nuclei with r>r* are stable and will grow while nuclei with r<r* is unstable
and dissolve. The rate of nucleation is dependent on temperature as shown
in Figure 3.7 [101].
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Figure 3.7

Illustration of nucleation rate and crystal growth. Ty, is the temperature
where crystals dissolve. In the Ostwald-Miers range (OM) there is no nuclei
growth [101]
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The maximum nucleation rate appears at a viscosity of 10"-10" Pa's [56],
which is close to the dilatometric softening point. By further heating the
nucleation rate decreases to zero at a given temperature. The rate of crystal
growth (also shown in Figure 3.7), have a maximum at a higher temperature
than the nucleation rate. By further heating the crystal growth rate decreases
and finally becomes negative at Tjq, where the crystals start to dissolve. In
the Ostwald-Miers range (OM in figure 3.7) no nuclei are formed. This
implies that if a glass melt is cooled from above Tiq there will be no
crystallization before the temperature has passed the OM-range. The rate of
crystallization can be expressed by equation 3.8 [100] where R is the growth
rate, C a constant depending on the glass system and T is the temperature.

_ o, 1)
n

R 3.8

To form a glass ceramic from a glass, the heating cycle shown in Figure 3.8
is used. Normally a glass powder (frit) that already has been processed at
high temperature is the starting material. The frit is heated to a high
temperature in order to get rid of gas bubbles (fining). Then the temperature
is lowered to the proper temperature for the material to be formed to the
final shape. When the forming step is finished, the temperature is lowered to
the optimum temperature for nucleation and held there for 10-15 min. When
nucleation is finished the temperature is raised to the value for crystal
growth. The crystallization temperature and the holding time depend on the
intended crystal structure. To obtain a glass-ceramic with high strength the
crystals should be numerous and small (<1 pm).
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£
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Figure 3.8

Typical heat treatment for crystallization of glass
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To achieve a large number of small crystals, the crystallization temperature
should be “low”. After crystallization the glass is cooled to room
temperature. If the glass is reheated to temperatures corresponding to the
crystallization temperature the crystals will continue to grow. A glass that is
to be used as a high temperature seal must therefore be fully crystalline
before it can be regarded as volumetrically stable. This has to be considered
when determining the sealing temperature cycle. It is an advantage to have
only one crystalline phase, but in reality ceramic seals usually contain
several crystalline phases. To avoid microcracking the thermal expansion of
the different phases should be similar to within a few %. The ideal seal
would be a ceramic material with a few % glassy phase operating at a
temperature in the glass stability region, just above T, to avoid complete
crystallization [4]. However in this temperature range there is a high
nucleating activity. If the temperature is held constant in this range for long
time (some days or weeks) the glass will become completely crystalline.

3.6  Seal glasses for SOFC and high temperature membrane reactors

During the last 20 years several seal glass compositions for SOFCs have
been proposed and evaluated [56, 57, 59-95]. The main focus has been on
tailoring the TEC, T, Ts and T to the specific design and temperature of
operation in order to find glass-ceramic seals that are stable and chemically
compatible for long time of operation. The majority of the proposed seal
glasses for SOFCs can be divided in two groups; One B,0Os-containg and
one without B,0O;. Boron-silicate glasses can be used for low to intermittent
temperature systems, while those without boron oxide are best suited for
high temperature systems.

3.6.1 Boron-silicates

Most of the proposed seal glasses in this group consist of the oxides; B,Os,
Si0,, Al,Os, BaO, CaO and SrO [59-75, 86, 87, 89]. Boron silicates have
excellent seal performance due to high wetting ability and low viscosity
during sealing. Glasses in this group might have high chemical stability in
both dry and humid H, atmosphere [43, 51] at 800 °C. These compositions
also show good seal performance during thermal cycling between RT and
800 °C.

The effect of the different components on the glass properties depends on
the overall composition of the glass. Normally B,O; lowers the softening
point and Tg, but if the Ba,O3/SiO; ratio is held constant B,O; additions
have little effect on the two temperatures. This was demonstrated by Sohn et
al. [63] for the glass (20-40)BaO-10A1,03-5La;03-(12.5-21.7)B,03-(29.2-
43.3)S10, where the ratio B,0O3/S10, was held constant at 0.5. T, and T for
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all compositions were in the range 668-671 °C and 735-745 °C,
respectively. In the system B,03-Al,03-Si0,-La,0;-SrO, Ley et al. [43]
were able to make glasses with Ty in the range 560-780°C.

The thermal expansion can also be tailored within wide ranges for these
glasses but the effect of the different oxides differs for the different glass
systems. Jinhua et al. [67] evaluated a series of glasses with composition
(mol %) 33.3Si10,-16.7B,03-10A1,05-5La,03-35(Ca0O+Ba0O) where CaO
was gradually substituted with BaO in the range 0-35 mol %. For this range
the TEC varied from 7.6:10°°C™" to 13.0-10°°C"". The glass with 35 %CaO
had the lowest TEC while the highest was observed for the glass with 35 %
BaO as demonstrated in Figure 3.9. This shows that CaO lowers the
thermal expansion while BaO increases it. La,Os3 additions will also have a
positive effect on increasing the TEC [63, 75]. SiO, and Al,Os; have
normally a negative impact on the TEC. In a series of boron silicate glasses
with constant B,03/SiO; ratio of 0.5 the effect of MgO, SrO, Al,Os, La,03
and Y,0; on the TEC was investigated [75]. The results showed that Y,03
and SrO increased the TEC, MgO and Al,O; lowered the TEC, while La,O3
had little influence.
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Figure 3.9

Effect of BaO substitution for CaO on thermal expansion of boron-aluminium-
lanthanum silicate glass containing 35 mol % (CaO+BaO) [67]

3.6.2 Alumino-silicates

The following alumino-silicate seal glasses; MO-Al,03-Si0,, (M=Ca, Ba,
Mg, Sr and Zn) are reported [76, 78, 79, 80, 85]. By adding up to 75 vol. %
MgO filler to a sodium-aluminium-silicate glass (NAS), the TEC increased
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linearly from 11.5 to 13.7-10° °C™' [78]. 32 vol. % MgO seemed to be the
maximum due to reduced mechanical properties for higher MgO contents.
The glass/MgO composite seal worked well above 850°C as seal material
for the interconnect alloy Crofer22APU. The sintering and thermo-physical
properties of glasses in the system 30BaO-5A1,05-50Si0,-15RO (mol %)
where R=Ca, Mg, Ba and Zn have been investigated [79]. T, varied between
692 and 719°C with the addition of Zn, Ba, Mg and Ca, respectively. ZnO-
addition had the largest effect on lowering T, compared to the other. The
pure barium-aluminium-silicate glass (BAS-glass) with 45 % BaO had a
TEC of 13.2:10° °C" while for the other 3 additives the same TEC of
9.74£0.1-10° °C™" was observed. In BAS-glasses thermal expansion can be
modified within wide limits by changing the BaO-content as shown in
Figure 3.10 [65]. The glass compositions were in the range (mol %) (33.7-
45)Ba0-(5-10.5)A1,03-(50-57.5)S10,. As Figure 3.10 shows; by changing
the BaO/SiO; ratio from 0.6 to 0.94, the TEC changes from 7.6- to 14.610°°
°C”'. For the same glass system, the glass transformation temperature and
the softening temperature could be effectively tailored by varying the
alumina content as shown in Figure 3.11.
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Figure 3.10
Effect of BaO/ SiO; ratio on the thermal expansion coefficient in a BAS glass
with composition (33.7-45)BaO-(5-10.5)A1,05-(50-57.5)Si0; [65]
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Figure 3.11

Glass transition temperature T, and softening temperature T; as function of the
alumina/silica ratio of the BAS glass (33.7-45)BaO-(5-10.5)A1,03-(50-57.5)SiO,
[65]

3.6.3 Silicates without alumina

Glass forming ability, optimization of seal glass properties and electrical
properties of glasses in the system RO-BaO-SiO, where R=Mg and Zn,
have been investigated by several groups [82, 84 and 102]. A wide range of
compositions were tested but only a few fulfilled the demands for thermal
expansion for SOFC seal applications. Two glasses with the composition
(mol %); 27Ba0-18MgO-15B,03-40Si0, and 27Ba0O-10MgO-8ZnO-
15B,03-40S10, were identified as potential seal glasses for steel alloy
interconnect. Both glasses were added B,0O; to improve wetting and reduce
the tendency for crystallization during sealing.

3.6.4 Other systems

Phosphosilicates as SOFC seal glass have been studied by Larsen et al. [38,
39]. They concluded that the most stable glasses had too low TEC (5-6:10°°
°C™") for SOFC applications. Seal glasses in the system BaO-La;03-SiO; can
be made with a TEC tailored for sealing gas membrane reactors with
La;NiO4 membrane. A series of glass compositions in this system, patented
by Budd [50], was designed to give thermal expansion coefficients in the
range 12-14-10° °C"' as shown in Figure 3.12. The composition of the
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glasses was in the range: (16.7-37.8)Ba0O-(5-14.3)La;03-(54-70)Si0,. The
thermal expansion coefficient increased with increasing content of BaO.
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Figure 3.12
TEC as a function of BaO content of a BLS glass with composition
(16.7-37.8)BaO-(5-14.3)La;03-(54-70)Si0, [50]

3.6.5 Reactions between the seal and the joining materials

Secondary phases that arise due to reaction or interdiffusion between the
seal and the joining materials can be detrimental not only to the seal, but
also to membranes, electrolytes, electrodes and interconnects. The number
and composition of the secondary phases are determined by the composition
of the joining materials and of the temperature and atmosphere they are
exposed to. It is beyond the scope of this work to make a full review of all
systems that have been evaluated but it is of crucial importance to
understand the interfacial reactions in order to be able to make stable and
reliable power systems based on SOFCs and HT membrane reactors.
Generally secondary phases with low or high thermal expansion compared
to the pure seal and the joining components must be avoided, i.e. phases
with TEC below 8-9-10°°C™" and above 14-15-10°°C"'

To demonstrate the complexity of many seal/membrane systems the work of
Lahl et al. [103] will be shortly reviewed. Lahl et al. studied the reactions
between a series of boron-aluminium-silicate glasses with MgO, CaO and
BaO as modifiers as shown in Table 3.4. The glasses were tested as seal
against 8-YSZ electrolyte, Ni anode, and the interconnect candidates oxide
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dispersion strengthened (ODS) Cr5FeY,0; and Fel8CrAl. Both diffusion
couples and powder mixtures were made. The materials were exposed to

oxidizing conditions (air) and reducing conditions (humidified H;) at 1000
°C for up to 1000 h.

Table 3.4
Glass compositions (mol %) for evaluating reactions between
seal glass, electrolyte and metallic interconnects [103]

Label BaO CaO MgO SiOz A1203 B203 TiOz
BAS 45 45 5 5

CAS 45 45 5 5

MAS 45 45 5 5

MASIO 40 45 10 5
MASTI10 38 45 10 5 2
MASTS 43 45 5 5 2
MASTI12 35.6 | 43.1 | 12.8 | 3.6 4.9

Each glass contained 4 or 5 components, and the interconnect alloys
contained at least 3 components giving a total of at least 8 components that
can react with each other. According to the reduced phase rule', 8
components can result in 9 phases. Lahl et al. reported totally 10 new phases
in the reaction between CAS glass and the 4 SOFC materials: as given in
Table 3.5. In addition comes phases that can form in the crystallised glass.

Table 3.5
Secondary phases formed during reaction between CAS glass and 4 selected
SOFC materials at the anode side [103]

Ni YSZ ODS (CrsFeY,0s) Fe18CrAl
Air Red Air Red Air Red Air
CaSiO; | CaSiOs | CaSiOs CaSiO; CaSiO3 CaSiO3 CaSiO3
NiO Ni CaAIZSi2Og CaQSiO4 CI’203 CI‘203 (Feo_écro,4)203
Ca3ZI‘Si209 m—ZrOz Ca3crzsi3012 Ca3CI‘QSi3012 Ca3CI“zsi3012

The BAS glass resulted in a similar number of secondary phases. The seal
glasses containing BaO and CaO turned out to be useless due to severe
reaction with the joining materials. The phase m-ZrO, formed in the

' The general phase rule is given as: P+F=C+2 where P is the number of phases, F the
degrees of freedom (temperature, pressure) and C the number of components. For ceramic
systems the vapour pressure is very low for large variations in temperature, for such
systems the pressure variable can be neglected. In this case the condenced phase rule can be
applied: P+F=C+1.

32



reaction between CAS and 8YSZ, which exhibits high specific volume
compared to stabilized zirconia and is detrimental in this application.
Another detrimental phase is cordierite (MgyAlsSi50;5) formed in several
interaction studies of MgO based glasses (MAS) with other components of
SOFCs in agreement with the phase diagram of the MgO-Al,03-SiO,
system ([132] Figure 712). Cordierite has a low TEC (2:10°°Ch compared
to that of other components of the fuel cell. The existence of this phase
caused extended crack formation. However, by adding TiO, to the MAS
base glass, formation of cordierite was hindered.

Cristobalite also occurs in many cases of interaction between sealant and
steel alloy interconnects. Cristobalite undergoes a structural transformation
below 200 °C connected with a large volume change. This volume change
will cause microcrack formation during cooling from the sealing cycle.

Formation of BaCrOy is likely to occur when using glasses containing BaO
as seal against chromium containing materials, i.e. the high temperature
ferrochromium alloys. These alloys form a Cr,Os protective scale during
preoxidation before sealing. During the sealing process BaCrO4 is formed.
Two possible reactions can be imagined [70] as shown in eq. 3.9 and 3.10.
The first is reaction between BaO and Cr,O; scale (3.9). In humid
atmosphere chromium oxyhydroxide CrO,(OH), (g) can be present and
result in formation of BaCrO4 and water vapour (eq. 3.10).

2Cr05(s) +4BaO(s) +30,(g) = 4BaCrO4(s) 3.9
CrO,(OH); + BaO = BaCrO4(s) + H,O(g) 3.10

The gas can result in bubble formation in the seal. BaCrO4 has a high
thermal expansion (16.5-33.8:10° °C™") [69] that can result in delamination
and microcracking. These are two reasons why BaO-containing
glass/ceramics should be avoided as seal for chromium containing
components. An alternative seal is a Na,O-CaO-Al,03-Si0, glass that
showed good seal performance after 200 h at 800 °C in H»-3 % H,O
atmosphere joining Crofer22APU and YSZ [104]. Reactions between seal
and other SOFC components are also reported in several other reports [70,
80, 105-108].

3.7 Bonded compliant seals

Bonded compliant seals [109-111] are usually based on different kinds of
Cu-Ag brazes added some active compound to give a strong binding to the
joining components. At normal operation of the system brazes will to some
extent be able to compensate for mismatch in thermal expansion due to their
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ductile nature. The demand on thermal expansion matching is therefore
lower for compliant bonded seals than for rigid bonded seals. On the other
hand, since metal brazes are electrical conductors they are out of question as
seals for SOFCs. Glass could also be a candidate if it was possible to avoid
crystallization of the glass. Taken into account the long operation times
demanded for commercial SOFC systems a glass seal will hardly remain
compliant long enough.

3.8 Compressive seals

The high temperature compressive seal is like a gasket representing a simple
and flexible seal concept. It makes the assembly of stacks as well as repair
of malfunctioning cells easy, but requires an external pressure to keep the
connections gas tight. This external pressure can only be achieved by a kind
of load frame. To maintain high to moderate constant loads in oxidizing
environment over the entire period of stack operation is a challenge.
Material oxidation and load relaxation due to creep as well as added mass,
volume, complexity and cost are all issues of concern with this seal design.
Small-scale coupon testing indicates that non-oxidizing noble metals such as
gold and silver [112] may be viable, but the question is how durable these
gasket materials are in long term operation. In addition the noble metals are
out of question anyway due to high cost. Additional concepts include using
stamped metal gaskets of oxidation resistant alloys such as stainless steel
and nickel-based superalloys. The gaskets are fabricated with deformable c-
shape, corrugated or hollow tube cross sections. One example of corrugated
metal gasket is shown in Figure 3.13 [113]. In this case the gasket is made
of an austenitic alloy where either one side or both sides of the gasket can be
filled with ceramic powder (clay, mica, etc.). However, an obvious
disadvantage is that metals are electrically conductive and therefore are
subject to potential problems with internal shorting [37].

Metal

Corrugated
FeCrAlY

Mica
powder

Figure 3.13
Compressive seal consisted of corrugated metal alloy sheet filled with
ceramic fiber or powder [113]

34



The most promising compressive seals so far reported is based on either
muscovite ,(KAI(AlSi3040)(F,OH),, or phlogopite, KMg3(AlSi3;0,0)(OH),,
mica [113]. These are flexible sheet minerals that can be formed into
gaskets of any shape. The phlogopite micas have shown remarkably good
durability at high temperatures despite decomposition due to release of
water at temperatures below the operating temperature of the system. The
principle is shown in Figure 3.14 a-c demonstrating 3 development steps of
this concept. In the first concept (a) the seal was made of pure mica pressed
between the ceramic and the metal interconnect, but this did not provide a
hermetic seal for long time. Gas leaked both between the gasket and the
joining components and between the individual mica sheets. The next seal
(b) was a hybrid where glass or Ag was put on top and bottom of the mica
seal. This resulted in an improved seal performance but still there was
leakage between the individual mica sheets. By infiltrating the mica sheets
with glass or metal to prevent leakage between the mica sheets (c) excellent
seals have been made. The hybrid seals have shown good sealing
performance both in long time testing (800 h) and in thermal cycling (20 —
800 °C) [96, 114-123]. The problem is that these seals are no longer purely
compressive, but rather compliant bonded or rigid bonded seals.

Mica

= Compliant

Ceramic Layer
(Ag or glass)

Metal

%Eﬁﬁ —— ? = M

: k.
C :__ = = ——'"_T.alnhltrate
Lf——if'l__l S— L_—__.___‘_,_L —-El—— )
2. Compliant
P Layer
Ceramic {Ag or glass)
Figure 3.14

Three different development steps of compressive mica based seals. a) pure
mica, b) Mica embedded between glass or metal sheets and c) mica infiltrated
with glass or metal embedded between glass or metal sheets [96, 114-123]
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4 Properties of aluminate glasses in the system CaO-
AL O;3;-R; R=MgO, BaO, SrO, La,0;.

4.1 Introduction

Two series of aluminate glasses have been evaluated with respect to
applications as glass ceramic seals for HT-membrane reactors and SOFC.
The first series was established from a CaO-Al,O3 (CA) base glass where
CaO was gradually substituted by MgO making up the CAMn series with
MgO content in the range 0-27.2 molar %. The second series denoted
CAXm was less systematic with respect to composition and consisted of
glasses in the systems CaO-Al,Os3-X, where X=BaO, SrO and La;Os. The
letters n and m are integers denoting the different compositions. The
purpose was to evaluate silicate free seal glasses since there have been
questions regarding the long term stability of silicates under SOFCs and
high temperature membrane reactors operating conditions.

4.1.1 Ca0-MgO-Al,O; glasses

Glasses based on CaO-Al,O; have been known since Shepard et al.
published the phase diagram of this system in 1909 [48]. Seven years later
Rankin and Merwin published the phase diagram of the system MgO-CaO-
Al,Os [133]. This system is still of great interest in the field of refractories,
nuclear waste storage, new synthetic slags for secondary steel refining, etc.
and late contributions to reveal further phase relations are found in [124 and
125]. Regarding the glasses of these systems they gained little interest until
it was discovered that aluminate glasses transmitted electromagnetic
radiation in near infrared (5-6 pm) [126]. This lead to the application of
aluminate glasses in the guidance system of heat seeking missiles [127].
Another important application is in sealing of sodium lamps as aluminate
glasses show excellent resistance against sodium vapour compared to
silicate glasses [128]. The glass forming ability and glass stability of
calcium aluminate glasses and glasses where Na, Sr and Ba were substituted
for Ca, were investigated by Uhlmann et al. [129]. There is a narrow region
of glass formation around 65 mol % CaO and 35 mol % Al,Os3, but only for
high cooling rates/small batches. Uhlmann et al. found that batches of 7 g of
the base composition (64Ca0-36Al1,0;) resulted in glass, while a batch of 20
g became completely crystalline. By substituting 6 mol % Na,O, SrO or
BaO for CaO, glass could be formed from batches of 100 g. Shelby [130]
mapped the glass forming region of the calcium aluminosilicate system and
showed that small additions of silica (<5 mol %) increased the glass forming
ability substantially.

Calcium aluminate glasses tend to contain hydroxyl groups. This can be

seen as a large absorption band at approximately 3500 cm™ in IR
transmission spectra. Shelby et al. [131] showed that the hydroxyl content
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could be reduced by a factor of 2 by addition of 5 mol % CaF, substituted
for CaO. Other methods to avoid humidity are vacuum melting or melting in
a dry atmosphere.

4.2 Experimental

4.2.1

All glasses were made of the pure powdered raw materials shown in Table
4.1. The alkaline earth oxides were based on carbonates, while alumina was
based on aluminium hydroxide. These raw materials loose weight during
firing due to decomposition to the oxide and CO, or H,O (or both depending
on the raw material composition). Before the individual batch compositions
were made the weight loss was measured on each raw material by heating
well above the decomposition temperature in order to find the solid oxide
content shown in Table 4.1.

Preparation of glasses

Table 4.1 Raw materials used for glass preparation

Chemical | Supplier Purity | Solid oxide
content
wt%
MgCO; | Baker P.a. 42.4
CaCOs; Merck P.a. 56.0
BaCO; Merck P.a. 77.9
SrCO; BDH lab. suppl. UK P.a. 70.2
Al,(OH)s | PROLABO Rectapur 65.4
Si0, North Cape Minerals >99.5
LayO3 Merck LAB >99.0

Six compositions in the CAMn-series and four compositions in the CAXm-
series were prepared. The oxide composition of the glasses in the CAMn
series is given in Table 4.2. The content of MgO is ranging from 0 to 27.2
mol %. The composition CA without MgO is denoted “base glass”. The
compositions from the CAMn series are plotted in the phase diagram CaO-
MgO-AlL O3 [124, 132] shown in Figure 4.1.The alumina content (mol %) is
almost the same for all compositions lying in the range (37.3-38.7 mol %)).
The composition of the CAXm series is given in Table 4.3. The raw
materials for each composition were mixed in polyethylene bottles together
with 5 alumina grinding balls (¢ 20 mm) by shaking for 1-2 minutes. All
compositions were melted in platinum crucibles (100 ml) at 1550 °C for five
to six hours (except CAM20 and CAM30, which were melted at 1650 °C).
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Table 4.2 Composition of glasses in the CAMn-series
Glass Weight % Mol %
identity CaO | ALO; | MgO | CaO | ALO; | MgO
CA (base glass) 48.1 51.9 0.0 62.7 37.3 0.0
CAMS 45.0 52.6 2.4 58.2 37.4 44
CAMI10 41.7 53.4 5.0 52.7 37.7 8.9
CAMI5 383 54.1 7.6 47.7 37.9 13.4
CAM20 34.8 55.0 10.2 42.7 38.1 18.0
CAM30 27.5 56.7 15.8 32.7 38.7 27.2
CAMI 38.6 52.6 8.8 47.1 36.3 15.4
MgO mCA
o CAMS
@ CAM10
mCAM15
o CAM1
M CAM20
£ CAM30
MgAl204
CaO 3
Al,O3

Figure 4.1

Phase diagram CaO-MgO-AL,0; [133] showing the compositions of the
glasses in the CAMn series

Table 4.3 Oxide composition of glasses in the CAXm-series
Glass Weight % Mol %
identity | CaO | ALO3 | BaO | SrO [La;O3| CaO | ALOs | BaO | SrO [LayOs
CABI | 38.0 | 52.0 | 10.0 54.1 | 40.7 | 5.2
CASI1 38.0 | 52.0 10.0 52.7 | 39.8 7.5
CALS | 41.2 | 484 104 | 57.7 | 373 2.5
CAL10 | 35.2 | 454 19.4 | 52.7 | 37.3 5.0
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The batch size in each run was in the range 70-108 g resulting in 40-70 g of
final product. The heating to maximum temperature was carried out in 4
steps with the following heating rates: 20-400 °C ; 200 °C/h, 400-1000 °C ;
100 °C/h, 1000-1300 °C; 200 °C/h and 1300-maximum temperature (1550-
or 1650 °C); 50 °C/h. After the soak period the glasses were quenched by
pouring the melt onto a 10 mm thick copper plate. To prevent cracking
during cooling some of the samples were transferred to a hot furnace. The
residual stress was removed by annealing at 800 °C for 1h followed by
cooling at a rate of 30 °C/h to room temperature. The glass yield was
calculated by comparing the weight of glass product with the theoretical
yield calculated from the batch weight.

4.2.2 DSC-analysis

Thermal analysis was made on each glass composition in the temperature
range 20-1350 °C using a NETZSCH STA 449 Jupiter differential scanning
calorimeter (DSC). The glass was crushed to particle size 45-150 um before
the measurement and the heating and the cooling rates were 10 °C /min. The
sample weighed from 33 to 50 mg and both the sample and reference
crucibles were made of alumina.

4.2.3 Crystallization and powder X-ray diffraction

A piece (1-3 g) of each glass composition except for CA and CAM30 was
crystallised in air at 1050 °C for 72 hours in a tube furnace and placed on an
alumina sample holder. The heating rate was 200 °C/h. Cooling was
performed by moving the alumina sample holder to the cold end of the
furnace and turning off the power. After 15 minutes the samples were
removed from the furnace. Qualitative powder X-ray diffraction (XRD)
analysis was performed on samples milled to particle size < 45 um by using
a Siemens D5005 diffractometer with CuKo radiation and secondary
monochromator.

XRD of CA was made on a sample that had been heated to 1000 °C twice in
the dilatometer (see chapter 4.2.4). XRD of sample CAM30 was made on
the glass as quenched. Samples with n>5 needed longer time or higher
temperature to achieve a stable crystalline phase composition. Sample
CAMI10 was therefore refired twice at 1300 °C for 20 h. CALS5 and CAL10
were not evaluated with respect to crystalline phases.

4.2.4 Dilatometry

Thermal expansion of selected compositions was performed both on
annealed glass samples and on pressed tablets of glass powder (< 45 um).
Typical sample length was 10-15 mm and sample diameter 5-10 mm. The
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measurements were performed in air using a Netzsch dilatometer type 402E.
The heating and cooling rates were 2 °C /min and holding time at maximum
temperature of 5 min.

4.2.5 Density

The density was measured by the Archimedes method (ISO 5017) using
distilled water as immersion liquid. The samples were glass fractures (3-13
g) as quenched and crystallised samples.

4.2.6  Durability in water

Weathering of the glasses in water was investigated by keeping glass pieces
(1.2-1.4 g) in distilled water in glass bottles for several months at room
temperature. The amount of water was ca. 42 g pr. gram sample. All
samples were dried at 110 °C and weighed before the test, and two times
during the test. The glass pieces were visually observed daily. Ph of a
suspension of distilled water and glass powder of the composition CA with
particle size <80 um was measured after 30 minutes. After 24 h the
suspension was dried and the powder was analysed by XRD.

4.3 Results

4.3.1 Visual observations

To test the mixing procedure of the raw materials the measured weight of
glass products was compared to the calculated yield. The results showed
yields above 99 % and confirmed that the mixing of the constituents was
satisfactory and that the nominal composition was close to the real
composition. During quenching, the glass melt formed to button shaped
bodies 40-50 mm in diameter and ~ 10 mm thickness in the centre. The base
glass CA was almost completely crystalline except for a ~ 1 mm layer in
intimate contact with the copper plate. This layer was a fully translucent
glass slightly yellow in colour. The rest crystallised to a brownish glass
ceramic material (see Figure 4.2 al and a2). The compositions of CAMS,
CAMI10 and CAM15 and CAMI1 resulted in homogeneous, translucent and
yellow glasses as shown in Figure 4.2 for CAM10 and CAM15. CAM20
was partly crystallised while CAM30 was not possible to get out of the
crucible due to apparently high viscosity and was not characterized any
further. Occasionally small spots in the glass became crystalline usually
caused by the last droplets of glass melt from the platinum crucible.

For the CAXm-series the compositions CAB1 and CAS1 became
transparent yellow glasses after quenching. No visible sign of crystallization
was observed. CALS5 behaved like the base glass CA. Most of the material
was crystalline except for a ~1 mm layer that first came in contact with the
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Cu plate. CAL10 was difficult to get out of the crucible. Only a small
volume from the top of the melt came out and this partly crystallised during
quenching. The rest became an opaque crystalline material with a green-
grey colour. Most of the samples cracked during the quenching on the Cu
plate demonstrating that all samples had considerable residual stresses after
quenching.

50 mm

Figure 4.2

Glass compositions CA, CAM10 and CAM15 after quenching from 1550 °C by
pouring the melt on a copper plate. The picture shows, Glass CA top face up
(al), CA bottom face up (a2), CAMI10 top face up (b), CAM15 top face up (c)

4.3.2 Glass transition and glass stability

The DSC curves for the CA-CAM20 glasses in the CAMn series are shown
in Figure 4.3. From the DSC pattern the glass transition temperature T,, the
completion of glass transition region T, and onset temperature for
crystallization Ty can be derived as described in chapter 3.5. All glass
compositions crystallise in the region 915-968 °C showing distinct
exothermic events due to crystallization. It is also possible to clearly
distinguish the glass transition region showing both T, and T,’. Table 4.4
summarizes the temperatures for T,, T,’, AT, = Ty -T,, Tx and Ty-T, (glass
stability) for all the glasses. The wuncertainty in the temperature
measurements is estimated to £3°C. T,, Ty and T\-T, for the CAMn-series
are shown graphically in Figure 4.4. There is a linear decrease in T, of -2.5
°C for each mol % of MgO substituted for CaO. The crystallization
temperature Ty, decreases slowly with increasing content of MgO from 940
°C for CA to 915 °C for CAM20 (17.8 mol % MgO). The glass stability
(also denoted glass forming ability) Tx-T, (Figure 4.4), is increasing up to
13.5 mol % MgO where it passes through a maximum at 133 °C.
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Table 4.4
Glass transition temperatures T, and Ty, onset temperature for crystallization and
glass stability region (T,-T) for evaluated glasses. The estimated uncertainty is +

3°C

<= EXO (DSC signal)

Glass T, Ty AT, T, | T-T,
identity (Stability)
(O (O (O (O (O
CA 841 877 36 940 99
CAMS | 824 | 865 41 939 115
CAMIO | 807 | 848 41 934 127
CAMIS | 803 845 42 936 133
CAM20 | 794 | 835 41 915 121
CABI 857 | 894 37 968 111
CASI 858 | 899 41 959 101
CAL5 833 880 47 952 118
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Figure 4.3

DSC-curves of glasses in the CAMn-series, showing the temperature region
where glass transition and crystallization occurred (A). An enlarged part of
the glass transition region is shown in Figure 4.3 B
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Glass transition temperature T,, onset temperature for crystallization T
and glass stability region T\-T, derived from DSC-measurements on
glasses in the CAMn-series

Based on the measured data for T, and T,’, the temperatures for given
viscosities (isokons) and the viscosity versus temperature can be estimated
by using eq. 3.5. Calculated temperatures for dilatometric softening point T4
(log(m)=10.3 Pa-s), softening point T, (logn=6.6 Pa's) and working point T,
(log(m)=3 Pa-s) for some of the CAMn and CAXm glasses are summarized
in Table 4.5. Also shown is the viscosity expressed as log n (n is given in
Pa-s) for the glasses at 1300 °C and 1550 °C.

Table 4.5
Calculated temperatures for T,, T, and T, and viscosities at 1300 °C and
1550 °C for glasses in the CAMn and CAXm series

Glass Dilatometric Softening | Working |log(n/Pas) | log(n/Pa-s)
identity | softening point point point 1300 °C | 1550 °C
Td Ts TW

O O O
CA 859 935 1077 0.372 -1.07
CAMS 844 937 1111 0.985 -0.51
CAMI10 828 914 1073 0.556 -0.84
CAM15 824 912 1075 0.609 -0.79
CAM20 814 899 1055 0.389 -0.96
CABI 876 953 1097 0.564 -0.95
CASI1 878 963 1121 0911 -0.67
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The results demonstrate that all glasses are nonviscous at high temperatures.
The “fragility” of the glasses can be evaluated from the fragility plot shown
in Figure 4.5, where log(n) is plotted as function of the dimensionless
temperature To/T (K/K). Viscosity measured by Urbain [134] for a
composition close to the base glass CA is also shown in Figure 4.5. The
results show that all glasses are to be considered fragile. From the Figure it
can be seen that the base glass CA is the most fragile while the lanthanum
substituted glass CALS is the least fragile. For the CAMn series the least
fragile glass is CAMS and the most fragile is CAM20. However CAM10 is
found to be more fragile than CAMI15.
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Figure 4.5

Fragility plot of selected glasses from CAMn and CAXm series. Data from
Urbain for a calcium aluminate glass is also shown for comparison [134]

4.3.3 Thermal expansion

Besides TEC also T, and the dilatometric softening point, T4, can be
retrieved from the dilatometric measurements. The thermal expansion
around the softening temperature for selected compositions is shown in
Figure 4.6. All samples have a linear expansion up to the glass transition
temperature.
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Figure 4.6
Thermal expansion curves to temperatures above the dilatometric softening
point for glasses in the CAMn-series.

For all samples except CAMI1S5, T, can be determined with reasonable
accuracy (£5 °C). The dilatometric softening temperature, T4 was
determined at the point of maximum thermal expansion and TECs were
calculated in the temperature range 20-700 °C during heating. The results
are given in Table 4.6 and in Figure 4.7. Both T, and Tq4 follow the same
trend as the corresponding data from the DSC measurements.

Table 4.6
Ty, Ty and TEC from dilatometric measurements, and difference between T,
measured by DSC and T, measured by dilatometry.

Sample T, Ta | Tepsc-Tepio TEC
identity | (DiL) | (DiL) 20-700 °C
©C) | 0 ©C) | x10°°c™
CA 847 859 6 5.8
CAMS | 811 867 13 75
CAMIO0| 791 847 16 7.9
CAMI5| 777 824 26 8.1
CAMI | 780 820 7.2
CAB1 | 840 876 17 7.4
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T4 measured by the dilatometer decreases by 4.8 °C for each mole MgO
substituted for CaO. The TEC shows a maximum at 10-12 mol % MgO of ~
8.0-10° °C™". The sample CABI indicates that BaO has a similar effect on
the TEC as MgO. The T, decreases with increasing MgO/CaO-ratio, and
generally T, measured by DSC is higher than the T, measured by the
dilatometric method. The TEC increases with increasing amounts of MgO
substituted for CaO up to a maximum at around 12-13 mol % MgO.
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Mol % R substituted for CaO, R=MgO, BaO
Figure 4.7

Glass transition temperature Tq(Dil.) and dilatometric softening point, T,(Dil.)
derived from the dilatometer measurements compared with the corresponding
To(DSC) measured by DSC, and T, (Calc) estimated by equation 3.5. Also shown
(right axis) is the thermal expansion coefficient (TEC) for the glasses in the
range 20-700 °C

4.3.4 Crystallised materials

The crystalline phases identified for the samples in the CAMn-series and the
compositions CAB1 and CAS1 after crystallization, are given in Table 4.7.
The identified phases are marked with x, the + sign indicates which phases
that are expected from the phase diagram in Figure 4.1. In most cases the
identified phases are in accordance with the phase diagram.
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Table 4.7
Crystalline phases identified (x) in glasses in the CAMn-series + CABI and CAS1
after 72 h at 1050 °C

Sample Crystalline phases (B=BaO, C = CaO, M = MgO, A = ALO3)
1D CA | GGA | Cs5A; | CpA7 | CGMA; | BA M MA
CA* X+

CAMS X+ X X+ +

CAMI10** X+ X+ X+

CAM15 X+ X+ X+

CAM20 X+ X+ X+
CAM3Q*** X X X X+
CABI X+ + X? X+

CASI1 X+ X+ X+

* 2 x 1000 °C/5 min, **2x 1300 °C/20 h, *** XRD as quenched from 1650
°C, + Expected phase from phase diagrams [135]

4.3.5 Density

The density of the glasses is given in Table 4.8. The second column shows
the density for the samples as quenched (glassy material) while the third
column shows the density for the inverted glasses after crystallization for 72
h at 1050 °C.

The density for glassy samples of the CAMn-series for n=5 to 15 was
2.91+0.01 g/cm’. For CA the density was measured to 2.66 g/cm’. For the
glasses in the CAX-series (X=BaO, SrO and La;0Os;) the density was
measured to be in the range from 3.02 to 3.07 g/cm’. After crystallization
the density of CA increased, while the density for CAMS, CAM10, CAB1
and CALS decreased. The density for CAM15 and CAS1 was unaltered.

Table 4.8
Density measured by immersion method of glassy and
crystalline samples (1050 °C/72 h)

Sample Density Density
ID. of glass |inverted glass

(g/em’) (g/em’)

CA 2.66 2.69
CAMS 2.92 2.71
CAM10 2.91 2.81
CAMIS 2.91 2.92
CABI 3.07 2.99
CASI 3.02 3.02
CALS 3.02 2.92
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4.3.5.1 Durability in water

Reaction with water was noticed after short time. Especially the CA-
composition, which was partly crystalline, reacted fast. After a couple of
days the other compositions also showed signs of reaction. The glasses
became covered by a white dusty layer, which over time also covered the
walls and the bottom of the bottles. The visible changes caused by the
reaction with water are illustrated in Figure 4.8. Gas bubbles on the surface
after 15 minutes soaking indicated that CA reacted fast with water. After 3
days bubbles could also be seen on CAMS and CAM10. CA and CAMS
were covered by a white layer. pH of the water with fine grained powder of
the CA composition showed that the pH stabilised at ~ 10.6 after 30 minutes
and the powder turned into hard aggregates. pH of the distilled water was
7.0. XRD analysis of the CA sample after 24 hour exposure to water
demonstrated formation of the hydrate phase; Ca3;Al,(OH),, (Katoite) and
the hydrated carbonate CasAl,COq-11H,0.

15
min

days

71
days

CA CAM5 CAM10

Figure 4.8

Visual impression of the reaction between distilled water and the glasses CA,
CAMS5 and CAM10 after 15 minutes and 3 days. Pictures of dried glass samples
after 71 days show that all samples are covered by a white powder

4.4 Discussion

4.4.1 Glass stability

The glass forming ability of the CA composition was observed to be poor.
When the melt was poured onto the copper plate only the part that first came
into contact with the plate became glass, while the rest resulted in a
brownish crystalline material. This demonstrates that the critical cooling
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rate is relatively high, and that only the melt that came in direct contact with
the copper plate was cooled fast enough to become glass. Smaller batches
(<10 g) are expected to be glass forming. This observation is supported by
the work of Uhlmann et al. [129].

Substitution of CaO by another alkaline earth oxide (MgO, BaO, SrO)
increased the glass forming ability as expressed by the difference Tx-T,
between the crystallization temperature and glass transition temperature (see
Table 4.4). The glass forming ability for the CAMn-series passes a
maximum at approximately 12-13 mol % MgO (Figure 4.4) demonstrating
that the optimum composition for glass making is somewhere in the range
10-15 mol % MgO. In order to locate the exact maximum further
experiments have to be performed. It is also interesting to notice that the
TEC (Figure 4.7) shows the same trend as the glass forming ability. The T,
for the CAMn series decreases almost linearly with increasing amounts of
MgO, from 841 °C for 0 mol % MgO to 794 °C for 20 mol % MgO. The
slope is ~ -2.8 °C for each mole MgO substituted. The CAB1 and CAS1
compositions have relatively high transformation temperatures of 857-858
°C while CALS5 has an intermediate T, of 834 °C.

The calculated softening points (Table 4.5) are decreasing with increasing
content of MgO. The T was 937 °C for MgO content of 4.4 mol % and 899
°C for 18 mol % MgO. The estimated working point temperatures show the
same trend. The estimated viscosity at 1300 °C and 1550 °C demonstrate
that all glasses are non-viscous at these temperatures. This is in accordance
with the experience when the glass melt was quenched. The melts appeared
non-viscous.

4.4.2 Viscosity

The calculated viscosities for the CAMn series and the CAB1 glass were
compared to viscosity data published by Urbain [134] (Figure 4.5). Urbain
does not give any information of the glass transition temperature, a T, of
825 °C measured by Uhlmann et al. [129] for a similar glass composition as
reported by Urbain was therefore used, in order to fit Urbains data into the
fragility diagram. As can be seen, Urbains data fit well to the estimated
viscosity from the calorimetric data.

4.4.3 Dilatometric measurements

The TEC between 20 °C and 700 °C for the CAMn-series is generally low
but increases as more MgO is substituted for CaO. At 10-12 mol % MgO
the TEC reaches a maximum of ~ 8.1:10° °C”'. Thus the TEC may be
adjusted to some degree by the amount of MgO added but the effect is
limited. Thermal expansion of CA was measured on a piece of the quenched
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glass that was partly crystalline. The dilatometer pattern showed a distinct
glass transition but no softening point due to further crystallization and fast
increase in viscosity.

T, determined by DSC was systematically 12-26 °C higher than the T,
obtained from dilatometry (Table 4.6). This difference can be explained by
the heating rate, which was 10 °C/min for the DSC and 2 °C for the
dilatometer. Generally T, increases when the heating rate increases [47].
The only composition that deviates from this trend is CA where T, from the
dilatometer is higher than T, measured by DSC. The fact that the
dilatometer sample was mostly crystalline and not glass can explain this
since crystalline particles growing in a glass matrix will increase the
viscosity and change the glass composition. The sample used for the DSC
measurements was from the pure glassy phase that formed in contact with
the copper plate when the glass melt was quenched.

4.4.4 Crystallised glass

The crystalline phases identified in the devitrified glasses of the CAMn-
series were mainly in accordance with the phase diagram (Figure 4.9). For
the sample CAMS either the phase Ci,A7 or the more alumina rich phase
CsA; would be expected, however both phases were identified. There are

MgO
f o CA-Cryst, no cracking.

o CAMS5, glass, no cracking

© CAM10, glass, cracked.

a CAM15, glass, heavily cracked
» CAM1-glass, cracked.

o CAM20, partly cryst. cracked.
A CAM30, mostly cryst.

MgAl,0,

CzAzM =

\
Cao CsA CiAs CsA;  CA CA. Chs  AlLO;

Figure 4.9
Phase diagram of the CaO-Al,O3-MgO system showing expected crystalline
phases for the compositions in the CAMn-series [135, Figure 11300]

50



different opinions in the literature [124,136,137] whether the phase C,A7 1s
a pure phase or if it contains some water. According to Nurse et al. [137] the
phase Cj;A; enters into a reversible equilibrium with water in the
temperature range 950-1350 °C. The phase can be described as
Caj2Al1403(OH), corresponding to a water content of 1.3 %. In the pure
Ca0-Al,0; system the phase CsA; would be formed. Since no special care
has been taken in the present work to obtain completely dry atmosphere
during the crystallization experiments it is reasonable that both mentioned
phases can be formed. On the other hand the phase C3;MA, was expected
from the phase diagram but was not observed. This can be explained by the
deviation from equilibrium or by some solid solution of MgO. For sample
CAMI10, with the double amount of MgO compared to CAMS5 the phase
CsMA, was identified as expected. Sample CAM30 did not contain the
expected crystalline phases since the XRD analysis was made on the
quenched sample. For the CAB1 and CAS1 glasses the identified crystalline
phases are all expected from the phase diagrams ([135], Figures 2451 and
2484). In the BAS system there is extensive solid solution between CaO and
SrO.

4.4.5 Density

Table 4.9 shows that the compositions CAMS and CAMI10 have a
considerable lower density as crystallised material than as glassy material
contrary to what is expected. One explanation might be that both these
compositions contain the phase C,A7, which according to the X-ray powder
diffraction files [135] (see Table 4.9) have a density, Dy, of 2.677 g/cm’.
The low density of Ci,A7 can explain the rather low density of the glass
compared to the crystalline material. The density of the base glass CA was
measured to be 2.69 g/cm’ after the crystallization cycle (72 h at 1050 °C).
This is reasonable since the only crystalline phase found in this composition
was C12A7.

Table 4.9
Density data from powder diffraction files (PDF) for some phases in the MgO-
Ca0-A41,0;5 system [135]

Phase Density (g/cmS)
Short form. Dy Dn PDF-file
Calculated | Measured

CA 2.945 01-070-0134
CsA; 3.040 3.030 00-011-0357
CA; 2.677 00-009-0413

C3MA, 2971 2.960 00-017-0737
MA 3.579 00-021-1152

M=MgO , C=CaO . A:Alg 0] 3
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4.4.6  Durability in water

The substitution of MgO for CaO increases the durability in water. From the
XRD-pattern of the water treated powder of sample CA it is indicated that
the white coating, which is observed in Figure 4.8 is a mixture of a
hydroxide and a carbonate. The alkaline earth elements Ca and Mg form
carbonates easily and the reaction goes faster when water is involved. The
first step results in a hydroxide, which reacts further into a carbonate as
shown in equations 4.1 and 4.2 where M=Mg, Ca, Sr and Ba.

Step 1: MO + H,0 = M(OH), 4.1
Step 2: M(OH), + CO, = MCO; + H,0 42

At elevated temperatures the hydroxides and carbonates will decompose.
However as mentioned earlier, in atmospheres containing water vapour the
hydroxide phase C;,A703,(OH), can be formed in the temperature range
950 °C-1350 °C.

4.4.7 Conclusion

The glass forming ability of CaO-Al,0; based glasses with addition of a
third oxide (MgO, SrO, BaO) has been investigated. The stability of the CA
based glass increased with the addition of a third oxide, and a maximum in
stability was observed with substitution of CaO with MgO. The glass
transition temperature was observed to decrease with increasing MgO
content, while the crystallization temperature was less dependent on the
MgO substitution. The thermal expansion of the glasses was observed to
increase with increasing MgO substitution.

The thermal properties of the glasses including glass transition temperature,
crystallization temperature, softening point and viscosity have been
established by thermal analyses. Finally durability tests have demonstrated
that the glasses are not stable in contact with water at ambient temperatures.
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5 Preparation of LaNiO; and LaNbO, membrane
materials

5.1 Experimental

5.1.1 LaNbOy

The LaNbO4 powder was processed by spray pyrolysis following the same
route as described by Mokkelbost et al. [11]. The particular batch used in
the present work was doped with 0.5 % Sr giving the composition:
La.995S10,00sNbO4, and the powder was calcined at 1000 °C. Different
shapes (sheets with diameter 10-25 mm and 1 mm thickness and tablets o
10-20 mm height 7-20 mm) were made by uniaxial pressing at 30-50 MPa.
Tablets with ¢ 10 mm and height 15-20 mm were used to determine the
sintering properties and thermal expansion of dense samples. Thermal
expansion measurement was performed by heating the pressed tablet to
1400 °C in the dilatometer using the same procedure and equipment as
described in chapter 4.2.4. Based on the sintering curve the program shown
in Figure 5.1 was used for sintering the test samples: The sintering program
was designed to obtain a dense material with as small grains as possible. X-
ray diffraction was performed by using BRUKER Focus D8 diffractometer
equipped with a solid state “Lynx Eye” detector. The density was measured
using the Archimedian method in ethanol. The grain size was measured by
use of an optical microscope.

1400
1200 -
1000 -
800 -
600 -

Temperature (°C)

400 -
200 -

0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Time (h)

Figure 5.1 Firing schedule for sintering of LaNbO,samples
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5.1.2 LazNiO4

The La;NiO4 powder was processed from metal nitrides dissolved in water
by a similar spray pyrolysis method as used for LaNbO,. After the spray
pyrolysis the powder was calcined at 800 °C for 8 hours and wet ball milled
for 18 hours in polyethylene bottle with zirconia balls (¢ 4 mm) and
isopropanol as liquid. The rest of the experimental procedure was the
similar as for LaNbOy4. The La;NiO4 samples were sintered at 1320 °C for 1
or 2 hours using a heating rate between 1000 and 1320 °C of 40 or 50 °C/h.
The heating rate from 20 to 1000 °C was either 200 or 300 °C/h and the
cooling rate was either 300 or 400 °C /h as shown in Figure 5.2.

1400

1200 ~
1000 -
800 -

600 -

Temperature (°C)

400 ~

—— Low heating rate - 1 h soak

200 —— High heating rates - 2 h soak

0 T T T T T T T T T
0O 2 4 o6 8 10 12 14 16 18 20

Figure 5.2 Time (h)
Firing schedules for sintering of La;NiO,samples

5.2 Results

5.2.1 LaNbOy

The X-ray pattern of the calcined powder is shown in Figure 5.3
demonstrating that the powder was phase pure. The structure identification
in Figure 5.3 is from PDF file 01-081-1973 [138]. The sintering and thermal
expansion curves are shown in Figures 5.4 and 5.5 respectively. The
sintering of LaNbO,4 powder starts at ~ 900 °C and is finished at ~1300 °C.
The sintering rate ((AL/Lo)/AT, % °C™") was almost constant between 900
and 1200 °C. The thermal expansion of dense LaNbO, shows a phase
transition at ~ 530-540 °C. Below this transition temperature the thermal
expansion coefficient was 13.3-10° °C' while above the transition
temperature the TEC was 6.7-10° °C™'. With respect to sealing nonlinear
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expansion behaviour might be a challenge. Immersion of the sintered
samples in ethanol showed no weight gain demonstrating that the materials
contained no open porosity. The densities measured were in the range 5.55-
5.67 glem® or 95-97 % of the theoretical density. Optical microscopy
showed a fully sintered material with grain size between 2 and 8 pm.

Mwﬂji i MAJWLA
7—'—1—1—1—1—1—1—1—1—1—’—1—1—1—1—1—1—1—1—1—’_'

‘V—'—V—V—V—V—y—l—l—h

320 30 40 50

2-Theta - Scale
Figure 5.3
X-ray diffraction pattern of LaNbO, powder used for membrane material samples.
The structure identification is based on PDF file 01-081-1973 [135,138]
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Sintering curve of LaNbO, obtained by a heating rate of 2 °C /min in air
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Figure 5.5
Thermal expansion of LaNbO, sintered at 1200 °C. TEC: 20-536 °C: 13.3 -10° °C”,
536-1200 °C: 6.7:10° °C !

5.2.2 La,;NiO4

The X-ray diffraction pattern of La,NiOy4 sintered at 1300 °C shown in
Figure 5.6 demonstrates that La;NiOy is the only phase identified.
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Figure 5.6
X-ray diffraction pattern of La,NiO,; powder sintered at 1300 °C  demonstrating
that the sintered material consists of only La;NiO,.
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The dilatometric measurements showed that La,NiO, starts to sinter at ~
900 °C and that the sintering was finished at ~ 1300 °C as shown in Figure
5.7. The abrupt stop in the sintering curve is due to that the dilatometric
measurement system passed the range limit. Thermal expansion of dense
La;NiO4 1s shown in Figure 5.8. The thermal expansion is almost linear
from RT up to 1000 °C giving a TEC between 25 and 1000 °C of 12.4:10°°
°C™'. Optical microscopy of sintered samples showed a dense microstructure
consisting of grains in the size range 1-8 um. The density was in the range
6.64-6.70 g/cm’ representing 94-95 % of the theoretical value.
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Figure 5.7
Sintering curve for La,NiO, obtained by heating at 2 °C /min in air
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Figure 5.8

Thermal expansion of densified La;NiOy in air at heating rate 2 °C/min
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6 Reactions between calcium-magnesium- aluminate
glass ceramic, LaNbQ, and Al,O;

6.1 Introduction

The physical properties of the aluminate glasses evaluated in chapter 4
revealed that the compositions CAM10 and CAM15 have thermal expansion
coefficients attractive for sealing of LaNbO4 materials. To evaluate the
chemical compatibility between the materials, the crystalline phases and
microstructure were studied in powder mixtures of CAM10 and LaNbO,
after heat treatment at high temperatures. In addition, two types of diffusion
couples were prepared to study reaction mechanisms. The first diffusion
couple consisted of CAMI10 glass in contact with presintered LaNbOy4 or
Al Os. The second type of diffusion couple (“Flux test sample”) was an
assembly of a LaNbO4 membrane joined to an Al,O3 substrate prepared to
study the seal performance in a leakage test experiment (see chapter 8).
Reactions between CAM-glass and LaNbO4 and Al,O; were studied by
means of electron microprobe analysis (EMPA) and XRD.

6.2 Experimental

6.2.1 Preparation of powder mixtures

The aluminate glass denoted CAM10 (see Table 4.1) prepared as described
in chapter 4.2.1, was milled in a planetary mill and the fraction with particle
size < 45um was separated by dry sieving. The LaNbO4 powder was the
same as described in chapter 5.1.1. Three different mixtures of the two
powders (30/70, 50/50 and 70/30 wt %) were prepared. In addition one
powder mixture of 50 wt % Al,O3 (sub micron powder from Martinswerk
denoted “Martoxid MDS-6") and 50 % CAMIO0 glass was prepared. The
calculated elemental compositions of the mixtures are given in Table 6.1.

Table 6.1
Nominal elemental composition of the CAM10 seal glass and of the powder
mixtures CAM10/LaNbO, and CAM10/41,0;

Mixture Mixture Elemental composition (at. %)
Composition (wt. %) Mg [ Ca | Al [ La | Nb | O
CAMI0 100 1.0 | 6.0 | 8.6 19.9

CAM10/LaNbO4 30/70 1.4 | 82 | 11.5] 87 | 87 | 61.6
CAMI10/LaNbOg4 50/50 1.9 [11.7] 164 5.3 | 5.3 | 594
CAM10/LaNbO4 70/30 24 (142120.1] 2.8 | 2.8 | 57.8

CAMI10/ALO; 50/50 1.3 8 |[325 58.1

Tablets with diameter 10-15 mm and height 15-25 mm were pressed,
sintered and milled to particle size <45um for XRD analyses. The heat
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treatment of the different mixtures is given in Table 6.2. A flow sheet
describing the preparation steps is shown in Figure 6.1.

Preparation of powder mixtures

CAM10 LaNbO4
Powder <45um Powder <0.1 ym

Mixing in plastic bottle
(shaking)

Mixing in agate mortar
with agate pestle

Tablet making by
uniaxially pressing,100 MPa

Firing

Milling < 45um
|

Powder X-ray diffraction
Siemens D8-Focus
CuKa radiation

A 4

Figure 6.1

Flow sheet for evaluation of the crystalline phases formed during
reaction between CAM10 glass powder and LaNbOy at elevated
temperatures
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Table 6.2. Heat treatment of powder mixtures of CAM10/LaNbO,

Cycle no..— 1 2 3 4
Mixture (wt %) | Temp/Hold | Temp/Hold | Temp/Hold | Temp/Hold
CAMI10/LaNbO4  (°C/h) (°C/h) (°C/h) (°C/h)
30/70 1300/30 1300/40 1300/18 1375/100
50/50 (1)* 1300/30 1300/40
50/50 (2)* 1375/20 1375/72
70/30 1300/24 1250/40 1300/18 1375/100

* Due to experimental problems a new batch of mixture 50/50 had to be made
after 2 heating cycles. The second batch, 50/50 (2), was fired twice at 1375 °C;

20 hours and 72 hours.

6.2.2

Four diffusion couples were prepared between the sealant glass and
LaNbO4/AL,Os. The LaNbOy4 and alumina tablets were polished with SiC-
paper FEPA 1100 and cleaned 20 minutes in ultrasonic bath (ethanol) prior
to the sealing. The first diffusion couple consisted of a LaNbO, tablet
(diameter 10 mm) with the top face covered with a 1 mm layer of CAMI10
glass powder dispersed in ethanol. On top of the seal a tablet of sintered
alumina (Haldenwanger 99.7 % Al,O;) was placed as shown in Figure 6.2.
Figure 6.2 also shows the composition of the 3 other diffusion couples. The
heat treatment of the four diffusion couples is given in Table 6.3. Common
for all is that the samples were heated to a high temperature for the seal to
melt or sinter, and then held at a lower temperature for the seal glass to
crystallise. The seal glass on diffusion couple 1 turned out to be poorly
sintered. The melting stage for the next diffusion couples was therefore
performed at a higher temperature (1400 °C), which resulted in dense seals.
Diffusion couple 3 was the “Flux test sample” described in chapter 8.

Preparation of diffusion couples

LaNbO4
AlL,O
205 CAMI10 o ALO;
/ CAMI0 CAMI10
LaNbO 4 CAMI10 /

J—LZ .//_\/ ’ IyaNbO4 y
T =

‘ | 4

Diff. couple 1 Diff. couple 3 Diff. couple 4

Diff. couple 2

Figure 6.2
Diffusion couples used for studying reactions between the seal glass (CAM10),
LaNbO, and Al,O;
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Table 6.3 Heat treatment of diffusion couples

Melting Crystallization
Diffusion [ Temp./Hold time | Temp./Hold time
couple (°C/Hours) (°C/Hours)

1 1300/2 1100/56
2 1400/1 1300/110
3 1400/1 1060/47

1004/84
4 1400/1 1300/110

6.2.3 Characterization

Powder X-ray diffraction were performed on all the powder mixtures
(particle size <45pm) by using a BRUKER diffractometer Focus 8 with Cu-
Ko radiation and Lynx-Eye detector. After the final firing EMPA was
performed on polished cross sections of the diffusion couples and the
sintered powder mixtures using a Jeol JXA-8900 electron microprobe.
Backscatter images were taken of the microstructure of all mixtures. For all
identified phases at least 3 point analysis were made from three different
grains.

6.3 Results

6.3.1 Electron microprobe analysis of CAM10/LaNbO4 mixtures

The microstructure of the sintered powder mixtures showed that the phase
distribution was not completely homogeneous. However, the main phases
are expected to be close to the equilibrium composition. The composition
of the various phases observed by EMPA is summarized in Table 6.4 and
the microstructure of the powder samples is shown in Figures 6.3-6.5. The
letters in the “Phase ID” column in Table 6.4 correspond to the marked
phases in Figures 6.3-6.5. This notation is used for the same phases in the
following. LaNbO4 was identified only in samples 30/70 and 50/50.

In the mixture 30/70, LaNbO4 was evenly distributed through the whole
sample demonstrating that LaNbO, is a stable phase for this powder
mixture. In the mixture 50/50 the amount of LaNbO, was considerably
lower. LaNbO4 was concentrated in a few large grains (100-150 pm),
showing that the mixture had not been completely homogeneous before the
final firing. The low LaNbOy4 content indicates however that LaNbOj is
nearly completely consumed in the reaction with the glass. For 70/30,
LaNbQ,4 was not detected.
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La and/or Nb from LaNbQO, are found in four new phases. The first of these
(P6) was present in all three powder mixtures and has a composition close to
Ca;LaAlNbOy. This can also be regarded as a double perovskite expressed
as; CaysLaj;3AlysNby30s. The second phase denoted “Ca,Nb,O7” (P2), was
present in the mixtures 30/70 and 50/50.

A closer examination of the composition of the “Ca,Nb,O7” revealed that
this phase also contained small amounts of Mg, Al and La and that Ca+La
and Al+Mg+Nb in all cases could be summed up to 20 at. % respectively,
giving the general formula (CalLa),(AIMgNDb),Og¢ for this phase. The third
phase CalLaAl;0O7, (P10) was only present in the mixture with 70 wt %
CAM10. The fourth phase (P9) denoted -alumina, was present in the same
mixtures as Ca;Nb,O;. The B-alumina contains Ca, La and Mg. The
microprobe analysis of the B-alumina phase was quite similar in the two
mixtures where this phase was identified, giving the nominal composition
as: CaMgLaAl;70,9. The last two phases detected in the powder mixtures
were CA; (P4) and MgAl,O4 (P8), which both are stable in the CaO-MgO-
ALOj; system. The crystallites in the 50/50 mixture of Al,O; and CAM10
were too small to give reliable composition from EMPA and the
composition for this sample is therefore not presented.

Table 6.4
Electron microprobe analysis of the three powder mixtures of CAMI10/LaNbO,;
30/70, 50/50 and 70/30

Mixture | Phase Composition at. % Simplified

ID Ca La Al [ Mg | Nb O  |composition

P1 05 | 186 0.4 0 18.7 | 61.7 |LaNbO4

30/70 P2 11.2 | 89 2 2.1 | 16.4 | 59.5 |"CaNbO7"

P6 11 97 | 142 | 0.3 7.1 | 57.7 |CasLaAbLNbyOg
P9 0.8 | 26 |343] 24 0.3 | 59.5 |B-Alumina

P1 03 (186 O 0 18.6 | 62.4 |LaNbO4

P2 11.2 | 88 | 1.6 | 2.1 | 16.4 | 59.9 ["Ca;Nb,O7"
50/50 P6 | 13.5| 7.8 | 13.4 | 0.5 7.3 | 57.5 |CaxLaAbLNbOg
P8 04 | 02 269 13.8 | 0.2 | 58.5 |[MgALO4 (spinel)
P9 1.3 2 344 21 0.1 60 |B-Alumina

P4 8 0.1 326 14 0 58 |CaALO7 (CA»)
70/30 P6 | 145 7.3 | 13.7( 03 7.3 | 56.9 |CaxLaAbLNbOg
P10 | 98 | 6.9 | 249 | 0.7 0.4 | 57.4 |CaLaALOy
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Figure 6.3
Backscatter image of the mixture CAM10/LaNbO, 30/70 P1: LaNbO,, P2:
“Ca,Nb,0;”, P6: Ca,LaAlLNbOy and P9: p-Alumina

Figure 6.4
Backscatter image of the mixture CAM10/LaNbO, 50/50. P1: LaNbO,, P2:
“Ca,Nb,0;”, P6: Ca,LaAlLNbOy, P8: MgAl,O, (Spinel), P9: p-alumina

Figure 6.5
Backscatter image of th mixture CAM10/LaNbO, 70/30. P4: CaAl,O;
(CA3), P6: CayLaAlLNbOy, P10: CaLaAl;0;,
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6.3.2

X-ray diffraction of powder mixtures

Three heat treatments were necessary to achieve equilibrium in the powder
mixtures. This is demonstrated by the XRD patterns of CAM10/LN 50/50
powder mixture shown in Figure 6.6. The presence of LaNbO4 was evident
after the first and second heat treatment, while after the third heating cycle
(92 h) only trace amount of LaNbO4 was observed. This observation is
consistent with the microscopy results and illustrates that the LaNbO4 and
devitrified glass are not coexistent. The opposite is the case with B-alumina
and spinel, which become more abundant with increased heating time. The
phase CA was present after 30 h while CA, was present in the first two heat
treatments. These observations are summarized in Table 6.5.
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Figure 6.6

XRD -pattern of powder mixture 50/50 wt% CAM10/LaNbO, after 30, 70 and 92h

Table 6.5
Phase development of mixture CAM10/LaNbO, 50/50 versus increased heating time.
“x” means phase identified, “-" means trace amounts.
Phase [Phase 1300 °C | 1300 °C | 1375 °C
ID 30h 70 h 92 h
P1 LaNbOy4 -
P2 CaLaNb,0O75 X X X
P3 CaALO, X
P4 CaA]407 X
P6 CaLaALNDbOg X
P8 MgALOy4 (spinel)
P9 LaMgAl; 1019
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The identified phases and the corresponding PDF-files [135] after the final
heat treatment of the powder mixtures are given in Table 6.6 while the
corresponding X-ray diffraction patterns are shown in Figure 6.7. Table 6.6
also includes the crystalline phases in devitrified CAM10 glass that were
reported in chapter 4.

The phases identified in the 50/50 CAMI10/Al,0; mixture were all in
accordance to the phase diagram in Figure 4.8. Regarding the mixtures of
CAMI10 and LaNbOy all except one phase correspond to the phases that
were identified by EMPA. The exception is the spinel phase that was
identified only in mixture 50/50 while the X-ray analysis shows that spinel

is also present in mixture 70/30.

Table 6.6

Crystalline phases identified in the pure seal glass CAM10 and in the

powder mixtures. The PDF-file numbers are from [135]

CAM10/LaNbO, |Phases identified Phase | PDF number
(Wt%) by XRD 1D [135]

CaALO, (CA) P9 | 01-070-0134

CAM10 CasMgAL O, (CsMA,) | P13 | 00-017-0737

Ca;»AlL 4053 (C2A7) P15 | 00-009-0413

CAMI10/ALO; |CaALO,4 (CA) P9 | 01-070-0134

50/50 MgALO, (Spinel) P12 | 00-021-1152

CaALO; (CA,) P14 | 00-023-1037

"Ca,Nb,O;" P7 | 01-081-0841

CAM10/LaNbO, |LaNbO, Pl | 01-071-1405

30/70 LaMgAl; 0o (B-alumina) | P8 | 00-026-0873
Ca,LaALNbBO, P6 [139]

"Ca,Nb,O;" P7 | 01-081-0841

CAM10/LaNbO, |LaNbOy (traces) Pl | 01-071-1405

50/50 LaMgAl; O (B-alumina) | P8 | 00-026-0873
Ca,LaALNbBO, P6 [139]

MgALO, (spinel) P12 | 00-021-1152

CaLaALO; P16 | 01-081-1797

CAM10/LaNbO, |CaALO7 (CA,) P14 | 00-023-1037
70/30 Ca,LaALNbOy P6 [139]

MgALO, (Spinel) P12 | 00-021-1152
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P1: LaNbO,4

P6
P2: CaLaNb207_5
P4: CaAl,O-,
P6: (Ca,La),(Al,Nb),Oq
P8: MgAl,O, (spinel)
P9: Lal\/lgA|11O19
P10: CaLaAI307
P10 P10
P4 Ps P6 P6
P4
70/30
2|
5
o
S 50/50
c
3 P2
pr P6 P6 pg P6
Fe Pe P9 pg P9 P9 pg pg P9
30/70

Figure 6.7 2-Theta - Scale

X-ray diffraction patterns of the three powder mixtures after the final heat
treatment (see Table 6.2)

The phase LaMgAl;;0;9 (hexagonal structure), which was present in the
50/50 and 30/70 mixtures, corresponds to the B-alumina (P9) identified in
the same samples by EMPA. The phase Ca;LaAl,NbOg (P6) was present in
all mixtures. The X-ray diffraction pattern for this compound is similar to
the pattern reported for Ca,AINbOg, which was indexed by Vanderah et al.
[139] based on a monoclinic perovskite with unit cell (P2,,). In the present
work, the composition is proven to be Ca,L.aAl,NbOy. The phase denoted
“CapNb,O7” corresponds to CalLaNb,O, which is reported in PDF file 1-
081-0841 [135]. To maintain the charge balance of this compound there
should be 7.5 oxygen atoms and not 7 as reported. According to
Lewandowski et al. [141] CalLaNb,O; possesses a cubic pyrochlore
structure (pyrochlore; A;B»07). On the other hand the phase Ca;Nb,O,
which is described in many papers [139-141] possesses according to [141],
a pyrochlore structure below 650 °C and a perovskite structure above 650
°C.
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6.3.3  Diffusion couples

6.3.3.1 Diffusion couple 1-2 h/1300 °C + 5 h/1100 °C

The microstructure of diffusion couple 1 showed that the CAMI10 coating
was porous demonstrating that the temperature during sealing was too low.
However, a promising physical contact between LaNbO,4 and the glass had
been formed as shown in Figure 6.8. (Due to the poor densification only the
interface between LaNbO, and CAM10 glass was analysed in this sample.
The reaction between alumina and seal glass was studied on diffusion
couple 4). The main phase in the reaction zone between the glass and
LaNbO, was identified to be “Ca,Nb,O;” (P2). Also present in the same
region was the phase CaAINbOs (P15). The elemental analysis shows that
P2 also contains 2 % Mg and 2 % Al. In the CAM10 matrix close to the
reaction zone, a scattered light grey phase formed as “fingers” was
observed.

CAMI10
AlL,O4 \Z
—
/I'_I
‘ LaNbO4
B el el x0T e
S g
S .~ LaNbO, -
_'. o R 5m t ‘D.if;fusion ?69?|e1

Figure 6.8

Backscatter image of the microstructure of the reaction zone between CAM10-glass
and sintered LaNbO,.in diffusion couple 1. The sample was fired for 2 h at 1300 °C
and for 56 h at 1100°C. P1: LaNbO,, P2: “Ca,Nb,0;”, P8: MgAl,O,, PI11:
CaLasNbsOs0,P15: CaAINbOs. See Table 6.7 for elemental composition

The “fingers” were composed of at least two phases with nominal
composition Ca;pAlgNbsSi3029 and MgsCasNb,AlySi4Os, respectively,
These phases contained Si-impurities from an unknown source and will not
be discussed any further. In LaNbO,, two phases were observed,
distinguished by different grey colour. The lightest was as expected
LaNbOy4. The other (P11) was essentially LaNbO4 but this phase also
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contained 2.2 at% Ca. The elemental composition of the phases is
summarized in Table 6.7.

Table 6.7

Electron microprobe analysis of diffusion couple 1.The phase corresponding to
the analysed points is shown in Figure 6.8

Phase Composition (at.%)
ID [Ca |La | Al [Mg |[Nb | O Sum |["Compound"
P1 06 | 187 0.2 0.1 | 19.7 ] 60.9 100.0 |LaNbO4
P2 120.6] 2.1 [ 2.3 [ 0.3 |21.3]52.7| 100.0 |CasNb,O7
P8 | 3903228 9.126]59.8] 99.9 |MgAhLO4
P11 | 2.2 | 13.4| 0.0 18.4]165.9] 99.9 |CaLasNbgOs3
P15 | 11.5] 1.2 | 9.7 | 0.7 | 10.6] 65.0| 99.9 |CaAINbOs

6.3.3.2 Diffusion couple 2

The microstructure of the diffusion couple CAM10/LaNbQOy4 heat treated for
110 h at 1300°C reveals a distinct reaction zone between the glass and
LaNbOy4 as shown in Figure 6.9. This reaction is promising with respect to
using CAM-type glasses as sealing material for LaNbO,4. Some cracks have

developed perpendicular to the interface but have not propagated into the
CAM10-matrix.

Diffusion couple 2

CaAl, O,
MgAl,04
“CaNb,0O;,”
; Ca,LaALLNbOg

‘ 31— “Ca4Nb209”
<+—— (CaLaNbO;s

CAMIO

-

| .|
LaNbO4

Figure 6.9
Backscatter image of reaction zone between CAMI10 and LaNbO, in diffusion
couple 2 heated for 110 h at 1300 °C. See Table 6.8 for phase identification
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The reaction zone is more complex in diffusion couple 2 compared to
diffusion couple 1. Four different reaction layers can be distinguished by
different grey colours in Fig. 6.9. Closest to LaNbQOy is a phase (P7) with the
simplified composition CaLaNbOs. Then follow a ~ 20 um wide layer
consisting of a phase (P5) with the simplified composition “CasNb,Og”.
This phase is proposed to be related to the compound CasNb,O9, which is a
polymorphic ordered perovskite [139,142]. The next layer is composed
mainly of the phase P6 with the simplified composition Ca;LaAl,NbOg
corresponding to the “double perovskite” described in chapter 6.3.1. Finally,
closest to CAMIO, is a layer (P2) of “Ca;Nb,0O7”, which can be given the
more general composition (CalLa),(AIMgNDb),Og as in the powder mixtures.
In the devitrified glass the main phase close to the reaction border is
CaAl,O4 (P3). A similar phase (denoted “P3”in Figure 6.9) occurs as grey
elongated crystals. The nominal composition was Mgy LagCa; Al 0045,
which essentially is the same as P3 (CaAl,O4). The elemental composition
of the analysed phases is given in Table 6.8.

Table 6.8

EMPA of phases in the reaction zone between CAM10 glass and LaNbO, of
diffusion couple 2 after 110h at 1300°C. The analysed phases are illustrated in
Figure 6.9

Phase Composition (at. %) Simplified
ID | Ca La Al | Mg | Nb O  [composition
P1 0.1 16.7 0.2 0.0 15.7 67.2 |LaNbOs
P2 17.4 2.0 8.4 2.1 8.3 61.9 |"Ca2Nb207"
P3 13.7 0.6 24.7 0.9 0.0 60.1 |CaALO4 (CA)
PS5 20.3 3.7 0.3 24 10.9 62.3 |CaaNb209
P6 12.5 6.7 13.3 03 59 61.3 |Ca2LLaALNbO9
P7 11.0 9.6 04 0.6 13.7 64.7 |CaLaNbOs
P12 12.5 33 0.5 03 16.2 67.1 |CasLaNbsOig

6.3.3.3 Diffusion couple 3 - flux test sample

Diffusion couple 3 demonstrates the good seal towards LaNbO, as shown in
the backscatter image in Figure 6.10. The results of the microprobe analysis
are given in Table 6.9. A distinct reaction zone is also evident in this
diffusion couple. The reaction zone is composed of two main layers. Closest
to LaNbOy is a narrow more or less continuous belt of a phase with the
simplified composition CaLaNbOs (P7) analogous to what was observed in
diffusion couple 2. Then follows a continuous belt ~ 12-15 pm wide (P5), of
the phase “CasNb,Oy”. The next layer (P2) is recognized as “Ca,Nb,O7”.
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Both P2 and P5 are analogous to what was found in diffusion couple 2
(Figure 6.9). The distribution of P2 in diffusion couple 3 looks like ice
flakes that are braking loose contrary to diffusion couple 2 where the
corresponding layer was more continuous. This difference reflects the
different thermal history of the two samples. The main phases identified in
the CAMI10 glass close to the LaNbO, interface, are MgAlO,4 (P8) and
CaAl,O4 (P3). Also in this sample the phase “P3” was present, which
essentially had the composition CA but with small amounts of Mg and La.

b

- -4 _t—_,,&»_.."“ W AL
-‘;‘ LaNbO4 ~

R uf~- % S ek

Diffusion couple 3

Figure 6.10

Backscatter image of the reaction border betweenLaNbO, and CAM10 glass in
diffusion couple 3 -flux test sample that was heated 1400 °C/1 h, 1060 °C/4 7h,
1004 °C/84 h. See Table 6.9 for phase identification

Table 6.9

Electron microprobe analysis of diffusion couple 3, focusing on the reaction
between CAM glass with 10 mol % MgO and LaNbO, after seal performance
testing. The heat treatment is given in Table 6.3

Phase Composition (at. %) Simplified
ID | Ca La | Al [ Mg | Nb O  [composition
P2 | 154 | 39 [ 11.1| 1.8 6.5 | 61.3 ["CaNb,O7"
P3 | 13.1 | 0.1 [ 263 ] 0.1 0.0 [ 60.4 [CaALO4(CA)
PS5 | 193 57 03 | 2.1 | 103 | 62.3 |CasNb2Og
P7 | 11.8 [ 10.0 | 0.5 | 0.8 | 12.3 [ 64.3 |CaLaNbOs
P8 03 | 00 |256]| 125 | 0.0 [ 61.6 |MgALO4 (spinel)
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6.3.3.4 Reactions between Al;O3 and CAM10 in diffusion couple 4

The phases observed in the reaction layer between sintered alumina and
devitrified CAM10 glass, are shown in Figure 6.11. First of all there is a
good physical contact between the glass and alumina, which demonstrates
that CAMI10 is a perfect seal for alumina. The primary reaction layer
consists only of the crystalline phase CA, (P4 in Figure 6.11). All other
phases that were identified; CsMA; (P13), C12A7 (P14) and CA (P3) are in
accordance with the phase diagram presented in Figure 4.9. The phase
marked Cont. contained ZrO,, probably from the zirconia lining in the
furnace. The results of the microprobe analysis are given in Table 6.10.
Some fractures are observed in the glass matrix especially in the CsMA,
region but not across the primary reaction zone.

CAMI0

<< “ALO;

Al,O3

Diffusion couple 4

Figure 6.11

Backscatter image of reaction zone between devitrified CAM10 glass and
alumina in diffusion couple 4 after 11 Oh at 1300 °C. See table 6.10 for
phase identification. The phase denoted Cont. is a contamination
probably caused by zirconia from the furnace lining

Table 6.10
Electron microprobe analysis of phases present diffusion couple 4 due to
reaction between devitrified CAM10 glass and sintered alumina

Phase Composition (at. %) Phase

ID Mg Ca Al O Composition

P3 0.0 13.1 26.2 60.6 |CaALO; (CA)

P4 0.2 7.6 30.8 61.3 |CaALO;(CAy)

P13 4.8 153 20.6 59.3 |CasMgALO;( (C3MA,)
P14 0.5 18.4 21.2 59.9 |CajAL40535 (CraA7)
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6.4 Discussion

6.4.1 Phase relations in powder mixtures

The system MgO-Ca0O-La;03-A1,03-NbyOs is a 5 component system when
the oxidation state of all the elements is constant. At constant pressure and
temperature a maximum of 5 condensed phases are present at equilibrium.
The number of phases observed in the powder mixtures is therefore in
accordance with the Gibbs phase rule.

The results from XRD and EMPA are consistent regarding the identified
crystalline phases demonstrating that the heat treatment has resulted in
microstructures that are close to chemical equilibrium. The phase denoted
Ca,LaAl,NbOy with perovskite structure is present in all mixtures. Ca and
La are located on the A-site while Al and Nb on the B-site in the perovskite
ABQO; lattice. The microprobe analysis indicate that in the mixture (30/70)
with 70 wt% LaNbOy, the ratio Ca/La=1, Al/Nb=2 and Al/Ca=4/3 giving the
composition Cajpla;nAlysNbys050s. In the 50/50 and 70/30 mixtures the
ratio Ca/La=AI/Nb=2 and Ca/Al=1.0, giving the composition
Cayslay3Aly3Nb; 303, This is considered as a stable phase in the quaternary
system Ca0O-Al,03-La;03-NbyOs. The compositions of the B-alumina
phases (Table 6.4) were consistent with the XRD analysis given in Table
6.6. According to EMPA the p-alumina could be expressed as
CaMg,La;Al34069 where the ratio Mg/La =1.0. By dividing by 3 the
composition becomes close to MglLaAl;;O9, which is the compound
identified by XRD. On this basis it is reasonable to state that the B-alumina
in the present work is MgLaAl;;O,9. The phases present were determined by
the overall composition of the actual powder mixture. As LaNbO, is
consumed La and Nb enter new phases together with the glass components.
This is illustrated in Figure 6.12 where the relative intensities of the
strongest diffraction lines of the phases are plotted versus CAM10/LaNbO4
fraction.

The phase CaLaNb,O7 5 appears with Ca,LaAlL,NbOg
(Caysla;sAlsNby30;3) and B-alumina, and these three phases are all
present in both 30/70 and 50/50 mixtures. At excess glass content,
CalLaNb,O7s disappears and the phase CalaAl;0; is formed. To
summarize, the experimental observations can be explained by the
following reactions:

30/70: CAM10+LaNbO, —
MgLaAthlg + CaLaNb207,5 + Cal/zLal/2A12/3Nb1/303_08 61

50/50: CAM10+LaNbO4 —
MgLaAh 1019 + CaLaNb207,5 + C32/3L31/3A12/3Nb1/303, + MgA1204 6.2
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70/30: CAM10+LaNbO4 —
CaLaAl3O7 + Ca2/3Lal/3A12/3Nb1/3O3 + CaA1204 + MgA1204 6.3

The phases formed in the sintered 50/50 wt% Al,O3/CAM10 powder
mixture identified by the XRD analysis (Table 6.6), can be accounted for by
the following reaction:

Ca6MgAlg.6019_9 + 8A1L,O5= O.7CaAle4+5.3CaA14O7+MgA1204 64

The main phase is CaAlsO7 (CA;) amounting to 84 weight % of the total.
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Figure 6.12

Changes in phase composition of powder mixtures with increasing
content of CAM10 glass relative to LaNbO,

6.4.2 Reaction mechanisms

The three diffusion couples in Figures 6.8-6.10 give information of how the
reaction between CAMI0 and LaNbO,; proceeds. The early stage is
demonstrated by diffusion couple 1. The first of the secondary phases
formed in the reaction zone are apparently (simplified compositions)
“CaaNbyO7” (P2) and CaAINbOs (P15). The next stage is demonstrated by
diffusion couple 3 where the phase in intimate contact with LaNbO, is
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CalLaNbOs (P7, Figure 6.10). The next phase (P5) can be expressed
as“CasNb,O¢” followed by the phase (P2) “Ca,Nb,O;”. The “final” stage in
the reaction development is represented by diffusion couple 2. The phases
present in this sample are the same as were present in diffusion couple 3.
CaLaNbOs (P7) and “CasNb,Oo” (P5) are present close to the initial
interface between the glass and LaNbO,. Then follow the double perovskite
(CayLa)(Al;Nb)Og and finally in direct contact with CAM10, “Ca;Nb,O7”.
From these observations it seems that “Ca,Nb,O” is an intermediate phase
making up the reaction front in direct contact with CAMI10. Behind this
phase is the stable double perovskite (Ca,La)(ALLNb)Oy Another phase that
is present in diffusion couples 2 and 3 is CasMgosLaNb,O;; denoted
“CayNb0y”, which appears together with CaLaNbOs and Ca,LaAl,NbO,. It
is not clear if CasNb,Oy is a stable phase or if it is an intermediate phase.
According to Levin et al. [142] CasNb,O¢ has four perovskite -related
polymorphs, two above 1400 °C and two below 1400 °C.

The reaction mechanism at the interface is governed by diffusion of the
cations in the two materials. As illustrated in Figure 6.13, La and Nb are
diffusing into the glass while the components in the glass are diffusing in
the opposite direction. Since the initial interface was not marked with an
inert marker (e.g. Pt) it is not possible to conclude regarding the most
mobile metal ions. Nb seems to be more mobile than La since Nb can be
found in the phase towards the glass. Ca and Al were found in the phase
next to LaNbO, showing that these two elements are diffusing across the
reaction zone.

=)
E “Casz207” Pz
= Ca,LaALLNbO, o Pé6
Z
-; Ca4Nb209 '& PS
(@) )
CaLaNbOs, CaAINbOs P7
LaNbO
! P1

Figure 6.13
Simplified sketch of the elemental diffusion and phases in the reaction zone
between LaNbO, and CAM10 glass for diffusion couple 3
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6.4.3 Sealing properties

The diffusion couples demonstrate clearly that the CAM10-glass forms a
very tight and solid bond to LaNbQOy. This is important in order to achieve a
seal that performs well during operation of the device. Some fractures were
observed across the reaction zone in diffusion couples 2 and 3 (Figures 6.9
and 6.10). The fractures are an indication of thermal expansion mismatch
between the secondary phases and the joined materials. It is important that
the thermal expansion coefficient of all secondary phases matches that of
the pure crystallised glass and that of the LaNbO4 membrane. The direction
of the cracks, perpendicular to the membrane, indicates that the phases
within the reaction zone have a higher thermal expansion than the CAM10
glass and LaNbOy4. The TEC of the secondary phases has to be known to
figure out if the cracking is caused by the thermal expansion mismatch, or if
the heating cycle during sealing has any influence. The sealing procedure
can be further optimized by changing the sealing temperature, the holding
time at the sealing temperature, and finally the holding time for
crystallization of the glass. It is of particular importance to reduce the time
at the highest temperature (sealing stage) to avoid extended reaction at the
interface.
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7 Reactions between La-Ba-silicate glass (BLS) and
LazNiO4

7.1 Introduction

A Ba-La-silicate glass (BLS) originally developed and patented [50] as seal
material for La,NiO4 HT membrane reactors has been prepared. The thermal
properties of the BLS glass were studied by means of DSC-analyses and
dilatometry. The chemical compatibility of BLS with La;NiO4 has been
studied by evaluating the microstructure and phase composition of sintered
powder mixtures while reaction mechanisms and seal performance were
studied on two different types of diffusion couples.

7.2 Experimental

7.2.1 Preparation of BLS glass

A Dbarium-lanthanum silicate glass (BLS) with the composition
Bajj.1Las 6512200622 (molar composition 31.4Ba0-6.5La;05-62.1510,) was
prepared from BaCOs, La,O3; and SiO, following the same procedure as
described in chapter 4.2.1. The quenched glass was crushed and wet milled
in a planetary mill (Retsch PM100) using isopropanol as liquid, alumina
grinding balls and a grinding jar lined with alumina. After milling, the
powder was dried in vacuum by use of a “Rotavapor”. A fraction of
particles with diameter <45 um was separated from the powder batch by
sieving. The rest of the powder was remilled to particle size d9p<32 pum for
the preparation of the powder mixtures. A coarse fraction of glass particles
in the range 45-150 pm was separated from the crushed glass for use in
DSC-measurements.

7.2.2 Preparation of powder mixtures

Mixtures of BLS glass powder and La;NiO4 powder made by spray
pyrolysis (chapter 5.1.2) were prepared in weight ratios BLS/La;NiOy of:
30/70, 50/50 and 70/30. The calculated elemental composition of these
mixtures and the BLS glass is given in Table 7.1. The BLS/La;NiO4 powder
mixtures were mixed in an agate mortar, pressed to tablets with diameter 10-
15 mm at 100 MPa and heat treated according to Table 7.2. After each heat
treatment the samples were milled to particle size < 45 um and repressed to
tablets following the flow sheet presented in Figure 6.1.

The BLS/La;NiO4 powder mixtures prepared for EMPA were fabricated in

the same way as described for the XRD samples using the powder fraction
with dgp<32 pum. The heat treatment was performed according to Table 7.3.
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Table 7.1
Calculated elemental composition of BLS glass and powder mixtures of BLS and
LagNiO4

Material Maixture Composition (at. %)
mixture (wt. %) Ba Si La Ni 0]
BLS 100.0 11.1 22.0 4.6 62.2

BLS/La2NiO4 30/70 4.4 8.7 19.2 8.7 59.1
BLS/La2NiO4 50/50 6.7 133 14.2 5.7 61.1
BLS/La>NiO4 70/30 8.7 17.2 9.9 32 60.8

Table 7.2 Heat treatment of BLS/La;NiO, powder samples

Cycle | Temp. Time BLS/La;NiO4 mixture
no. (°O) (h) BLS 30/70 | 50/50 | 70/30
1 1230 30 X
2 1300 24 X X X
3 1250 40 X
4 1300 20 X X X
5 1200 86 X X X
Table 7.3

Heat treatment of BLS glass fracture, BLS/La;NiO, powder mixtures and
BaLa;Si 05 prepared for EMPA.

Mixture Temperature Time
49 (b
BLS 1000 72
(Glass fracture) 1200 60
1240 50
BLS/LN 1300 50
30/70 1350 100
1400 50
1240 50
BLS/LN 1250 50
50/50 1280 70.4
1300 50
1350 100
BLS/LN 1240 50
70/30 1250 50
1280 70.4
Ba,La,Si;0,5 |After cycle 4 in Table 7.2
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The BLS sample prepared for electron microprobe analysis was a glass
fracture crystallised in a heating cycle with holding time 72 h at 1000 °C
followed by 60 h at 1200 °C. XRD analyzes of the milled BLS powder
showed traces of alumina. “Quantitative” XRD analysis of the powder
added 1.11 and 2.97 wt % alumina, respectively, showed that the
contaminated powder contained ~0.5 wt. % alumina. This amount is so
small that is has no importance regarding the reaction mechanisms and the
main conclusions, but as will be seen later aluminium was identified in the
EMPA analyses.

7.2.3 Preparation of Ba,;L.a,SisO3 and Ba;LagSisO2

Two of the crystalline phases; Ba;La;Si40,3 and Ba,LagSisOy6 respectively
that were formed during the reaction between BLS and La,NiO4 will be
described in chapter 7.3.2. Since these two phases turned out to be of great
importance in the seal development they were synthesized from SiOs,
BaCO; and La,Os; powders and evaluated with respect to elemental
composition (EMPA), structure (XRD) and thermal expansion. The
production process followed the same route as for the powder mixtures
(Chap. 7.2.2), but the raw materials were mixed by gentle ball milling for 18
h in polyethylene bottles with alumina balls (¢ 4 mm) and isopropanol as
liquid. The dried powder mixtures were pressed into tablets with diameter
10 mm by uniaxial pressing. The Ba;La;Si40;3 was heat treated 4 times
while Ba,LagSisO,¢ was heat treated 2 times according to Table 7.4.

Table 7.4
Heat treatment of Ba;La,Si,0,; and BayLagSisOg
CYCIG Temperature Holdmg BazLaZSi40 13 BazLag 8160 26
time
O (b
| 1200 50 X X
2 1350 36 X X
3 1350 60 X
4 1400 40 X

7.2.4 Preparation of diffusion couples

Two diffusion couples of the system BLS -La;NiO4 were prepared. The first
sample (Figure 7.1) was made by dripping a mixture of BLS glass powder
(<45 pm particle diameter) and distilled water added polyvinyl alcohol
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(PVA) binder on top of a polished plate of sintered La,NiO4. After drying at
room temperature for 2 hours, the assembly was fired in air at 1300 °C  for
30 h.

BLS-glass

P — PR TY

Figure 7.1
Diffusion couple 1. BLS glass powder (-45um particle diameter) on top of
polished and sintered La,NiO, membrane. Heat treated in air 30h at 1300 °C

A polished cross section of the sample was analysed for reaction between
the two materials. The second diffusion couple consisted of three parts:
La;NiO4 support, the BLS seal and the La;NiO4 membrane as illustrated in
Figure 7.2. A detailed description of the preparation is given i chapter 8.
The seal was established by heating the sample for 2 hours at 1300 °C and
crystallised at 1050 °C for 5 hours. Before the electron microprobe analysis
was performed diffusion couple 2 was used for leakage testing of the seal
(see Chapter 8). In this test the sample was exposed to temperatures above
900 °C for 263 hours (55 h at 1062 °C, 94 h at 1002 °C and finally 106 h at
904 °C + heating and cooling ramps).

BLS seal glass

‘_‘ B

Figure 7.2

Cross section of diffusion couple 2 (flux test sample) that consisted of La;NiO,
substrate, BLS seal glass (d<45um) and La,NiO, membrane. The seal was
established by heating 2 hours at 1300 °C  followed by crystallization at 1050 °C
for 5 hours

LasNiO4 membrane

7.2.5 Preparation of samples for thermal expansion measurement

Small bars of BLS glass were prepared by uniaxial pressing of powder with
particle size < 45 um. The bars were sintered at 800 °C for 1 h and the
heating and cooling rates were 100 and 200 °C/h, respectively. Thermal
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expansion of Ba,LagSi0,¢ was performed on a sample that was heat treated
twice (1230 °C/30 h + 1300 °C/24 h). Thermal expansion of Ba,L.a;Si4O3
was performed on a bar (10x10x56 mm) that was pressed from the powder
from heat treatment cycle 4 (Table 7.4). The bar was sintered in two steps:
50 h at 1250 °C followed by 50 h at 1300 °C respectively, prior to the
thermal expansion measurements.

7.2.6 Characterisation

Powder XRD analysis and EMPA were performed to characterize the fired
samples. The samples for XRD studies were milled to particle size < 45 pm
by using a Retsch Mixermill. The XRD analysis were performed as
described in chapter 6.2.3. Refinement of X-ray patterns were performed
using the program “Topas” [144]. XRD of BLS and the BLS/La;NiO4
powder mixtures were performed after each heat treatment given in Table
7.2. Regarding Ba,La,Si,0;3 and Ba,LagSisO,6, XRD was performed after
each heat treatment given in Table 7.4.

EMPA was performed on polished cross sections of the sintered samples
using a Jeol JXA-8900. Backscatter images were recorded of all samples
and point analysis were made on 3 different grains of each identified phase.
The samples of BLS glass fracture and sintered powder mixtures were
prepared after the final heat treatment given in Table 7.3. EMPA of
Ba,La,Si4013 was performed on a polished cross section of a sintered
sample after heat treatment cycle 4 (Table 7.4). Particle size analysis were
obtained either by sieving or by use of a Malvern 2000 Mastersizer with
samples dispersed in water.

DSC analysis was performed on crushed fractions of BLS glass with particle
size in the range of 45-150 pm. The dilatometric analysis of BLS glass was
performed 3 times. The first heating cycle had a maximum temperature of
1024 °C while the two last cycles were run up to ~ 1170 °C. The
instruments and measurement procedures for DSC and dilatometry were the
same as described in chapter 4.2.2 and 4.2.4.

7.3 Results

7.3.1 DSC analysis of BLS glass

The results of the DSC analysis are given in Table 7.5. The DSC analysis
demonstrated that the onset of the glass transition appears at 760 °C and the
end appears at 779 °C. The BLS glass started to crystallise at 924 °C and
has a crystallization peak T, at 966 °C.
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Table 7.5
Results from DSC and dilatometric analysis of BLS glass

Comment Temp DSC Dil
1D °O) °O)

Glass transition onset T, 760 747

Glass transition end Ty 779

Softening point Ts 856

Crystallisation onset Tx 924 926

Crystallisation peak T, 966

7.3.2 Thermal expansion of BLS glass

The thermal expansion measurements of BLS showed that in the first cycle,
while the sample still was amorphous, the expansion curve followed a
classical expansion pattern for glass as shown in Figure 7.3 by the bold
curve. The expansion was linear until the temperature entered the glass
transition region. Here the expansion curve became steeper before it reached
the maximum expansion at the dilatometric softening point. By further
temperature rise, the sample partly sintered and partly deformed by the
pressure from the dilatometer push rod, until the glass started to crystallise
at 926 °C. As soon as the crystallization process started a stiffening of the
sample occurred, followed by new expansion during the further heating.
After 3 cycles in the dilatometer the thermal expansion curve became stable

1.60

140 | —— 1st heating
—— 3rd heating
1.20 -
1.00 -
0.80 -

0.60 -

Thermal exp. %

/

Crystallisation

0.40 -
0.20 -

0.00 T T T T T
0 200 400 600 800 1000 1200

Temperature °C

Thermal expansion of BLS glass (bold line) and devitrified BLS
glass (thin line)
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as shown by the thin curve in Figure 7.3, demonstrating that the sample had
become fully crystalline. T,, Ts and Ty derived from the dilatometer curve
for the BLS glass is given in Table 7.5. T, measured by the dilatometer was
747 °C, which is 13 °C lower than the temperature measured by DSC. This
was expected due to 5 times higher heating rate in the DSC-measurements
compared to the dilatometric measurements. The dilatometric softening
point appeared at 856 °C and the onset of crystallization appeared at 926 °C,
which is approximately the same as measured by DSC.

The thermal expansion of the crystallised glass is almost linear and shows
no phase transitions in the range 20-1170 °C. The TEC is increasing in the
whole temperature range with values as given in Table 7.6. The mean TEC
in the range 20-1000 °C is 12.8:10° °C™, which is close to the TEC of
La;NiO4 of 12.4-10° °C"'. At ~ 850 °C  the TECs of BLS and La;NiO; are
equal.

Table 7.6
Thermal expansion coefficients of crystallised BLS glass

Thermal expansion coeflicients (TEC) x 10
20-800 °C 20-1000 °C 20-1150 °C
12.2 12.8 13.5

7.3.3 EMPA of devitrified BLS glass

Backscatter image of the sintered and crystallised sample of BLS-glass
revealed that three major phases were present distinguished by different
grey colour as shown in Figure 7.4. The elemental composition is given in
Table 7.7 as mean values of three independent analysis of each phase.

The most abundant phase seems to be the lightest phase S4 corresponding to
Ba,La,S14013. The light grey phase (S5) was identified as Ba3SisO,3; and the
dark grey phase (S6) as BaSi,Os. A minor phase denoted C6 (the capital C
followed by a number is used for contaminated phases) was occurring as
black spots ~ Ium or smaller located at triple points. This phase was
contaminated with alumina probably from the sample preparation. Since the
amount of this phase is negligible it has no influence on the conclusions and
will not be discussed any further.
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Figure 7.4
Backscatter image of BLS glass heated for 72 h at 1000 °C and 60 h
at 1200 °C

Table 7.7
EMPA of phases identified in sintered BLS, fired 60 h at 1200 °C
Mixture | Phase Composition (at. %) Simplified

ID |Ba |La | Ni [ Si | Al | O |composition
S4 [10.5({10.2] 0.0 |22.0| 0.1 [57.2|Ba>La>Sis013
BLS S5 [15.210.5] 0.0 |26.3| 0.4 [57.6|BasSisO3
S6 [12.9( 0.6 0.027.3] 0.2 [59.0(BaSi,0s5
C6 [9.8]3.2]0.0]22.8|8.6(55.7|"BaSi,05"

7.3.4 EMPA of BLS/La,;NiO4 mixtures

The crystalline phases of the sintered 30/70, 50/50 and 70/30 mixtures were
well developed and easy to distinguish from each other as demonstrated in
Figure 7.5 a-c. The corresponding elemental analysis is given in Table 7.8.

In the 30/70 mixture three major phases were present. The most abundant
phase appearing as light grey matrix phase was Ba;LagSicO,6 denoted S2 in
Table 7.8. The “white” phase was La;NiO4 (S1). In mixture 50/50 the most
dominant phase was Ba;LagSsO, (S2) appearing as large “white” elongated
crystals with hexagonal cross section. The grey phase between the S2 phase
was “BaSiO;” contaminated with alumina (denoted C8 in Table 7.6).
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S1 (LazNiO4)

S3 (NiO)

S2 (BazLasSi6026)

S2 (BazLaSSi6026)

S3 (NiO)

C8 (“BaSi0;”)

l— S3 (NiO)

S2 (BazLaSSi6026)
S4 (BazLaZSi4013)

C6 (“BaSi,05”)

C7 (“Ba,Si;05”)

Figure 7.5
Backscatter images of the microstructure in powder mixtures of BLS/La;NiO,
heat treated for 170-320 h above 1240 °C
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The microstructure of mixture 70/30 shown in Figure 7.4c was mostly
constituted of a light grey phase (S4) with composition Ba;La,Si4O;3. In
addition the phase Ba;LagSi4O,6 (white) was present. In accordance with
expectation NiO (S3) was identified in all samples, visible as black rounded
grains with blurred rim.

Two contaminated phases were identified in mixture 70/30; one black (C6),
which contained 28 % alumina and one dark grey (C7), containing 14 %
alumina and 2 % Ni. If the alumina is neglected the phase C6 becomes
BaSi,0s5 while the phase C7 becomes Ba,Si30s.

Table 7.8
EMPA of BLS/La;NiO, powder mixtures after the final firing (see Table 7.3)

Mixture Phase Composition (at. %) Simplified

ID |Ba [La | Ni | Si | Al | O |composition

BLS/La,NiO4| S1 | 2.7]29.3|15.1] 0.2| 1.1 |51.7|La;NiO4
30/70 S2 [ 4.2(21.8| 0.4 [14.4] 2.5 [56.8|BasLasSis02

S3 ]10.1]0.7]52.3] 0.2] 0.0 [46.8[NiO

BLS/La,NiO4| S2 | 5.7120.4] 0.4 |15.7] 0.3 |57.5|BasLagSisO2s
50/50 S3 10.2]10.4(52.8(0.2] 0.1 [46.3[NiO

C8 |14.2]1 1.7 0.9 [15.6]15.6/52.0("BaSiOs"

BLS/La;NiO4| S2 | 5.5[19.2| 0.2 |16.1| 2.6 |56.4|Ba;LagSicOx
70/30 S3 10.2]10.353.0(0.3]0.1[46.1[NiO

S4 110.5|10.4| 0.1 [20.8] 0.2 [57.9(Ba;La,Su013

C7 [12.6] 1.2 2.1 [16.9]14.4(52.7|"Ba,SizOs"

C6 |6.710.2]0.2|14.1|128.5/50.4|"BaSiOs"

7.3.5 X-ray diffraction of BLS glass and powder mixtures

Only the phase BaSi,Os could be identified with certainty in the XRD
pattern of the crystallised BLS glass as shown in Figure 7.6. Based on the
EMPA of devitrified BLS glass (Table 7.7) the phases Ba3;SisO;3 and
Ba,La,S1,0,3 should also be present giving the following reaction:

BLS — BaSi,Os + Ba3SisO;3 + BayLaySi4043 7.1

Regarding the BLS/La,;NiO4 powder mixtures three phases were identified
in the XRD patterns as demonstrated in Figure 7.7.
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X-ray diffraction pattern of BLS glass heat treated for 30 h at 1230 °C. Only the
phase BaSi,Os could be identified with certainty. Unknown peaks are unmarked

The XRD diagrams of the three powder mixtures are almost identical and
the most dominating reflections were due to Ba;LagSisO26. With respect to
La;NiO4, the X-ray diffractograms demonstrate that this compound is
clearly present in the 30/70 mixture only. In the 50/50 mixture only trace
amounts of La;NiO4 were detected while the 70/30 mixture contained no
La;NiO4. NiO was present in all mixtures.

X : BazLagsiGOQG

O : LazNiOg4
O : NiO
X X X
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o
5 M ,g JULJ 50/50
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Figure 7.7

X-ray diffraction pattern of BLS/LN mixtures after the final heat treatment (1200
°C /86 h). The phases identified are given in the figure
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These results show that La;NiOy is consumed in the reaction with the glass,
resulting in the formation of NiO and Ba-La-silicates and demonstrate that
La;NiOy is not coexistent with the glass.

The main phase formed in the reaction between BLS and La;NiOj is
belonging to the series: BaxLa;oxSigO27.x2 possessing an apatite structure
(Apatite: AgA4(MO4)cO,) with 0.25<x<2 [143]. The unit cell dimensions of
this series increases with increasing content of Ba. The XRD pattern of the
sample 30/70 was refined by a structureless Pawley type fitting procedure
[144]. The resulting unit cell parameters were calculated to: a=9.778 A and
c= 7.329 A. By comparing these values with data given by Vincent et al.
[143] the composition is suggested to be Ba,LagSicOs, which is in
accordance with the EMPA. This phase is claimed to be a stable phase while
compositions with x # 2 contain additional phases [145]. The only file in the
PDF database that fitted the structure of Ba;LagSisO,6 was the file (00-027-
0037) for the compound BasLasSisOss, which possess an apatite structure
and belongs to the apatite series ByxLagxSigOr6.x2, Xx=0-2 [145]. The results
are summarised in Table 7.9 where the powder diffraction files (PDF) used
for the identification are included.

Table 7.9
Crystalline phases identified by XRD -analysis of sintered samples with
reference to the PDF-files used for the identification [135]

Mixture Phases identified PDF-file
by XRD [135]
BLS BaSi,Os 01-072-0171
1230°C Ba;SisO 5 00-26-0179
NiO 01-075-0197
BLS/LN 30/70 |La,NiO, 01-070-1333
Ba,LagSisOs6 00-027-0037*
NiO 01-075-0197
BLS/LN 50/50 |La,NiO, 01-070-1333
Ba,LagSisO56 00-027-0037
NiO 01-075-0197
BLS/LN 70/30 |Ba,LagSisO26 00-027-0037
Ba,S;0g 01-072-1084

* PDF-file number is for the compound BayLagSigO;5
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The X-ray powder analysis suggests that the main reaction taking place
between the BLS-glass and La;NiOy is:

BLS + La;NiO4 — NiO + BayLagS16026 7.2

The findings from the EMPA are consistent with the XRD analysis and
verify that equation 7.2 is the main reaction. La and Ni from La,NiOy4
diffuse into the BLS-glass and form Ba,;LagSicO,¢ and Ba,La,BasO;3. The
NiO solubility in the silicate phases is low and pure NiO is observed with
the silicate phases.

7.3.6 Diffusion couples La;NiO4-BLS

The reaction zone between BLS glass and La;NiO4 of the first diffusion
couple (1300°C/30 h) is depicted (backscatter image) in Figure 7.8, while
the elemental composition of the identified phases is given in Table 7.10.
Because the seal and membrane separated during the heat treatment only the
seal is shown in Figure 7.8. Some horizontal cracks can be seen where the
seal had been in contact with the membrane material. This will be
commented in chapter 7.3.7.

S5 (Ba3Si5013)

S6 (B3.81205)

S8 (BaLaySis06.5)

S4 (B azLa2$i4Ol3)

Figure 7.8
Backscatter image of diffusion couple 1; BLS glass/La;NiOy heat treated for 30 h
at 1300 °C

EMPA showed that at least four different crystalline phases were present in
the seal, distinguished by different grey scale. The phase in intimate contact
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with La;NiO4 has the composition BalagSicO265 (denoted S8), which is
recognized as one of the compounds in the BayLa;oxSisO27.x2 apatite series.
The thickness of this “primary” reaction zone is in the range 4-7 um. In
contact with the primary reaction zone follows a more or less continuous
layer with the nominal composition Ba,La;S14013, recognized as the “new”
silicate was formed. The same phase was also found far from the reaction
border in form of well defined grains (light grey) together with the two other
Ba-silicate phases: BaSi;Os (S6 dark grey) and BasSisO;3 (S5 grey). All
phases are in good agreement with the phases identified in the sintered
powder mixtures.

Table 7.10

EMPA of crystalline phases in diffusion couplel (BLS glass in contact with
La;NiOy after 30 h at 1300 °C). The tabulated results are mean values of
three independent point analysis in each phase

Phase Composition (at. %) Simplified
ID Ba La Ni Si O |composition
S4 99 [ 10.1 | 0.0 | 21.2 | 58.8 |Ba;La;Siy013

S6 11.5 ] 0.1 [ 0.0 |27.4 | 61.1 |BaSyOs
S5 138 1 0.1 | 0.0 [26.1 60.0 |Ba3Sis0;3
S8 23 1228 03 | 15.6| 59.0 |BaLagSiO26 s

7.3.7 Diffusion couple 2

The microstructure of diffusion couple 2 was similar to the microstructure
seen in diffusion couple 1 despite the much longer heating time. A
backscatter image showing the complete seal layer between the La,NiOy4
materials is depicted in Figure 7.9. The Figure shows that several flaws have
been developed in the reaction zone. The elemental analysis of the phases
identified in diffusion couple 2 is given in Table 7.11 while Figure 7.10
shows a backscatter image of the area where the EMPA was performed.

The composition of the primary reaction zone was Ba;sLagsSi602625
(denoted S9), which is slightly different from the corresponding phase (S8)
in diffusion couple 1, but is still one of the compounds in the Ba-La-Si
apatite series and closer to the stable phase Ba;LagSisOy. The thickness of
the reaction zone is ~ 4-6 pum. On top of the primary reaction zone is an
almost continuous layer of Ba,La;Si40;3. The same phase is also present in
the crystallised glass far from the reaction interface together with the barium
silicate phases BaSi;Os and Ba;SisO;;. BaSi,Os was present in the two
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darkest grey phases, while Ba;SisO;3 was concentrated in the lightest grey
phase, just as seen for diffusion couple 1.

B
. .-

Figure 7.9

Backscatter image of the complete seal layer between the La;NiO, ceramic parts in
diffusion couple 2. A solid connection has developed between BLS-glass and La;NiO,
but flaws have developed along the reaction zone due to high shear forces

Table 7.11
EMPA of the observed phases in diffusion couple 2. The numbers are mean
values of five independent point analyses of each phase

Phase Composition (at.%) Simplified
ID Ba La Ni Si O |composition
S4 10.7 | 104 | 0.1 |21.6 | 57.2 |Ba,La,Si,01;

S5 154 02 | 0.1 [27.0] 57.3 |Ba;SisO3

S6 11.2 | 0.2 1.1 | 24.0 | 63.5 |BaSiOs

S9 39 | 228 0.3 | 16.1 | 56.8 |BajsLagsSicOs6.25
S1 0.0 | 312 | 164 | 0.1 | 52.3 |La;NiO4
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Figure 7.10
Backscatter image of the reaction zone between BLS glass and La;NiO, in the

diffusion couple 2. This sample had been held at temperatures in the range 900-
1300 °C for 263 h

7.3.8 Characterization of Ba;L.a,Si4Oq3

EMPA of the synthesised Ba;L.a;Si40,3 showed that the sample was almost
phase pure. Traces of the apatite phase Ba,LasgSisO,6 and BasSisO,3 were
present as demonstrated in Figure 7.11b. Table 7.12 summarises the EMPA
analysis.

Figure 7.11
Electron backscatter images of the synthesized silicate Ba,La,Si,O);
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Table 7.12
EMPA of synthesised Ba;La,Si,O;;. The numbers are mean values of three
independent analysis for each phase

Phase Composition (at. %) Comment |Simplified
ID Ba La Si 0 composition
S2 5.0 20.4 16.1 58.5 |White Ba,LagSisOy6
S4 9.8 10.0 20.2 60.0 |[Grey Ba,;La,S1,0,3
S5 14.0 1.1 24.2 60.7 |Dark grey|Ba;Si;Oq3

The XRD patterns changed for each firing (Figure 7.12) showing that
equilibrium was not fully established. The results from EMPA support this
observation. After the final heat treatment the system must be close to
equilibrium, accordingly the XRD diagram obtained after heating for 96h at
1350 °C reflects the structure of Ba;La,Si40;3.

w 1350 °C /96
1350 °C /36
1200 °C /50

Lin (Counts)

16 20 30 40 5!

2-Theta - Scale

Figure 7.12
X-ray diffraction pattern of Ba;La,Si,O;; showing how the crystal structure
changes for different heat treatments

The XRD patterns after 36 and 96 h at 1350 °C are similar, while the pattern
after 50 h at 1200 °C shows some diffraction lines that disappear at higher
temperatures. The diffraction patterns are dominated by one strong line at 26
=27.60° and quite a few reflections with low intensity. The strongest line
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increases in intensity with increasing heat treatment showing that the
structure becomes more and more ordered. The complexity of the pattern
and the reflections at low 20 suggest a crystal structure with low symmetry
and a large unit cell volume. Based on the EMPA it is demonstrated that
Ba,La;Si40,3 is a single ternary phase in the BaO-La,0;-S10; system.

7.3.9 Thermal expansion of Ba;L.a,SisO;3; and Ba,LagSicO26

The thermal expansion of Ba,l.a,;Si4O;; after 2 thermal expansion cycles
and of BaLagSisOy after 4 thermal expansion cycles is shown in Figure
7.13. From room temperature and up to 1000 °C Ba,La,Si40,3 expands 1.02
% while Ba;LagSi0,6 expands only 0.80 %. A more detailed analysis
demonstrates that Ba;La,Si4013 expands linearly from room temperature to
820 °C corresponding to a TEC of 10.1:10° °C™. At 820°C the expansion
becomes higher indicating that at this temperature there is a structural
change in the material. From 820 °C the expansion continues linearly up to
the maximum temperature, which was 1168 °C. The TEC in the temperature
range 820-1168 °C was 12.8:10° °C™. The mean TEC in the range 20-1168
°C was 10.8:10° °C"', which is at the same level as for many of the
electrolytes and interconnects that are candidate materials for SOFC and HT
membrane reactors (see Chapter 3).

1.40

— Ba2La2Si4013

1.20 - — Ba2La8Si6026

1.00 -
0.80 -
0.60 -
0.40 -

Thermal exp. (%)

0.20 -
0.00 -

'0.20\\\\\\\\\\\\www\www\w\\
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 7.13
Thermal expansion of Ba,La,Si,O,; (bold line) and Ba;LasSisO,s measured in
air, using a heating rate of 2 °C /minute
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The thermal expansion of the apatite Ba;LagSisOy6 is almost linear in the
whole temperature range 20-1200 °C with a mean TEC of 8.5-10° °C™". This
low TEC explains the cracks observed in the reaction zone of diffusion
couple 2 where the main phase was constituted of Ba, sLag sSicO2625. Due to
the smooth shape of the thermal expansion curve, the thermal expansion
(TE) of Ba,LagSisOy6 can be expressed accurately as a polynomial of second
order:

TE Bastassicozs (%) = -0.02 + 7.126:10*T + 1.104-107"T* 7.3

Here T is given in °C and the polynomial is valid for the temperature range
20-1200 °C.

7.4 Discussion

7.4.1 Sealing properties

The combination of matching thermal expansion and extensive reaction
between BLS-glass and La;NiOy at elevated temperatures makes BLS-glass
a good seal candidate for La,NiO4. As has been demonstrated the thermal
expansion of the Ba;LagSic0,¢ phase formed in the reaction between BLS-
glass and La;NiQy, is however too low compared to the other phases present
and causes extensive crack formation within the reaction zone’. The
direction of the cracks indicates that shear forces have been dominating,
which explains why the seal and membrane separated in diffusion couple 1.
This demonstrates the importance of microstructure control of unwanted
phases during the sealing process. It is not sufficient that the seal glass and
membrane have compatible thermal expansion coefficients unless the same
demand is put on the secondary phases formed during the sealing process.
One way to overcome this problem is to limit the extension of this particular
phase by optimising the temperature cycle for the sealing process.

Based on the dilatometric measurements of the BLS glass it should be
possible to sinter the glass in the temperature range Ty-T, corresponding to
747-926 °C before the glass starts to crystallise. However due to the high
viscosity at these low temperatures the sintering rate is low and as soon as
the temperature is increased above 800 °C the nucleation starts contributing

2 EMPA of the phases in the reaction interface shows that the phases present are either
BalagSi40,4 5, diffusion couple 1, or Ba, sLag 50,45, diffusion couple 2. The synthesized
compound Ba,LagSis0,6 belongs to the same series of apatites which all are expected to
have similar thermal expansion. The general effect of increased Ba content in silicates is to
increase the TEC. It is therefore likely that the compounds Ba; sLag 50,455 and
BalagSic056 5 have lower TEC than Ba,LagSicOo.
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to an increase in viscosity. For sealing purposes the seal should be heated
fast up to a temperature where there is no nucleation e.g. above Tjyq for
sintering before it is being crystallised at a lower temperature.

In the present work the BLS-glass/La;NiO4 assembly was held for 2 hours
at 1300 °C to melt the glass and then the temperature was lowered to 1050
°C for crystallization. At 1300 °C the diffusion processes are fast resulting
in a wide reaction zone. By reducing the maximum temperature and holding
time the thickness of the reaction zone can be reduced significantly resulting
in an increased ability to resist crack formation. A suggestion could be a
holding time of 10 min at 1300 °C and crystallization at 1000 °C. Another
approach is to change the seal glass composition to promote formation of
secondary phases with a TEC matching the TEC of La;NiO4. Optimizing
the seal heating cycle and chemical composition of the seal glass is left for
future work. Other ways to limit the reaction between seal and the joining
materials are discussed in Chapter 12.

7.4.2 Phase relations in the ternary system BaO-La,03-SiO;

The combined results from the EMPA and XRD measurements give
information of, which phases that are coexistent in the ternary system BaO-
La;03-Si0,. Actually we are dealing with the quaternary system BaO-NiO-
La,03-S10,, but since NiO does not make any compounds with the other
oxides the system can be considered as a ternary system BaO-La,03-SiO;.
This system is not described in the literature, but the binary systems BaO-
Si0, [146], La,03-Si0; [147] and BaO-La,0s [148] are reported. The three
binary diagrams have been used to compose the corresponding ternary
phase diagram as shown in Figure 7.14.

The composition of all known binary phases as well as the Ba-La-Si apatite
series BayLagxSigOx.x» for x=0-2 [144], the BLS/La;NiO4 mixtures and
the BLS-glass are plotted in the phase diagram. Alkemade lines are drawn in
accordance with EMPA and XRD analyses. The dotted lines are uncertain,
while the solid lines are regarded as confirmed by the results of the present
work.

The BLS/LN 30/70 mixture should crystallise into La,NiO4, Ba,SiO4 and
Ba;L§Ss02. Since the composition of mixture 30/70 is close to the line
La,03-Ba;LagSisOy6 in the Alkemade triangle La;03-Ba,S104-Ba;LagSicOa6
the most abundant phases should be Ba,LagSis0,¢ and La;NiO4 (represented
by La;O; in the reduced quaternary system). This is confirmed by Figure
7.5a. In addition there should be traces of Ba,;SiO4, but this phase was not
identified by EMPA or by XRD.

95



SiOy

Lazsi207

Ba,La0,Sig027.42
W\ 4 Apatite series

Ba28i04 Lazsio5

Ba,SiOs ’ ‘*\\\Bazl-asSieOze

BaO Mol % Las,O3

Figure 7.14

The ternary phase diagram composed of the three binary diagrams BaO-La;053,
BaO-Si0; and La;05-Si0,. The compositions of known phases and the powder
mixtures studied in the present work are shown in the diagram

According to the proposed phase diagram in Figure 7.14 the 50/50 mixture
should mainly consist of the apatite BayLagSicO26 plus a few % of BaSiO;
and should not contain any La;NiO4 This composition was confirmed by
EMPA.

Mixture 70/30 has a composition within the Alkemade triangle Ba;Si3Og-
Ba,La,S140,3-Ba;LagSisOy and should consist of only these three phases.
Since the composition of mixture 70/30 is almost equal to Ba,La;Si,O;3,
Ba,La,S140,3 should be the most abundant phase. In addition there should
be some BaylLagSigOy6 and traces of Ba,Si3Og. This is in accordance with
Figure 7.5c. The excellent agreement between the EMPA, the XRD data and
the proposed phase diagram in Figure 7.14, make it possible to establish the
reactions taking place between BLS-glass and La,NiO4 for the three
mixtures:
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BLS/La;NiO4 30/70

BLS-gla_ss + LazNiO4 — BazLagSi6026 + LazNiO4 + BaZSiO4 7.4
BLS/La,NiOy4 50/50
BLS-glass + La;NiO4 — Ba;LagSisO,6 + Ba;S104 + BaSiO; 7.5
BLS/La;NiO4 70/30

BLS-gla_ss + LazNiO4 — BazLaZSi4Ol3 + BazLagsi6026 + Ba28i303 7.6

Based on the reactions 7.1 and 7.4-7.6 exact mass balances have been
calculated as given in Table 7.13. The number of moles of La;NiO4 that has
reacted leaves an equal molar amount of NiO.

Table 7.13
Mass calculations of products based on the reactions 7.1 and 7.4-7.6
Amount of products (wt %)
Reaction products Mixture BLS/La,NiO4 (Wt.%) | BLS
30/70 | 50/50 70/30 100.0

Ba,Si04 6.6 4.0
Ba,Si304 19.7
Ba;SisO 3 4.0
BaSiO; 10.2
BaS1Os5 42.8
Ba,La,S1,035 38.5 53.2
Ba,LagSis054 51.5 76.5 36.2
NiO 6.4 93 5.6
La,NiOy 354
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8 Seal performance - leakage tests

8.1 Introduction

The most important property for a seal is that it is tight and keeps tight for
the whole life time of the device. The seal performance of the two
assemblies CAM10-LaNbO4-Al,O3 and La,NiO4-BLS-LaNiO4 has been
tested at temperatures in the 900-1100 °C range by using an experimental
setup designed for measuring gas permeation in dense membranes. One test
on each system has been performed using air on one side of the membrane
assembly and helium on the other side. Oxygen and nitrogen levels were
measured on the He-side giving information about the leakage of the
seal/membrane system. The chemical stability of the two glass seals in dry
and humid CO; has also been tested.

8.2 Experimental

8.2.1 Preparation of flux test samples

The flux test samples were made as an assembly of the “flux test cup”, seal
and membrane as illustrated in Figure 8.1. The tablets for flux test cups and

1: Sintered tablet @: 18-20 mm,
Height: 7-9 mm

@ 16 mm
11 mm
\b 2: Machined tablet to fit a cylindrical
N 8 membrane and seal, “Flux test cup”.
Q)ﬁm
3: Seal glass slurry in ethanol put in
place in Flux test cup. The green
seal was ca. 0.5-1 mm thick.
4: Polished membrane @ 10 mm and 1-
1.5 mm thick was put on top of seal.
T 5: Heat treatment of seal

membrane assembly. Step 1: Glass
melting, step 2: glass
crystallization (see Table 8.1)

!

Figure 8.1 Fabrication steps in preparing flux test samples
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the membranes were sintered as described in Chapter 5. The tablets (7-9 mm
thick and 18-20 mm diameter) were machined (diamond tools) to fit for the
membrane by making an 11 mm diameter hole half way through the tablets.
In the centre a hole of 6 mm ¢ was drilled. Before the parts were assembled
the membranes and flux test cups were polished (SiC-paper FEPA 2400 and
4000) and cleaned in an ultrasonic bath with ethanol. A thick slurry of seal
glass powder (<45 um particle size) in ethanol was placed in the bottom of
the cups before the membranes were fixed by a gentle press.

The first assembly consisted of an alumina flux test cup, CAM-seal glass
with 10 mol % MgO and LaNbO4 membrane. The second assembly
consisted of a La;NiO4 cup, BLS seal glass and La;NiOs membrane as
shown in Figure 8.2. After the seal slurry had dried for ~ 2 h at room
temperature the flux test assemblies were heat treated according to Table 8.1
to establish the glass ceramic seals. The flux test sample with LaNbO,
membrane (LaNbO,4 assembly) was heated to 1400 °C and the La,NiO4
assembly was heated to 1300 °C to melt the seal. The heating cycles are
shown in Figures 8.3 and 8.4.

Alumina La,NiOy
flux test cup flux test cup

" 4

i &

LaNbO, membrane La,NiO, membrane

Figure 8.2
The machined alumina and La;NiO, “cups” and the LaNbO4 and
La,NiO, membranes (before polishing)
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Table 8.1 Temperature cycles for sealing of flux test samples

Assembly Temp. Ramp Hold
interval (°C)| (°C/h) (h)
LaNbO,4 assembly 20-1400 300

1400 1
1400-1100 [ 1000
1100 5

1100-20 300
La,;NiO4 assembly 20-1300 200

1300 2
1300-900 1000

900 0
900-1050 200

1050 5

1050-20 100

1600
1400 -
1200 -
1000 -
800 -
600 -
400 -
200 A

0 T T T T T T T
0 2 4 6 8 10 12 14 16

Time (h)

Temperature (°C)

Figure 8.3

Heating cycle for sealing of LaNbO, -CAM10-Al,0; flux test sample (LaNbO,
assembly)
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Figure 8.4

Heating cycle for sealing of the La;NiO4&BLS-La;NiO, flux test sample
(La;NiO assembly)

8.2.2 Experimental set up and gas analysis

The flux test was performed using the vertical furnace described in detail in
Appendix 2. The sample was placed in the middle of the furnace between
two alumina tubes sealed by use of a gold ring on each side of the sample as
illustrated in Figure 8.5. The gold rings were made from 2.2 mm thick gold
wire. To ensure that the gold seal was gas tight the assembly was heated
close to the melting point of gold and kept at this temperature for 20 h using
2-3 kg load on the upper tube. During the test the lower tube (primary side)
was flushed with synthetic air, while the tube on top (secondary side) was
flushed with He 99.999 %. The gas leaving the secondary tube was analysed
by means of a Micro GC (Varian Micro GC CP-2003, Varian Inc. USA).
The GC was calibrated using 4 calibration gases consisting of He mixed
with O, and N; in the concentrations given in Table 8.2. The temperature at
the primary and secondary side was measured by two type S thermocouples
inside the air and He gas tubes located 1-2 mm from the flux test sample as
shown in Figure 8.5.

The calibration was performed by taking 15 independent measurements of
each gas mixture following the calibration procedure given by the Micro-
GC manufacturer (Varian Inc., USA). The gas flow used was 250-260
ml/min measured by a bubble flow meter (Agilent Optiflow 650). During
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the flux test experiments the air and He flows were controlled using Brooks
“Smart Mass Flow” controllers. During the test each measurement consisted
of 15 individual scans that were run continually.

He
Ll Gas to Micro GC
] o
Secondary side
Alumina tube
] 7 Outer alumina
;fx ¢ Support sleeve
N
Th % Flux test
er';no' ] /ﬂ ¥ membrane/seal
couples B assembl
s % Y
\ .
Gold ring (seal)
] 4
i . .
Primary side
Alumina tube
I
R i B
Air
Figure 8.5

Flux test set up. The flux test assembly was sealed with gold rings that were
pressed against the flux test sample by a load on the upper alumina tube. Air and
He (99.999) was flushed on the primary and secondary side, respectively. The
amount of oxygen and nitrogen in the He gas on secondary side was measured by
means of a gas chromatograph

Table 8.2
Gases used for calibration of the Micro GC.
Gas Mol %
No O N> He
1 0.100 0.0957 | Balance
2 0.95 1.02 Balance
3 3.01 13.84 Balance
4 6.06 22.4 Balance
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The period between each individual measurement was approximately 3
minutes. High values for N, and O, were recorded for the first 2-5 analysis
in a series of 15 measurements and these measurements were rejected. The
mean value for N, and O, level for the other parallels was calculated. The
total variation in each series was typically =10 %. The test of BLS/La;NiO4
flux test sample was run for almost 11 days: 53 h at 1062 °C, 96 h at 1002
°C and 87 h at 904 °C. For sample CAM/LaNbO, a continuous
measurement was performed over a period of 30 hours; 1 h at 1062 °C and
29 h at 1004 °C. The concentrations of oxygen and nitrogen in the He gas at
the secondary side during the leakage tests were normally much lower than
the concentrations in the calibration gas with the lowest content of oxygen
and nitrogen. The uncertainty in the gas analysis is therefore considered to
be substantially.

8.2.3 Heating procedure and data evaluation for BLS/La;NiOy4 flux
test sample

The samples were heated at a rate of 200 °C/h up to 1050 °C where the
temperature was stabilized. The temperature was measured by the upper
thermocouple. The temperature difference between the upper and lower
thermocouples deviated less than 1.5 °C during the constant temperature
periods. The load of 2-3 kg on the upper alumina tube was kept during the
whole flux test. The temperature was increased manually in small steps
from 1050 °C to 1062 °C (see Figure 8.6) to ensure a gas tight gold seal.

1100

1062 °C /53h

1050 -
1002 °C /96h

904 °C /87h

Temperature (°C)
oo (o] (o] 8
n o (&) o
o o o o

800 T T T T T
0 50 100 150 200 250 300
Time (h)
Figure 8.6

The temperature cycle used during leakage test of sample BLS/La,NiO;,.
The heating and cooling rates were 200 °C/h.
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After 2 h at 1062 °C the measurements were started. Gas leakage
measurements were performed over long periods at three different
temperatures (1062 °C, 1002 °C and 962 °C). When the test was finished
the furnace was cooled at a rate of 200 °C /h. The oxygen content on the
secondary side due to air leakage was calculated from the nitrogen level on
the secondary side since there is a constant O,/N, ratio of 0.27 in air. The
surplus of oxygen relative to air was due to oxygen permeation through the
La,NiO4 membrane.

8.24 Heating cycle for CAM10/LaNbO4/Al,O; flux test sample

The leakage test of the CAM/LaNbO, assembly was more limited than for
the BLS/La;NiO4 assembly due to problems with the equipment. The
sample was held at 1062 °C for 47 h and at 1004 °C for 84 h as shown in
Figure 8.7. Due to some experimental problems the gas analysis were not
performed throughout the whole test period. The gas analysis obtained is for
the last 1.2 h at 1062 °C period and for ~ 29 h at 1004 °C.

1200
1062 °C

1000 I 1004 °C

800 ~

600 -

400 -

Top temp (°C)

200 ~

0 T T T T T T T
0 20 40 60 80 100 120 140 160

Time (h)
Figure 8.7
Temperature /time program for seal leakage test of sample CAM/LaNbO,

8.3 Results

8.3.1 BLS/La;NiO4

The nitrogen and oxygen contents in the He-flow on the secondary side of
the BLS/La;NiO4 flux test assembly increased as the temperature decreased,
while the level of oxygen due to permeation through the membrane
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decreased as shown in Figure 8.8. The increase in nitrogen level
demonstrates an increasing leakage. The oxygen and nitrogen contents in
the He-flow at 904 °C showed that the oxygen and nitrogen level increased
slightly with time as demonstrated in Figure 8.9. The oxygen transport
through the membrane was constant. Since the nitrogen level increased
slightly an increasing air leakage occurred. This is consistent with the
observed flaws in the reaction zone between the membrane and seal caused

0.160
0.140 - A Nitrogen (air)
) A Oxygen (air)
0.120 O Oxygen membrane
© 0.100 -
© 0.080 -
= 0.060 -
0.040 -
%T X T
0.020 - T T S
0.000 ‘ ‘ ‘ ‘
850 900 950 1000 1050 1100
Temperature (°C)
Figure 8.8

Nitrogen and oxygen level in gas flow on secondary side of the membrane seal
assembly. The oxygen contribution from the membrane was calculated

0.180
AN2 904 °C
0.160 - 0 02 Membrane
0.140 - & 02 Air
0.120 -
X 0.100 1 :
S 4
0.080 - I I & T
= ?T T T g I
0.060 -
0.040 -
I X I I =z
0.020 - S G T Y X %
0.000 T T T :
0 1 2 3 4 5
Days
Figure 8.9

Oxygen and nitrogen content in the He-flush gas on secondary side of the
seal/membrane assembly at temperature 904 °C
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by the formation of the apatite phase BaxLajoxSisO27.x2 (1<x<2) (Figure
7.10). Since the reaction between membrane and seal will proceed at
elevated temperatures the extent of crack formation will increase resulting
in a gradually higher leakage rate. As the temperature is lowered the thermal
expansion mismatch will increase and gradually lead to crack propagation,
which also will give rise to an increased air leakage. The gas analysis results
including the standard deviations are given in Table 8.3. The analysis
performed after cooling (20 °C in Table 8.3) showed a ratio between oxygen
and nitrogen of 1.0 demonstrating that the oxygen level was too high. This
can not be explained by oxygen permeation through the membrane. The
only explanation is that the measured oxygen content was too high or the
nitrogen level too low.

Table 8.3
Micro GC analysis of oxygen and nitrogen levels in the He-flow on secondary
side of the membrane seal assembly

Temp. Measured (mol %) Calculated (mol %)
02 02 N2 N2 02 02
(°C) St. dev. St. dev. | air leak. | membrane

1062 0.116 0.007 0.097 0.007 0.026 0.091
1002 0.116 0.011 0.104 0.010 0.028 0.088
918 0.116 0.009 0.100 0.008 0.027 0.089
904 0.108 0.009 0.110 0.009 0.029 0.078
20 0.083 0.008 0.102 0.009 0.027 0.056

8.3.2 CAM/LaNbOy

The oxygen and nitrogen contents were practically constant in the whole
period of measurements as shown in Figure 8.10. The mean values of the
oxygen and nitrogen analysis confirm that there was no change in the
concentration between 1062 and 1004 °C as given in Table 8.4. Since the
LaNbOy essentially is a proton conductor it would be expected that the ratio
between oxygen and nitrogen should be 0.27 as in air. The measured O, and
N, gas concentrations gave an O,/N; ratio of 0.78 showing that the oxygen
level was much higher than in air. This can be explained by measurement
uncertainty due to the low O, and N, concentrations. Another explanation
can be that some oxygen has permeated through the membrane since
LaNbO,4 at elevated temperatures is also to some extent an oxygen
conductor. By calculating the amount of oxygen that is due to air leakage
the result is 0.015 mol % (see Table 8.4), which shows that the seal can be
considered as “gas tight”. The amount of oxygen due to oxygen permeation
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through the membrane was 0.03 mol % (Table 8.4 column “Oxygen Mem”),
which is the double of the leakage.

0.100
N2 1004°C
02 1004°C
0.080 - —— 021060°C
— N21060°C
o 0060 i
9 ‘
= 0040 { "
0.020 -
0000 T T T T T
0 5 10 15 20 25 30
Time (h)
Figure 8.10

Oxygen and Nitrogen content in He-gas at secondary side of CAM/LaNbO,
seal/membrane assembly at 1060 and 1004 °C

Table 8.4
Mean values of oxygen and nitrogen contents in He-gas at secondary side of
CAM/LaNbO, seal/membrane assembly at 1060 and 1004 °C

Temp. | Oxygen | St. Dev. | Nitrogen | St.Dev | Oxygen | Oxygen
Total Total Total Total Air Mem

(°C) | Mol %) | (Mol %) | (Mol %) | (Mol %) | (Mol %) | (Mol %)
1004 0.044 0.002 0.056 0.002 0.015 0.029
1060 0.043 0.002 0.057 0.002 0.015 0.028

8.4 Discussion

The leakage tests of the two membrane/seal assemblies showed that none of
the seals had significant leakages but the experiments were not conclusive
on this point due to two factors. The first is related to the low concentrations
of nitrogen and oxygen that was measured in the He-gas at the secondary
side. These concentrations were in the same range as- or lower than the
oxygen and nitrogen concentrations of the calibration gas with the lowest
oxygen and nitrogen contents, meaning that the analysis are associated with
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uncertainties. In addition the Micro GC in it self had variations of £10 % or
more, between parallel measurements.

The second factor is related to the gold ring seal. When an air leakage
occurs it is impossible with the current experimental setup to determine if
the leakage is caused by the gold seal or by the glass ceramic seal. In the
present work the “gold sealing” was prepared as carefully as possible and it
is therefore believed that the gold seals were gas tight. By evaluating the
gas analysis in the light of what was found by EMPA (Chapters 6 and 7) the
results show that the BLS/La;NiO4 seal had a small leakage while the
CAM/LaNbOQy seal probably was gas tight. To be able to obtain conclusive
results the flux test equipment must be improved so that all leakage sources
can be measured individually.
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9 Mechanical properties and residual stress

9.1 Stress calculations

Joining of two different materials by means of a third material acting as a
rigid bonded seal put great demands on thermal expansion match of the
three materials. Any mismatch in thermal expansion will cause residual
stresses to build up during cooling from the temperature where the seal was
established (sealing temperature). The material with the lower expansion
will be in compression while the material with the higher expansion will be
in tension. If the tensile stress passes the tensile strength, fracture of the
material will occur. If accurate stress modelling is required the exact design
of the device to be evaluated is necessary. The best is to use a finite element
approach (FEM), but even simple models can give a good estimate of the
stress levels and can be an effective tool in optimizing the performance of a
given device. When rigid bonded seals are applied the most important
material parameters are thermal expansion and mechanical strength.

An estimate of the residual stresses can be calculated from a simple model
described by Faaland [150]. Figure 9.1 shows a typical assembly consisting
of a substrate (3) with thickness t3, the seal (2) with thickness t, and the
membrane (1) with thickness t;.

I ¢ Membrane (1)

Sealant (2)

<+— Support (3)
(substrate)

Figure 9.1
Support-seal-membrane assembly model

This geometry can be applied for stress modelling of the flux test samples
described in Chapter 8, but also for stress calculations in planar SOFSs with
design as shown in Figure 2.8 in Chapter 2.2.7, where a thin membrane is
sealed to a thick interconnect (substrate). The support material will normally
be much thicker than the membrane and seal. Typically the support
thickness will be several mm, while the seal and membrane will be typically
<100 pm thick. Bending will therefore not be allowed and all three layers
will have the same strain .

By considering all layers to be isotropic and linearly elastic Hooke’s law for
an in-plane stress can be applied to this system. The stress normal to the
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membrane surface is equal to zero; 0, =0 and the stress in x- and y-
directions are equal; 0,=0,. With these preconditions the elastic stress in the
layer i can be expressed as:

o, =L (e, —,AT) 9.1
I-v,

Here: Ei = Young’s modulus for layer i, v; is Posson’s ratio (normally
between 0.15 and 0.30), a; is the TEC, AT is temperature change from a
reference temperature Ty, and &; is the overall biaxial strain i.e. the actual
expansion of a volume-element when it is not allowed to expand freely, but
is constrained as part of an elastic body. The term o;AT is the thermal strain.
Thus, the total strain in each layer is given as:

£ = %q + o, AT 9.2

i
i

Since all have the same strain: £,=g,=€3, we get the following equations:

—(1_01)0'1 +0(1AT:—(1_02)0'2 +o,AT 9.3
1 E2
QLEQ@+aAT=Q%&Lg+%AT 9.4
2 3

Since there is no stress in z-direction force balance requires that:

2.0t =0 9.5

It can be shown [150] that solving equations 9.3-9.4 give the following
results when the thickness of membrane and seal is negligible compared to
the thickness of the support.
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E, 9.6

Membrane: o, =-AT (e, — ;)
1-v,
Sealant: ¢, =-AT(a, — ;) 5y 9.7
l1-v,
9.8

Support: o,=0

In addition to stresses caused by thermal expansion there might also be a
contribution from chemical expansion that depends on the oxygen potential.
This effect is neglected in the case studied here since La,NiO4 and LaNbO4
have practically no chemical expansion. By convention, negative stress
values indicate compressive stress and positive values tensile stress. Since
ceramics are brittle materials the ideal case is to expose all components to
moderate compressive stress and to avoid tensile stresses. By exposing the
membrane and seal to moderate compressive stresses a moderate tensile
stress will develop in the support. This can be achieved by choosing;

o < o <03

9.2 Stress in rigid bonded assemblies of La;NiOy4, Al,O3; and
crystallised BLS

Important for the stress development in a rigid bonded system based on
La;NiO4, Al,O3 and crystallised BLS is the thermal expansion of these
compounds plus the secondary phase Ba;LagSicO26 as shown in Figure 9.2.
The values are calculated from a 3™ degree linear regression of the
measured thermal expansion curves. The thermal expansion of Al,Os; and
Ba;LagSisOy 1s almost the same and the thermal expansion of the
crystallised BLS seal and La;NiO; is also close in value. In a typical sealing
cycle with BLS-glass the assembly, support-seal-membrane, is heated to a
temperature where the glass viscosity is ~ 10> Pas in order to achieve a
dense seal. After a short soak time the temperature is lowered rapidly to a
level where nucleation starts. The temperature is then increased to a level
where the seal will crystallise during a reasonable time. At this temperature
T,, the whole assembly will be under zero stress.

The residual stress build up depends on the relative thermal shrinkage of the
materials from T, to room temperature. The relative thermal expansion of
the four materials taking T, as 1000 °C is shown in Figure 9.3. There will be
almost no stress between Al,O3 and Ba;LagSic0,6 during cooling from 1100
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°C. The alumina will be in moderate compression and Ba;LagSisOz6 in
moderate tension. A similar situation occurs for BLS-La,NiOy4, but since
the thermal expansion mismatch is higher, the stress levels will also be
higher. The membrane will be in compression from 1000 °C to room
temperature. Figure 9.3 also shows that alumina is not a good choice as
support for the La,NiO4/BLS membrane seal system. By applying equations
9.6 and 9.7, a quantitative picture of the stress levels can be obtained as
shown in Figure 9.4.

1.80
160 - —a—BLS cryst.
—a—La2NiO4

140 1 | 4 Anos

1.20 1 |—o—Ba2La8Si6026

1.00 -
0.80 -
0.60
0.40 -
0.20 -

Thermal exp. (%)

-0.20 I T T T T T
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 9.2
Thermal expansion of alumina, La;,NiO,, crystallised BLS seal and Ba,LassSisO5s

Poisson’s ratio was set to 0.25 for all materials in the calculations. Young’s
modulus for the crystallised seal and Ba;LagSic0,¢ was set to 100 MPa and
for La;NiO4 to 200 MPa. The data show that there is a considerable tensile
stress in both the membrane and the seal when alumina is used as support as
shown in Figure 9.4 by the open and close triangles respectively. If a tensile
strength of 100-150 MPa is assumed for the membrane and the seal the
membrane and seal would crack at a temperature in the range 700-800 °C.
When La;NiOy is used as support the maximum tensile stress in the BLS
seal is calculated to 128 MPa showing the possibility to cool to room
temperature without cracking. However this requires refinement of the
sealing cycle in order to reduce the amount of the apatite phases BayLa.
S16027.x2 (1<x<2) as discussed in chapter 7.3.4.
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Figure 9.3
Thermal expansion of La;NiO,, Al,Os, BLS and Ba,LasSisO;s for the case of
zero stress at 1000 °C
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Figure 9.4
Calculated residual stress in BLS with La;NiO, as support (closed squares), BLS
with AL,O; as support (closed triangles), La,NiO, on alumina support (open
triangles) and Ba;LagSisO:s on alumiil upport (open squares), for the case of
zero stress at 1000 °C. Negative stress means compression by convention



9.3 Stress in the bonded system LaNbO4-CAM10-alumina

The residual stress in a system consisting of alumina as support material,
CAMI10 as seal material and LaNbO, as membrane has been evaluated
using the same approach as for the La;NiO4-BLS system. The thermal
expansion of the three materials calculated from 31 degree linear regression
of the thermal expansion curves is shown in Figure 9.5.
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Figure 9.5
Thermal expansion of LaNbO,, crystallised CAM10 and Al,O;

Since LaNbOy has a phase transition at ~ 530 °C two polynomials have been
used to calculate the expansion, one polynomial for temperatures below 530
°C and one for temperatures above 530 °C. The sealing temperature where
the system is unstressed is set to 1100 °C, giving the thermal expansion
curves shown in Figure 9.6. The difference in thermal expansion is not large
and extreme stresses are not expected to develop. The stress that builds up
in the membrane and the seal at temperatures different from the sealing
temperature at 1100 °C is shown in Figure 9.7. The calculations are based
on a Poisson ratio of 0.25 for all three materials, a Young’s modulus of 100
MPa for the CAM10 seal and 50 MPa for LaNbO43.

> The Young’s modulus of LaNbO, was estimated on basis of the stress strain
measurements performed by Mokkelbost at ambient temperature [151] on LaNbOy, sintered
at 1200 °C. The mean value for Young’s modulus at increasing stress for the linear part of
the stress strain curves was 53 GPa. At elevated temperatures Young’s modulus normally
decreases slightly. In the calculations an E-modulus of 50 GPa has been applied.
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Thermal expansion of LaNbO,, crystallised CAM10 and Al,O; with reference
temperature 1100 °C
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Figure 9.7

Calculated stress in LaNbO, membrane (closed squares) and CAM10 (open
squares) in the temperature range 25-1200 °C with AL,O; as substrate material.
At 1100 °C the system is unstressed
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With the alumina support the CAMI10 seal is in compression in the whole
temperature range 1100-25 °C. At 1200 °C the seal is in low tension of 5
MPa. At 25 °C the compressive stress in the seal is calculated to 230 MPa.
The membrane is in compression from 1100 °C to ~ 140 °C and in moderate
tension at lower temperatures. The relative stress between membrane and
seal is reasonably low from 1100 °C to ~ 470 °C. Below ~ 470 °C the stress
builds up, but if it will result in crack formation is uncertain since the
strength of the seal and membrane has not been measured.

9.4 Conclusion

The stress calculations for LaNbO4/CAM10/Al,05 show that alumina is
well suited as support. The residual stresses building up during cooling from
the sealing temperature of 1100 °C are so low that this system looks
promising. For La;NiO4+/BLS/Al,O3; the mismatch in thermal expansion
between seal/membrane and alumina is so large that the seal/membrane will
separate from the alumina support due to high shear forces. Alumina can not
be used as support in this case. A suggestion is to use the seal material as a
combined seal and support.
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10 Reaction between seal glass and the atmosphere

10.1 Introduction

Materials that are to be applied in SOFC’s and high temperature membrane
reactors will be exposed to both oxidizing and reducing humid atmospheres.
In combustion systems the atmosphere will typically contain CO, CO,, H;
and CHy4. The alkaline earth elements are known to form stable carbonates
and hydroxides and since the two seal materials CAM and BLS contain Ca,
Mg and Ba they were exposed to humid atmosphere containing CO, at
elevated temperatures to evaluate the stability under these conditions.

10.2 Experimental

10.2.1 Experimental set up for gas exposure

The general experimental set up for the gas exposure tests is shown in
Figure 10.1. Powdered samples (1.1-1.9 g batches) of BLS, CAMI10 and
CAM with 10 mol % MgO (denoted CAM10b), both glassy and crystallised,
where placed in alumina “boats” and exposed to wet and dry CO; and air
atmospheres. A horizontal gas tight tube furnace was used. A constant flow
of CO; (99.9992) was led through the furnace. The gas flow of 3 NI/h (N1 =
normal liter) was controlled by mass flow meters (MFM) (Bronkhorst)

Thermo Powdered sample
couple
Type S
! E mnimimg
{ s s s Y 1
I_I.é.'a;.l_l =
L1 Gas out
Tube furnace
Heated tube
l — <+ C02 in

Flow .
controller = < Airin

Water bath

Figure 10.1
Sketch of the main experimental setup for gas exposure experiments with wet
and dry gas
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except for the first run (dry atmosphere) where the flow was measured by
leading the gas from the furnace through a bubble flask. The bubbling rate
(80-120 bubbles/min) represented a flow in the range 2-3 1/h. For the humid
atmosphere experiments, the CO, gas was led through two water filled gas
washing flasks at 41 °C before it was led into the furnace through a heated
tube to avoid condensation of water. The samples from the gas exposure
experiments were characterised by XRD and by weighing using a Mettler
AE100 balance with resolution 0.1 mg.

10.2.2  Glassy and crystalline CAM10 in dry CO;

CAMI10 glass and CAM10 crystallised for 40 h at 1300 °C CAM10 and
milled to particle diameter < 45 pm, were exposed to dry CO, for 72 h at
792 °C. The CO, flow was measured by means of a bubble flask, however a
large leakage in the furnace gave a real CO, flow much higher than 2-3
NU/h. The glassy sample was heated again to 1000 °C for 20 h in dry air. X-
ray diffraction was performed both after the CO, and air exposure.

10.2.3 CAM10 glass exposed to alternating dry CO; and air at 800-
1100 °C

The effect of alternating atmospheres of CO, and air at different
temperatures and exposure times on CAMI10 glass (particle diameter < 45
um) was studied in two experimental series. In the first series the CAM10
glass was kept at temperatures in the range 800 to 1100 °C with holding
times of 20 h at each temperature as shown in Figure 10.2.

1200 - Air COZ
1100 - Air CO,

1000 - Air  CO,
900 -

800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 Wt. Wt Wt Wt Wt Wt Wt Wt
0 T T T 1
0 50 100 150 200

Time (h)

Air C02

Temperature (°C)

Figure 10.2
Experimental procedure during testing of CAM10 in dry alternating air and CO,
atmosphere. Holding time between gas shifts was 20h. “Wt.” indicates the weighing of
the samples
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The second series was similar to the first series except that the temperature
was held constant at 1100 °C and the exposure time between the gas shifts
was 43h as shown in Figure 10.3. In both series the samples were weighed
after each gas shift by removing the samples from the furnace at elevated
temperatures (300-500 °C), weighing and placing them back into the
furnace for further exposure.

1200
1100
1000 -
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 A
108 1wt Wt Wt Wt Wt Wt Wt Wt

0 100 200 300 400

Time (h)

Air CO, AiIr CO, Air  CO, Air  CO,

Temperature (°C)

Figure 10.3

Experimental procedure during testing of CAM10 in dry alternating air and CO,
atmospheres at 1100 °C. Holding time between gas shifts was 43h. “Wt.”
indicates the weighing of the samples

10.2.4 Crystallised CAM10 glass exposed to humid CO,/air
atmosphere

Crystallised CAM10 powder with particle diameter < 45 um was heated in
alternating wet CO, and wet air atmosphere in a similar series as shown in
Figure 10.2. The test was performed in the temperature range 800-1100 °C.
The start weight of the sample was 1.8885 g. The exposure time at each
temperature was 20 h.

10.2.5 CAM10b and BLS glass exposed to humid CO,

The influence of wet CO, atmosphere on CAM10b and BLS glass was
studied by keeping the glass samples at temperatures in the range 800 to
1100 °C in wet CO,. The particle diameter of the glass was in the range 45-
150 um and the exposure time varied between 8 and 105 h as given in Table
10.1 and illustrated in Figure 10.4.
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Temperature (°C)

Table 10.1
Experimental conditions in testing the influence of wet CO, gas on CAM10b
and BLS glass powder at elevated temperatures.

Particle | Temp. Exp.
Cycle | Sample Type diamter time
(um) ) (h)
1 BLS Glass | <150+45 800 21.2
CAMI0b| Glass | <150+45 800 21.2
) BLS Glass | <150+45 800 36.2
CAMI0b| Glass | <150+45 800 36.2
3 LN2 Glass | <150+45 900 21.2
CAMIOb| Glass | <150+45 900 21.2
4 BLS Glass | <150+45| 1000 8.1
CAMI0b| Glass | <150+45| 1000 8.1
5 BLS Glass | <150+45| 1000 31.6
CAMI0b| Glass | <150+45| 1000 31.6
6 BLS Glass | <150+45| 1100 62.0
CAMI10b| Glass | <150+45] 1100 62.0
7 BLS Glass | <150+45| 1100 105.0
CAMIOb| Glass | <150+45| 1100 105.0
1200 Air CO, A CO, Air co,
11001 \ / Air CO,
1000 - Air CO,
00 co, Air CO,
800 -
700 -
600 -
500 -
400
300 1
200 1
100 1 Wt Wt. Wt Wt Wt WEWtL Wt Wt Wt. Wt. Wt. Wt.
0 I I I I I I I I I I I I 1
0 5 100 150 200 250 300 350 400 450 500 550 600 650
Figure 10.4 Time (n)

Experimental performance of gas exposure test of glassy BLS and CAM10b
samples in humid atmosphere of COy/air
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10.3 Results

10.3.1 CAM10 glass exposed to dry CO; and dry air

The glassy CAMI10 exposed to dry CO, at 792 °C for 72 h increased in
weight by 3.05 % while the crystalline sample showed a weight gain of only
0.29 %. By reheating the glassy sample in dry air at 1000 °C a weight loss
of 2.48 % was measured corresponding to the weight gain of 3.05 %. X-ray
diffraction of the samples after each cycle showed (Figure 10.5) that the
weight gain of the glassy sample was due to CaCOj (calcite) formation and
the weight loss was due to decomposition of the calcite according to
equations 10.1 and 10.2. From these results it can be concluded that the
glassy CAMI0 reacts with CO, from the atmosphere at 792 °C forming
CaCOs; but at 1000 °C in air the calcite decomposes to CaO(s) and CO,
(g). The XRD analysis of the crystalline CAMI10 showed no calcite
formation at 792 °C.

792 °C: CaO(s) + CO; (g) = CaCOs(s) 10.1
1000 °C: CaCO; = CaO (s) + COz (g) 10.2
® CaCOs

@L\Jﬂ Glass: Air/1000°C
M Cryst.: CO,/792°C
M Glass: C0,/792°C

22 30 40

Lin (Counts)

2-Theta - Scale

Figure 10.5

XRD pattern of glassy and crystalline CAM10 heated in CO, for 72 h at 792 °C
and of the glassy sample reheated at 1000 °C, for 20 h in air. The calcite phase
identification is based on PDF-file 1-072-1214 [135]
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The reaction between glassy CAM10 and CO, was confirmed in the series
where CAM10 glass with particle size < 45 pm was heated alternatively in
dry CO; and dry air in the temperature range 800-1100 °C for 20 h at each
temperature as shown in Figure 10.6. The weight gain in the first heating in
CO, was lower than in the following heating cycles. The weight after
heating in air is also lower than the start weight indicating that some
strongly bound water (water that did not evaporate at 110 °C) has been
present in the sample. The weight gain in CO, atmosphere is typically 0.7 %
in all cycles following the first, and the weight gain/weight loss is reversible
in the temperature range tested. Since the weight was not recorded
continuously the results does not tell how fast the calcite formation
proceeded.
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Atmosphere
Figure 10.6

Weight change for CAM10 glass heated in alternating dry CO, and dry air for
20 h at temperatures between 800 and 1100 °C. Carbonate formation and
decomposition is reversible in the temperature range 800-1100 °C

To get an idea of the kinetics of the calcite formation the effect of increasing
exposure time to dry CO; and dry air at 1100 °C on the weight change of
CAMI10 glass is shown in Figure 10.7. In this case the sample was exposed
43 h in each atmosphere. The increased exposure time did not result in
increased weight gain in CO, atmosphere demonstrating that the calcite
formation is faster than 20 h, probably much faster. It is also found that even
after 5 heating cycles representing a total time at 1100 °C of 215 h the
CAMI10 “glass” still reacts with CO, although it would be crystalline after
the first cycle.
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Weight change of CAM10 glass at 1100 °C in alternating dry air and dry
CO; atmosphere with exposure time 43 h. The weight gain in CO; is typically
0.7 % as with exposure time 20 h

10.3.2 Crystallised CAM10 in humid CO5/air atmosphere

The weight change of crystallised CAMI10 in alternating humid CO»/air
atmosphere was much smaller than the weight change for CAM10 glass as
given in Table 10.2 and shown in Figure 10.8. A small increase in weight in
CO, atmosphere compared to air was observed, but for some of the
measurements the weight change was within the experimental error. At
1100 °C in air, the weight was lower than the start weight.

Table 10.2
Weight change of crystallised CAM10 in alternating humid COy/air atmosphere
in the temperature range 800-1100 °C. The water temperature was 41 °C

Temp Weight [Weightl Atm.
change |change
O () (%)
20 0.00 Air
800 0.0011 | 0.06 CO2
800 0.0000 | 0.00 Air
900 0.0004 | 0.02 CO2
900 0.0009 | 0.05 Air
1000 0.0029 | 0.15 CO2
1000 0.0001 | 0.01 Air
1100 0.0006 | 0.03 CO2
1100 -0.0020 [ -0.11 Air
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Figure 10.8

Weight change of crystallised CAM10 in alternating humid COy/air atmosphere
in the temperature range 800-1100 °C

10.3.3 CAM10b and BLS in humid CO,

The weight change of CAM10b in humid CO, was in the same order of
magnitude as in dry CO, as demonstrated in Figure 10.9 and Table 10.3.
The scatter in measurements at 800, 1000 and 1100 °C, where two
measurements were performed, was probably due to experimental error.
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Figure 10.9
Weight change of CAM10b glass and BLS glass by heating in wet CO; in
the temperature range 800-1100 °C
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Table 10.3
Weight change of CAM10b glass and BLS glass by heating in wet CO, in
the temperature range 800-1100 °C

Temp. |Exp. time Weight change %

(°O) (h) BLS glass |CAMI10b glass
20 0 0.00 0.00

800 25 -0.09 0.45

800 40 -0.08 0.52

900 64 -0.08 0.52

1000 76 -0.07 0.64

1000 115 -0.10 0.55

1100 183 -0.11 0.42

1100 231 -0.12 0.45

The weight gain for CAM10b passes a maximum of 0.50-0.60 % around
900-1000 °C. For the BLS glass the picture is different. BLS however,
looses weight at all temperatures but the weight loss is almost negligible
between 800 and 1100 °C. The weight loss between 20 and 800 °C is
probably due to water that was not removed during drying of the powder at
110 °C prior to the test. The BLS glass is regarded as stable under the
conditions in the present test.

10.4 Discussion

The weight gain when CAMI10 glass is heated in CO, atmosphere is
typically in the range 0.6-0.7 % when the CO, flow was kept at 3 Nl/h.
However a larger weight gain of 3.05 % was observed during the first cycle
where a high CO, flow was used. This shows that the CO, pressure is of
importance and since high temperature reactor systems are likely to be
pressurized (20-30 bar) the influence of CO; at high pressures should also
be evaluated. Another issue is the difference between glassy and crystalline
CAMI10 regarding CO, affinity. The glassy CAM10 forms much more
calcite in CO, atmosphere than the crystalline seal material. At repeated
heating to 1100 °C, the “glassy” material continues to react with CO, even
if the original glassy material had become crystalline. This can be explained
by a surface effect where the surface must have another structure when
glassy material is heated in CO, compared with the crystalline material and
that this surface change is permanent. In a real system the sealing procedure
will be performed in air or inert atmosphere. After the seal has been
established it will be fully crystalline and therefore more stable when
exposed to CO, compared to the corresponding glassy seal.
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10.5 Conclusion

It has been demonstrated that crystallised CAM10 seal is stable in both dry
and wet CO, atmospheres. The glassy CAM10 material reacts with CO, and
forms calcite. The calcite decomposes when the material is reheated in air.
The process “calcite formation/calcite decomposition” is reversible even at
1100 °C after the seal material has become crystalline. This shows that the
seal should be fully crystalline before it is exposed to CO, atmosphere. The
BLS seal glass was stable in humid CO, atmosphere at ambient pressure.
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11 Discussion

11.1 General seal development procedure

When developing rigid solid glass ceramic seals for specific applications
some general development steps should be followed (see Figure 11.1). To
make the seal development as simple as possible, the membrane device
should be designed to minimise the demand for seals and mechanical
stresses on the seal joints. When the membrane assembly (membrane and
electrolyte) and interconnect materials have been chosen, the seal
composition can be designed. By consulting relevant phase diagrams the
main seal composition(s) can be decided. The seal composition has to be
prepared and designed with respect to thermal expansion, sintering
properties and stability in reducing and oxidizing humid atmospheres at
relevant temperatures.

The present work has revealed the importance of secondary phase formation
during the sealing procedure. Even though there is a perfect thermal
expansion match between the crystallised seal and the membrane/electrode
assembly, secondary phases formed at the reaction interface between the
seal and the joining materials can have completely different thermal
expansion and give rise to fracture. The number of secondary phases is
determined by the phase rule and the number of components in the system.

The seal glass systems usually consist of 3 to 4 oxides and the membranes
usually consist of 2 or 3 oxides bringing the total up to 5-7 oxide
components. The number of secondary phases will be in the same order
demonstrating the complexity of glass ceramic seal development. Due to the
chemical complexity it is in most cases necessary to identify the secondary
phases that are formed and to characterize them at least with respect to
thermal expansion. The best way to study the secondary phases is by
sintering powder mixtures of the relevant materials (seal, membrane,
support, electrode, interconnect) and fire at high temperatures (200-300 °C
above the normal operational temperature). Normally the sintered mixtures
have to be milled and fired again 2-4 times to reach the equilibrium state for
the system. XRD, EMPA, SEM and optical microscopy are useful methods
to identify the different crystalline phases and microstructure. The seal joint
formation and the kinetics (diffusion rate) of the reactions taking place are
best studied by making diffusion couples that should be heat treated at
several temperatures and with different soak times. Diffusion couples will
not only reveal the composition of the secondary phases and where they are
formed, but flaws and microcracks give information about the TEC
compatibility. If unwanted secondary phases are formed, suggestions for
improvement have to be considered. Improvements can be obtained by
modifying the design, sealing procedure, seal thickness, chemical
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Glass ceramic seal development procedure

Membrane/ Seal Support Electrodes
Electrolyte

Seal material(s) selection

Powder mixtures Diffusion couples

| |
Identify secondary phases (SEM, EMPA, XRD),
identify fractured phases

Characterize secondary phases:
TEC, mechanical strength, stability in
oxidizing and reducing humid atmosphere

Identify secondary phases that
should be avoided

Sealing procedure (temp/time program)

Improvements:
- Changes in seal composition
- Particle size
- Glass powder/Ceramic powder
- Design changes
- Refined sealing procedure

Testing of improved concept:
- Diffusion couple
-Membrane electrode assembly (MEA)
-Leakage tests at relevant temperatures/pressures
-Leakage tests during temperature cycling
- Long term leakage tests (> 2 months)

Final concept

Figure 11.1
General procedure for development of rigid bonded seals for high
temperature applications based on glass or ceramic powders
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composition, particle size of the seal powder and if the seal powder should
be glassy or ceramic. When changes have been made the improved seal
concept has to be tested again until a dense seal without flaws can be
prepared. The final functional test should be a leakage test of a complete
assembly under realistic conditions regarding temperature, temperature
cycling and atmosphere.

11.2 Glassy or crystalline seal material?

In the present work the seals have been prepared as glassy material that is
being crystallised during the sealing procedure. It is obvious that the best
would be to have a seal with a few % glassy phase, making the seal resilient
and capable to eliminate mechanical stresses by plastic flow. This could be
achieved by designing a glass ceramic seal with T, below the operating
temperature for the device and T, above the operating temperature.
Unfortunately this is difficult to obtain in a real system. All glasses will tend
to crystallise given the right temperature and enough time. Depending on
the glass composition most glassy systems will be completely crystalline
after a few hours, days or weeks [152] if they are kept at typical operational
temperatures for SOFC and HT membrane reactors (800-1000 °C). So why
not start with a fully crystalline seal material and avoid the extra step of
preparing a glass?

Melting the raw material batch to a glass followed by milling is a
convenient way to obtain a homogeneous sealing powder. Glass can be
readily sintered by heating the assembly to be sealed fast up to the proper
temperature for the specific seal glass composition. After a short time, just
long enough for the seal to become dense, the temperature is lowered to
optimum temperature for crystallization to occur. The linear shrinkage,
AL/Ly, of glassy material (viscous flow sintering) with initial particle
diameter d is given by the Frenkel equation as [149]:

nd

AL 1.5yt
LO

Where 1 is the viscosity and vs is the surface tension and t is the time.
Equation 11.1 shows that by reducing the particle size from 10um to 0.1 pm
the sintering time can be reduced by a factor of 100. One challenge by using
glassy powder is to avoid large gas bubbles caused by entrapped air when
the pores between the glass particles are closing. Due to plastic flow of the
viscous glass melt big bubbles that can weaken the seal substantially can be
formed. Bubbles can be avoided by performing the sealing cycle in vacuum.
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Gas bubbles can also be formed because of chemical reactions that change
the gas solubility in the glass.

A ceramic seal material can be more difficult to sinter if no intermediate
liquid phases are formed and might need more time at higher temperature
than a glassy material to obtain a fully dense seal. In this case the sintering
is ruled by the laws of solid state sintering where different diffusion
mechanisms are dominating the densification process. Generally the linear
shrinkage for solid state sintering can be expressed as [149]:

AL _| KD,y 112
LO

T kT

Here D, is the apparent diffusivity of vacancies of volume V,, d is the grain
diameter, K is a constant dependent on the geometry, T the temperature, t is
the time and m and n are constants. Commonly n is observed to be
approximately 3, which implies that lattice diffusion is the dominant
densification mechanism, and m is commonly in the range 0.3-0.5 [149].
The time at the sintering temperature (usually higher than the operating
temperature for the system) should be as short as possible in order to avoid
too extensive reaction between the seal and the sealed materials. The
sintering time for a ceramic powder can be shortened effectively by
reducing the particle size. Since the densification time during solid state
sintering of a ceramic powder with particle diameter d is approximately
proportional to d (equation 11.2), a reduction of the particle size from
10um to 1 um will reduce the sintering time by an order of 10°. This shows
that short sintering times can be achieved also with ceramic seal materials.
By using a submicron powder eventually closed pores will have a size
smaller than the particles and will not have any negative effect on the
strength of the sintered seal. An efficient method to reduce the sintering
temperature is to bring the sintering from a solid state sintering regime to a
liquid state sintering regime by small additions of a material that forms low
melting compounds.

A complete submicron ceramic powder included the sintering aids can be
prepared by several methods such as sol gel, spray drying or spray
pyrolysis, which all are well established methods for powder synthesis. By
starting with a submicron ceramic powder, a dense and gas tight seal can be
established just as fast as with glassy powder but the extension of the
reaction between the seal and the sealed materials will probably be less
compared to glass resulting in a better and more durable seal.

130



11.3 Suggestions for further work

The focus in the present work has been on reactions between the seal
materials and the membrane/support materials. The seal performance in
realistic environments and optimisation of the sealing cycle, have not been
sufficiently evaluated. Suggestions for the further work are:

a) Testing of seal stability in reducing dry and wet atmospheres (Poz <
107" atm.) at normal pressure and high pressure (20 bar).

b) Optimizing sealing procedure for BLS seal to reduce the extent of
Ba,LagSicO,6 formation. Compare glassy powder and ceramic
powder sealing.

c) Evaluate means of increasing the TEC of aluminate glass system by
enhancing crystalline phases with high thermal expansion.

The leakage test revealed weaknesses with the flux test equipment. The
apparatus should be modified so that leakage through the gold seal can be
controlled. The gas analysis should also be improved so that reliable
analysis of relevant gases can be performed in the low concentration region
<0.001 mol %.

12 Conclusions

12.1 Aluminate glass properties

In the present work a series of aluminate glasses denoted CAMx with the
general composition (molar basis): 52.7-XCa0O-XMg0O-37.3A1,05 (0<x<18)
has been evaluated with respect to HT sealing applications for SOFSs and
HT membrane reactors. By quenching aluminate glass melts from 1550 °C
on a copper plate, batches of 40-60 g of glass could be made. DSC analysis
showed that the aluminate glasses had glass transition temperatures Tg, in
the range 841-794 °C as the MgO content increased from 0 to 18 mol %.
The corresponding crystallization temperature Ty was in the range 940-915
°C. The dilatometric softening point measured by dilatometry was in the
range 859-820 °C. The thermal expansion coefficients for the glasses in the
temperature range 20-700 °C varied from 5.8-8.1-10° °C'. The maximum
TEC for the glassy material was observed for compositions with 10-13 mol
% MgO. The TEC of crystallised glass with 8.9 mol % MgO was 7.6:10°
°C™' in the range 20-1000 °C. Exposure of the aluminate glasses to water at
room temperature showed that the glasses reacted with water. Exposure of
the glass with ~9 mol % MgO to humid and dry CO, at elevated
temperatures (800-1100 °C) showed that the glass formed CaCOj;, while the
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crystallised material showed no signs of calcite formation. This
demonstrates that the crystalline material should perform well as a high
temperature seal exposed to COs.

12.2 Aluminate glass as seal for LaNbOy

The TEC of the aluminate glass CAMI10 is compatible to the TEC of
LaNbOy and the glass is a candidate as sealing material for LaNbO, PCFCs.
One challenge of sealing LaNbQOy is the phase transition of LaNbO, at ~ 530
°C where there is an abrupt decrease in the thermal expansion coefficient
from 13.3-10° °C™" t0 6.7-10° °C"".

Diffusion couples of aluminate glass and LaNbO, showed that a solid and
dense bond was formed between the two materials, which is crucial in order
to make a good seal. Leakage testing of the seal in a “seal-membrane-
support assembly” consisting of LaNbO, membrane, aluminate glass seal
and alumina substrate showed no significant leaks during testing at 1060-
900 °C confirming that the aluminate seal is a promising candidate as seal
for LaNbO4 PCFCs. The seal remained gas tight after one thermal cycle
down to room temperature.

12.3 Ba-La-silicate (BLS) seal for La,NiO4

The Ba-La-silicate glass (BLS) with the molar composition
31.3Ba0-6.5La,05°2.1S10,, evaluated as seal material for La;NiOy4
membranes, had a glass transition temperature T, at 760 °C (DSC-analysis)
and crystallization onset at 924 °C. The dilatometric softening point was
856 °C and the thermal expansion coefficient of the crystallised BLS glass
was measured to 12.8:10° °C”' between 20 and 1000 °C. The DSC analysis
showed that this seal material will become completely crystalline after short
time at the expected operational temperature of 900-1000 °C. Exposure of
the BLS seal glass to CO; and H,O at elevated temperatures (800-1100 °C)
showed good stability.

Diffusion couples of BLS glass and La;NiOs showed good bonding
performance and that BLS is a seal material candidate for La;NiO4. One
challenge with the tested BLS composition is that the secondary phase
Ba,LagSi15056 that is formed in the reaction zone close to the membrane has
a much lower TEC (8.5:10° °C" in the range 20-1200 °C) than the
membrane and the other related silicate crystalline phases. The TEC
mismatch resulted in crack formation parallel to the membrane surface
caused by high compressive stress. This problem can probably be solved
either by refining the temperature cycle for the sealing process or by making
small changes in the chemical composition of the seal material. Secondary
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phases with a strong mismatch in TEC compared to the rest of the phases in
the seal/membrane system should be avoided. Leakage test showed that the
present system had a small leakage due to the fractures along the seal.
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14 Appendix 1

14.1 Thermal expansion of CajoFeyTiO;

Thermal expansion of dense CaTiOs sintered at 1350 °C for 2 h was
measured in the dilatometer. The sample was heated 3 times up to 1300 °C
with a heating rate of 2 °C /min. The results after the third cycle are shown
in Figure Al.1. Figure A1.2 shows the thermal expansion and TEC during
heating and cooling calculated from least squares linear regression
polynomials of 3" degree of the thermal expansion curves. The polynomial
coefficients are shown in Table A1.1 and the calculated data in Table A1.2.
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Figure AI1.1
Thermal expansion during heating and cooling of dense Cay.oFe) TiO;3
sintered 2 hours at 1350 °C

Table Al1.1
Polynomial coefficients for calculation of thermal expansion curves
during heating and cooling of CayoFey TiO;

Coeff Heating Cooling
A0 [-3.13E-02|-1.34E-01
Al | 9.13E-04 | 1.37E-03
A2 | 5.09E-07 |-3.35E-07
A3 |-1.57E-10| 2.68E-10
R? 0.99977 | 0.9999
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Figure A1.2
Calculated thermal expansion and TEC for CagoFey TiO; from linear
regression polynomials of 3 order.

Table A1.2
Calculated thermal expansion and TEC for CaygFey ;TiO; from linear
regression polynomials of 3 degree

Temp. | Thermal expansion (%) TEC x10°°C"
(°O) Heating Cooling Heating Cooling
25.0 0.00 0.00
100.0 0.07 0.10 9.7 13.3
200.0 0.18 0.23 10.2 13.1
400.0 0.42 0.48 11.0 12.7
600.0 0.68 0.73 11.7 12.6
800.0 0.95 0.99 12.3 12.7

1000.0 1.24 1.27 12.7 13.0

1200.0 1.53 1.59 13.0 13.6

1400.0 1.82 1.96 13.2 14.3
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15 Appendix 2

15.1 Flux test furnace

The equipment used for leakage test experiments consisted of the Flux-test
furnace (Figure A2.1 and A2.2) the Micro GC and a gas-mixing system with
several valves and mass-flow controllers (Figure A2.4). All gases passed a
mixing column before entering the furnace. The flux test furnace (FTF) was
a split-furnace that could be fully opened for easy access to the sample. A
detailed drawing of the furnace is shown in Figure A2.3.

Figure A2.1 Figure A2.2
Flux furnace - opened showing the Flux furnace - closed
upper and lower tube assemblies with

the support tubes (46x38 mm)

The furnace housing is fixed to the furnace stand. The top and bottom tube
assemblies are fixed to slides (upper and lower slide) and are moveable in
the vertical direction. The lower slide can be locked by a clamp ring. The
upper slide is allowed to move freely. The tube assemblies are similar
consisting of an outer support tube 46x38 mm in diameter, a sample support
tube (P16x11 mm) that is in direct contact with the sample, and in the
centre a gas supply tube (@ 5-6 mm).
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Figure A2.3
Simplified drawing of the Flux Test Furnace, showing the different tubes for gas
supply, sample support and sample lining.
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Inside the gas supply tubes, thermocouples (type S) were placed to measure
the temperature close to the surfaces of the sample. The tubes in direct
contact with the sample (sample support tube and sample load tube) were
sealed by means of gold rings. The gold rings were held in place by a guide
sleeve of alumina as illustrated in Figure 8.3. These tubes also serve as gas
outlet tubes. The sweep gases (in the present case air at the primary side and
He 99.999 at the secondary side) were lead through the central gas supply
tube, which has the outlet 1-2 mm from the sample surface. The He gas at
the secondary side was mixed with the gas permeating the membrane and
gas from direct leakage. This gas mixture was lead through the upper
sample load tube and to the Micro GC. A load is put on the upper tube
assembly in order to obtain press on the gold rings. Typical load was 2-3
kg.

Secondary sweep

gas in He (2) Flux furnace — gas mixing flowchart
‘ Primary
sweep gas
_.P- ‘/ in (Air) Sweep gas primary (1): Air
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pressure “ta
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Secondary 3+4 He (2)
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c |
of v - 2 £
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) Air (1)
An Gass
N mixing

Figure A2.4  Gas mixing system with gas mixing and Mass-Flow controllers

The overall length of the furnace included tube assemblies was 1030 mm.
The length of the furnace was 525 mm and the outer diameter was 230 mm.
Maximum furnace temperature was 1200 °C. Typical temperature difference
across the sample was < 1 °C. The temperature control was performed by
using a Eurotherm 903P - controller.
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