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Improving sealing, electrical contacts, and corrosion...

Solid oxide fuel cells are high temperature electrochemical devices
for direct conversion of fuel and oxidant to electricity and heat. The
high temperature and dual atmosphere creates challenges for the
materials in solid oxide fuel cell stacks. In this thesis SOFC stack
materials were studied and developed.
SOFC stacks are assembled at room temperature, then heated up,
conditioned and operated at 600...900 °C. Therefore, the
mechanical properties of seals should be understood from room
temperature to operating temperature. Mechanical properties of
SOFC sealing materials were studied with different heat-up
procedures.
Increasing cell footprint presents a challenge for the sealing: the
higher the cell area, the higher the required compressive force for
the stack. To diminish the required compressive force, a hybrid
sealing material consisting of a compressible core and a
conformable glass-based interlayer was developed. This hybrid
sealing material decreased leak rates by 60...90% compared to the
conventional compressible seals.
High operating temperature and exposure to both reducing and
oxidizing atmospheres is prone to cause corrosion of materials.
One example of these corrosion-mechanisms is chromium
evaporation from interconnect steel materials. The evaporated
chromium is transported in the gas phase to the electrochemically
active cell, where it can solidify to chromium oxide, causing loss of
performance. A chromium barrier coating based on MnCo Fe O
was developed and deposited by a high-velocity oxygen ﬂame
method on the interconnect steel. The coating showed good
stability and low area-speciﬁc resistivity, and effectively hindered
chromium transport to the electrochemical cell.
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1.

Introduction

1.1

Background

Today’s world is dominated by fossil fuel-based energy production. It is at the
moment under debate when exactly these non-renewable sources of energy will
run out, but it is very clear that sooner or later an energy system based on renewable energy sources needs to be established. Before the balance of energy production shifts to renewable energy sources, energy production efficiency should
be of high concern, to make sure that both renewable and non-renewable energy
is utilized with the highest possible efficiency. Fuel cells can contribute to energy
production during and after this change: they can directly convert chemical energy
of fuel and oxidant to electricity with high efficiency and low emissions. Fuel cells
can operate with a variety of fuels such as natural gas, biogas or hydrogen.
The fuel cell is an invention first mentioned in 1839 by German physicist William Schönbein in The London and Edinburgh Philosophical Magazine and Journal of Science [1]. However, it took more than a century for the technology to
reach sufficient maturity for the first significant applications to emerge. Since the
1950s, fuel cells have played a part in, for example, NASA’s space flight programmes, producing electricity and water during space missions [2]. Development
of fuel cell-powered vehicles started in the early 1990s, and several manufacturers
have now completed field trials, and market entry is expected during 2015 [3]. In
the field of stationary power production, fuel cells are also gaining more ground
and installations of fuel cell power plants have exceeded 180 MW with a fast
growth rate of about 50 MW of new installations in 2013 [4].
Fuel cells are commonly divided into different groups based on their operating
temperature and electrolyte. Low-temperature fuel cells such as the polymer electrolyte fuel cell (PEMFC) and alkaline electrolyte fuel cell (AFC) are used in automotive and mobile applications. High-temperature fuel cells such as the phosphoric acid fuel cell (PAFC) and solid oxide fuel cell (SOFC) are used mostly in stationary heat and power generation, mostly due to their ability to utilize hydrocarbon
fuels such as natural gas. The work presented in this thesis is focused on the solid
oxide fuel cell.
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Current challenges of SOFCs can be easily summarized: insufficient lifetime
and high capital costs. At the moment, capital expenditure on a stationary SOFC
system such as a 100 kW system offered by Bloom energy Ltd is in the order of
$7000/kW, and the cost of residential CHP systems in the range of 1…10 kW is
around $25000/kW [5]. This figure needs to be reduced to around $1000/kW to
allow entry to non-subsidized markets [6]. At the same time, the high operating
temperature of SOFCs creates challenges for the materials, causing performance
degradation over the operating time. Currently, state-of-the-art SOFC stacks have
a lifetime of around 5000…10000 h, which needs to be expanded to the range of
20000…40000 h [7]. The heart of any SOFC power system is a stack in which the
electrochemical reactions take place. Stack cost is estimated to be around
40…60% of the total system cost [8]. Therefore, this is the area where most of the
performance gains and cost reduction needs to take place.

1.2

Objectives of this thesis

The goal of the work presented in this thesis was to achieve performance and
lifetime enhancement in SOFC stacks. Four major targets were set for this work:
1. A SOFC stack sealing material capable of 20% compression using
maximum of 1 MPa compressive stress
2. Sealing material capable of maintaining leak levels below 1% of inlet
fuel flow using a maximum of 1 MPa compression
-2
3. A decrease in-stack electrical contact losses below 1% at 0.3 Acm
current density
4. A target stack lifetime of 10 000 h with reduction of chromium evaporation from interconnect steels and no significant corrosion between
other stack materials.
The compression of the sealing materials affects stack design and manufacturing
of other components around the seal. For example, if the sealing material’s ability
to compensate for manufacturing variation of other components is high, this increases the manufacturing yield of other components, as their dimensional tolerances can be wider. This naturally has a direct influence on the manufacturing
costs of the whole stack. For example, the anode support of the SOFC cell manufactured via tape casting route has a thickness variation of the order of 1…5%
[9,10]. To be sure that cell-to-cell thickness variation within a stack does not significantly affect the apparent stress on the seal and therefore gas tightness, the
compressibility of the seals needs to be significantly higher than the cell-to-cell
thickness variation. As shown in chapter three of this work, compressibility of
conventional compressible sealing materials such as mica papers is only in the
order of 3% per megapascal of applied stress. This calls for stress levels of at
least several megapascals, which are impractical as material thicknesses should
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be reduced to gain cost savings. Therefore a target of 20% compression at 1 MPa
was set for the sealing development work.
Any loss of electrical power capability inside the fuel cell stack is away from the
actual net power production of the whole system. The second goal of this work is
related to decreasing in-stack leakage which directly influences the electrical efficiency of the cell, as less fuel is wasted in leakage-induced burning. Therefore an
overall target for the sealing material to be developed was a leak rate of less than
1% of inlet fuel with 1 MPa of compression and 20% of compressibility.
The third goal also focuses on improving the electrical efficiency of the stack by
decreasing resistive losses inside the stack. These can occur, for example, by
contact losses or corrosion-related growth of insulating oxide layers. Diminishing
-2
these contact losses below 1%, at a typical 0.3 Acm current density of SOFC
stacks, would have a beneficial effect on the electrical efficiency of the stack. The
fourth goal targets an enhanced stack lifetime. If the lifetime can be improved, this
will also have a beneficial impact on cost, as stack changes in a system will become less frequent. In total, these performance and lifetime improvements will
lower the cost per produced energy unit of SOFC technology, making it more
competitive in the energy markets.
This thesis starts with a short introduction to the field in chapter two. Chapters
3–5 summarize Publications I–VI. Chapter 6 presents the conclusions of the work
and the outlook for future research in the field.

13

2.

SOFC stack technology

2.1

Basics of solid oxide fuel cell stacks

A fuel cell is a device that converts the chemical energy of fuel and oxidant directly
into electricity and heat. This is achieved by the electrochemically active cell,
which can operate at electrical efficiency in excess of 60%. A solid oxide fuel cell
consists of three main components: a dense electrolyte and anode and cathode
electrodes. Figure 1 shows the basic operating principle of a SOFC cell. Oxygen
(air) is fed into the cathode and oxygen ions move through the electrolyte to the
anode, reacting there with fuel. Electrons move through the outside circuit from
anode to cathode. Typical layouts are anode supported and electrolyte supported
cells. In an anode supported structure, the anode layer is usually 100…500 µm
thick and used as a substrate, over which thin electrolyte and cathode layers are
constructed by, for example, screen printing. In an electrolyte supported structure,
the electrolyte is relatively thick (100…200 µm) and used as a mechanical support,
over which the porous electrodes are constructed.
SOFC electrolyte materials, such as zirconia doped with yttria, require operating temperatures in excess of 500 °C to reach sufficient ionic conductivity. Typical,
modern SOFC stacks operate at temperatures of 600…850 °C. This is seen as an
optimum operating area where sufficient cell-level performance is achieved, internal reforming of methane is still possible [11], while the relatively low operating
temperature allows the use of ferritic stainless steels as interconnects. Table 1
presents a few SOFC cell manufacturers and the main characteristics of their
cells.
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Figure 1. Principle of solid oxide fuel cell.

Table 1. Common manufacturers of SOFC cells.
Manufacturer

Mechanical
support

Elcogen AS
SOFCMAN
SOFCMAN
Kerafol/HCStarck
Versa Power Systems

Anode
Anode
Electrolyte
Electrolyte
Anode

Typical operating temperature
/ °C
600…800
700…800
850
750…950
650…800

Typical cell
2
size / cm

Reference

100
100
100
100
550

[10]
[12]
[12]
[13]
[14]

The power of a single cell is often insufficient, so a number of cells are incorporated into a stack assembly. Other main components of a typical SOFC stack are
interconnects and seals, which are used to direct gas flows and electricity through
the stack [15]. There are two main fields of SOFC stacks: planar and tubular designs. Typical advantages associated with tubular design are rapid start-up times
and ease of sealing, whereas a planar design holds more promise for cheaper
mass manufacturing costs and higher power density [15]. The focus of this thesis
is on the planar type of fuel cell stacks with metallic interconnect plates.
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Stack designs vary considerably from one manufacturer to another, but commonly the cell is located roughly in the centre of the interconnect, and inlet and
outlet gas streams flow at the perimeter of the interconnect in separate manifolds.
The cell and manifolds are sealed to prevent anode and cathode gases from mixing with each other. Figure 2 shows an example of an SOFC stack construction.
Cells, interconnects, and seals of different geometries are stacked into a tower-like
structure to increase the total power. At both ends of the stack are endplates that
seal the manifolds from the surroundings and provide means to connect the stack
to fuel and air pipelines. Electrical current is either collected from the endplates or
from specific current collector plates near both ends of the stack.
Stacks are often described according to their flow configuration, meaning the
direction of anode and cathode flows over the cell. The usual flow configurations
are cross-flow, co-flow, and counter-flow [16]. There are also more complicated
flow geometries or mixtures of the previous three basic types (see e.g. [17]).
While still a few years ago, stacks were mostly based on cells of around 100
2
cm with a total power range around 1 kW, currently there are several stack designs based on larger cell areas offering electrical power in the range of 5…10 kW
[18,19].

Figure 2. Typical SOFC stack construction (only a single repetitive unit shown for
clarity).
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2.2

Interconnects

Interconnect plates need to provide good electrical connection from cell to cell and
separate anode and cathode atmospheres. It is also beneficial if the interconnects
can offer mechanical support to the stack structure. In the SOFC stack, heat is
generated in the cells, and therefore it is also beneficial if the heat conduction
capability of interconnects is high so that they can help in transferring heat from
the cell.
In the early stage of SOFC technology, interconnects were often made of ceramics such as LaCrO3 based materials. The downsides of LaCrO3 materials
include their low electrical conductivity at temperatures below 800 °C and relatively expensive manufacturing [20]. Lanthanum chromites also exhibit swelling in
reducing atmospheres leading to internal stresses and possibly cracking (see e.g.
[21] for more details). Advancements made in the cell technology have made it
possible to lower the operating temperature from 900…1100 °C of early SOFC
cells to the 600…900 °C range. This allows relatively cheap metallic interconnects
to be used.
A typical interconnect plate has gas channels against the cell to provide space
for the reactants to flow along the cell and enough contact area for a good electrical conductivity. Figure 3 shows an example of an SOFC interconnect. The ribs
and valleys in the middle of the plate form contact areas against the cell and gas
channels respectively. At the perimeter of the interconnect are gas manifolds for
air and fuel.
The main drivers in using ferritic stainless steels are ease of manufacturing,
price, and the thermal expansion coefficient (TEC), which closely matches that of
the SOFC cell [22]. Metallic interconnects are usually manufactured of ferritic hightemperature steel. The most common steel grades used as interconnects are
Crofer 22 H [23], AISI 441 [24], ZMG232L [25], Sanergy HT [26], E-Brite [27], and
CFY [28].
Table 2 contains the main elements present in these materials. The five first
materials are all ferritic stainless steels, with AISI 441 having the lowest chromium
content of 18% compared to 26% of E-Brite. The last material (CFY) is a chromium-based alloy manufactured through a powder metallurgical route. The high
chromium content and low aluminium and silicon content of these alloys results in
the formation of chromium rich oxide scales. This is beneficial as the conductivity
5
of chromium oxide is in the range of 0.1…1 Ωm, which is about 10 times higher
compared to alumina [29].
Metallic interconnects can be manufactured from bare steel by, for example,
machining, punching, coining, hydro-forming, or laser-cutting methods. Typically in
the case of thin (<1 mm) interconnects, forming techniques such as stamping or
hydroforming are common, while thicker interconnects are often machined into
shape. As the cost of the material is directly related to its weight, thin interconnects are of primary interest. However, decreasing material thickness usually has
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an effect on the durability as well, so this needs to be balanced with cost-saving
potential. For example, Huczkowski et al. have observed that doubling the thickness of uncoated Crofer 22 APU or ZMG232 steels roughly doubles their lifetimes
[30].

Figure 3. Interconnect.

Table 2. Chemical compositions of typical metallic interconnect materials in mass percentages.

Material
Crofer 22
H
AISI 441
ZMG232L
Sanergy
HT
E-Brite
CFY

Fe
bal

Cr
22

bal
bal
bal

18
22
21.2

bal
5

26
bal

Ni

<0.7

0.15

C
0.015

Si
0.3

0.02
<0.1
0.040

<1
<0.1
<0.3

0.002
<0.025

0.20
<0.12
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W
1.5

Nb
0.6

Ti
0.01

0.3

0.3

Y

0.71

Al

Mn
0.6

0.017
0.05
0.1

<0.12

2.3

Interconnect coatings

In SOFC stacks, interconnects are subjected to a reducing atmosphere on one
side and an oxidizing atmosphere on the other side. This, together with a costdriven need to use thinner interconnects, creates severe material challenges.
Corrosion of interconnects can lead to mechanical failure of the stack, poisoning of
the cell by volatile species, an increase of contact resistance between cell and
interconnect, or short-circuiting over one or more cells. A number of coating methods have been developed to mitigate these corrosion effects.
One of the most significant reasons for the cell performance degradation is
chromium poisoning. This happens when the chromium oxide scale of the metallic
interconnect is subjected to humidity and oxygen. In the presence of humidity,
chromium oxyhydroxide is the dominant species [31,32] and formed according to
equation (1) [33].

Cr2O3(s) + 2H2O(g) + 3/2O2(g) → 2CrO2(OH)2(g)

(1)

The gaseous chromium oxyhydroxide can reduce at the cathode, and the chromium deposited there causes loss of electrochemical performance [34]. To minimize
the effect of cell performance degradation due to chromium poisoning, metallic
interconnects are usually coated with either perovskites [35,36,37], spinels [38]
[39], or metals [26]. The purpose of these coatings is to form a barrier layer that
inhibits chromium evaporation from the interconnect steels.
Common methods of application of chromium barrier coatings are wet powder
spraying [15], thermal spraying [40,41,42], chemical vapour deposition processes
[43,44] such as atomic layer deposition [45], and physical vapour deposition processes [26]. Coating is usually carried out by the stack manufacturer, although, for
example, Sandvik offers steels such as Sanergy HT already pre-coated with cobalt
or ceria and cobalt [26].

2.4

Stack sealing

An ideal SOFC stack-sealing material should be gas tight and have good compressibility and conformability. It should naturally also be resistant to SOFC operating temperatures and be chemically stable with gas atmospheres, as well as
with neighbouring components. Sealing that is placed between different electrical
potentials within a stack also needs to be electrically insulating. The requirement
of gas tightness is quite severe, as any leak will directly decrease the electrical
efficiency of the stack and also cause a local hot spot that could induce material

19

degradation. Localized leak also increases the local fuel and/or air utilization which
can lead to e.g. oxidation of the anode.
Stack seal should also function as a spacer between adjacent components. It is
often the case that the seals are practically the only flexible components in a
stack, so they need to be able to take up any manufacturing or assembly-related
tolerances.
Traditionally, SOFC stacks have been sealed with glass- and glass-ceramic
materials (see e.g. [46,47,48]). Glass-based seals bond to the adjacent surfaces
and can offer very gas tight sealing if properly designed, heat-treated, and operated. The downsides can include a need for a well-controlled joining procedure
during the first heat up [49], cracking under mechanical stress, chemical reactions
at interfaces to be joined, and brittleness at low temperatures. As an example,
Figure 4 shows a SEM cross section of a typical glass-ceramic material, H.C.
Starck HSC3 after 100 h at 700 °C. Two different phases and black pores can be
identified from the micrograph. A lot of work has concentrated on manufacturing
glass-based sealing materials that have a similar coefficient of thermal expansion
compared to SOFC cells. For more details, see [50,51,52,53,54].
Another group of sealing materials is compressible seals. Stacks with compressible seals can usually be easily assembled, and they require no special joining procedure. Traditionally, materials from a group called mica have been used to
seal SOFC stacks. Mica is a group of silicate minerals with a general structure of
AB2-3(Al,Si)-Si3O10(OH)2 in which A is either K, Na, Ca, or Ba, and B is either Al,
–
Fe, Mg, or Li [55]. Micas can also contain other elements such as F replacing
–
some of the OH ions [56]. Of this group, phlogopite (KMg3(AlSi3O10)(OH)2)) mica
is by far the most common. Phlogopite mica papers are being sold under different
brands, such as Statotherm HT by Burgmann Industries [57] and Cogemica by
Cogebi. Figure 5 shows the cross sectional SEM-image of Statotherm HT. Vertical, interleaving phlogopite platelets are clearly seen in the image. The drawback
of these types of compressible materials is the requirement of compressive stress
in excess of several MPa to form a gas tight seal. Their leak rates are usually
higher compared to bonding seals and the leak rates are dominated by the interfacial leak paths, especially at low compressive stresses [58,59,60,61,62].
Flexitallic Ltd. has developed a series of materials under a trade name Thermiculite, which are claimed to lower compressive stress requirements. Thermiculite 866 and Thermiculite CL87 consist of only chemically exfoliated vermiculite
and steatite, also known as talc; there is no other component and no organic binder. The sheets of the CEV act as a binder to hold the whole together to form a
flexible sheet that is robust enough to be cut into complex shapes [63,64]. Figure 6
shows the cross-section of Thermiculite 866. Horizontal vermiculite platelets (light
grey) are seen between steatite filled areas (dark grey).
In recent years, some attention has been generated by a solution known as hybrid seals. These seals have a compressible core with conformable layers on both
sides of the core to provide enhanced sealing at the interfaces. The interfacial
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layers are usually made of glass or metal foil. These materials are targeted to be
used under low (<2 MPa) compressive stresses while maintaining the easy handling and assembly associated with compressible seals (see e.g. [65,66] for more
details).

Figure 4. SEM image of H.C. Starck Ampergy HSC3 glass-ceramic sealing material.
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Figure 5. SEM image of Statotherm HT (phlogopite mica paper).

Figure 6. Cross-sectional SEM image of Thermiculite 866.
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3.

Mechanical properties of SOFC sealing
materials

3.1

Background

The primary function of SOFC stack seals is the ability to effectively separate
cathode and anode gases from each other and from the surroundings. As the seal
is often the only non-rigid component within a stack, it needs to take up the manufacturing and assembly tolerances of other components. To this end, the sealing
material needs to have a sufficient amount of compressibility. Figure 7 displays a
simplified sealing arrangement of a typical SOFC stack. In a perfectly engineered
sealing solution, the seal provides a gas-tight barrier between adjacent components (a). If the seals are too thick, the gas tightness of the stack might be good,
but this would often result in poor electrical contact between interconnects and
cells, as the compressive stress is mostly on the seals and not on the cell (b). On
the other hand, if the seals are too thin, electrical contact might be good but the
gas tightness is poor, at least in the case of compressible seals, due to the cell
carrying most of the compressive stress (c). In the last two cases, mechanical
stresses on interconnects are usually also higher due to uneven stress distribution. Therefore, an optimal sealing solution needs to balance between achieving
low contact resistance between cell and interconnect, and gas tightness to obtain
maximum stack performance.
The progress in manufacturing SOFC cells is leading to an increase in cell area. Increasing the cell size is intriguing for the stack manufacturer, as the number
of components needed in a stack is decreased for the same amount of power.
From the perspective of compressible seals, the increase in cell area presents a
challenge: the higher the cell area, the higher the required compressive force for
the stack. Increasing the external forces to the stack includes a risk of either deforming or breaking stack components should the forces not be optimally distributed. Higher external forces will also result in more bulky components both inside
the stack and in the stack compression mechanism. The mechanical compression
of a stack is often needed at a lower temperature than the operating temperature,
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as, for example, steel springs cannot be relied upon at SOFC operating temperatures, leading to heat loss from the stack along the compression rods or structures.
Typically, SOFC stacks are assembled at room temperature, then heated up
and conditioned, and then operated at temperatures in the range of 600…900 °C.
This creates a need to understand the mechanical properties of the seals not only
at room temperature or at operating temperature, but throughout the whole operating region. Of special interest are the mechanical properties of materials during
the first heat up, in which the stack is sealed, reduced, and tested.
In publications I-III, the mechanical properties of SOFC sealing materials were
studied. Compressibilities of the materials were analysed as a function of temperature. Especially the mechanical behaviour of compressible sealing materials, as
well as a glass material, was studied during the first heat-up procedure.

a)
Seal
Cathode
Electrolyte
Anode
Interconnect
b)

Poor electrical
contact

c)

Poor sealing

Figure 7. Stack sealing challenges with different seal thicknesses. Low contactstress areas have been indicated with circles.

24

3.2

Experimental

Mechanical properties of sealing materials were evaluated as a function of compressive stress and temperature. Figure 8 shows a schematic of the equipment
used in the low compressive stress (<1 MPa) measurements. A sample is inserted
between the measurement rods, and a weight is clamped on the top of both rods.
The thickness of the sample is read off a dial gauge mounted at the top of the
push-rods. The lower part of the assembly can be inserted in a dedicated furnace
to control the temperature of the sample. The accuracy of the device is ±10 µm in
a temperature range of 0…700 °C. For more details on the test equipment, see
[67]. The high stress (>1 MPa) measurements were carried out using commercially available fatigue testing devices (e.g. Instron 8801).

Dial gauge

Weights
Bearings
Furnace

Sample
Base plate
Figure 8. Schematic of the measurement setup
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3.3

Results

The thickness of different materials as a function of compressive stress was analysed. Figure 9 shows the effect of temperature on the compressibility of Thermiculite CL87. It can be noted that heating the material significantly reduces the
compressibility: already at 200 °C, the compressibility is the same as at 700 °C. If
the compressive stress is applied at room temperature before the first heat up,
Thermiculite CL87 compresses about 42% between 0.1…0.9 MPa. If full compression to 1.0 MPa is applied after first heat up, the compressibility between
0.1…0.9 MPa is limited to 4%. Most probably the loss of compression is related to
drying of the sealing material, and therefore it is likely that any heating above room
temperature will result in partial loss of compressibility. Therefore, it is very beneficial to carry out as much of the first compression as possible at room temperature
before first heat up. This would allow for the maximum amount of deformability in
the sealing materials, therefore allowing for the highest ability to compensate for
stack manufacturing and assembly tolerances, leading to a gas-tight stack with
low electrical contact resistances.
To compare mechanical properties of Thermiculite CL87 to conventional compressible sealing materials, Figure 10 shows the compressibility of Statotherm HT
(phlogopite mica paper) material. It can be noted that this material only compresses about 3% per megapascal of applied stress. This leads to the conclusion that
any significant amount of compressibility requires a compressive stress of several
megapascals.
Figure 11 shows Schott GM31107 glass sealing material thickness as a function of temperature and time using two different heat-up procedures. The grey
curve corresponds to heating under 0.44 MPa of compressive stress, and the
black curve to heating under no compressive stress. The weight of the measurement rod corresponds to 0.04 MPa of compressive stress on the sample, so this is
the actual stress in a “no compression” case. It is noticed that there is only very
little thickness change until about 570 °C. Above that temperature, two distinct
changes are noticed, the first at 570…615 °C and the second at 660…700 °C. It
should be noted that these are furnace temperatures, so the temperature of the
sample lags behind during heating. Based on hot-stage microscopy data [46], the
first of these changes relates to binder burnout and sintering, and the second
change to glass softening and wetting of the surfaces. The final thickness of the
glass was about 12 µm at 0.44 MPa. Further compression to 1.0 MPa at 700 °C
did not reduce this thickness. The difference throughout the heating using 0.44
MPa of compressive stress and no stress at all is minimal. Based on these results,
the behaviour of the Schott GM31107 glass does not depend greatly on the compression procedure during first heat up. However, if a significant amount of compression is applied at room temperature where the glass tape is very thick compared to its final thickness, the stress distribution within a stack structure should
be analysed to be sure that stresses are within acceptable limits.
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The methodology and results presented here and in articles I-III are directly applicable to designing SOFC stacks. In the past, methods such as hot-stage microscopy have often been used to gain information on the mechanical properties
of glass materials. While this is a reliable method, it is very remote from the actual
SOFC stack environment: there is only one (bottom) surface for the glass to wet,
no compressive stress, and usually large glass samples are used. With the methodology presented in publications I-III, the measurements are closer to stack conditions: the compressive stress can be varied, the glass has two surfaces to wet,
and sample sizes can be realistically dimensioned. The same arguments apply
naturally for measuring compressible seals. The measurement data also shows
that there is a significant difference in the compressibility of Thermiculite 866 as a
function of temperature, which should be taken into account in the assembly and
first heat up of stacks.
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Figure 9. Compressibility of Thermiculite CL87 at room temperature, 200 °C,
and 700 °C.
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Figure 10. Thickness of Statotherm HT as a function of compressive stress.
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Figure 11. Thickness of Schott GM31107 glass seal (250 µm green tape) as a
function of temperature with no compression (0.04 MPa) and with 0.44 MPa compression.
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4.

Analysis and reduction of stack leakages

4.1

Background

Any fuel burning before the electrochemically active cell does not take part in the
electrochemical reactions and therefore decreases the electrical efficiency of the
stack. Therefore, reducing leakages is beneficial, as it directly enhances the electrical efficiency of the stack. Leakages can also induce hot-spots or local fuel or air
starvation inside the stack. These can cause re-oxidation of the anode or material
degradation thus decreasing stack performance and lifetime. Cross leakages
between anode and cathode also have an effect on the oxygen to carbon ratio at
fuel side, which needs to be taken into account in the process control system.
Monitoring leakages through testing is also important, as it gives insight into the
lifetime of the seals. In Publication IV, the methodology for ex-situ and in-situ leakage measurements and calculations is presented.
Reducing the required surface stress of the seal diminishes the necessary
compression of the stack, which in turn leads to simpler and less expensive compression systems. This also allows more freedom for the stack designer, as thinner, less robust components such as interconnects can be used. A general problem with compressible seals is that lowering the compressive stress increases the
leak rate, as the leakage paths along the interfaces tend to dominate the total leak
rate. Therefore, using glass seals at low compressive stresses has been a common solution. However, glass seals are usually more difficult to handle and assemble, and require a specific heat treatment procedure. Their electrical resistivity
is also usually lower compared to compressible seals, and can be more easily
affected by chemical reactions between the glass and adjacent components [68].
Glass seals are also prone to cracking due to thermomechanical stresses generated during thermal cycling [69]. To overcome these challenges, a solution known
as a hybrid seal has been presented. In this type of seal, a substrate such as mica
paper and conformable interlayers are brought together to form a composite seal.
The purpose of the substrate is to provide mechanical properties comparable to
compressible seals, while the conformable interlayers diminish interfacial leak-
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ages. In Publications III and IV, a glass-based coating was developed to suppress
interfacial leakages.

4.2

Experimental

4.2.1 Surface coating
The goal of the experimental work was to design a sealing material that could be
operated at low compressive stress (<1 MPa) while still maintaining a leak level
below 1% of the stack inlet fuel flow. To this end, a hybrid sealing concept with
compressible core substrate and compliant surface layers was chosen. The substrate material for the seal was chosen to be Thermiculite 866, manufactured by
Flexitallic Ltd. The glass layer was chosen to be very thin (<20 µm) so that the
seal would inherit its mechanical properties from the Thermiculite 866 rather than
the glass layer. A thin glass layer also allows the glass to have low viscosity,
which helps to seal the interfaces. The glass powder was suspended in an organic
carrier consisting of terpineol, ethanol, and ethylene cellulose. Table 3 contains
the typical compositions of the coating. By mechanical coating means, the organic
content and the viscosity of the suspension were tailored to be much higher (~40
cSt) than when using spray coating (14 cSt) [70]. The results presented here were
obtained with a spray-coating method using a U-POL Maximum HVLP mini spray
gun with a 1.0 mm nozzle. After applying the coating, the coated Thermiculite 866
sheets were dried at 75 °C for 2 h and then cut to the required shape. All the seals
-1
were heated from room temperature up to 700 °C using a 60 °Ch ramp rate. For
more details on the coating process, see [71] and [72], and for more details on the
mechanical properties of the coated seals, see [67].

Table 3. Typical compositions of various coatings.
Coating method

terpineol
/ w%

ethanol
/ w%

ethyl
cellulose /
w%

Brush/spatula/roller
Wet spraying

81
24

15
75

4
1

30

Glass to
organic –
ratio
/
w/w
2:1
1:2

Viscosity
/ cSt

40
14

4.2.2 Leak rate measurements
Leak rate measurements were conducted on the manufactured hybrid seals, as
well as for the non-coated core material (Thermiculite 866). Ring-shaped seals of
40 mm outer diameter and 5 mm landwidth were placed between Crofer 22 H
plates (Figure 12). The bottom plate was 20 mm thick and the top plate 1 mm
thick. The gas was fed into the seal via a hole in the middle of the bottom plate. A
chosen gas flow was fed to the seals with mass flow controllers, and a pressure
controller kept the gas pressure at a set level.
After heat up in air, the samples were exposed to 50/50 H2/N2. Leak rate measurements were conducted periodically by closing the valve V1 and logging the
pressure decay. The leak rate measurement and calculation procedure were
based on measuring the pressure decay and calculating the leak rate as a function
of pressure from that. For more details on the methodology, see Chapter 4.3.

Figure 12. Leak test setup.
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4.2.3 Stack test
To further verify the sealing solution, a test stack was manufactured and tested.
The stack contained 30 cells by Elcogen AS. Table 4 presents the main features
of the stack. Figure 13 shows a picture of the stack before the start of the test.
The pipe coils at the bottom provided pre-heating for the air and fuel. The two
vertical rods at the right are the current rods. Compression was provided through
the thick vertical pipes at the bottom and top of the picture. The smaller pipes at
the left are the impulse lines of the pressure transducers.
During heat up, air was fed to both the anode and cathode sides of the stack, to
ensure that all the organic binders of the coating on seals were burned off. After
heat up, the anode side was reduced with hydrogen in nitrogen. Cross leaks were
measured before reduction, after reduction, and during operation.

Table 4. Nominal operating conditions of the stack.

Cells
Flow configuration

30 pcs Elcogen ASC-10B
Co-flow

Active area
Cathode inlet temperature
Cathode outlet temperature
Current density
Air utilization
Fuel utilization
Cathode outlet pressure
Flows during heat up

81 cm
590 °C
700 °C
-2
0.25 Acm
22%
46%
ambient
Anode: 4.5 NLPM air
Cathode: 4.5 NLPM air
Anode: 4.5 NLPM N2
Cathode: 4.5 NLPM air
Anode: 0.5 NLPM H2,
8.5 NLPM N2
Cathode: 8.5 NLPM air
Anode: 9.0 NLPM H2,
8.5 NLPM N2
Cathode: 50 NLPM air

2

Flows before reduction
Flows at OCV

Flows at nominal operating conditions
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Compression
post

Current

col-

lection rod

Air and fuel
pre-heaters

Figure 13. The 30-cell stack in a furnace before testing.
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4.3

Leak rate analysis

4.3.1 Pressure drop methodology
Ex-situ leak test results in this thesis have been calculated by analysing pressure
versus time curves while the sample and its associated volume have been isolated. This allows for calculation of the leak rate as a function of pressure between
the starting pressure and the end pressure of the decay, resulting in a large
amount of data based on a single measurement. Based on the ideal gas assumption, the leak rate is proportional to the slope of the pressure decay curve, and
therefore the leak rate can be written as a function of pressure

T
dp
Q& NTP =V NTP
Tp NTP dt

,

(2)

where V is the combined volume of the vessel and the sample, T is the average
temperature of the gas in the volume, and TNTP and pNTP are normal temperature
and pressure.
From the equation above, it can be noted that the accuracy of the result depends on accuracies of volume, temperature, and dp/dt. The volume of the system
can be determined with high accuracy, so that can be neglected. The average
temperature of the gas inside the system volume is more prone to errors. It is
estimated that this error is less than ±15 °C, corresponding to a leak rate uncertainty of 5%. For evaluation of the derivative dp/dt, there are several options. If
one wants to calculate leak rate at a specific pressure from the data, which is a set
of points taken at regular intervals, one could approximate dp/dt by a difference in
pressure and time of the consecutive steps

dp pi - pi -1
@
dt
ti - ti -1

.

(3)

If the sampling rate has been sufficient, the difference pi-pi-1 is bound to be small.
Therefore, any random uncertainty of the pressure measurement will induce a
large relative error in the pressure measurement. To overcome this, a third degree
polynomial was fitted to the pressure versus time data using the least squares
method, thus minimizing the random uncertainty of the pressure measurement.
The fitted polynomial was then differentiated to obtain the leak rate as a function of
pressure. Figure 14 presents this methodology in graphical format. On the top left,
there is raw pressure data and below it, there is leak rate as a function of pressure, calculated using consecutive points in the data (the equation above). It can
be noted that even a small amount of noise in the pressure data results in very
noisy leak rate data. On the top right is the same pressure data fitted with a third
degree polynomial, and below it is leak rate as a function of pressure, calculated
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by differentiating the polynomial. The resulting data through this processing method is much more usable.
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0

Leak rate / ml (m min)-1

60

0

5
Time / s

6
4
2
0

0

20
40
Pressure / mbar

60

40
20
0

10
Leak rate / ml (m min)-1
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0
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2
0

Figure 14. Example of the pressure decay methodology. Leak rate calculated using
individual data points (left) and polynomial fit (right).
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4.3.2 Stack tests
During stack tests, cross leak between anode and cathode is an important parameter to monitor. An increase in cross leak directly decreases electrical efficiency
and it may also be an indication of a developing mechanical failure such as a
cracked cell or seal. An easy way of measuring cross leak is to observe the open
circuit voltage (OCV) and compare this value against the theoretical value given
by the Nernst potential

E=-

ΔG RT æ p H 2 pO0.25 ö
÷,
lnç
+
2 F 2 F çè p H 2O ÷ø

(4)

where ΔG is the change of Gibbs energy, F is the Faradic constant, R is the gas
constant, T is the temperature and terms denoted with p are partial pressures of
the reactants. This is only applicable at OCV and not during operation. It should
also be noted that any leak taking place after cell cannot be detected with this
method. Figure 15 presents theoretical Nernst potential as a function of anode
side humidity (induced by cross leak of oxygen) and temperature. As cell voltage
can easily be measured accurately, and cell temperature is also usually known at
OCV, at least within 100 °C, this method can be used for a rough check on the
leakages. For example, a cell voltage of 1.2 V at 700 °C yields a humidity of 0.2%
at the anode. It should be noted that since according to
(5)

1
H 2 + O2 ® H 2 O
2
only half a mole of oxygen is needed per mole of steam. Therefore, 0.2% steam
content at the anode corresponds to 0.1% of leaked oxygen molecules compared
to anode inlet flow.
In the stack test presented in this chapter, cross leakages were quantified by
measuring steam and oxygen content from cathode and anode outlets. Oxygen
cross leak was calculated before cell reduction as

& cross = X A,out Q
& A,in .
Q
O2
O2
N2

(6)

By this methodology, one is able to measure the stack cross leak before introducing reducing gases (hydrogen) to the stack. The hydrogen cross leak after reduction was calculated as

I RTntp
C,out
C,in
& C,in - n
Q& Hcross
(X
X
)(
Q
),
=
H
O
H
O
air
cells
2
2
2
4 F p ntp

(7)

where terms denoted with X are measured oxygen and steam volumetric fractions,
ncells is the number of cells in the stack (30), I is the current drawn from the stack,
and F is the Faradic constant. These calculations are based on the assumption
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that the leak rates between ambient and anode/cathode and the nitrogen cross
leak are small compared to total flow rates.
As partial pressure measurements of oxygen and steam at stack outlets can be
used in all operating conditions, these were used as a primary means to assess
stack leakages.
1.35
1.3

Nernst potential / V

1.25
1.2
1.15
1.1
500 °C
600 °C
700 °C
800 °C
900 °C

1.05
1
0.95
0.01

0.1
1
Steam concentration at anode / %

10

Figure 15. Nernst potential of 50/50 H2/N2 fuelled fuel cell as a function
of temperature and anode steam concentration (leak).

4.4

Results

4.4.1 Surface coating
Hybrid seals were manufactured by coating glass layers with an organic carrier on
top of compressible Thermiculite 866 substrate. Figure 16 shows a SEM crosssection of Crofer 22 APU / seal / Crofer 22 APU structure after heat-treating 50 h
at 700 °C. It can be noticed that the glass interlayers are well adhered to the
Thermiculite structure, even penetrating slightly in between vermiculite/steatite
slits. Figure 17 shows another cross-section of the coated seal. The bottom steel
plate had been intentionally scratched before assembly with ~15 µm scratches, to
observe the filling properties of the coating. It can be noted that the glass coating
has filled the scratch fully and formed clearly a gas tight seal also in this area.
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glass
steel

Figure 16. SEM cross-sections of the manufactured seals.

Figure 17. Cross-section of coated seal. Scratches in the Crofer 22 APU have
been filled.

38

4.4.2 Ex-situ leakage tests
Leak rates of the manufactured hybrid seals and of core material (Thermiculite
866) were measured. Figure 18 presents leak rates of the samples as a function of
gas pressure at 0.1 MPa and 0.4 MPa compressive stresses. From this figure, it
can be noticed that the surface coating decreases the leak rate of Thermiculite
866, especially at low compression stress levels. The coated Thermiculite 866
-1
seals show leak rates of 0.1…0.3 ml (m min) , which is a reduction of 60…90%
-1
compared to uncoated samples, which showed leak rates of 0.3…3 ml (m min) .
Figure 19 shows the leak rate as a function of pressure using different test gases. There is a difference in slopes of the leak rate versus pressure curves between
coated and uncoated samples. The coated samples show almost constant leak
rate as a function of pressure with H2/N2 mixtures, while leak rates of uncoated
samples are more pressure dependent. This suggests that with the coated samples, the primary driving force is concentration gradient rather than pressure gradient, as with the uncoated samples. The negligible dependency of the overpressure on the diffusive leak rate can be understood by considering Fick’s law of
diffusion, using total concentration cTOT, total pressure pTOT, and the molar fraction
x:

J = - DÑc = -cTOT DÑx = -

pTOT
DÑx
RT

(8)

where D is diffusion coefficient, c is concentration, x is fraction, p is pressure, R is
the gas constant and T is temperature. From this equation, one can notice that
varying the absolute overpressure pTOT in a range of ~1000…1030 mbar induces
very little effect on the concentration-driven leak rate. Although the real situation is
more complex, the concentration dependency of the leak rates should be carefully
considered, as different research groups use very different gas compositions and
overpressures for leak tests, such as 3% H2 in nitrogen or argon, 100% H2 or
100% He.
The effectiveness of the surface coating was further tested by thermally cycling
the seals and observing leak rates. Figure 20 shows the leak rate data before and
after five thermal cycles for coated and uncoated seals. The leak rate of the hybrid
seal remains stable at around 0.2 ml/m/min level at 25 mbar overpressure, while
the uncoated seal shows a leak rate of about 3 ml/m/min. It can be noticed that the
leak rates of the compressible and hybrid seals do not change during thermal
cycling, and the leak rate of the hybrid seal is about 90% less than that of the
compressible seal.
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Figure 18. Leak rate comparison of coated and uncoated seals (50/50 N2/H2).
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Figure 19. Leak rate comparison of coated and uncoated seals with different gas
atmospheres.
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Figure 20. Leak rates of coated seal (left) and uncoated seal (right) before and
after five thermal cycles.
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4.4.3 Stack test
A 30-cell stack was assembled and tested using the manufactured hybrid seals.
The oxygen cross leak of the stack was measured before reduction, and hydrogen
cross leak at purge gas and during operation. Table 5 shows the calculated leak
rates in different operating conditions, along with the measured quantities. The
hydrogen leak rates have been analysed by measuring steam concentration at
cathode out. The oxygen leak has been analysed by measuring oxygen concentration at anode out before reduction, and by measuring OCV at 50/50 H2/N2. It
can be noted that leakages with air and with 5% hydrogen in nitrogen mixture
(purge gas) are significantly lower than with higher hydrogen concentration (nominal operating conditions). This is further illustrated in Figure 21, where hydrogen
cross leak of the 30-cell stack is plotted as a function of average hydrogen concentration between anode inlet and outlet. It can be observed that the leak rate is
directly proportional to the hydrogen concentration. This behaviour corresponds
well with the ex-situ observations presented in the previous chapter. The hydrogen
cross-leak at nominal operating conditions corresponds to about 0.7% of inlet
hydrogen flow, which is well below the 1% target set for this thesis work.
Table 5 also contains leak rates per unit length, allowing comparison between
leak rate tests. During nominal operating conditions, the hydrogen cross leak was
4 ml/m/min. In this condition, anode gas composition was 49% H2 in N2, which is
almost identical to the 50/50 H2/N2 mixture used in most of the ex-situ tests. At 0.1
MPa of compressive stress, ex-situ tests showed leak rates of 1…3 ml/m/min, and
at 0.4 MPa of compressive stress the leak rates were 0.3…0.8 ml/m/min. It can be
noted that the stack leakages and values measured fall in the same order of magnitude. The difference between these values could be explained by inhomogeneous stress distribution on the stack seals.
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Table 5. Summary of the measured leak rates and flow rates. The cathode inlet
humidity was constant at 0.08%.
Direction of
leak

Before reduction

Purge gas

Ambient,
cathode =>
anode
Anode =>
cathode

OCV (50/50 H2/N2)

Ambient,
cathode =>
anode

Nominal

Anode =>
cathode

Measured
quantity

0.18% O2
(anode
out)
0.20%
H2O
(cathode
out)
Average
cell voltage 1163
mV
0.20%
H2O
(cathode
out)

Calculated leak
ml
-1
min
8±2
(O2)

ml (m
-1
min)
0.3±0.1

10±2
(H2)

0.7±0.2

46±15
(O2)

1.5±0.5

60±12
(H2)

4±0.9

Figure 21. Hydrogen cross leak of the 30-cell stack as a
function of average hydrogen concentration between
anode inlet and outlet.
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5.

Analysis of corrosion phenomena and
protective coatings in SOFC stacks

5.1

Background

The high operating temperatures of SOFC stacks in combination with both oxidizing and reducing atmospheres presents a challenging environment for materials.
Corrosion of materials can take place due to interfacial reactions as well as by
gas/solid reactions. Of special importance is to avoid any corrosion mechanism
that can lead to deactivation of the electrochemical cell. One typical example of
these deactivation mechanisms is chromium evaporation from interconnect steel
materials. The evaporated chromium is transported in the gas phase to the electrochemically active cell, where it can solidify to chromium oxide, causing loss of
performance [73]. The transported chromium can also react with strontium in
SOFC cathode materials and for strontium chromate (SrCrO4). The electrical resistivity of strontium chromate is in the order of 60 Ωm at 800 °C and increases
with decreasing temperature [74]. This corresponds to area-specific resistivity of
2
0.6 Ωcm at a thickness of only 1 µm. Therefore, it is clear that formation of strontium chromate can cause significant ohmic losses in stack performance. These
phenomena can be mitigated with, for example, chromium barrier coatings on
interconnect steels. A variety of protective coatings are reported in the literature,
see e.g. review of Shaigan et al [75]. Coatings based on (Mn,Co)3O4 spinels have
been of high interest due to their good performance, see e.g. [76]. More recently,
MnCo2-xFexO4 has been tested for its’ higher electrical conductivity [77].
Publication V deals with development and application of a protective coating for
SOFC interconnects. Publication VI presents corrosion analysis of different interfaces within a stack.
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5.2

Experimental

5.2.1 Manufacturing of protective coatings
To mitigate effects of chromium evaporation from interconnects, two different
protective coatings were prepared and tested. The first one was manufactured
from a commercially available MnCo2O4 powder, and the second one
(MnCo1.8Fe0.2O4) was manufactured in-house via a solid carbonate synthesis
route. The coatings were deposited on Crofer 22 APU plates by a high-velocity
oxygen flame (HVOF) method. See [78] for more details on the HVOF process. As
using thin, formed steel interconnects is of interest from a cost savings point-ofview, coatings were also deposited on corrugated 0.2-mm-thick Crofer 22 APU
coupons. Figure 22 presents a schematic of the test setup for analysing the mechanical properties of the manufactured coatings on top of corrugated steel plates.
2
These plates had a corrugated area of 34x34 mm , and a force of 50 N was applied on top of the assembly. See [38] for more details on sample preparation.

Figure 22. Protective coatings were deposited on corrugated steel coupons to
analyse the effects of tensile and compressive stresses on the coating.
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5.2.2 Area-specific resistance measurements
To evaluate the electrical performance of different chromium protective coatings,
area-specific resistance (ASR) measurements were conducted on coated and
uncoated steel plates. Two different coatings (MnCo2O4 and MnCo1.8Fe0.2O4) were
applied on flat steel plates and tested. Figure 23 shows the experimental setup of
the ASR measurements. Plates were stacked into a tower, and La0.85Sr0.15Mn1.1O3
(LSM) spacers (IRD Fuel Cells A/S, Denmark) were inserted between samples to
mimic the contact between the interconnect and cathode in the SOFC stack. Wires
for voltage measurements were connected to the samples and current feed wires
2
at the end of the tower. Current density in these measurements was 0.2 A/cm ,
which corresponds to the typical current density of an SOFC stack. A vertical load
2
of 20 N was applied on the 20x20 mm samples. The steady state measurements
were conducted in dry air at 700 °C for 1000 h.
In order to avoid lateral current flow in the samples, the resistance of the samples needs to be significantly higher than that of the steel spacers. Resistivity of
Crofer 22 H is about 1 µΩm, whereas resistivity of chromium oxides is of the order
of 0.1…1 Ωm [29]. This difference of 5…6 orders of magnitude ensures that the
current flow in the samples is perpendicular to the plane. Area specific resistances were calculated using

ASR =

UA
,
I

(9)

where U is voltage, A is sample area and I is current. Error estimate for the ASR
can be calculated as

ΔASR=

A
UA
U
DU DI DA
ΔU+ 2 DI+ DA=ASR (
+ +
) (10).
I
I
U
I
A
I

Majority of the error originates from the ΔA/A terms which denotes the placement
error of samples on top of each other. The measurement accuracies were 5 µV,
2
0.5 mA and 0.5 cm . Therefore the total uncertainty of the ASR measurement is
about 10%.
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Figure 23. Setup for the ASR measurements.

5.2.3 Stack tests
To study corrosion phenomena in real SOFC stack operating conditions, two single cell stacks were manufactured. Table 6 provides information on the main components of the stacks used in these corrosion studies. The main purpose of stack
one was to verify the effectiveness of the MnCo1.8Fe0.2O4 spinel coating in suppressing chromium evaporation from the interconnect steels. The interconnect
plates were manufactured from 1-mm-thick Crofer 22 APU steel and the gas
channels were etched onto interconnects. A 20-µm-thick layer of MnCo1.8Fe0.2O4
coating was sprayed with HVOF on the cathode side of interconnects. The stack
was operated with hydrogen and air for 6000 h at 700 °C.
The main purpose of stack two was to study possible material interactions between sealing materials and interconnect steels. Seals for this stack were of a
hybrid type consisting of compressible Thermiculite 866 core material [63] and
glass interlayers. For more details on the sealing configuration, see [71]. The stack
was operated for 1800 h at 700 °C with hydrogen and air. The effectiveness of the
chromium barrier coating was also analysed.
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Table 6. Main components of the two single cell SOFC stacks used in corrosion
studies.
Stack

Cells

1

Anode supported
Ni/YSZ/LSCF

2

Anode supported
Ni/YSZ/LSCF

5.3

Interconnects
Crofer
22
APU,
d=1
mm
Crofer
22
APU,
d=0.2
mm

Coatings

Coating
method

Seals

Temp
/ °C

Duration
/h

MnCo1.8F
e0.2O4
(~20 µm)

HVOF

Thermiculite 866

700

6000

None

None

Thermiculite 866
+
Schott
GM31107 glass
tapes

700

1800

Results

5.3.1 Mechanical properties of protective coatings
Protective coatings were first manufactured on top of flat and corrugated steel
plates to analyse mechanical strength, adherence, and coverage of the layers.
Figure 24 shows cross-sections of MnCo1.8Fe0.2O4 coating on a flat Crofer 22 APU
steel plate after 1000 h exposure in air at 700 °C. It can be noted that the coating
is dense with only about 5% of closed porosity. The thickness of the chromium
oxide layer on top of the steel is about 0.5 µm, which is a good result compared to
a non-coated control sample, which showed an oxide layer of about 3 µm. Therefore, it can be concluded that the coating effectively reduces oxidation of the interconnect, thus prolonging its lifetime.
Figure 25 shows cross-sectional SEM images of the MnCo2O4-coated corrugated plate. It can be noticed that at both the top and the bottom of the groove, the
coating is homogeneous and dense, with only about 5% of closed porosity. The
image on the left (the top of the groove) shows that the coating has been able to
withstand the compressive stress. In the right image (the bottom of the groove),
small fractures can be noticed, suggesting that the tensile stress present in this
location has caused fractures in the coating.
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Figure 24. BSE SEM image MnCo1.8Fe0.2O4 coating on Crofer 22 APU substrate
exposed to air at 700 °C for 1000 h.

Figure 25. SEM images of MnCo2O4 coating deposited on top of corrugated Crofer
22 APU plates (Figure 22) after 1000 h exposure in air at 700 °C. Left: top of the
groove (compressive stress); right: bottom of the groove (tensile stress).
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5.3.2 Area-specific resistance measurements
Area-specific resistance measurements were carried out to evaluate ohmic losses
associated with steel/cathode interfaces. Figure 26 shows ASRs of coated and
uncoated Crofer 22 APU steel plates. It can be noted that both coatings show
2
stable resistances of about 20 mOhmcm throughout the 1000 h test. Resistance
of the uncoated Crofer 22 APU plate declines during the test, starting from 100
2
mOhmcm , and shows signs of levelling at the end of the test, at about 50
2
mOhmcm . The decrease of ASR of the uncoated sample is related to the faster
oxide layer growth compared to the coated samples. This growing oxide layer
widens the actual contact area and therefore decreases the observed contact
resistance.
The target for this work was to achieve less than 1% ohmic contact loss be-2
tween the interconnect and cell. At 0.3 Acm current density and 0.85 V cell volt2
age, this would correspond to an ASR of about 30 mΩcm . The coated steels
2
showed ASRs of about 20 mOhmcm , which was well below this target.

Figure 26. Area-specific resistance of coated and uncoated Crofer 22 APU plates.
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5.3.3 Analyses of protective coatings after SOFC operation
The two stacks tested (Table 6) enabled a study of effectiveness of the
MnCo1.8Fe0.2O4 coating in preventing chromium evaporation. Figure 27 presents
SEM images of the stack one cross section. Figure 27a shows that the coating
has been uniformly deposited on the interconnect plate. What is noticeable is that
the coating is also thick and dense at the sides of the rib, which are difficult areas
for HVOF coating, as they are almost perpendicular to the spraying direction. After
6000 h of SOFC operation, the coating is still dense and the amount of porosity
(~5%) is similar to the 1000 h ex-situ test (Figure 25). It seems that there have
been no changes in the coating when compared to the 1000 h ex-situ test and the
6000 h SOFC operation tests, which is a good result indicating the stability of the
coating. Figure 27b shows a cross-section at the location of the interconnect rib.
EDS analyses of this area showed no signs of chromium in the cathode, suggesting that the coating has suppressed the chromium transport to the cathode. Figure
27d shows an EDS line scan of chromium in the middle of the gas channel (no
contact with the interconnect). It can be noticed that there is a maximum of about
2% of chromium in the outer/middle part of the cathode furthest away from the
electrolyte. To ascertain this result, 19 line scans from this area were measured.
As a result, five of these scans showed chromium amounts over the detection limit
(~0.3%). Since there was no chromium detected in the cathode area that was
against the rib, it must be concluded that the chromium in the channel area has
been most probably transported to this location in a gaseous phase. The origin for
this chromium could be the uncoated end plates of the stack.
To compare the effectiveness of the chromium barrier coating against uncoated
interconnect, the chromium content of the cathode was also analysed at two locations (Figure 28) of stack two. At the air channel location, EDS analysis showed a
chromium concentration of 0…2% mostly at the outer surface of the cathode,
which is in line with the findings of stack one. However, at the location where the
cathode is in contact with the rib, there was as much as 18% of chromium near the
contact area. This is a very significant amount compared to the coated stack,
which showed no chromium at the cathode in this contact area.
These two stack tests have shown that the chromium evaporation-related corrosion and deactivation mechanisms were mitigated using protective
MnCo1.8Fe0.2O4 manufactured with HVOF. There was no noticeable change in the
MnCo1.8Fe0.2O4 coating when comparing the 1000 h ex-situ test and the 6000 h
tests, suggesting it would be a good candidate in achieving a 10000 h operational
lifetime.
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Figure 27. Cross-sectional SEM images of stack 1 with coated interconnects.

Figure 28. Cross-sectional SEM image of stack two. White circles
indicate locations of the EDS analysis. Left: cathode against the
interconnect rib; right: cathode at the gas channel.
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5.3.4 Analysis of material interaction after SOFC operation
The main purpose of stack two (Table 6) was to study possible material interaction
between sealing materials, interconnects, and the cell. Figure 29 shows a SEM
image of the seal away from its outer edges, meaning it is only exposed to a gas
atmosphere through leakage. The oxide layer thickness on the Crofer 22 APU
interconnect is about 1 µm, which can be seen as a good value after 1800 h of
SOFC operation. Figure 30a&b shows SEM images of the steel/glass/air triple
interface at the upper and lower parts of the same seal. The upper part is free of
corrosion, but in the lower location there is a corrosion layer of about 20 µm of
thickness, spreading 200 µm from the triple interface. A similar corrosion layer was
also found on the bottom of the gas manifold. The bottom of the manifold channel
is the most difficult spot to clean before assembly. This suggests that this corrosion effect might have been caused by insufficient cleaning of the plates.
Figure 31 shows a SEM image of the glass/electrolyte interface. The adherence
of the glass to the electrolyte is good, and no visible material interaction can be
seen.
Figure 32 shows a SEM image of the steel/glass interface exposed to an anode
atmosphere. The location is close to the anode outlet, so in addition to hydrogen
there is also steam present, due to fuel cell reactions. No material interaction is
detectable at this point. The cracks in the glass layer have been caused by the
sample preparation.
Corrosion behaviour of interconnects in single and dual atmosphere exposure
was also studied with this stack. Figure 33 shows SEM images of interconnects in
a fuel/air atmosphere (left) and in an air/air atmosphere (right). In both atmospheres, oxide layer thicknesses are 1…2 µm, and the scales seem dense and well
adhered to interconnects. In both exposure conditions, there is a limited amount of
inward oxidation, with a depth of 5 µm. There are no signs of detrimental corrosion, which is a good result considering that the interconnects were not coated.
The hybrid seal developed in this work did not cause unwanted corrosion at the
interfaces of sealing during 1800 h of testing. Therefore, it can be concluded that
these material solutions have the potential to be used in SOFC stacks in long-term
operation.
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Figure 29. SEM-image taken in the middle of the seal,
away from the outer faces.

Figure 30. SEM cross-sectional images of steel/glass interfaces
exposed to a cathode atmosphere.
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Figure 31. SEM image of the glass/electrolyte interface.

Figure 32. SEM image of the steel/glass interfaces exposed to an anode atmosphere.
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Figure 33. SEM images showing interconnects exposed to a dual atmosphere (left) and an air atmosphere (right).

56

6.

Summary and conclusions

The aim of this thesis was to achieve a performance increase and cost reductions
in SOFC stack technology. This goal was pursued by analysis and development of
in-stack materials and their behaviour. The SOFC stack creates a challenging
environment in which materials are subjected to high temperatures in a dual atmosphere. Therefore, a thorough understanding of the materials is needed to
achieve the lifetime and performance increases to which the SOFC research
community is committed.
This thesis contributes to the field first by drawing attention to the importance of
the mechanical properties of sealing materials and their relation to stack sealing
and electrical contact. The mechanical properties of several materials were analysed between room temperature and 700 °C. It is clear that the properties of
SOFC sealing materials depend on temperature and their properties need to be
evaluated over the given stress and temperature range before using them instack. The literature is very short on relevant data on the mechanical properties of
these materials. Therefore, the data and guidelines set forth in this work contribute
to the field.
To realise cost reductions in SOFC stack technology, it is tempting to reduce
stack material usage. Therefore, aiming to lower the necessary compressive
stress on the stack is needed to allow for less bulky components to be used. In
this thesis, a hybrid sealing solution consisting of compressible core material and
glass-based coating was developed. The coating effectively decreased the interfacial leakages and allowed for the material to be used at low compressive stress,
-1
down to 0.1 MPa, with leak rates as low as around 0.3 ml (m min) using 50/50
H2/N2. This is a reduction of about 60…90% compared to the uncoated core material. For example, Chou et al. have measured leak rates of the order of 0.5 ml (m
-1
min) using mica papers with glass interlayers at compressive stresses of 0.1
MPa [65]. The tests were carried out with 2.64% H2 in humidified Ar, which, according to the results presented in this work, significantly reduces the observed
leak rate compared to 50/50 H2/N2. Although different conditions make direct comparison difficult, it is clear that the results presented in this thesis compare favourably with the state-of-the-art SOFC sealing materials. The intellectual property
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rights of the hybrid sealing solution presented in this thesis have been transferred
to Flexitallic Ltd, which has further developed this technology and issued a patent
application on it [72]. In October 2014, they launched a product called Thermiculite
866LS based on this work.
Understanding corrosion phenomena in SOFC stacks is crucial in increasing
their lifetime. Compatibility of the developed hybrid seals with the adjacent stack
components was analysed. Post-mortem analyses of the stack in which these
seals were used showed no signs of seal-induced corrosion. To further increase
the lifetime of stacks, a MnCo1.8Fe0.2O4-based protective coating was developed.
The coating showed very good stability over 6000 h of in-stack testing. The
amount of chromium deposited on the cathode decreased significantly with the
coating, compared to the non-coated stack. This development work forms a very
good starting point in achieving stack lifetimes of over 10 000 h.
In total, it can be concluded that the targets set for this research work were well
met. The materials and methods developed in this work help to realise stacks with
lower leak rates and ohmic losses, resulting in higher electrical efficiency. This,
together with increased stack lifetime, helps in bringing the price per produced
energy unit down.
In the future, understanding of the mechanical properties of SOFC stack sealing materials should be further enhanced. With the methodology presented here,
tests should be carried out to find out long-term properties, such as creep and
stress retention of the materials. Thermal cycling tests using the hybrid seals
should be carried out to find out the effects of coating parameters such as coating
thickness and porosity on the seals resistance to thermal cycling. Stack tests or
ex-situ tests in realistic conditions with durations of several thousands of hours
should also be carried out to further study possible long-term material interactions
between interconnects, seals, the coating, and the SOFC cell.
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Solid oxide fuel cells are high temperature electrochemical devices
for direct conversion of fuel and oxidant to electricity and heat. The
high temperature and dual atmosphere creates challenges for the
materials in solid oxide fuel cell stacks. In this thesis SOFC stack
materials were studied and developed.
SOFC stacks are assembled at room temperature, then heated up,
conditioned and operated at 600...900 °C. Therefore, the
mechanical properties of seals should be understood from room
temperature to operating temperature. Mechanical properties of
SOFC sealing materials were studied with different heat-up
procedures.
Increasing cell footprint presents a challenge for the sealing: the
higher the cell area, the higher the required compressive force for
the stack. To diminish the required compressive force, a hybrid
sealing material consisting of a compressible core and a
conformable glass-based interlayer was developed. This hybrid
sealing material decreased leak rates by 60...90% compared to the
conventional compressible seals.
High operating temperature and exposure to both reducing and
oxidizing atmospheres is prone to cause corrosion of materials.
One example of these corrosion-mechanisms is chromium
evaporation from interconnect steel materials. The evaporated
chromium is transported in the gas phase to the electrochemically
active cell, where it can solidify to chromium oxide, causing loss of
performance. A chromium barrier coating based on MnCo Fe O
was developed and deposited by a high-velocity oxygen ﬂame
method on the interconnect steel. The coating showed good
stability and low area-speciﬁc resistivity, and effectively hindered
chromium transport to the electrochemical cell.
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