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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 renew-
able energy sources needs to be established. Before the balance of energy pro-
duction 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 Wil-
liam Schönbein in The London and Edinburgh Philosophical Magazine and Jour-
nal 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 pro-
grammes, 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 elec-
trolyte fuel cell (PEMFC) and alkaline electrolyte fuel cell (AFC) are used in auto-
motive and mobile applications. High-temperature fuel cells such as the phosphor-
ic acid fuel cell (PAFC) and solid oxide fuel cell (SOFC) are used mostly in sta-
tionary 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

3. A decrease in-stack electrical contact losses below 1% at 0.3 Acm-2

current density
4. A target stack lifetime of 10 000 h with reduction of chromium evapo-

ration 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 in-
creases the manufacturing yield of other components, as their dimensional toler-
ances 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 manu-
factured 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 signif-
icantly 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 effi-
ciency 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
these contact losses below 1%, at a typical 0.3 Acm-2 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 be-
come 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.
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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 operat-
ing 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, inter-
nal 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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Manufacturer Mechanical
support

Typical operat-
ing temperature
/ °C

Typical cell
size / cm2

Reference

Elcogen AS Anode 600…800 100 [10]
SOFCMAN Anode 700…800 100 [12]
SOFCMAN Electrolyte 850 100 [12]
Kerafol/HCStarck Electrolyte 750…950 100 [13]
Versa Power Sys-
tems

Anode 650…800 550 [14]

The power of a single cell is often insufficient, so a number of cells are incorpo-
rated 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 de-
signs. 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.

Table 1. Common manufacturers of SOFC cells.

Figure 1. Principle of solid oxide fuel cell.
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Stack designs vary considerably from one manufacturer to another, but com-
monly 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 mix-
ing 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
cm2 with a total power range around 1 kW, currently there are several stack de-
signs 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 ce-
ramics such as LaCrO3 based materials. The downsides of LaCrO3 materials
include their low electrical conductivity at temperatures below 800 °C and relative-
ly 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 electri-
cal 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 high-
temperature 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 chromi-
um-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
of chromium oxide is in the range of 0.1…1 Ωm, which is about 105 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 intercon-
nects 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 thick-
ness of uncoated Crofer 22 APU or ZMG232 steels roughly doubles their lifetimes
[30].

Material Fe Cr Ni C Si W Nb Ti Y Al Mn
Crofer 22
H

bal 22 0.015 0.3 1.5 0.6 0.01 0.6

AISI 441 bal 18 0.02 <1 0.3 0.3
ZMG232L bal 22 <0.7 <0.1 <0.1
Sanergy
HT

bal 21.2 0.040 <0.3 0.71 0.017

E-Brite bal 26 0.15 0.002 0.20 0.05
CFY 5 bal <0.025 <0.12 0.1 <0.12

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

Figure 3. Interconnect.
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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 cost-
driven 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 meth-
ods 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 chromi-
um 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 pro-
cesses [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 com-
pressibility and conformability. It should naturally also be resistant to SOFC oper-
ating 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
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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 operat-
ed. 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 com-
pressible seals can usually be easily assembled, and they require no special join-
ing 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. Verti-
cal, 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 interfa-
cial leak paths, especially at low compressive stresses [58,59,60,61,62].

Flexitallic Ltd. has developed a series of materials under a trade name Ther-
miculite, which are claimed to lower compressive stress requirements. Thermicu-
lite 866 and Thermiculite CL87 consist of only chemically exfoliated vermiculite
and steatite, also known as talc; there is no other component and no organic bind-
er. 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 hy-
brid 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 han-
dling 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 mate-
rial.
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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 manu-
facturing 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 compo-
nents (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 distribu-
tion. 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 ar-
ea. 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 de-
forming or breaking stack components should the forces not be optimally distribut-
ed. 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 tempera-
tures, leading to heat loss from the stack along the compression rods or struc-
tures.

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 operat-
ing 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 tempera-
ture. Especially the mechanical behaviour of compressible sealing materials, as
well as a glass material, was studied during the first heat-up procedure.

Figure 7. Stack sealing challenges with different seal thicknesses. Low contact-
stress areas have been indicated with circles.
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3.2 Experimental

Mechanical properties of sealing materials were evaluated as a function of com-
pressive 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 commercial-
ly 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 ana-
lysed. Figure 9 shows the effect of temperature on the compressibility of Ther-
miculite 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 com-
pression 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 benefi-
cial 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 com-
pressible sealing materials, Figure 10 shows the compressibility of Statotherm HT
(phlogopite mica paper) material. It can be noted that this material only compress-
es 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 func-
tion 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 measure-
ment 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 com-
pression procedure during first heat up. However, if a significant amount of com-
pression is applied at room temperature where the glass tape is very thick com-
pared 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 ap-
plicable to designing SOFC stacks. In the past, methods such as hot-stage mi-
croscopy 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 meth-
odology presented in publications I-III, the measurements are closer to stack con-
ditions: 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.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
300

350

400

450

500

550

600

Compressive stress / MPa

Th
ic

kn
es

s
/ m

m

25 °C, 0...1 MPa
200 °C, 0...1 MPa
700 °C, 0...1 MPa

Figure 9. Compressibility of Thermiculite CL87 at room temperature, 200 °C,
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Figure 10. Thickness of Statotherm HT as a function of compressive stress.
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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 elec-
trical 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 leak-
age 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 com-
pression systems. This also allows more freedom for the stack designer, as thin-
ner, less robust components such as interconnects can be used. A general prob-
lem 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 com-
mon solution. However, glass seals are usually more difficult to handle and as-
semble, 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 gener-
ated 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 sub-
strate 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
were heated from room temperature up to 700 °C using a 60 °Ch-1 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].

Coating method terpineol
/ w%

ethanol
/ w%

ethyl
cellulose /
w%

Glass to
organic –
ratio /
w/w

Viscosity
/ cSt

Brush/spatula/roller 81 15 4 2:1 40
Wet spraying 24 75 1 1:2 14

Table 3. Typical compositions of various coatings.
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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 meas-
urements 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.

Cells 30 pcs Elcogen ASC-10B
Flow configuration Co-flow

Active area 81 cm2

Cathode inlet temperature 590 °C
Cathode outlet temperature 700 °C
Current density 0.25 Acm-2

Air utilization 22%
Fuel utilization 46%
Cathode outlet pressure ambient
Flows during heat up Anode: 4.5 NLPM air

Cathode: 4.5 NLPM air
Flows before reduction Anode: 4.5 NLPM N2

Cathode: 4.5 NLPM air
Flows at OCV Anode: 0.5 NLPM H2,

            8.5 NLPM N2

Cathode: 8.5 NLPM air
Flows at nominal operating condi-
tions

Anode: 9.0 NLPM H2,
            8.5 NLPM N2

Cathode: 50 NLPM air

Table 4. Nominal operating conditions of the stack.
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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 isolat-
ed. 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 assump-
tion, 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

dt
dp

Tp
T

=VQ
NTP

NTP
NTP
&  , (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 de-
pends 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 uncer-
tainty 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
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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 pres-
sure, 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



35

by differentiating the polynomial. The resulting data through this processing meth-
od is much more usable.

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 param-
eter 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
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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)

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

inAoutA ,
N

,
O
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O 222

QXQ && = . (6)

By this methodology, one is able to measure the stack cross leak before introduc-
ing reducing gases (hydrogen) to the stack. The hydrogen cross leak after reduc-
tion was calculated as
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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.

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

glass

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.
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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
seals show leak rates of 0.1…0.3 ml (m min)-1, which is a reduction of 60…90%
compared to uncoated samples, which showed leak rates of 0.3…3 ml (m min)-1.

Figure 19 shows the leak rate as a function of pressure using different test gas-
es. 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 sam-
ples, the primary driving force is concentration gradient rather than pressure gra-
dient, as with the uncoated samples. The negligible dependency of the overpres-
sure 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:

xD
RT
p

xDccDJ TOT
TOT Ñ-=Ñ-=Ñ-= (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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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 concen-
tration 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 (nomi-
nal 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 con-
centration 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 mag-
nitude. The difference between these values could be explained by inhomogene-
ous 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

Measured
quantity

Calculated leak

ml
min-1

ml (m
min)-1

Before reduction Ambient,
cathode =>

anode

0.18% O2

(anode
out)

8±2
(O2)

0.3±0.1

Purge gas Anode =>
cathode

0.20%
H2O

(cathode
out)

10±2
(H2)

0.7±0.2

OCV (50/50 H2/N2) Ambient,
cathode =>

anode

Average
cell volt-
age 1163

mV

46±15
(O2)

1.5±0.5

Nominal Anode =>
cathode

0.20%
H2O

(cathode
out)

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 oxidiz-
ing 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 elec-
trochemically 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 re-
sistivity 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
0.6 Ωcm2 at a thickness of only 1 µm. Therefore, it is clear that formation of stron-
tium 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 inter-
faces 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-of-
view, 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 me-
chanical properties of the manufactured coatings on top of corrugated steel plates.
These plates had a corrugated area of 34x34 mm2, and a force of 50 N was ap-
plied 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
at the end of the tower. Current density in these measurements was 0.2 A/cm2,
which corresponds to the typical current density of an SOFC stack. A vertical load
of 20 N was applied on the 20x20 mm2 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 sam-
ples 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 resistanc-
es were calculated using

I
UAASR = , (9)

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

)
A
A+

I
I

U
UA=ASR (

I
UI+

I
UAΔU+

I
AΔASR= DD

+
D

DD2 (10).

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,
0.5 mA and 0.5 cm2. Therefore the total uncertainty of the ASR measurement is
about 10%.
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5.2.3 Stack tests

To study corrosion phenomena in real SOFC stack operating conditions, two sin-
gle cell stacks were manufactured. Table 6 provides information on the main com-
ponents 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 sup-
pressing 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 be-
tween 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.

Figure 23. Setup for the ASR measurements.
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Stack Cells Inter-
con-
nects

Coatings Coating
method

Seals Temp
/ °C

Duration
/ h

1 Anode sup-
ported
Ni/YSZ/LSCF

Crofer
22
APU,
d=1
mm

MnCo1.8F
e0.2O4

(~20 µm)

HVOF Thermiculite 866 700 6000

2 Anode sup-
ported
Ni/YSZ/LSCF

Crofer
22
APU,
d=0.2
mm

None None Thermiculite 866
+ Schott
GM31107 glass
tapes

700 1800

5.3 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. There-
fore, it can be concluded that the coating effectively reduces oxidation of the inter-
connect, thus prolonging its lifetime.

Figure 25 shows cross-sectional SEM images of the MnCo2O4-coated corru-
gated 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.

Table 6. Main components of the two single cell SOFC stacks used in corrosion
studies.
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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
stable resistances of about 20 mOhmcm2 throughout the 1000 h test. Resistance
of the uncoated Crofer 22 APU plate declines during the test, starting from 100
mOhmcm2, and shows signs of levelling at the end of the test, at about 50
mOhmcm2. 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-
tween the interconnect and cell. At 0.3 Acm-2 current density and 0.85 V cell volt-
age, this would correspond to an ASR of about 30 mΩcm2. The coated steels
showed ASRs of about 20 mOhmcm2, 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, suggest-
ing 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 loca-
tions (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 cor-
rosion 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 intercon-
nects.

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 corro-
sion 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 atmos-
pheres, 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 corro-
sion, 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 30. SEM cross-sectional images of steel/glass interfaces
exposed to a cathode atmosphere.

Figure 29. SEM-image taken in the middle of the seal,
away from the outer faces.
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Figure 32. SEM image of the steel/glass interfaces ex-
posed to an anode atmosphere.

Figure 31. SEM image of the glass/electrolyte interface.
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Figure 33. SEM images showing interconnects exposed to a dual at-
mosphere (left) and an air atmosphere (right).
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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 at-
mosphere. 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 ana-
lysed 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 in-
stack. 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 interfa-
cial leakages and allowed for the material to be used at low compressive stress,
down to 0.1 MPa, with leak rates as low as around 0.3 ml (m min)-1 using 50/50
H2/N2. This is a reduction of about 60…90% compared to the uncoated core mate-
rial. For example, Chou et al. have measured leak rates of the order of 0.5 ml (m
min)-1 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,  ac-
cording to the results presented in this work, significantly reduces the observed
leak rate compared to 50/50 H2/N2. Although different conditions make direct com-
parison difficult, it is clear that the results presented in this thesis compare favour-
ably 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 seal-
ing 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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1 Introduction

A solid oxide fuel cell (SOFC) is an electrochemical device
in which reactants are converted into electricity and heat.
Main components of fuel cell stacks are cells, interconnects
and seals. Seals should be stable, both in reducing atmo-
spheres with high water vapour contents and in oxidising
atmospheres. Chemical stability with interconnects in operat-
ing temperature and during thermal cycles is also required. A
sealing failure in SOFC stack causes gas leakage which
decreases the overall performance and the lifetime of the
stack. Leakages can cause cell degradation by a number of
mechanisms, e.g. increased thermal gradients [1], local short-
age of fuel, oxidation of the anode and increased chromium
evaporation [2] due to higher water vapour content at the
cathode.

Seals in SOFCs are often either glass or glass-ceramics.
Glass-ceramic sealants are rigidly bonded and thus may offer
excellent sealing characteristics. However, using glass ceram-
ics requires that all the stack components need to have match-
ing coefficients of thermal expansion (CTE) to avoid mechani-
cal failures. Typically, glass-ceramics also require a specific
heat treatment in which binder is evaporated and a stable

phase is formed. Chemical reactions have also been reported
between glass-ceramics and other stack components. These
reactions can include cross-diffusion [3] and excessive surface
and internal oxidation at steel-sealant interface [4] as well as
increased chromium evaporation from interconnect steels [5].

In order to mitigate the drawbacks of glass-ceramic sea-
lants, a number of compressive sealing materials mainly
based on mica have been proposed. Mica is a group of silicate
minerals having a general structure of AB2 – 3(Al,Si)-
Si

3
O10(OH)2 in which A is either K, Na, Ca or Ba and B is

either Al, Fe, Mg or Li [6]. Micas can also contain other ele-
ments such as F– replacing some of the OH– ions [7]. A few
studies have been undertaken to assess the high temperature
sealing properties of phlogopite (KMg3(AlSi3O10)(OH)2)) and
muscovite (KAl2(AlSi3O10)(OH)2)) type micas. In tempera-
tures exceeding 600 °C, muscovite mica has been reported to
lose its constitutional water whereas phlogopite mica experi-
ences the loss of constitutional water around 950 °C. This
behaviour causes swelling of the mica material, which how-
ever might not necessarily affect the sealing properties [8]. It

–
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Sealing properties and compression properties of two mica-
based materials, Thermiculite 866 and Statotherm HT were
measured. Thermiculite 866 was tested in two forms: as-
made and precompressed (consolidated). Sealing tests were
carried out at 800 °C with simulated fuel cell anode gas.
Seals were pressed to a constant thickness, which represents
the conditions in fuel cell stacks. Both seals showed stable
leak rates over test periods of roughly 400 h. Leak rates of
Thermiculite 866 samples were found to be independent of
the hydrogen overpressure within the measurement accu-
racy in the pressure range of 10–100 mbar(g). However, a

Statotherm HT gasket tested with lower compression stress
compared to Thermiculite 866 gaskets showed roughly lin-
ear dependency on the overpressure. Compression tests
were carried out at room temperature and at 800 °C. Com-
pression properties of both materials were found to strongly
depend on temperature. Both materials experienced swel-
ling when heated to 800 °C and were more ductile compared
to room temperature.
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has been found that to achieve good sealing properties, mica
papers comprising of discrete mica platelets require high
compression stresses in excess of 6 MPa [8, 9]. Therefore, a
number of hybrid seals have been proposed. Good sealing
properties have been observed with hybrid sealing structures
such as mica with glass-ceramic contact layers [10, 11] and
mica with a corrugated metallic profile [9]. Thermal cycle
capability of mica-based seals has been demonstrated with
minimum drop in open-circuit voltage during 1,000 thermal
cycles [12]. Some experimental compressive seals have also
been developed based on ceramics [13] and fibre papers infil-
trated with ceramic powders [14].

Considering stack-design, it is important to know the com-
pression properties of the sealing materials. Sufficient me-
chanical stress on the cell and on the seals is required to
achieve good electrical contact between cells and intercon-
nects as well as to achieve good sealing properties. Compres-
sion stresses in the stack are limited by the material proper-
ties of seals, interconnects and cells. All the publications
found on compressible mica seals were carried out with the
sealing material compressed with a constant force. However,
in a planar SOFC stack, this is often hard to achieve since the
cell needs to have a good electrical contact to the interconnect
and thus it needs to carry at least some of the load. Therefore,
the seals around the cells are actually pressed into a constant
thickness rather than with a constant force. This is illustrated
in Figure 1a in which an anode-supported cell is pressed
between two interconnects. Sealing is required between the
electrolyte and interconnect and between the interconnects.
In both cases, the cell acts as a spacer keeping the seals at con-
stant thickness.

Figure 1b shows a case in which compression of the seals
is insufficient. Thus, the seals experience most of the mechan-
ical load on the stack and good sealing properties may be
achieved. However, stresses on the interconnect are concen-
trated on a smaller area which can lead to mechanical failure.
In this case, the cell experiences insufficient mechanical load,
thus decreasing electrical contact. Figure 1c shows a case in
which seals are either too thin or too compressible. This leads
to insufficient compression stress on the seals and to poor
sealing properties. However, electrical contact between cell
and interconnect is maximised.

In this study, the long term sealing properties and com-
pression properties of two types of commercial mica-based
seals were studied. The sealing tests were carried out at
800 °C with seals compressed to a constant thickness. Com-
pression properties of the materials were measured at room
temperature and at 800 °C. Materials studied were Thermicu-
lite 866 [15] and Statotherm HT [16].

2 Experimental

2.1 Materials

Thermiculite 866 (Flexitallic Ltd) [16] is a composite
material consisting of chemically exfoliated vermiculite mica.
Thermiculite 866 is available in two forms: as-made and con-
solidated, which were both tested. Consolidated form is a
densified form of Thermiculite 866 and it is made by precom-
pressing as-made material. Figure 2 illustrates SEM cross-sec-
tions of Thermiculite 866 samples. Images show horizontal
vermiculite platelets (light-grey), steatite (grey) and voids
(black). It can be noted that precompression diminishes the
porosity of Thermiculite 866.

Statotherm HT (Burgmann industries) [4] is phlogopite
mica with organic binder. Figure 3 illustrates the SEM cross-
section of uncompressed Statotherm HT. Large voids
between discreet mica platelets are seen.

2.2 Compression Properties

Compression tests were carried out with Instron 8801 fati-
gue system. Figure 4 shows a picture of the test setup. Round
samples (12 mm diameter) were compressed between 13 mm
diameter rods made of 253MA steel, and their thickness was
measured with a strain-gauge. Tests were carried out at room
temperature and at 800 °C. The high temperature tests were
done by inductively heating the compression rods and mea-
suring their temperature with thermocouples inserted into
the compression rods.

2.3 Sealing Properties

Sealing properties were tested by compressing the seals
to constant thickness and measuring the leak rates.
Figure 5 shows the exploded view of the gasket holder
setup. Gasket holder plates with circular groves for the seal-

Fig. 1 (a) Simplified structure of a single repeating unit of a fuel cell stack
based on an anode supported cell. (b) Poor electrical contact between cell
and interconnect due to insufficient compressibility of the seals. Good seal-
ing properties due to high surface stress on the seals. High mechanical
stresses on interconnects. (c) Good electrical contact due to excess com-
pressibility of the seals. Poor sealing properties due to low surface stress
on the seals.
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ing gaskets were manufactured of 3 mm
thick 253 MA steel. The groves were
manufactured by etching. The surface
roughness of the sealing surfaces was
measured to be around Ra = 40 nm with
Taylor Hobson Surtronic 3+ surface
roughness analyser. Radial groves were
etched into the plates to allow leaked gas
to evacuate. Inner diameter of the gaskets
was 72.5 mm and width 5 mm. A gasket
holder plate with a gasket was then
pressed between two 253 MA steel
plates, and the structure was tightened
with 253 MA bolts. Bolts were fastened
tight enough so that the seals com-
pressed to accommodate the grove. Gas
was introduced through a 6 mm Inconel
600 pipe welded to the endplate and gas
outlet was via a 3 mm pipe welded to the
gasket holder plate.

Flow diagram of the sealing tests is
illustrated in Figure 6. Hydrogen feed to

the system is controlled with a Bronkhorst EL-FLOW-series
mass flow controller. Inlet gas is fed through a humidifier
(Fuel Cell Technologies) or through the by-pass line. The gas
enters the furnace via a heated pipeline and exits the furnace
through a pressure controller. Valves V2, V3 and V4 were
used to change the inlet gas between dry and humidified
hydrogen. Pressure upstream of the gasket was measured
with pressure transducer and controlled by pressure control-
ler V5. The pipeline between humidifier and the outlet was
heated to avoid condensation. Inlet and outlet gas flows were
measured with a Sensidyne Gillibrator II flow calibrator.

Fig. 2 SEM images of the consolidated (above) and as-made Thermiculite 866 cross-sections.

Fig. 3 SEM image of the uncompressed Statotherm HT cross-section.

Fig. 4 Test setup for the compression tests.

Fig. 5 Gasket holder setup.
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Sealing tests were carried out according to the following
procedure.
(i) Heating up to 800 °C with 97% N2 + 3% H2.
(ii) Purging the pipelines with dry H2 until water

vapour content at the outlet dropped below 10 hPa.
(iii) Leak rate measurement with dry H2.
(iv) Exposure with either 200 ml min–1 H2 or

200 ml min–1 H2 + 120 ml min–1 H2O. Overpressure
of the gas during the exposure was always 100 mbar.

(v) Cooling down to room temperature with 97%
N2 + 3% H2.

Steps two to four were repeated periodically during the
tests.

Table 1 summarises the tested gasket materials, test condi-
tions and thicknesses of the compressed gaskets. Gasket
holder grove depths for Thermiculite 866 samples were cho-
sen so that the compressive stress on consolidated version
would be lower (∼4 MPa) than the compressive stress on the
as-made version (∼8 MPa). This was done because it was pos-
tulated that the smoother surface structure of the consoli-
dated version would allow lower stresses. Since Statotherm
HT consists of only discrete mica platelets with no additional
filler, it was postulated that leak rates would be highly
dependable on the compression stress. To test this hypoth-
esis, two samples with different gasket holder plate grove
depths, 290 and 230 lm, were tested.

3 Results and Discussion

3.1 Compression Properties

3.1.1 Thermiculite 866

Figure 7 shows thickness of consoli-
dated Thermiculite 866 as a function of
compression stress. It can be noted that
at 800 °C, consolidated Thermiculite 866
compresses from 540 to 422 lm
(118 lm/22%) between 1 and 8 MPa
compared to compression from 497 to
464 lm (33 lm/6%) at room tempera-
ture. Figures 7–9 only show thicknesses
of the seals above ∼0.3 MPa because the

ductile nature of the seals constricts measurement accuracy at
lower compression stresses.

Figure 8 shows thickness of as-made Thermiculite 866 as a
function of compression stress. It can be noted that at 800 °C,
as-made Thermiculite 866 compresses from 444 to 346 lm
(98 lm/22%) between 1 and 8 MPa compared to compression
from 380 to 310 lm (70 lm/18%) at room temperature.

Fig. 6 Flow diagram of the leak measurements.

Table 1 Samples used in the sealing tests.

Sample Gas Thickness of
compressed gasket

(lm)

Time (h)

Thermiculite 866,
0.5 mm, as-made

H2 340 480
H2 + H2O 340 480

Thermiculite 866,
0.5 mm, consolidated

H2 + H2O 460 360
H2 + H2O 460 360

Statotherm HT, 0.4 mm
H2 + H2O 290 480
H2 + H2O 230 480
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Fig. 7 Thickness of consolidated Thermiculite 866 as a function of com-
pression stress.
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Fig. 8 Thickness of as-made Thermiculite 866 as a function of compres-
sion stress.
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Thermiculite 866 samples tested at elevated temperatures
appeared to be thicker than those at room temperature. This
might be accounted to the expansion of vermiculite mica at
application of heat [6].

3.1.2 Statotherm HT

Figure 9 shows the thickness of Statotherm HT as a func-
tion of compression stress. It can be seen that at room temper-
ature after the initial compression to 1 MPa the seal com-
presses from 328 to 299 lm (29 lm/8.8%) from 1 to 8 MPa.
This behaviour accounts to the structure of Statotherm HT,
consisting of phlogopite mica platelets. When stress is
applied on the seal, the platelets are compressed together
decreasing the porosity of the structure. At 800 °C, Sta-
totherm HT also experienced swelling and became more duc-

tile, compressing from 369 to 299 lm (70 lm/19%) from 1 to
8 MPa.

3.2 Sealing Properties

The leak rates of the samples were measured as a function
of hydrogen pressure. Figure 10 shows leak rates of the sam-
ples at different pressure levels. The leak rate of Statotherm
HT sample compressed to 290 lm seems to increase linearly
with increasing pressure, which is in line with the leak rate
model for micas developed by Sang et al. [17]. It is also nota-
ble that leak rate of Statotherm HT depends strongly on the
compression stress. All other samples showed constant leak
rates within the measurement accuracy. However, all the
samples also showed significant leak rates, even at overpres-
sures below 10 mbar(g).

Figure 11 shows the results of the leak rate tests at
100 mbar(g) H2. As-made Thermiculite 866 samples show
leak rates of 29 ml(m min)–1 with humidified H2 and
33 ml(m min)–1 with dry H2. Consolidated samples showed
leak rates of 43 ml(m min)–1 and 49 ml(m min)–1. Statotherm
HT sample pressed to 290 lm showed a leak rate of
90 ml(m min)–1, and the sample pressed to 230 lm showed a
leak rate of 22 ml(m min)–1. Chou et al. [10] have measured
leak rates of phlogopite mica to be around 200 ml(m min)–1

(1 bar(g), air) at 800 °C and with compressive stress of
3.5 MPa. Simner and Stevenson [8] measured leak rates of
59 ml(m min)–1 (103 mbar(g), He) for phlogopite samples
compressed to 4.8 MPa load. These results are in good agree-
ment with the results presented in this paper.
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Fig. 9 Thickness of Statotherm HT as a function of compression stress.
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Fig. 10 Leak rates of the samples at different H2 overpressures.
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Allowable leak rates of SOFC stacks vary greatly depend-
ing on design issues and materials used in the stack. For
example let us consider a SOFC stack with 10 × 10 cm2 cells
(active area 9 × 9 cm2) with sealing length of 1 m per single
repeating unit. If the stack was used with 0.7 A cm–2 and 50%
fuel utilisation, the fuel input would need to be 790 ml min–1

H2. Therefore, Thermiculite 866 samples used in a stack,
would lead to a stack leaking 4–6% of the input fuel flow.
Statotherm HT samples would yield leak rates of 3 and 11%.

If lower leakage levels in SOFC stacks are required, either
lower pressure levels or higher compression stresses would
need to be used. Another possibility is to minimise leakages
through the contact interfaces of the seals. This has been dis-
cussed by Chou et al. [10], who measured leak rates of phlo-
gopite mica with and without glass ceramic contact layers. In
these measurements, samples without glass ceramic contact
layers showed leak rates of the order of 100 times greater than
those with glass ceramic contact layer.
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Fig. 11 Leak rates of the tested gaskets as a function of time.
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4 Conclusion

Conclusion of the work presented here can be summarised
into four items:
(i) Both Thermiculite 866 and Statotherm HT showed

stable leak rates during the tests at 800 °C with simu-
lated anode gas (62% H2 + 38% H2O, 100 mbar(g)
overpressure).

(ii) Leak rates of as-made Thermiculite 866 samples were
independent of the water vapour content in gas
within the measurement accuracy.

(iii) Leak rate of Statotherm HT sample compressed to
290 lm was found to be roughly linear within the
measurement range of 10 to 100 mbar(g). All other
samples showed constant leak rates within the mea-
surement accuracy.

(iv) Compression properties of both materials are very
different at room temperature compared to 800 °C.
Consolidated (precompressed) Thermiculite 866 and
Statotherm HT showed similar compressibility (6.6
and 8.8%, respectively from 1 to 8 MPa) at room tem-
perature, while as-made Thermiculite 866 com-
pressed 18%. At 800 °C both Thermiculite types com-
pressed 22% from 1 to 8 MPa. Also the Statotherm
HT samples became more ductile at 800 °C compres-
sing 19% from 1 to 8 MPa.

Further research needs to be done to assess the long term
chemical stability of the sealing materials in SOFC operating
conditions.
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a b s t r a c t

SOFC stack seals need to be correctly dimensioned to achieve a gas tight stack with low electrical contact
resistances. Mechanical properties of SOFC stack sealing materials are presented for three assembly and
first heat up procedures: applying full compressive stress at room temperature before first heat up (1),
applying no compressive stress before first heat up and applying the full compressive stress at operating
temperature (2), applying partial compressive stress at room temperature and full compressive stress at
operating temperature after first heat up (3). The behaviour of the glass seal (Schott GM31107) is not
affected significantly by compressive force during heat up. Compressibility of both compressible sealing
material (Thermiculite CL87) and hybrid sealing material (Thermiculite CL87LS) was found to be about
40% (between 0.1 and 0.9 MPa) at room temperature but only about 4% (between 0.1 and 0.9 MPa) at
700 �C. Therefore it is beneficial to carry out as much of the compression as possible at room temperature
before first heat up. This allows for maximum amount of deformability in the sealing materials resulting
in the highest ability to compensate for stack manufacturing and assembly tolerances, which is needed to
realize a gas tight stack with low electrical contact resistances.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the key challenges in solid oxide fuel cell stack devel-
opment is achieving a robust mechanical design. SOFC stack con-
sists usually of steel interconnect plates, cells and seals. The only
component of these that can offer a significant amount of
deformability is the seal, which needs to compensate for
manufacturing and assembly tolerances of other components in a
stack. Understanding mechanical properties of sealing materials is
important as improper seal design can lead to poor electrical con-
tact, gas leakages and cause additional mechanical stresses to the
stack [1e4]. A stack designer needs to know the mechanical
nen).
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 before
shipping to customer.

The twomost common groups of sealing materials used in SOFC
stacks are glass seals and compressible seals from the mineral
group called mica [5]. At least for the first group, mechanical
properties depend not only of temperature but of heat treatment
history due to phase changes such as crystallization of amorphous
glass phases. Compressible seals from the mica group are usually
used in a form of mica paper or other highly anisotropic forms [6].
Therefore sufficient experimental data of the chosen set of mate-
rials is a necessity for the stack designer. Literature data of the
mechanical properties of SOFC sealing materials is usually not
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Fig. 1. Schematic of the used measurement setup.
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sufficient to provide enough input for designing a stack. Properties
of various glasses are often measured with hot stage microscopy,
see e.g. Ref. [7]. While this is a simple and reliable method in
determining mechanical changes in glass samples, it is very
removed from the actual conditions inside a stack: there is no
compressive force applied on the sample and there is only one
(bottom) surface for the glass to wet, making the situation unre-
alistic. In the case of compressible sealing materials, literature data
on themechanical properties is rather focused on themineralogical
properties of mica-materials [6,8] and data related to designing
SOFC stacks is scarce [9,10].

This article presents mechanical properties of three sealing
materials: a compressible seal, glass seal and hybrid seal. The focus
is on the first mechanical compression of stack after assembly and
on the first heat up procedure. Three possible procedures for
applying the compression to the stack were investigated:

1. applying full compressive stress at room temperature before
first heat up,

2. applying no compressive stress before first heat up and applying
the full compressive stress at operating temperature (700 �C)
and

3. applying partial compressive stress at room temperature and
full compressive stress at operating temperature (700 �C) after
first heat up.

Compressibility data of these cases is presented and its signifi-
cance to stack design and manufacturing process is discussed. Re-
sults and discussion are presented from SOFC point of view but it is
equally applicable to solid oxide electrolysis (SOEC) stacks.

2. Experimental

2.1. Materials

Three sealing materials were chosen for this study: glass (Schott
GM31107), compressible sealing material (Thermiculite CL87,
Flexitallic Ltd) and hybrid sealing material (Thermiculite CL87LS,
Flexitallic Ltd). The first material is a traditional glass sealing ma-
terial manufactured by Schott. Viscosity of the glass at it's softening
temperature of 649 �C is 106.6 Pa and at 750 �C 105 Pa [7]. Based on
previous studies, the glass has good bonding properties at 700 �C
with both Crofer 22H steel and Thermiculite 866 sealing material
[11]. The glass powder is cast into a tape of 250 mm green thickness.

The second material is a compressible sealing material based on
chemically exfoliated vermiculite and steatite. This material is an
offspring of the Thermiculite 866 range [12].

The third material is based on the same compressible core but
includes a coating of Schott GM31107 glass and organic binders
diminishing interfacial leaks and thus allows it to be used at very
low compressive stress levels (<1 MPa). For more details on this
material, see Refs. [9,13]. The amount of glass in the coating was
5 mg cm�2. The density of the core material of Thermiculite CL87
and CL87LS was 0.85 g cm�3 and weight per unit area was
36 mg cm�2. Before testing, the materials were stored in a constant
temperature and humidity room (T ¼ 22 �C, RH¼ 42%) as humidity
might affect the compressibility of Thermiculite materials.

2.2. Test setup

A double push-rodmechanical dilatometer was used tomeasure
material thicknesses in this study. Fig. 1 presents the basic principle
of the device. A sample is inserted between the measurement rod
and weight is clamped on the top of both rods. The thickness of the
sample is read of 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 double push-
rod design allows for the compensation of thermal expansion in the
push-rods and therefore allowing for high accuracy. To test the
accuracy of the measurement setup, calibration measurements
were done at room temperaturewith 500 mm, 750 mmand 1000 mm
precision strip steel plates. Results indicated a constant systematic
error of 6 mm. The known, systematic error was reduced from actual
measurements with seal materials. Accuracy of the device at
elevated temperatures was studied with zero point deviation
measurements where no sample material was present. The average
zero point error was 0.5 mm and random uncertainty 0.9 mm
(considered to be 2s). Furthermore the accuracy of the device was
studied by measuring thermal expansion of Crofer 22H plate and
comparing the results against thermal expansion data provided by
the manufacturer [14]. Fig. 2 shows the measured and calculated
thicknesses of the Crofer 22H plate. Initial thickness of the plate
was 1020 mm and the end value at 800 �C was 1029 mm. The
measured values are in good agreement with the data provided by
the manufacturer: average difference is 1.2 mm and random un-
certainty 2.6 mm (2s of residuals). Based on the above analysis,
accuracy of the device is considered to better than ±10 mm at
operating range of 0e700 �C.

2.3. Test cases

To simulate first compression and heat up treatments of stacks,
three different procedures were tested for all materials:

1. applying full compressive stress (1 MPa) at room temperature
before first heat up,

2. applying no compressive stress before first heat up and applying
the full compressive stress (1 MPa) at operating temperature
(700 �C) and

3. applying partial compressive stress (0.44 MPa) at room tem-
perature and full compressive stress (1 MPa) at operating tem-
perature (700 �C) after first heat up.

Applying full compressive force at room temperature (case 1)
could be done during assembly process of a stack. However,
applying virtually no compression at room temperature before first
heat up might be necessary with initially thick green glass tapes if
e.g. mechanical structure of the stack is such that it will deform
under compressive stress. In such a case full compression can only
be applied at operating temperature (case 2). A compromise



Fig. 2. Measured thickness of Crofer 22H plate (1020 mm initial thickness) as a function of temperature together with calculated thickness based on manufacturers datasheet.
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between these two is the case 3 where partial compressive stress
(0.44 MPa) is applied at room temperature and final compressive
stress (1 MPa) at operating temperature.

3. Results and discussion

3.1. Glass seal

The three procedures for compression and first heat up were
tested. Fig. 3 shows Schott GM31107 glass sealing material thick-
ness as a function of temperature and time. The grey curve corre-
sponds to heating under 0.44 MPa of compressive stress and the
Fig. 3. Glass seal heated up at 0.
black curve to heating under no compressive stress. Heating rate
was 60 �C/h and the shown temperature corresponds to furnace
temperature. This means that the temperature of the sample lags
behind the shown furnace temperature during heating, meaning it
should be only considered as indicative until reaching steady state.
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 570e615 �C and the second at 660e700 �C.
Based on hot stage microscopy data [7], the first of these changes
relates to binder burn out and sintering and the second change to
softening and wetting of the surfaces. The final thickness of the
glass was about 12 mm at 0.44 MPa. Further compression to 1.0 MPa
44 MPa compressive stress.
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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, behaviour of the Schott GM31107 glass
does not depend greatly on compression procedure during first
heat up. However, if a significant amount of compression is applied
at room temperaturewhere 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.
3.2. Thermiculite CL87

Fig. 4 shows the effect of temperature on the compressibility of
the seal. It can be noted that heating the material significantly re-
duces 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 first heat up, Thermiculite CL87 compresses
about 42% between 0.1 and 0.9 MPa. If full compression to 1.0 MPa
is applied after first heat up, the compressibility between 0.1 and
0.9 MPa is limited to 4%. The compressibility (slope of the thickness
vs. stress curves) at 700 �C remains the same for both cases and is
not affected by the pre-compression at room temperature. 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 results in partial loss of compressibility. Based on
these results the best practise would be to apply at least part of the
compression already at room temperature. Fig. 5 shows the
compressibility curves of Thermiculite CL87 in the three different
heat up cases. It can be noticed that compressibility is very signif-
icantly affected by the application method of compressive stress.

These results indicate that with Thermiculite CL87 the preferred
method of stack assembly should be to apply a major part of the
compression already at room temperature as compression at
operating temperature requires roughly ten times more stress to
induce similar deformation in the sealing material. Applying
compression at room temperature gives the sealing material the
Fig. 4. Compressibility curves of C
best chance to compensate for manufacturing and assembly toler-
ances leading to a gas tight stack with low electrical contact
resistance.

3.3. Thermiculite CL87LS

Fig. 6 shows compressibility of Thermiculite CL87LS at different
temperatures. It is noticeable that the initial thickness of the ma-
terial (below 0.4 MPa) is higher at low temperatures than at
operating temperature. This is due to the binder burn out,
shrinkage and sintering of the coating layer which naturally only
occurs during heating. The low-stress difference between mea-
surements conducted at room temperature and at operating tem-
perature is associated with the final thickness of the glass layer.

Fig. 7 shows compressibility curves of Thermiculite CL87LS
corresponding to the three test cases. It can be noted that the
general behaviour follows that of Thermiculite CL87 which is ex-
pected as the core material is the same. However, Thermiculite
CL87LS is slightly thicker because of the coating. The thickness of
the material is also reduced during heat up as binders evaporate
from the coating and glass particles sinter. This is especially
noticeable by looking at the sample that has been pre-compressed
to 0.44 MPa at room temperature (grey dashed line). After pre-
compression the same sample was heated to operating tempera-
ture and compressed 1.0 MPa (black dashed line). The thickness
during heating has been reduced by around 10% (580 mme520 mm).

These results indicate that also with Thermiculite CL87LS the
preferred method should be to apply as much compression as
possible already at room temperature to ensure maximum amount
of deformability of the seal.

4. Conclusions

Compressibility of SOFC stack sealing materials was evaluated
for three assembly and first heat up procedures. The behaviour of
the glass seal (Schott GM31107) was not affected significantly by
compressive force during heat up. The end thickness of the 250 mm
L87 at different temperatures.



Fig. 5. Thermiculite CL 87 compressibility curves. Grey lines indicate compression at room temperature and black lines at operating temperature (700 �C). The grey dashed line
represents pre-compression at room temperature and black dashed line the same sample after heat up.

Fig. 6. Compressibility curves of CL87LS at different temperatures.
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(green thickness) tape at 700 �C was about 12 mm independent of
compressive stress (0e1 MPa). Compressibility of both Thermicu-
lite CL87 and CL87LS materials was found to be around 40% be-
tween 0.1 and 0.9 MPa at room temperature, meaning these
materials are well able to compensate for manufacturing or as-
sembly tolerances in a stack. However, a significant amount of
compressibility is lost when the material is heated: at 700 �C the
compressibility is only around 4% between 0.1 and 0.9 MPa.
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 maximum amount of deformability in the
sealing materials resulting in the highest ability to compensate for
stack manufacturing and assembly tolerances leading to a gas tight
stack with low electrical contact resistances. The provided meth-
odology, data and guidelines should allow for a stack designer to
optimize the mechanical design, first compression during assembly
and first heat up procedure of the stack.



Fig. 7. Compressibility curves for Thermiculite CL 87LS. Grey lines indicate compression at room temperature and black lines at operating temperature (700 �C). The grey dashed
line represents pre-compression at room temperature and black dashed line the same sample after heat up.
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This paper outlines the structure and properties of a unique 
compression sealing material that is entirely free of any organic 
component which has been giving excellent sealing in SOFC service 
for a number of years. The paper also discusses a new material that 
combines the advantages of a compression seal with that of a glass seal 
to provide a compression sealing material needing as little as 0.1 MPa 
surface stress in order to achieve excellent levels of tightness. 
 
 

Introduction 
 
Flexitallic has been a manufacturer of industrial sealing materials since before 1871 and 
has an enviable record of innovation of sealing materials and gaskets. The well known 
spiral wound gasket, used in a huge range on industrial sealing applications around the 
world, was invented by Flexitallic in 1913, USP 1,089,134. 
 
     Recently, innovation by the sealing industry in terms of types of sealing materials has 
blossomed as the industry has developed materials to replace the traditional ones based 
upon asbestos fibre. Asbestos fibre was used in a very high proportion of all the sealing 
materials available and was, in particular, the basis of the materials having the highest 
application temperature which was about 550 °C. 
 
     Flexitallic has been to the fore of this surge of innovation to replace asbestos based 
sealing materials with one new form of sealing material, Thermiculite, being of particular 
relevance to the sealing of solid oxide fuel cells. The Thermiculite technology developed 
and patented by Flexitallic, for instance USP 2004/0214032, is capable of excellent 
service at up to 1000 °C and was initially conceived after it became obvious that the then 
most promising material for high temperature sealing, exfoliated graphite, suffered 
disastrous service failures due to oxidation at temperatures as low as 350 °C. 
 
     More recently, once it became obvious that there was a need for a compression gasket 
suitable for SOFC sealing, the Thermiculite range of sealing materials was extended to 
include Thermiculite 866 which has since been proven around the world to provide 
reliable SOFC sealing. The structure, capability and service experience of Thermiculite 
866 is outlined in this paper and the benefits that it can provide to the groups around the 
world who are developing SOFC stacks are indicated.  
 
     As a result of the experience gained with Thermiculite 866 and the development of a 
production plant for its large scale manufacture, further members of the Thermiculite 
range targeted at SOFC sealing have been, or are being, developed either in collaboration 
with SOFC development teams or in accordance with their requirements. The first of 
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these new materials, Thermiculite 866 LS, developed in collaboration with VTT is also 
discussed.  
 

Thermiculite Technology 
 

     This technology is based upon the use of vermiculite, a naturally occurring mineral of 
the phyllosilicate grouping. The members of this group of minerals are all plate silicates 
and are noted for their high temperature capability and chemical resistance. Two other 
members of the group are china clay and mica. 
 
     The mica family of minerals within the phyllosilicate group consists of a number of 
well known mineral species such as muscovite and biotite, both of which are widely used 
in industry because of their thermal and electrical resistance. Together with another 
member of the group, phlogopite, biotite forms a series of minerals which can be 
naturally modified over eons of time by hydrothermal action into a mineral known as 
vermiculite. This mineral, available in large, easily mined, deposits around the world is 
also used widely in industry because of its temperature capability and its thermal 
insulating properties.  
 
     A key feature of vermiculite is that the individual crystal sheets which stack together 
to form the plates can be separated from each other, exfoliated, by practical means, a 
feature that is unique to vermiculite. The simplest way of achieving this exfoliation, 
although incompletely, is by the application of heat to the plates as mined. This causes 
the plates to open up into “books” to produce the familiar and widely used material that is 
the basis of a wide range of industrial products ranging from thermal insulation to garden 
compost. This material is known as thermally exfoliated vermiculite. 
 
     This type of exfoliation is not practical with other members of the mica group. Micas 
such as muscovite, biotite and phlogopite can be milled to produce a fine powder but that 
process only produces particles of low aspect ratio having increasingly smaller 
dimensions. Exfoliation of these micas by the application in the same way that 
vermiculite can be transformed into “books” is not possible. 
 
     For vermiculite far more efficient method of exfoliation than by heat is by chemical 
means as by this route the plates can be opened up into individual sheets of thickness 
measured in nanometres. This material, known as chemically exfoliated vermiculite, 
CEV, together with diluent fillers and elastomer forms the basis of the Thermiculite 
grades 815, 835 and 715 intended for general industrial sealing. These are all are 
providing excellent service in a diverse range of industrial applications around the world. 
 
     The individual sheets of the CEV are very flexible and can be used to form very thin 
films of vermiculite. This film forming capability, as a result of the sheets adhering one 
to another, is very useful forms the basis of the use of Thermiculite in SOFC applications. 
 
 

Thermiculite 866 
 

     Thermiculite 866 consists of only CEV and steatite, another phyllosilicate mineral 
also known as talc; there is no other component and no organic binder. The sheets of the 
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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. 
 
     A compression sealing material is dependent upon an external load being applied to it 
so that a seal is created. In order to maintain the seal, the material has to ensure that the 
load is maintained under service conditions for a long as is required.   
 
     To be successful a sealing material has to have certain features which can be 
summarised as: 
 
      Conformability --- the material has to be soft enough to be able to conform to the 
irregularities of the surfaces being sealed so that a seal is created. 
 
      Stress retention --- the material has to resist the tendency for its thickness to reduce 
under load or as a result of the application of heat or as the result of the burn off of any 
components at the service temperature. If the thickness reduces then if the stress imposed 
upon it via the elastic stack tie bars will reduce.  
 
       Sealing --- the structure of the material has to be such that the medium being sealed 
cannot penetrate through it or between it and the surfaces being sealed at any temperature 
up to the service temperature. 
 
     Thermiculite 866 and Thermiculite 866 LS meet all of these objectives.  
 
 

The Structure of Thermiculite 866 
 

     Figure 1A illustrates the structure of Thermiculite 866. This shows why the sealing is 
so good as the highly aligned sheets of the CEV interspersed with the steatite create a 
very tortuous path along which any gas molecules would have to travel in order to 
escape.  
     In contrast, Figure 1B shows the structure of a traditional mica sheet material. This 
shows the thick & blocky nature of the mica, relative to the CEV of Figure 1A. These 
materials rely upon the inclusion of an elastomer in the material to bind it together. If too 
much elastomer is added, to ensure good ambient temperature sealing, then the creep 
characteristics will be poor. At elevated temperature the binder will burn off creating a 
higher leakage rate than at ambient temperature.  
 
 

The Properties of Thermiculite 866 
 

      Thermiculite 866 is available in a thickness range of 0.3 to 1.0 mm at a density of 1.9 
gm / cm3. The standard thicknesses available are 0.3 mm, 0.5 mm, 0.7 mm and 1.0 mm, 
with intermediate thicknesses being available as required. The material is made at a width 
of 450 mm and is supplied in sheets of any length up to 1000 mm with 450 mm by 350 
mm being a standard sheet size.  
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     The conformability or compression characteristics as a function of both the applied 
stress and material thickness are given in Figure 2. This shows that there is sufficient 
conformability in the material to compensate for the irregularities in the surfaces. 
     The stress retention capability of a sealing material is dependent upon two key aspects 
of the material :  
 

1 Whether or not the material creeps under load thus reducing the thickness and 
therefore allowing a reduction of extension of the stack tie bars with the load on 
the gasket reducing as a consequence. If this happens then the level of sealing 
achieved will reduce. 
 

2 Whether or not the thickness of the material under load reduces due to the burn off 
of any component of the material. 

 
      In both cases Thermiculite 866 has minimal tendencies to allow stress loss due to 
thickness reduction. Figure 3 shows that the creep resistance of Thermiculite 866, which 
contains no organic content to burn off, is superb even at 20 MPa at both ambient 
temperature and also elevated temperature. This means that the stress retention in a stack 
of Thermiculite 866 will be outstanding.  
 
      A comparison of the performance of Thermiculite 866 and a mica sheet sealing 
material is given in Figure 4. It can be seen, even at ambient temperature where the 
elastomer in the mica sheet would still be present, that the superiority of Thermiculite 
866 is very significant. It will be appreciated that at SOFC temperatures after burn off of 
the elastomer, the difference will be even more significant. 
 
     The sealing capability of Thermiculite 866 increases as the stress imposed upon the 
gasket increases. For a given loading from the tie bars of an SOFC stack the stress on the 
gasket can be maximised by reducing the gasket area as far as is possible. Sometimes this 
can be achieved by design changes but otherwise the area can only be reduced by 
changing the dimensions of the gasket. Figures 5A and 5B illustrate how the sealing of 
Thermiculite 866 varies as a function of the landwidth of the gasket, the landwidth being 
the difference between the inner & outer dimensions of the gasket along the radial 
direction from the centre of the gasket, the stress on the gasket and the pressure being 
contained. The landwidth should not be reduced below about 4 mm as cut gaskets with 
landwidths below this value become less robust and the sealing achieved for a given 
stress reduces as the landwidth reduces.  
 
     The combination of the excellent creep resistance, minimal burn off at service 
temperature and inherent sealing capability mean that Thermiculite 866 provides 
excellent sealing performance in SOFC service. This is illustrated by Figure 6A and 
Figure 6B where sealing data collected by a customer during actual stack testing are 
shown. It can be seen that the level of sealing achieved was well below the required level 
and that thermal cycling down to 100 °C did not reduce the level of seal achieved.  
 
     Apart from creating and maintaining a seal to the required level of sealing, 
Thermiculite 866 also provides electrical isolation. The electrical insulating resistance of 
Thermiculite 866, as determined by IE 167 [BS 2782 : Part 2 :1992],  is given below in 
Table I. 
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TABLE I.   

Thickness As Received 
[MΩΩΩΩ] 

After 50˚C for 24 hours 
[MΩΩΩΩ] 

0.5 mm 0.33 7.5 
0.7 mm 0.50 7.5 

 
 
 

Thermiculite 866 as a Precision Component of the Stack 
 

     As well as its sealing and isolation benefits, Thermiculite 866 can act as an 
engineering component in the stack because the robustness of its manufacturing process 
makes it possible to ensure that under the assembly load the thickness of the gasket is 
held within tight tolerances. Similarly, the level of conformability of Thermiculite 866 
under the assembly load can be controlled so that the manufacturing tolerances of other 
components can be accommodated thus avoiding the cost of better tolerance control of 
those components.   
 
     Gaskets are generally expected to just seal two rigid and, at least approximately, 
parallel surfaces. The thickness of the gasket is generally not critically important. This 
may be the case in SOFC applications but we have learnt that there are distinct 
advantages to the SOFC stack designer if the thickness as a function of applied stress can 
be controlled to limits much tighter than those current for traditional industrial sealing or 
the conformability at the stress required to achieve the required level of sealing can be 
tightly controlled. 
 
     The manufacturing process for Thermiculite 866 is similar to the traditional tape 
casting processes and was developed to provide very tight control of the weight per unit 
area of the product across and along the sheet and between production runs. The 
simplicity of the Thermiculite 866 formulation, just two components, and the use of 
computer controlled dispensing, mixing and casting systems, ensure that the dough from 
which the product is made is highly consistent. Given control of the weight per unit area 
and of the ratio of the two ingredients, it is possible to supply Thermiculite 866 such that 
under the specified stress the thickness is controlled to +/- 0.02 mm. 
 
 

Gasket Cutting 
 

     Thermiculite 866 can be easily cut with a knife or scissors and cut gaskets are robust 
provided that the landwidth is not reduced significantly below about 4 mm. Gasket 
cutting by the use of laser or water jet methods is not recommended . Where quantities of 
gaskets or gaskets with complex shapes are required then they should be cut by those 
organisations that specialise in the supply of cut gaskets to their users. These can be 
found in every city in the industrial world. Flexitallic offers a gasket cutting service to 
assist its customers. A confidentiality agreement can be signed where required so that 
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confidential gasket shape information can be supplied with security in order to allow the 
production of the necessary gasket cutting tooling.  
 
 

Thermiculite 866 LS 
 

     Lowering the stress that has to be imposed upon a compression gasket to achieve the 
required level of sealing has significant advantages for the SOFC stack designer. As the 
loading required on the gasket falls so the cost of the raw materials of the stack falls. 
Similarly, components made of brittle materials that could not survive the higher loads 
can be successfully utilized. 
 
     There are two types of leakages from a compression seal; they are interfacial, the 
leakage between the surface to be sealed and the gasket, and permeation, the leakage 
through the core of the gasket. The relative magnitude of the two types of leakage 
depends upon many factors, not least the pressure and nature of the gas to be sealed. 
Figure 7 shows how the sealing of Thermiculite 866 is influenced by material thickness 
when the surfaces to be sealed are either smooth or spirally grooved. The difference, for a 
given thickness, between the results from the two types of surface finish gives an 
indication of the magnitude of the interfacial leakage component and the intercepts give 
an indication of the magnitude of the permeation leakage component. In parallel, Figure 8 
gives an indication of how the pressure of the gas being contained influences the sealing 
performance of Thermiculite 866. 
 
     One user of Thermiculite 866 for a number of years has been the VTT Technical 
Research Centre of Finland, one of the leading research institutes in fuel cell research in 
the Nordic countries. The focus of the SOFC research at VTT is to develop new 
technology and to provide information for industrial enterprises in order to support 
development work on SOFC based power plants. VTT also supports the development of 
stacks, the development of balance of plant components, and the application of SOFC 
power plants. A further purpose is to increase the understanding of the fundamentals of 
SOFC science and systems.  
 
     As the result of collaboration over the supply of tailored forms of Thermiculite 866 to 
VTT to assist their SOFC development work, a very positive relationship developed 
between Flexitallic and VTT. One important requirement from VTT was for an SOFC 
sealing material with a sealing stress requirement well below that of Thermiculite 866. In 
order to cover the reduction of both types of leakage without duplication of effort the 
necessary work was be shared between VTT & Flexitallic. VTT concentrated on the 
reduction of the interfacial leakage component of compression gasket materials whilst 
Flexitallic concentrated on the reduction of the permeation component of the leakage 
because the latter was formulation dependent and the former was not. 
 
     VTT were highly successful in their work. The interfacial leakage reduction method 
developed by VTT is based upon the application to each surface of the gasket of a glass 
powder having a melting point lower than the service temperature so that under service 
conditions the glass becomes a highly viscous paste which blocks off the leakage paths. 
This work has resulted in excellent sealing at stresses below 0.5 MPa. 
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     Figure 9 compares the sealing achieved at stresses of both 0.1 and 0.4 MPa for 
standard Thermiculite 866 and Thermiculite 866 plus the glass containing coating known 
as Thermiculite 866 LS, The dramatic gain in sealing can be clearly seen Figure 10 shows 
the surface of Thermiculite 866 LS with the glass particles being clearly visible. 
     Figures 11 shows the effect of time and thermal cycling on the sealing of Thermiculite 
866  and Thermiculite 866 LS at a temperature of 700 °C . The gasket stress during these 
tests was 0.1 MPa and during the overall test period of over 600 hours, using 4% H2 in 
N2, a series of five thermal cycles down to 150°C were carried out between the 300 to 
530 hour periods of the test. The sealing performance of the coated material was 
throughout the tests very significantly lower than the standard Thermiculite 866 and it 
was constant. The sealing performance of the plain Thermiculite 866 increased somewhat 
during the tests, an effect that has been reported by a number of users. The thermal cycles 
had no significant impact on the performance of either type of gasket indicating that the 
thin glass coating provides excellent performance without the cracking and excessive 
leakage associated with the use of conventional wholly glass seals.  
 
     In parallel with this work by VTT, Flexitallic has been investigating formulation 
changes aimed at creating a material with lower permeation than Thermiculite 866 which 
simultaneously has a higher level of conformability. This work, as yet not completed, is 
progressing well as can be seen in Figure 12 where the thickness dependency of the 
leakage from the development material can be seen to be minimal.  
 
 

Conversion Factor for Helium Leakage Rates 
 

     At STP 1 mg /m/s of He = 3.306 ml/cm/min He = 0.361 ml/mm/min He. 
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          Figure 1A   Thermiculite 866                              Figure 1B   Traditional Mica Sheet 
 
 

 

 
 
                 Figure 2  Compression                                          Figure 3 Creep Resistance  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
        Figure 4 Comparison of sealing Characteristics of Mica and Thermiculite 866 
 
 

 
           Figures 5A and 5B Effect of Landwidth on Sealing of Thermiculite 866 
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  Figures 6A and 6B   Thermiculite 866 Stability of Service in SOFC Stack Service 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
            Figures 7 and 8 Influence of Surface Finish and Pressure on the Sealing  
                                          Performance of Thermiculite 866 
 
 
 

 
 
 Figure 9 Thermiculite 866 LS Sealing                 Figure 10 The Coating on Thermiculite 

ECS Transactions, 57 (1) 2365-2374 (2013)

2373



                                                                                                            866 LS 

                                                                                      
            Figure 11 The Robustness and Sealing Performance of Thermiculite 866 and  
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                        Figure 12 Progress on the Development of Further Materials 
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a b s t r a c t

With the growing footprint of solid oxide fuel cell stacks, there is a need to extend the operating range of
compressible gaskets towards lower stress levels. This article describes a method to manufacture SOFC
seals by coating a compressible sealing material (Thermiculite 866) with glass to obtain good sealing
performance even at compression stresses as low as 0.1 MPa. Glass layer can be coated using an organic
carrier consisting of terpineol, ethanol and ethyl cellulose. The coated seals can be heat treated by simply
ramping the temperature up to operating temperature at 60 Kh�1 and therefore no extra steps, which are
typical to glass seals, are required. Coated seals were manufactured using this route and evaluated both
ex-situ and in a real stack. Leak rates of 0.1e0.3 ml (m min)�1 were measured at 2e25 mbar overpressure
using 50/50 H2/N2. A 30-cell stack was manufactured and tested using coated seals. At nominal operating
conditions of 0.25 A cm�2 and 650 �C average cathode temperature, 46% fuel utilization and 20% air
utilization the stack had a total hydrogen cross leak of 60 ml min�1 corresponding to 0.7% of the inlet
hydrogen flow rate.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Traditionally solid oxide fuel cell (SOFC) stack seals have been
either bonding seals (glass/glass-ceramic or brazes) or non-
bonding (compressible) seals [1,2]. Bonding seals wet adjacent
surfaces forming a very gas tight structure with little interfacial
leakages. The usual drawback is that the bonding seals are sus-
ceptible to thermo-mechanical stresses especially in thermal
cycling. Properties of glasses or glass-ceramics, such as coefficient
of thermal expansion (CTE), viscosity and porosity, often change
over time. During long term operation these changes can create
additional thermo-mechanical stresses leading to seal failure [3,4].
Non-bonding compressible seals are more resistant to thermo-
mechanical stresses as they are not rigidly bonded to adjacent
components. However, their leak rates are usually higher and
dominated by the interfacial leak paths, especially at low

compression stresses [5,6]. Compressible seals also require much
higher compressive stresses compared to bonding seals, usually at
least 2 MPa [7e9]. For example, in the results presented by Tho-
mann et al. [10], with a cell footprint of 100 cm2, the applied load on
the stack was 2000 kg corresponding to roughly 4 MPa on the seals.
If this stack was scaled up, the need for the applied load would
naturally increase further complicating the mechanical design of
the compression system.

Compressive stress is needed in SOFC stacks to ensure adequate
sealing performance and to establish a good electrical contact be-
tween cells and interconnects. A general trend in SOFC stacks is
towards larger cells and therefore towards larger stack footprints
creating a need for higher compression on stacks, particularly the
ones using compressible seals. This leads to heavier and more
complicated compression systems. Compression rods usually need
to go through the stack module heat insulation creating additional
heat losses. Less compression would enable the use of thinner, less
robust stack components. Thereforeminimizing compressive stress
required on the stack seals while maintaining the easy handling
and assembly of the compressible seals would be beneficial.
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In recent years, there has been some activity to develop com-
posite seals combining properties from both compressible seals and
glass-ceramic seals. The idea is to have a seal which would inherit
its mechanical properties from the compressible core but, as
opposed to standard compressive seals, would have very low
interfacial leak rates because of the compliant surface coating. This
would enable the compressible core to deform as a function of
thermo-mechanical stresses without causing failure of the seal.
Chou et al. have been experimenting with the hybrid sealing
concept using different micas as substrates and glass or silver foil to
seal the interfacial leak paths [5,6,11e15].

The hybrid seal developed at VTT Technical Research Centre of
Finland is a composite structure consisting of compressible Ther-
miculite 866 [16] core coated with glass using an organic carrier.
This method enables easy stack manufacturing as the seal can be
coated beforehand and then cut and handled exactly in the same
way as traditional compressible gaskets. The organic carrier is
burned out in the first heat up and the remaining glass forms a thin
conformable interlayer between the seal core and adjacent stack
parts. The seal core is able to deform when subjected to stress and
therefore can compensate e.g. differences in thermal expansion
coefficients of adjacent components. A major advantage of the
conformable core is also its ability to compensate for
manufacturing tolerances of the adjacent components. Thermicu-
lite 866 core is also less permeable compared to commonly used
mica papers since voids between the platelets are filled with a fine
grade of steatite. This paper presents a manufacturing method for
the coated seals, ex-situ leakage test results and stack test results
from a stack utilizing the sealing materials presented in this article.

2. Experimental

2.1. Seal manufacturing

Materials for the hybrid seals were chosen to target stack
operation at around 700 �C. The chosen core material was Ther-
miculite 866 (Flexitallic Ltd) [16]. The glass layer was chosen to be
relatively thin (<20 mm) so that the glass itself could be quite low in
viscosity. The glass chosen for this study was a commercial glass
material having a softening temperature of 650 �C.

Coating of the Thermiculite 866 seals was conducted using a
mixture of glass powder and organic carrier. The organic carrier
consisted of terpineol (mixture of isomers, Merck), ethanol (ETAX B,
Altia) and ethyl cellulose (Fisher Scientific). Ethyl cellulose was
mixed with terpineol and ethanol at 35 �C with a magnetic stirrer
for 24 h. After that, glass powder was added and the mixture was
stirred for 1 h. Table 1 presents typical compositions of the organic
carriers and glass to organic ratios used in this study. When coating
with brush/spatula/roller, a thicker coating paste proved easy to use
and good coverage was achieved easily with a single layer. When
using wet spraying, the carrier was diluted with more ethanol to
achieve a lower viscosity of around 10e30 cSt which was suitable
for the spray gun (U-POL Maximum HVLP mini with 1.0 mm
nozzle). Several layers were sprayed from a distance of 10e20 cm.

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 were heated from room temperature up to 700 �C using
60 Kh�1 ramp rate.

2.2. Ex-situ leak tests

Ex-situ leak tests were conducted on ring-shaped seals having
40mmouter diameter and 5mmwidth. The sealwas placed on top of
20 mm thick Crofer 22 H (Thyssenkrupp VDM) plate. A 1 mm thick
Crofer 22 H plate was placed on top of it and weight plates on top of
the1mmplate.Gaswas fed to themiddleof the seal through the thick
bottom plate. Fig. 1 presents the experimental setup for ex-situ leak
ratemeasurements.Massflowcontrollers fed a chosengasmixture to
the sample line and exhaust line. Sample pressure was controlled
with a pressure controller which vents a sufficient flow of gas to the
exhaust to keep the upstream pressure at a set level. During heat up,
air was fed to the samples to ensure a complete organic burn off.

After heat up, samples were exposed to a 25 mbar overpressure
using 50/50 mix of H2/N2 at 700 �C. Periodical leak rate measure-
ments were conducted by shutting off the valve V 1 and measuring
the pressure decay. A vessel of a known volume was connected to
the sample enabling leak rate as a function of pressure to be
calculated from the pressure decay curve. Based on the ideal gas
assumption, the leak rate is proportional to the slope of the pres-
sure decay curve and therefore the leak rate can be written

_Q ¼ V
Tntp
Tpntp

dp
dt

;

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. To calculate the leak rate
one needs to evaluate dp/dt over the measurement data. 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

dp
dt

y
pi � pi�1
ti � ti�1

:

If the sampling rate has been sufficient, the difference pi� pi�1 is
bound to be small. As the uncertainty of dp/dt is proportional the
uncertainty of the pressure measurement

ε

�
dp
dt

�
f2εðpÞ;

this approachwould yield very inaccurate results. To overcome this,
a third degree polynomial was fitted to the p(t) e data using least
squaresmethod thusminimizing the randomuncertainty of the p(t)
measurement. Goodness of the fits were analyzed by calculating
relative standard deviation of residuals and in case those were over

Table 1
Typical composition of organic carrier and glass to organic ratio with different
coating methods.

Coating method Terpineol/w% Ethanol/w% Ethyl
cellulose/w%

Glass to
organic
ratio/w/w

Brush/spatula/
roller

81 15 4 2:1

Wet spraying 24 75 1 1:2 Fig. 1. Measurement setup for the ex-situ leak rate test. Four samples were tested
simultaneously, although in here only one is shown for clarity.
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1.0% fits were discarded. The fitted polynomial was then differenti-
ated to obtain leak rate as a function of pressure. As the accuracy of
thepressure transducer is verygood (�0.5mbar) it canbe concluded
that the accuracy of the pressure measurement has negligible effect
on the results. The accuracy of the gas temperature measurement
was �15 �C corresponding to a leak rate uncertainty of 5%.

Quantifying leak rate using the pressure decay methodology
described above offers the advantage of relatively simple mea-
surement which can be easily automated. The disadvantage of the
method is that by using it one only measures leak rate indirectly by
measuring the pressure inside the volume, which is dependent on
the flow rates of species through the seal boundary. By using other
gas than air, there is always a concentration difference over the seal
and therefore also a flux of species from outside to inside by
diffusion, which has an effect on the observed flow rate.

2.3. Stack test

In addition to the ex-situ tests, a 30-cell stack was manufactured
and tested together with Elcogen. The stack utilized Elcogen ASC-
10B cells and ferritic steel interconnects. The seals were made of
coated Thermiculite 866 except for the seal against the electrolyte
which was made of glass, as it needed to be thinner than the
thinnest coated seal that was achievable at the time the work was
carried out. Fig. 2 shows the 30-cell stack in a furnace before
testing. The compression on the stack was provided through a pipe
seen at the upper end of the picture. Pipe coils seen at the bottom of

the furnace acted as pre-heaters for air and fuel. On the right side of
the picture current collectors attaching to the end plates are seen.
Pipelines to measure stack pressures are seen to exit the furnace to
the left. The stack was heated up using air flow at both anode and
cathode. After reaching the operating temperature, nitrogen was
fed to the anode side and afterwards reductionwas carried out with
hydrogen in nitrogen mixture. During stack polarization, hydrogen
and air flows were increased while increasing current and nitrogen
flow was kept constant at 8.5 NLPM.

Cross leakages were quantified by measuring steam and oxygen
content from cathode and anode outlets. Steamwas measured with
Vaisala Humicap HMT-337 relative humidity meter (�1% RH) and
oxygen with Sick TRANSIC100LP (�0.2% e units O2). Zero level of
the oxygen probe was calibrated with nitrogen and the accuracy
was determined to be 0.05% e units below 1% O2. Oxygen cross leak
was calculated before reduction as

_Q
cross
O2

¼ XA;out
O2

_Q
A;in
N2

The hydrogen cross leak after reduction was calculated as

_Q
cross
H2

¼
�
XC;out
H2O

� XC;in
H2O

� 
_Q
C;in
air � ncells

I
4F

RTntp
pntp

!
;

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 that the leak rates
between ambient and anode/cathode and the nitrogen cross leak
are small compared to total flow rates.

3. Results and discussion

3.1. Seal manufacturing

Samples for the SEM analysis were cut out of coated Thermi-
culite 866 sheets and placed between two 1mmCrofer 22 H sheets.
The samples underwent a heat treatment described in Section 2.1
with a 50 h dwell at 700 �C. Fig. 3 shows SEM cross sections of
the prepared samples. The horizontal platelets in the Thermiculite
866 are exfoliated vermiculite and the filler between them is ste-
atite. The figure shows the advantage of this material over con-
ventional mica papers as the inherent voids in the flaky mica
structure are filled with steatite and therefore the gas tightness is
improved. The compressibility of this material is also superior to
conventional mica papers [9]. Thin glass layers of 2e10 mm are seen
at the interfaces of Thermiculite 866 and Crofer 22 H plates. It can
be noted that the glass has accommodated very well to the surface
roughness of the Thermiculite 866 and even penetrated into its

Fig. 2. The 30-cell stack before testing.

Fig. 3. SEM cross sections of the coated seals. From left to right: middle section of the seal, end of the seal and close up of the steel/glass/Thermiculite 866 interface.

M. Rautanen et al. / Journal of Power Sources 247 (2014) 243e248 245



Author's personal copy

pores. The low initial viscosity of the glass layer provides good
conformability to the Thermiculite 866 core and to any surface
imperfections on the adjacent components.

3.2. Ex-situ leak tests

Fig. 4 presents leak rates of the samples as a function of pressure
at 0.1 MPa and 0.4 MPa compressive stress. 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 seals show leak rates of 0.1e
0.3 ml (m min)�1, which is a reduction of 60e90% compared to
uncoated samples which showed leak rates of 0.3e3 ml (m min)�1.
Chou et al. have measured leak rates below 1 ml (m min)�1 using

mica papers with glass interlayers at compressive stresses of 0.04e
0.7 MPa and less than 0.1 ml (m min)�1 using glass sealing
[5,12,15,17]. The tests have been carried out either with helium or
2.64% H2 in humidified Ar. Although different conditions make
direct comparison difficult, it is clear that the results presented in
this paper are at a comparable level to the hybrid seals developed
by Chou et al.

Fig. 5 presents leak rates of coated and uncoated Thermiculite
866 with different gas compositions and overpressures. The leak
rate of the uncoated sample clearly depends on both overpressure
and the hydrogen concentration but the leak rate of the coated
sample only depends on the hydrogen concentration. As the driving
potentials, overpressure and concentration gradients, are same for
bothmeasurements, it can be concluded that the coating effectively
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blocks the direct leak paths and the remaining leak rate is due to
diffusion rather than advection. This is further shown by looking at
the curves measured with air (Fig. 6). Extrapolating the curves one
obtains a zero leak rate at zero pressure difference when other gas
compositions yield a non-zero leak rate also at zero pressure dif-
ference. The negligible dependency of the overpressure on the
diffusive leak rate can understood by considering Fick’s law of
diffusion written for a component A using total concentration cTOT
total pressure pTOT and the molar fraction xA:

JA ¼ �DABVcA ¼ �CTOTDABVxA ¼ �
pTOT
RT

DABVxA:

From this equation one can notice that varying the absolute
overpressure pTOT in a range of w1000e1030 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.

3.3. Stack test

Hydrogen cross leak was measured with purge gas and at
nominal operating conditions (Table 2). Table 3 shows stack flows,

measured values and the calculated cross leaks at different oper-
ating conditions. The air inlet humidity was constant 0.08%. Before
reduction, the O2 cross leak was 8 ml min�1. After reduction the H2
leak rate using purge gas was 10 ml min�1 and 60 ml min�1 at
nominal operating conditions. Fig. 7 shows the hydrogen cross
leak as a function of average hydrogen concentration between
anode inlet and outlet during the test. The concentration de-
pendency of the leak rate can be clearly noticed as in the ex-situ
tests. During nominal operating conditions the overpressure at
cathode was higher than the pressure at anode and therefore the
measured hydrogen leak is against the pressure gradient which
suggests that the remaining leak rate is due to diffusion rather
than advection through the direct flow paths. However, as the
measured quantity in stack test is hydrogen leak rather than total
leak, even if the leak was totally advective of nature, the hydrogen
leak rate would increase as a function of hydrogen concentration
in the gas which makes it difficult to draw the final conclusions. At
nominal operating conditions of 0.25 A cm�2 current density, 46%
fuel utilization and 20% air utilization the stack had a total
hydrogen cross leak of 60 ml min�1. The hydrogen cross leak value
at nominal operating conditions corresponds to a loss of 0.7% of
the inlet hydrogen flow, which can be considered a very promising
result for the first test using coated Thermiculite 866 seals in a real
SOFC stack.
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Fig. 6. Leak rates of coated (left) and uncoated (right) Thermiculite 866 as a function of overpressure with 0.4 MPa compression stress with different gas compositions.

Table 2
Nominal operating conditions.

Cells 30 pcs Elcogen ASC-10B
Flow configuration Co-flow
Active area 81 cm2

Cathode inlet temperature 590 �C
Cathode outlet temperature 700 �C
Current density 0.25 A cm�2

Air utilization 22%
Fuel utilization 46%
Pressure difference over anode 3 mbar
Cathode inlet pressure 13 mbar
Cathode outlet pressure Ambient

Table 3
Summary of the measurements and calculated cross leak rates at different operating
conditions. The cathode inlet humidity was constant 0.08%.

Flow rate/ml min�1 Measured quantity Calculated
cross
leak/ml min�1

H2 N2 Air

Before reduction 0 4500 4500 0.18% O2

(anode out)
8 � 2 (O2)

Purge gas 500 8500 8500 0.20% H2O
(cathode out)

10 � 2 (H2)

Nominal 9000 8500 50,000 0.20% H2O
(cathode out)

60 � 12 (H2)
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4. Conclusions

A coating method to deposit thin glass layers on compressible
sealing materials was developed. Thermiculite 866 seals were
coated with glass powder in organic carrier and were subsequently
heat treated. The glass coating was conformable filling the surface
imperfections of the Themiculite 866 core and the adjacent com-
ponents effectively blocking interfacial leak paths. The coated
Thermiculite 866 seals showed leak rates of 0.1e0.3 ml (m min)�1,
which is a reduction of 60e90% compared to uncoated samples
which showed leak rates of 0.3e3 ml (m min)�1. Leak rates of the
coated seals as a function of overpressure were measured to be
almost constant but very much dependent on the hydrogen con-
centration indicating that the coating effectively blocked the
interfacial leak paths. The effect of gas composition to the leak rate
should be considered carefully when comparing leak test results
between different literature sources, as it can vary greatly.

A 30-cell stack was manufactured and tested to verify the
feasibility of the coated seals in stack conditions. At nominal
operating conditions of 0.25 A cm�2, 46% fuel utilization and 20% air
utilization the stack had a total hydrogen cross leak of 60 ml min�1

corresponding to 0.7% of the inlet hydrogen flow rate which can be
considered a very promising result for the first stack test using
these seals.
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Protective coatings are needed for metallic interconnects used in solid oxide fuel cell (SOFC) stacks to
prevent excessive high-temperature oxidation and evaporation of chromium species. These phenomena
affect the lifetime of the stacks by increasing the area-specific resistance (ASR) and poisoning of the
cathode. Protective MnCo2O4 and MnCo1.8Fe0.2O4 coatings were applied on ferritic steel interconnect
material (Crofer 22 APU) by high velocity oxy fuel spraying. The substrate-coating systems were tested
in long-term exposure tests to investigate their high-temperature oxidation behavior. Additionally, the
ASRs were measured at 700 �C for 1000 h. Finally, a real coated interconnect was used in a SOFC single-
cell stack for 6000 h. Post-mortem analysis was carried out with scanning electron microscopy. The
deposited coatings reduced significantly the oxidation of the metal, exhibited low and stable ASR and
reduced effectively the migration of chromium.

Keywords ASR, HVOF spraying, interconnect, protective
coating, SOFC, spinel, stack testing

1. Introduction

Interconnects are required in solid oxide fuel cell
(SOFC) stacks to staple together an array of cells in series.
Interconnects collect electrons from an anode to the
cathode of the neighboring cell, and are the physical
barrier between the humid reducing atmosphere on one
side and the oxidizing atmosphere on the other. Since
SOFCs operate typically at 600-800 �C, the requirement
for high-temperature corrosion resistance is high. Addi-
tionally, interconnects are designed to ensure homogenous
distribution of fuel and oxidant to their respective elec-
trodes. Therefore, their requirements are: (i) high elec-
trical conductivity (i.e., the area-specific resistance (ASR)
should be below 100 mX cm2, Ref 1), (ii) high corrosion
resistance, (iii) coefficient of thermal expansion (CTE)
matching those of the other components of the cell
(around 10.5 9 10�6 K�1 for yttria-stabilized zirconia
electrolyte), (iv) adequate mechanical properties at ele-
vated temperature. At the same time, it is of paramount
importance that the material used and the manufacturing

methods are low cost as the high cost of SOFC systems is
currently impeding their market entry (Ref 1-3).

Special metallic interconnect alloys such as Crofer 22
APU (ThyssenKrupp VDM), E-Brite (Allegheny Lud-
lum), or ZMG (Hitachi) are widely used in SOFC stacks as
they are cheap compared to ceramic interconnects. State-
of-the-art ferritic stainless steel interconnect alloys typi-
cally contain 20-25 wt.% Cr to meet the requirements
concerning the CTE matching, sufficient oxidation resis-
tance and low cost (Ref 4). At operating conditions, a
double oxidation layer is formed consisting of a Cr-oxide
layer at the surface of the metal and a Cr-Mn spinel as top
layer (Ref 5). These oxide layers prevent the metal from
excessive oxidation. However, Cr-oxide growth is associ-
ated with an increase in the ASR of the interconnect and is
detrimental for the electrical efficiency. The corrosion
behavior of the interconnect depends on various factors
such as the pre-treatment, alloy composition, operating
temperature, gas composition, thickness, and shape. How-
ever, it is possible to reduce the corrosion of the intercon-
nect by the application of protective coating (Ref 6).

Another issue with uncoated metallic interconnect is
the so-called Cr-poisoning of the cathode. It is by now well
established that state-of-the-art SOFC cathodes are poi-
soned by the volatile Cr-species evaporated from the
interconnects and other stainless steel components such as
system balance-of-plant components (Ref 5, 7-13). Cr
reacts at the cathode current collection to form SrCrO4,
increasing the ohmic resistance and additionally Cr-Mn
spinel formation can impair the electrochemical activity of
the cathode (Ref 12). Alloys specifically designed for
interconnect applications exhibit up to 75% reduction of
Cr evaporation rate compared to general purpose stainless
steels (Ref 5). However, further Cr evaporation rate
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reduction is needed to achieve viable stack lifetime for
market entry (Ref 14). Therefore, protective coatings are
seen as a solution to address the issue of Cr release and
the Cr-oxide scale growth of metallic interconnects.

The protective coating requirements are: (i) full density
or at least closed porosity, (ii) low diffusivity of Cr and
oxygen through the coating, (iii) low ohmic resistance to
maximize electrical efficiency, (iv) chemical, physical, and
structural compatibility with the adjacent components,
e.g., the CTE of the coating and of the substrate must
match closely (Ref 1).

A wide variety of protective coatings compositions and
manufacturing routes have been reported in the literature
and they have recently been the subject of a large review
(Ref 6). (Mn,Co)3O4 spinel coatings have received atten-
tion due to their good performance compared to other
types of coatings (Ref 15). (Mn,Co)3O4 spinel coatings
have been prepared by slurry spraying (Ref 16, 17), radio-
frequency sputtering (Ref 17), magnetron sputtering (Ref
18, 19), plasma spraying (Ref 20), atomic layer deposition
(Ref 21), pulsed laser deposition (Ref 22), electrodepos-
ition (Ref 23), and filtered arc (Ref 24). Additionally,
MnCo2�xFexO4 has also been tried for its better electrical
conductivity (Ref 25, 26). To the authors� knowledge,
(Mn,Co)3O4 and MnCo2�xFexO4 spinel coatings prepared
by HVOF spraying for interconnect application have not
been previously reported in scientific journals.

Coatings produced on interconnect plates by thermal
spraying have been previously reported in the literature.
Lim et al. (Ref 27) reported applying La0.8Sr0.2MnO3

(LSM) coating by plasma spraying. The coating was
70-90 lm thick and the ASR was about 20 mX cm2 at
800 �C after 160 h. Zhai et al. (Ref 28) also reported
applying LSM coating on interconnects by plasma spray-
ing. The ASR was measured for 2 h and was ca.
30 mX cm2. Vargas et al. (Ref 29) reported using atmo-
spheric plasma spraying to produce MnCo2O4 coating. The
coating was ca. 70 lm thick and the ASR was 50 mX cm2

at 800 �C after 560 h. Cr retention capability was qualita-
tively evaluated to be sufficient by EDS analysis. Unfor-
tunately, Cr retention is not systematically evaluated in
papers reporting protective coatings. It can be evaluated
qualitatively by EDS analysis of the coating or quantita-
tively by the transpiration method (Ref 10, 14, 30). Coat-
ings produced by thermal spraying typically suffer from an
as-sprayed lamellar microstructure, and there is a risk of
cracking of the coating due to thermal or structural stress
(Ref 5, 6). To remedy these issues, optimized powders and
spraying parameters can improve the coating quality and
ease the risk of fragmentation. In addition to interconnect
protective coatings, some stack developers make use of a
cathode contact layer of, e.g., La(Ni,Fe)O3 between the
protective coating and the cathode of the cell, to establish a
good electrical contact (Ref 31).

The development of corrosion-resistant ferritic steels
has allowed to use metal plates thinner than 1 mm as
interconnect plates. Reducing the thickness of the inter-
connect allows to use low-cost manufacturing methods
such as stamping, cutting, pressing, punching, and hydro-
forming among others. Additionally, thinner interconnects

have a potential for faster start-up by reducing the thermal
mass of the stack. But reducing the thickness of the
interconnect might increase the corrosion rate because of
selective depletion of an alloyed element. A thin plate is
more prone to deformation and thus increases the risk of
crack formation through the coating.

This article deals with experimental investigations of
MnCo2O4 and MnCo1.8Fe0.2O4 spinel coatings on Crofer
22 APU steel. The aim of the article is to present the
results from protective coating development; in the first
place the powder manufacturing and optimized coating
HVOF method is described. Then, high-temperature oxi-
dation behavior and the ASR of coated steel samples in
contact with cathode material are investigated. In order to
assess the mechanical behavior of the coating on thin
corrugated interconnects, 0.2 mm thin coated corrugated
plates were exposed at 700 �C under mechanical load for
long-term testing. Furthermore, single-cell stack using the
developed coating solution has been run for 6000 h to
validate the coating solution in a relevant SOFC envi-
ronment. The results of the post-mortem analysis of the
stack are also presented.

2. Experimental

2.1 Powder Manufacturing

The powders used to produce the spinel coatings were
either acquired commercially or manufactured in-house at
VTT. The MnCo2O4 powder was commercial and pre-
pared by the fused and crushed method. MnCo1.8Fe0.2O4

powder was manufactured in-house by solid carbonate
synthesis and suitable granule size for thermal spraying
was obtained by spray drying. The particle shape of the
powder is typically less regular for fused and crushed
powders than for spray dried powders. The powder was
prepared by weighing appropriate amounts of MnCO2,
CoCO2, and Fe2O3 powders together and milling for 20 h
in a drum ball mill (in-house built). After milling, the
mixture was calcinated at 1000 �C for 6 h to form the
spinel structure. Calcination was done prior to spray dry-
ing to avoid granule breakdown due to the large volume
change associated to the phase change from the carbonate
to oxide. The calcinated powder was sieved to below
63 lm. The powder was then ground and dispersed in
water with dispersant Dispex A40 by BASF with a
Hosokava Alpine AG bead mill (Hydro Mill 90 AHM).
The bead milling was continued until average particle size
of 1 lm was reached. Polyvinyl alcohol (PVA 22000 by
VWR) was used as a bonding agent and was added to the
slurry by a dispergator mixer. The PVA addition was
carried out just before spray drying to avoid PVA chain
shortening during bead milling. The suspension was spray
dried with a Niro pilot p6.3 spray dryer. After spray drying
parameter optimization, a high rotational speed
(20,000 rpm) of centrifugal nozzle was used to obtain fine
granule size. The spray dryer includes a cyclone separator
and the cyclone fraction was not used further because of
its small average particle size and irregular particle shape.

632—Volume 22(5) June 2013 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d

Author's personal copy



The chamber fraction of the powder was held at 500 �C
for 2 h to pyrolyze the PVA without fracturing the
agglomerates. Then, sintering occurred at 1150 �C for 6 h.
After sintering the powder was sieved with 32 lm sieve.
The cyclone fraction was pyrolyzed to remove the PVA
and added to the sieved fraction over 32 lm for crushing
and recycling to the bead milling stage. The powder
fraction below 32 lm was used for HVOF spraying. The
powder morphology was studied with Scanning Electron
Microscope (SEM, JEOL JSM-636OLV). The crystal
structures of the powders and coatings were determined
by x-ray diffraction (XRD) using Mo Ka radiation with
Philips X�pert diffractometer.

2.2 HVOF Spraying

Commercial Crofer 22 APU steel (ThyssenKrupp) of
0.2 mm thickness was used as substrate material for test
coupons. The HVOF coatings were made using a Praxair
HV2000 spray gun, fitted with a 22 mm combustion
chamber. Nitrogen was used as powder carrier gas
(20 slpm), hydrogen as fuel and oxygen as oxidant. For all
the reported coatings but one, a hydrogen flow of 700 slpm
and an oxygen flow of 350 slpm were used. The MnCo2O4

coating reported in Fig. 7 was deposited with a hydrogen
flow of 687 slpm and an oxygen flow of 315 slpm. The
spray gun was moved by an X-Y manipulator. Prior to
deposition, the substrates were grit blasted using a �36
mesh alumina grit, brushed and ultrasonically cleaned in
acetone. Grit blasting was conducted on both sides to keep
the thin metal sheet substrates straight. For the same
reason, the coating was applied on both sides. The tar-
geted coating thickness was 20-30 lm, which is unusually
thin for thermal spraying. More details on the HVOF
coating process can be obtained from Ref 32.

2.3 Exposure Tests

Exposure tests were conducted using laser cut 10 9
10-15 9 0.2 mm samples. The samples were placed
standing in a furnace in alumina sample holders so that no
contact between samples occurred. The samples were
coated on both sides and only the edges of the samples
were uncoated. The tests were conducted in air for 1000 h
at 700 �C. A continuous gas flow was implemented with
the incoming air bubbled through a water bottle; the
resulting humidity of the air was thus ~3%. Cross-sec-
tional samples were prepared for SEM observation.

2.4 ASR Measurements

The ASR measurements were done for two coatings
(MnCo1.8Fe0.2O4 and MnCo2O4) applied on two flat
26 9 26 9 0.2 mm steel plates separated by an initially
green ceramic layer mimicking a cathode. Additionally, an
uncoated steel plate was also tested as a reference. Green
20 9 20 9 1 mm La0.85Sr0.15Mn1.1O3 (LSM) spacers (IRD
Fuel Cells A/S, Denmark) were used as separation mate-
rial between coated steel plates. The purpose of the LSM
spacers is to serve as a contact surface with a material
similar to a real SOFC cathode. The investigated contact

resistance interface was therefore coated against LSM.
For the experiments, several samples were stacked up and
held together by a vertical load of 20 N. A sketch of the
test arrangement is shown in Fig. 1. All samples were
connected in a single DC current loop, the current was
0.8 A and the current density was 0.2 A/cm2. Pt leads of
1 mm were mechanically attached to 1 mm thick steel
plates at the bottom and top of the test sample stack. The
voltage across each tested material couple was measured
by thin (0.3-0.5 mm) Pt threads. To separate each tested
substrate-coating system, 1 mm thick steel plates were
used as separator disks. The binder was burned out from
the green LSM spacers during a slow heat-up at 15 �C/min
with a constant flow of air at 0.3 slpm, then the spacers
were sintered at the beginning of the experiment for 12 h
at 850 �C in contact with the coated steel to form the
interface. The steady-state measurements were conducted
in compressed filtered dry air at 700 �C during 1000 h. The
data were logged using Agilent data logger and multi-
plexer. The post-mortem analysis was done using JEOL
JSM-6335F field emission SEM equipped with a back-
scattered electron (BSE) detector and an Oxford Link
Pentafet EDS analysator.

2.5 Mechanical Behavior of the Coating
in Corrugated Geometry

The coated corrugated samples were tested to examine
the effect of mechanical loading and substrate deformation
on the HVOF coatings. The corrugated plates were sup-
plied by ECN/ETE (Petten, The Netherlands) and were
made by stamping 34 9 4.3 mm corrugations of approxi-
mately 1 mm depth into a 0.2 mm plate of Crofer 22 APU
(corrugated area: 34 9 34 mm). The HVOF coatings were
applied on the corrugated plate and the flat steel plate
surfaces and the coatings were placed facing each other.

The mechanical loading was applied by a vertical load
of 50 N, causing compressive and tensile stresses at different

Fig. 1 The ASR measurement arrangement for coated Crofer
22 APU plates with LSM spacers. The protective coatings were
applied on the Crofer 22 APU steel surfaces facing the ceramic
spacers
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locations of the coatings as illustrated in Fig. 2. Stationary
ambient air was used in the large volume chamber furnace
(lid breathable) which secured the sufficient amount of
oxygen.

2.6 Stack Testing and Post-mortem Analysis

The MnCo1.8Fe0.2O4 coating was tested in a single-cell
stack that was operated for 6000 h at 700 �C. The metallic
interconnects were made of 1 mm Crofer 22 APU plates
and the gas channels were etched into the plates. Protec-
tive coating (MnCo1.8Fe0.2O4) was sprayed on the cathode
interconnect with approximately 20 lm as-sprayed thick-
ness. The coated interconnect was not heat-treated and no
contact coating was used. Compressible Thermiculite 866
made by Flexitallic Ltd (Cleckheaton, UK) was used as
gasket (Ref 33). An anode-supported cell with a
(La,Sr)(Co,Fe)O3 (LSCF) cathode was used. Dry H2 and
dry air were used as fuel and oxidant, respectively. Cur-
rent density was 0.3 A/cm2.

The goals of the post-mortem analysis were to evaluate
the coating, the oxide layers present on the cathode
interconnect and possible Cr presence in the cathode.
After testing, the single-cell stack was mounted in epoxy
and cross sections were extracted from the middle area of
the cell footprint. Post-mortem analysis was carried out
using SEM observation and energy-dispersive x-ray spec-
troscopy (EDS) on JSM-6400 Scanning Microscope from
JEOL equipped with a Prism 2000 detector and Spirit
1.06.02 Analyzer software from Princeton Gamma-Tech
(PGT).

3. Results and Discussion

3.1 Powder and Coating Manufacturing

The applied synthesis route using carbonates was found
practical in this case because of the simplicity of grinding
and therefore thorough mixing of the raw materials.
Additionally, the reactivity of the carbonates during cal-
cination was found adequate. If larger amounts of powder
would be done industrially, other means of mixing and
perhaps other raw materials should be considered to avoid

the ball milling stage. For instance, chemical synthesis
route using dissolved raw materials would ensure homo-
geneity of the end product.

The MnCo1.8Fe0.2O4 powder prepared by spray drying
had typical spherical particle shape which ensures good
and constant powder feed rate during spraying. SEM
pictures of the powders are presented in the Fig. 3. Only
small amount of fine satellites can be seen on larger par-
ticles surface. This amount was not considered to cause
any problems for HVOF spraying; dusting and feed issues
were minimal. Using regular shape powder increases the
deposition efficiency and decreases the amount of defects
in the coating.

Illustrated in Fig. 4, the XRD pattern of MnCo1.8

Fe0.2O4 powder sintered at 1150 �C corresponds to the
MnCo2O4 spinel structure. The XRD pattern of the
coating in its as-sprayed state shows that the phase struc-
ture is changed during the coating process to simple cubic

Fig. 2 The arrangement used to investigate the mechanical
behavior of the coating on corrugated plates

Fig. 3 Secondary electron SEM picture of spray dried
MnCo1.8Fe0.2O4 powder

Fig. 4 XRD curves of MnCo1.8Fe0.2O4 powder, coating in
as-sprayed state and coating annealed for 2 h at 850 �C. All
peaks in the as-sprayed coating correspond to simple cubic phase.
The unmarked peaks in annealed coating correspond to the
spinel phase Mn1.5Co1.5O4 and MnCo2O4
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structure corresponding for example to the structure of
CoO and MnO (space group Fm-3m). This structure is a
metastable state formed because of rapid cooling of the
spray droplets during thermal spraying. The XRD curve of
the coating after 2 h of annealing at 850 �C shows that the
coating crystal structure transforms mainly to the spinel
structures Mn1.5Co1.5O4, Co3O4, and MnCo2O4. Exposure
for longer time to the actual SOFC environment will fully
transform the crystal structure to MnCo2O4 (Ref 32).

3.2 Exposure Tests

Figure 5 shows a typical microstructure of a MnCo2O4

as-sprayed protective coating made by HVOF; the coating
shows typical lamellar structure and adequate density.
Some alumina particles can be observed in the steel-
coating interface from the grit blasting procedure. Oxi-
dized steel with a HVOF MnCo1.8Fe0.2O4 coating of
15-18 lm thickness is shown in Fig. 6 after exposure to air
for 1000 h at 700 �C; the microstructure is shown in
Fig. 6(a) and (b) and elemental profile from an EDS line
scan is shown in Fig. 6(c). The Cr oxide layer formed
between the steel and the coating during the exposure is
about 0.5 lm. During high-temperature exposure, the
coating sinters and loses its lamellar structure. Some
closed porosity remains visible still after 1000 h of expo-
sure with a decreasing porosity toward the surface. There
is little or no Cr gradient in the coating (Fig. 6c), which
means that the diffusion of Cr is effectively hindered. As a
reference on oxidation, a non-coated Crofer 22 APU
sample exposed to the same oxidizing conditions showed
in microscopy an oxide layer of 2.5-3 lm of thickness,
which is five times higher than for the coated sample.
Therefore, the coating solution effectively reduces the
oxidation of the steel interconnect.

3.3 ASR Measurements

The ASR measurements against time for coated and
uncoated Crofer 22 APU steel are illustrated in Fig. 7.
The reported ASR represents half of the ASR measured
for one repeating unit in the sample stack shown in Fig. 1.
The different components contributing to the ASR value
consist of the steel substrate, the Cr oxide scale developing
on the steel substrate surface, the protective coating, the
contact resistance of the interface between the coating and
the ceramic cathode material and the resistance of the
ceramic cathode material (i.e., the resistance of 500 lm of
LSM cathode material). The reason for the step change in
the ASR taking place at 220 h is not completely under-
stood, but is probably related to a structural instability.
The change taking place at 720 h of the test in the
MnCo1.8Fe0.2O4 sample which was tested in a second test
run is due to a small unintentional change in the test
temperature (10 �C) due to a power shutdown. For the
three samples, the test temperature was between 690 and
710 �C during the long-term test.

The ASRs of the MnCo1.8Fe0.2O4 (15-18 lm thick) and
the MnCo2O4 (20-28 lm thick) coatings are initially
20-30 mX cm2 and decrease slightly to about 20 mX cm2

during the first few hundred hours and then remain stable
over the tested period. These results show that the coating
solution is adequate to prevent degradation of the electric
properties of the interconnect during SOFC operation.
Comparisons of ASR values between different studies are
delicate because the experimental parameters such as
ASR measurement temperature, aging time, and type of
spacer used are inconsistent throughout the literature.
However, these ASR results are in line with results
reported for similar types of coatings (Ref 6) or using a
similar test arrangement (Ref 17, 34). The improvements
of the ASRs during the first few hundred hours of test are
attributed to the sintering of the initially lamellar coating.

The ASR of the bare Crofer 22 APU in contact with
LSM is initially about 100 mX cm2 and decreases
throughout the tested period to reach 45 mX cm2 after
1000 h of test. The observed decrease of ASR over time is
mainly due to improvement in the electrical contact
between steel and LSM. Both coatings show initially much
lower ASRs compared to the bare Crofer 22 APU. The
main source of the difference between the bare Crofer 22
APU and the coated samples is believed to originate from
a lower contact resistance of the coated samples.

3.4 Mechanical Behavior of the Coating
on Corrugated Geometry

The effect of the corrugated geometry on the
mechanical behavior of HVOF MnCo2O4 coatings was
investigated with SEM by looking at different locations of
the corrugated geometry. The coating at the top of the
corrugation ridges experiences a compressive force when
the mechanical loading is applied. The load tends to
straighten the corrugation by causing permanent plastic
deformation (creep). Consequently, the coating at the
bottom of the corrugation groove experiences a tensile

Fig. 5 A BSE SEM image of an as-sprayed HVOF MnCo2O4

coating on Crofer 22 APU substrate
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stress. After a 1000 h exposure test at 700 �C, the HVOF
coating at the top of the corrugation was largely intact as
depicted in the SEM micrograph in Fig. 8(a). Conversely,
several through-coating cracks were observed at the bot-
tom of the groove due to tensile stress combined with the
intrinsic brittleness of MnCo2O4 material and coating
structure, Fig. 8(b). The stress needed for the fracture of
the coating will depend closely on the distribution of flaws
in the scale as well as the stress field, but it seems evident
that the stresses had in this case been relaxed by through-
coating cracks in the HVOF coating. Therefore, while the
basic protective function of the HVOF coatings are well
fulfilled, they may not be optimal for stack designs having
metallic interconnects made of thin corrugated steel plates
because of their propensity for cracking under tensile
stress due to mechanical load. Although the steel interface
at the bottom of the cracks do not show any accelerated
corrosion in the present case, such effects or Cr release
through the cracks could possibly take place in long-term
operation. However, crack formations could possibly be

Fig. 6 (a) and (b) BSE SEM images of a HVOF MnCo1.8Fe0.2O4 coating on Crofer 22 APU substrate exposed to air at 700 �C for
1000 h at different magnifications. (c) Measured Cr EDS profile

Fig. 7 Measured ASR in a 4-point DC measurement of Crofer
22 APU, coated and uncoated, all in contact with a LSM spacer.
The coatings are MnCo1.8Fe0.2O4 and MnCo2O4
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avoided by adjusting the design of the corrugation and
thickness of the interconnect.

3.5 Single-Cell Stack Post-mortem Analysis

Four BSE SEM images of the single-cell stack are
presented in Fig. 9. Figure 9(a) shows a low-magnification
view of the cathode side of the single-cell stack where the
air channel and the contact location between the inter-
connect and the cathode are visible. It is clear that
the coating covers the interconnect completely, including
the geometrically challenging features such as the edges of
the interconnect ribs. The gap between the cathode and
electrolyte and the cracks found in the coating at the air
channels are due to sample preparation.

Figure 9(b) shows the contact location between the
cathode side of the cell and the coated interconnect with
MnCo1.8Fe0.2O4. The micrograph shows good contact
between cathode and interconnect. The Cr-oxide scale at
the surface of the interconnect metal is about 1 lm in
thickness after 6000 h at 700 �C in air. This result can be
compared to the exposure tests presented in section 3.2
where the Cr-oxide layer of coated steel was about 0.5 lm
thick and the Cr-oxide layer of the unprotected steel was
about 2.5-3 lm after 1000 h in air at 700 �C. Therefore, it
can be concluded that the coating acts as an effective
protection and reduces oxidation of the interconnect in a
long-term test in SOFC environment. No cracks are visible
in the coating itself, however closed porosity is still pres-
ent. EDS analysis was performed on the area shown in
Fig. 9(b) and no Cr was found neither in the coating nor in
the cathode which indicates that Cr diffusion and evapo-
ration through the coating is effectively hindered.

Figure 9(c) shows another micrograph of the coating at
an air channel location. The coating presents no cracks but
some closed porosity similarly to Fig. 9(b). The Cr-oxide
layer under the coating is also about 1 lm thick and no Cr
could be detected in the coating. Figure 9(d) illustrates the

cathode located at an air channel and a EDS Cr concen-
tration profile. As already mentioned, there is a large gap
between cathode and the electrolyte (out of the picture)
due to sample preparation and therefore the cathode
stands alone in the epoxy. An EDS analysis of the cathode
reveals that Cr was present in the cathode at this air
channel location. Cr distribution is inhomogeneous and
peaks at 2.1 at.%. However, most of the Cr is located
away from the active cathode area which is located close
to the electrolyte; therefore, the deposited Cr has proba-
bly not affected the electrochemical performance of the
cathode. The Cr contamination can be either coming from
the stainless steel interconnect through the protective
coating or from the uncoated Crofer 22 APU air manifold
and Inconel 600 air inlet pipe upstream of the cell. How-
ever, Cr deposit was located at the air channel (corre-
sponding to Fig. 9d) and not at the contact location with
the interconnect (corresponding to Fig. 9b), which sup-
ports the hypothesis that Cr has originated from the
uncoated air manifold and inlet pipe. Additionally, from
the EDS analysis performed across the coating, negligible
Cr diffusion appears to take place across the coating.
Stainless steel components and manifold upstream of the
cells have been previously identified as Cr contamination
sources in SOFC stacks (Ref 10, 35). From these results,
the coating solution is adequate for steel interconnect
protection as it reduces effectively both Cr evaporation
and steel interconnect oxidation.

4. Conclusions

Protective MnCo2O4 and MnCo1.8Fe0.2O4 coatings
were manufactured on SOFC steel interconnects by
HVOF coating. Exposure tests showed that a 1000 h oxi-
dation in air at 700 �C resulted in a Cr oxide layer of
0.5 lm for the steel protected by HVOF coating. In

Fig. 8 SEM images from the top (a) and bottom (b) of the corrugated profile exposed to a vertical mechanical load in a high-
temperature exposure test with a HVOF MnCo2O4 coating (1000 h at 700 �C in air)
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comparison, uncoated steel sample developed a 2.5-3 lm
Cr oxide layer in the same conditions.

ASR measurements were carried out at 700 �C for
1000 h on coated steel samples in contact with LSM
spacers. The results confirmed low ASR values for coated
samples of about 20-30 mX cm2 with no degradation over
time. These results show that the HVOF coating method
developed at VTT is a suitable candidate to be used in
SOFC stacks. The mechanical behavior of the coating was
evaluated by applying a mechanical load on a coated
corrugated thin plate. It was found that the stress arising
from deformation of the plate leads to crack formation
where the coating is under tension. Therefore, if such
corrugated geometry is used for interconnect, more crack-
resistant coating solution should be developed.

The protective coating showed adequate corrosion
protection and retention of Cr in a single-cell stack test up
to 6000 operation hours. The Cr oxide layer was about
1 lm thick and the coating was crack-free and Cr-free. A
low concentration of Cr was detected in the fuel cell
cathode; however, the uncoated steel manifold and piping
upstream of the stack test setup are known to be a source

of volatile Cr and are likely to be the origin of the Cr
found in the cathode.
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Liège Conference on Materials for Advanced Power Engineering,
2010, p 925–932

33. J.R. Hoyes and S. Bond, Gaskets for Sealing Solid Oxide Fuel
Cells, Seal. Technol., 2007, 8, p 11-14

34. L. Mikkelsen, K. Neufeld, and P.V. Hendriksen, Interface
Resistance Between FeCr Interconnects and La0.85Sr0.15M-
n1,1O3, ECS Trans., 2009, 25, p 1429

35. J.A. Schuler, Z. Wuillemin, A. Hessler-Wyser, C. Comminges,
N.Y. Steiner, and J. Van Herle, Cr-Poisoning in (La, Sr)(Co,
Fe)O3 Cathodes After 10,000 h SOFC Stack Testing, J. Power
Sources, 2012, 211, p 177-183

Journal of Thermal Spray Technology Volume 22(5) June 2013—639

P
e
e
r

R
e
v
ie

w
e
d

Author's personal copy





PUBLICATION VI

Post-experimental analysis of
a SOFC stack using hybrid seals

Journal of Power Sources. Elsevier.
Vol. 274 (2015), 1009–1015.
Copyright 2015 Elsevier B.V.

Reprinted with permission from the publisher.





lable at ScienceDirect

Journal of Power Sources 274 (2015) 1009e1015
Contents lists avai
Journal of Power Sources

journal homepage: www.elsevier .com/locate/ jpowsour
Post-experimental analysis of a solid oxide fuel cell stack using hybrid
seals

O. Thomann*, M. Rautanen, O. Himanen, J. Tallgren, J. Kiviaho
VTT Technical Research Centre of Finland, P.O. Box 1000, Biologinkuja 5, Espoo, FI-02044 VTT, Finland
h i g h l i g h t s
� Post-experimental analysis of a SOFC stack after 1800 h of operation.
�Microstructural analysis of the glass-coated hybrid seal.
�Materials interactions between glass-coated seals and Crofer 22 APU interconnects.
� Dual exposure of 0.2 mm thin Crofer 22 APU plates in stack operating conditions.
a r t i c l e i n f o

Article history:
Received 28 July 2014
Received in revised form
8 October 2014
Accepted 16 October 2014
Available online 23 October 2014

Keywords:
SOFC
Seal
Thermiculite 866
Dual exposure
Interconnect
Post-experimental analysis
* Corresponding author. Tel.: þ358 401247497.
E-mail address: olivier.thomann@vtt.fi (O. Thoman

http://dx.doi.org/10.1016/j.jpowsour.2014.10.100
0378-7753/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t

A post-experimental analysis of a SOFC stack is presented. The stack was operated for 1800 h at 700 �C
with air and hydrogen and contained hybrid glass-Thermiculite 866 seals. The goal of this work was to
investigate the sealing microstructure and possible corrosion during mid-term operation. It was found
that hybrid seals could effectively compensate for manufacturing tolerances of cells and other compo-
nents due to the compliance of the glass layer. Additionally, different interfaces were investigated for
corrosion. Corrosion was not observed at two-phase interfaces such as Crofer 22 APU/glass, glass/elec-
trolyte and glass/Thermiculite 866. The three-phase interface between Crofer 22 APU/glass/hydrogen
exhibited no corrosion. Some evidence of non-systematic corrosion was found at the Crofer 22 APU/
glass/air interface. The possible reasons for the corrosion are discussed. Lastly, dual exposure to humid
hydrogen and air of the 0.2 mm Crofer 22 APU interconnect had no detrimental effect on the corrosion
compared to air exposure. Overall the hybrid seals used in combination with the thin interconnects were
found to be a promising solution due to the low leak rate and limited material interactions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Currently, key challenges for successful commercialization of
SOFC are to extend their lifetime and to reduce their cost. To ach-
ieve that, effective sealing solutions that address all the seals re-
quirements are paramount [1,2]. Seals need to withstand
simultaneous exposure to the air side and to the fuel side at tem-
perature between 650 and 850 �C. In addition, they should with-
stand hundreds to thousands of thermal cycles for stationary and
mobile applications respectively. Additionally, seal materials
should be chemically compatible with the adjacent components
like metallic interconnects and cell materials. Their electrical re-
sistivity should also be high and stable. Lastly, the seals should also
n).
be inexpensive, easy to assemble and have to compensate for
manufacturing tolerances of the other stack components. Presently,
glass ceramic seals are widely used in SOFC stacks. Because they are
rigidly bonded to the adjacent surfaces, their coefficient of thermal
expansion needs to match closely the one of the neighbouring
components. They exhibit very low leak rates [3] but can be prone
to degradation with thermal cycling [4]. Compressible seals
composed of mica-type paper have been investigated as an alter-
native [5e7]. The drawback of compressive seals is that in order to
achieve acceptable leak rate, a compression stress of the order of
several MPa has to be applied on the stack [5]. However, it was
found that the leak rate remains significantly higher compared to
glass ceramic seals and that the needed level of compression and
the necessary compression system becomes technically challenging
for large footprint stack. These inherent issues can be addressed by
adding compliant layers of glass or metal on both sides of a
compressible seal [3,8,9]. The compliant layers block the main leak
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path between the seal and the interconnects which leads to a
leakage reduction of up to 90% [9]. Additionally, Rautanen et al.
showed that a compression stress as low as 0.1 MPa can be used
with hybrid seals [9].

Sealing material interaction studies have been previously pub-
lished but most of the articles have been focusing on glass ceramic
seals interaction. Batfalsky et al. performed post-experimental
investigation on stacks that had undergone rapid performance
degradation [10]. They found that the interconnects had so severely
corroded in the vicinity of the glass ceramic seals that the corrosion
product had formed electrical bridges between adjacent in-
terconnects and caused short-circuiting after 200 h at 800 �C. They
attributed the accelerated corrosion to the presence of PbO in the
glass. Menzler et al. presented results of post-experimental inves-
tigation of a stack operated for 6400 h at 800 �C [11]. They showed
that the corrosion of the interconnects was enhanced in the vicinity
of the glass ceramic seals but that the extent of corrosion did not
compromise the performance of the stack. Wiener et al. studied
interactions between Thermiculite 866 materials (a composite of
vermiculite and steatite [12]) and Crofer 22 APU at 800 �C in ex situ
experiments [13]. They found that the Crofer 22 APU underwent
accelerated corrosion and this was attributed to the decomposition
of steatite at 800 �C and transport of Mg to the oxide layer. Bram
et al. studied interaction of Thermiculite 866 with Crofer 22 APU in
Ref. [14]. They found that the break-away corrosion of Crofer 22
APU took place at temperature as low as 600 �C in ex situ test. They
attributed the accelerated corrosion due to the steam emitted by
the Thermiculite 866 during heat-up. They found that such a
corrosion reaction could be prevented by a pre-oxidation treatment
of the interconnects. Interestingly, corrosion was most often found
at the three-phase boundary between seal material, interconnect
and gas (air or fuel) [10,11,13,14]. Only few material interactions
studies have been published on hybrid seals. Chou et al. studied
long-term interaction of hybrid seal materials in ex situ experi-
ments [15]. They found that the phlogopite paper was reacting with
the glass they used after 500 h at 800 �C, which compromised the
performance of the seal during thermal cycling. Interactions be-
tween seal materials and ferritic stainless steel were not discussed
in that paper. Chou et al. published the results of a post-
experimental analysis of a 3-cell stack using hybrid seals oper-
ated at 800 �C [16]. They concluded that material interaction was
limited and that their material selection for the seal and intercon-
nect material was suitable for long-term operation. However, the
three-phase interfaces between seal/interconnect/gases were not
discussed.

Dual atmosphere exposure of interconnects has also drawn
some attention in the literature. Skilbred et al. and Yang et al.
studied the effect of dual atmosphere exposure at 800 and 850 �C
on the corrosion of FeeCreMn steels and they showed that dual
exposure affects the oxide scale composition with a higher con-
centration of Fe in the oxide scale on the air side. Exposure timewas
limited to 500 h and 300 h [17e19]. Holcomb et al. studied dual
exposure of the austenitic steel 316L and found that heavy corro-
sion was taking place after 100 h at 700 �C. It was caused by the
diffusion of oxygen and hydrogen in the alloy and the formation of
steam in the metal alloy near the oxide layer, which formed a thick
and porous oxide layer [20].

The amount of data available on dual exposure of interconnect
steels is presently limited, which is partly explained by the fact that
dual exposure tests are more complex than single atmosphere
exposure tests. Additionally, the durations of the experiments are
typically in the few hundred hours range. The hydrogen atmo-
sphere is often lean with 5% hydrogen in argon for safety reason
and the humidity restricted to 3%, whereas these values are typi-
cally higher inside a stack.
The thickness of the interconnects is also affecting their lifetime
by decreasing the initial reservoir of Cr. Stainless steel alloys are
protected from excessive corrosion by the formation of a Cr oxide
layer. During operation, the Cr from the protective scale evaporates
and is replaced by Cr diffusing from the bulk of the alloy. The Cr is
consumed until it reaches a concentration of about 16% in the alloy,
when break-away oxidation start to occur [21]. On the one hand, it
is interesting to reduce interconnect thickness to reduce the cost
associated with the interconnect steel, but on the other hand
Asensio-Jimenez et al. showed that the corrosion rate of intercon-
nect steel increases for thinner plate thickness [22]. Therefore data
on the corrosion of thin interconnect are valuable.

This present paper contributes to the field with the results of the
post-experimental analysis of a SOFC stack using hybrid seal con-
sisting of a Thermiculite 866 compressible core with compliant
glass layers. The seal cross-section has been extracted from a
single-cell stack that was operated for 1800 h at 700 �C. The in situ
nature of the experiment provides exposure conditions to the seals
and interconnects that are closer to stack operation compared to ex
situ experiments. For example, the steam content in this work was
20% at anode outlet, which is higher compared to ex situ seals
(usually maximum 3%). However, even higher steam content is
expected in a stack in an actual system environment (from 60 to
80% steam content).

The goals of the post-experimental analysis were: i) to investi-
gate the microstructure of the hybrid seals, ii) to evaluate material
interactions between the seal materials and the interconnects and
iii) to investigate the effect of dual exposure on thin 0.2 mm in-
terconnects. The stack presented here is a stack prototype devel-
oped at VTT Technical Research Centre of Finland in which hybrid
seals were used. After this work, the hybrid seal design has been
significantly improved by a 10-fold reduction of the amount of glass
and the cost associated to it [9].

2. Experimental

The single cell stack used a co-flow configuration. Crofer 22 APU
(ThyssenKrupp, Germany) was used for interconnects and end-
plates. The interconnects were 0.2 mm in thickness. The anode-
supported cell was manufactured by Elcogen AS (Estonia) and is
10 � 10 cm2. Hybrid seals were used for all seals located between
Crofer 22 APU plates and are made with consolidated Thermiculite
866 (Flexitallic LTd, the United-Kingdom) [12] between two glass
tapes of 220 mm green thickness. The glass used belongs to the
system MO (M ¼ Mg, Ca)eAl2O3eBaOe SiO2eB2O3 (GM31107,
Schott, Germany [23]). The Thermiculite 866 is composed in nearly
equal amount of vermiculite and steatite, which compositions are
[(K, Mg, Fe)3(Si,Al)4O10(OH)2] and [(Mg3Si4(OH)2] respectively. The
seal between the cell electrolyte (yttria-stabilized zirconia (YSZ))
and Crofer 22 APU plate was made of glass without Thermiculite
866. 40 kg of weight was added on the stack, which corresponds to
a compressive stress of ca. 0.1MPa assuming that all theweight was
carried by the seals and not by the cell.

Dry hydrogen and dry air were used as fuel and oxidant. Pure
hydrogen was selected as fuel, which exposes the seals to a worst
case condition as it has been shown that the leak rate through
hybrid seal increases with the concentration of hydrogen [9]. The
stack was operated at 700 �C for 1800 h. Average current density
was 0.2 Acm�2 and fuel utilisation and air utilisation were 18%. The
hydrogen cross leak value corresponded to a loss of 0.9% of the inlet
hydrogen flow in these operating conditions, which is low. The
cross leak value was calculated according to the method described
in Ref. [9].

After the test, the stack was mounted in epoxy and a cross-
section was extracted from the area close to the gas outlet for



Fig. 2. SEM BSE cross-section of Crofer/glass and glass/Thermiculite 866 interfaces.

O. Thomann et al. / Journal of Power Sources 274 (2015) 1009e1015 1011
SEM and EDS analysis. This area was selected because the exposure
conditions are expected to be the most challenging due to the
increased steam content.

Post-experimental analysis was carried out using SEM obser-
vation and energy-dispersive x-ray spectroscopy (EDS) on JSM-
6400 Scanning Microscope from JEOL equipped with a Prism
2000 detector and Spirit 1.06.02 Analyzer software from Princeton
Gamma-Tech (PGT). The oxide layer thickness was determined by
measuring the area on the image corresponding to the oxide phase
with ImageJ [24] and dividing it by the picture width according to
the method described in Ref. [25].

3. Results and discussion

3.1. Glass compliance

A cross-section of two hybrid seals is illustrated in Fig.1. It can be
seen that the Thermiculite 866 material is significantly deformed
by the die-cutting process forming protruding cutting burrs near
the edges. Despite the unevenness of the Thermiculite 866, the
glass has well accommodated the gap varying between 15
and 150 mm for the upper seal shown in Fig. 1. Pore formation took
place only at the location were the Thermiculite 866 is at its thin-
nest, however these pores are closed and don't form a continuous
leak path. Additionally, some excess glass was extruded out of the
seal because of the compliance of the glass. This means that the
glass tape thickness could be thinner or other methods to apply
thinner glass coating could be used. Moreover, the clearances be-
tween the Crofer 22 APU plates are 710 and 580 mm at the location
of measurement for the two seals shown and this difference in
clearance didn't seem to have decreased the quality of the seals at
these locations. This demonstrates the benefit of using hybrid seals
over purely compressible seals. In short, similar hybrid seals were
able to effectively seal gaps between 580 and 710 mm and the glass
layer was able to compensate 140 mm thickness variation of the
Thermiculite 866. Compressible seals would have required much
larger compression stress to flatten the cutting burrs. Additionally,
the gap clearance variation would have likely been an issue due to
the limited compressibility of Thermiculite 866 [5]. There are many
reasons that can lead to a variation of gap clearance in a stack, i.e.
differences in cell and interconnect plate thickness, and variation of
thickness of the compressible Thermiculite 866. These variations
can be decreased to a certain level by more uniformmanufacturing
methods but cannot be totally avoided. Moreover, generally
decreasing themanufacturing tolerance comes with a cost increase.
It is therefore of high interest that the seals can accommodate the
geometric variation in a stack.

3.2. Materials interactions between seal materials and
interconnects

This section presents results of different material interactions,
such as Crofer/glass, glass/Thermiculite 866 and glass/electrolyte
Fig. 1. SEM BSE cross-section of two frame seals. The seals are com
interfaces. In addition, interactions at the three-phase interfaces
such as Crofer/glass/air and Crofer/glass/hydrogen are detailed.

3.2.1. Crofer/glass and glass/Thermiculite 866 interfaces
The Crofer/glass and glass/Thermiculite 866 interfaces are

illustrated in Fig. 2. This picture has been taken from the middle
section of the seal, which means that its exposure to gas is limited
to possible leakage through the seal. It appears that the materials
have good chemical compatibility and only limited corrosion can be
seen between glass and Crofer 22 APU with an oxide layer of less
than 1 mm. As a comparison, the oxide layer thickness is thinner in
contact with the glass compared to the case when the Crofer 22
APU is exposed to air at the same temperature (see results in Sec-
tion 3.3). Therefore, it was concluded that the presence of glass did
not accelerate the oxidation of the Crofer 22 APU plate at this
interface.

3.2.2. Crofer/glass/air interface
Cross-section pictures from the Crofer/glass/air interface are

illustrated in Fig. 3 and Fig. 4. The cross-section sample is taken
near the air exhaust. The humidity in air downstream of the stack
was measured to be ca. 0.4% during stack operation. The cracks
present in the glass are due to sample preparation.

The location shown in Fig. 3(a) and (b) corresponds to the
upper and lower corners of the seal which is exposed to the same
cathode atmosphere, and they are therefore exposed to the same
air atmosphere. However, their corrosion behaviour differed
significantly. The upper side shows no sign of significant corro-
sion while the lower side has developed a 20 mm corrosion layer
just at the location where the glass layer ends. The corrosion
layer does not extend more than 200 mm from the three-phase
interface. As it can be seen from the EDS analysis in Fig. 3(d),
the oxide layer consists of a first layer of mixed oxide of Cr and
posed of a Thermiculite 866 core between two glass layers.



Fig. 3. SEM BSE cross-sections of two Crofer/glass/air interfaces (a and b) that are both exposed to cathode atmosphere. Magnified view of cross-section (c).
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Mn and the top layer is mainly composed of Fe oxide. This is a
clear example of break-away oxidation, i.e. when the Cr oxide
layer cannot anymore protect the stainless steel because of too
fast corrosion. It is however surprising that such extent of
corrosion takes place only at one corner of the seal (Fig. 3(b)) and
not at the other (Fig. 3(a)), despite the exposure condition being
identical.

Similarly, pictures shown in Fig. 4(a and b) correspond to two
different seals but exposed to the same atmosphere; the air exhaust
manifold. Also in this case, no significant corrosion takes place at
one side (Fig. 4(a)) and break-away oxidation took place at the
other side (Fig. 4(b)), where the oxide layer is 20 mm thick. Accel-
erated corrosion was found to extend millimetres away from the
seals into the air manifold towards the stack air outlet. The oxide
layer was thicker 5 mm away from the seal, where it was about
120 mm thick and its top layer was composed mainly of Fe oxide
(picture not shown). However, corrosion in the manifold of the
thick end plate is not critical for the stack performance.

Different reasons can have caused the Crofer 22 APU to undergo
break-away oxidation at some locations. Cr evaporation from the
oxide layer is enhanced by the presence of water vapour in air
Fig. 4. SEM BSE cross-sections of two Crofer/glass/air interfaces (a and b)
[26,27] and if the evaporation rate of Cr is higher than the rate at
which the Cr oxide layer is formed, the stainless steel undergoes
break-away oxidation. It is possible that the steam content was
locally higher where the break-away oxidation took place. Steam
content can be locally higher in case there is a local leak of
hydrogen. However this does not appear to be the case here
because the seals shown in Figs. 3 and 4 are exposed to air on both
sides. The heavy corrosion found deep in the air manifold could be
attributed to the presence of contamination from lubricant used
during machining of the manifolds. The endplates were heat-
treated after machining (800 �C for 12 h) during which possible
lubricant was burned, then the plates were polished and then
cleaned in laboratory glasswarewasher and bywipingwith ethanol
impregnated tissues before use but it is difficult to remove lubricant
or burned lubricant residues from the narrow manifolds. This hy-
pothesis is supported by the fact that the heaviest corrosion was
found deep in the manifold, several millimetres away from the seal.
Lastly, it cannot be excluded that the corrosion could be caused by
element evaporating from the glass or Thermiculite 866. Both are
made of complex elemental formulations and have potentially
many candidates for evaporation and subsequent interactions.
that are both exposed to the atmosphere of the air exhaust manifold.
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However, if the corrosion mechanism would be from material
interaction, one would expect it to happen systematically, which is
not the case here.

Bram et al. found similar corrosion behaviour of Crofer 22 APU in
their paper on material interactions between Thermiculite 866 and
Crofer 22 APU [14]. In their work, they exposed Thermiculite 866
(without any glass) to air and dual atmosphere at 600 �C for 400 h
and found that break-away oxidation was taking place at the air
side. They attributed the corrosion behaviour of the Crofer 22 APU
to the enhanced water concentration near the seal that was origi-
nating from vermiculite dehydration and steatite decomposition.
This phenomenon was previously described and quantified by
Wiener et al. [13]. According to Bram et al., the break-away oxida-
tion behaviour can be suppressed by pre-oxidation of the inter-
connect plates.

The reason for the accelerated corrosion at the air side remains
unclear and is the subject of further research. The main risk asso-
ciated with the accelerated corrosion found near the seals is the
formation of porous Fe oxide all the way through the 0.2 mm thin
interconnects and creation of a leak path through the interconnect.
Secondarily, in extreme case, accelerated corrosion can form a lump
of electrically conductive Fe oxide and creates short-circuiting by
connecting adjacent interconnect plates [10]. However, it appears
that the corrosion is limited after 1800 h and didn't spread far to-
wards the cathode, therefore it is unlikely that the growth of the
oxide layer would affect the area-specific resistance of the inter-
connect. The most corroded locations were found in the air exhaust
manifold on the 2 cm-thick end plate where accelerated corrosion
has no consequence for the stack performance. Lastly, it is inter-
esting to notice that corrosion took place near the three-phase
boundary and not at the glass/metal (two-phase) interface, which
is coherent with findings of several previous studies [10,11,13,14].
As mentioned, dry air was used during the test. In order to subject
the materials on the cathode side to a more challenging atmo-
sphere, pre-humidified air (e.g. 1 … 3%) could be used to see the
effect of humid air on material corrosion.

3.2.3. Crofer/glass/humid hydrogen interface
Amicrograph from the Crofer/glass/humid hydrogen interface is

shown in Fig. 5. No significant material interaction could be seen at
the interface between seal and humid hydrogen. The humidity of
the fuel is also at its highest at this location, about 20%, due towater
production from reaction at anode. The cracks in the glass are due
to sample preparation.
Fig. 5. SEM BSE cross-section at the Crofer/glass/humid hydrogen interface. The visible
glass is part of the cell seal which is composed of glass without any Thermiculite 866.
3.2.4. Glass/electrolyte interface
The glass/electrolyte interface is illustrated in Fig. 6. The glass

contains little porosity and exhibits a good adherence to the YSZ of
the electrolyte. There is no evidence of corrosion between the
electrolyte and the glass.

3.3. Corrosion of interconnects exposed to dual atmosphere

The post-experimental analysis of this stack also offers valuable
insight into the corrosion of thin interconnects in dual atmosphere
compared to exposure to single air atmosphere.

Fig. 7(a and b) show cross-sections from the interconnect plate
exposed simultaneously to air and humid hydrogen. The location is
near the fuel exhaust and the absolute humidity in the fuel atmo-
sphere was about 20%. Fig. 7(c and d) show cross-sections from an
interconnect exposed to air atmosphere on both side. On Fig. 7(a), a
crack from sample preparation is present in the oxide layer, split-
ting it into two layers.

For the single air exposure case shown in Fig. 7(c and d), the
oxide layers were 1.4 mm and 1.9 mm in thickness. In case of dual
exposure, the oxide layers were found to be of 1.3 mm and 1.2 mm in
thickness (Fig. 7(a and b)). The EDS scans suggest that the oxide
layer formed in dual exposure is rich in Cr and Mn oxide at both
sides. Themorphology of the oxide layer depends on the conditions
of exposure with a tendency for the oxide layer formed in air to be
smoother than the one formed in fuel atmosphere. It was previ-
ously shown in the literature that the spinel crystals growing on the
surface of ferritic FeeCreMn steel were dependant on the atmo-
sphere composition [28]. Some limited inwards growth of surface
oxide can be seen in Fig. 7(a, b and c) but limited to a depth of 5 mm
from the metal surface. It is difficult to find comparable oxide layer
thickness data from the literature due to the numerous conditions
to be taken into account (temperature, time and atmosphere
composition). Linder et al. found that Crofer 22 APU oxide layer
thickness was about 5 mm for similar exposure time at 850 �C in air
[25]. Sachitanand et al. found that Crofer 22 APU oxide layer
thickness was about 12e16 mm at 850 �C in humidified air after
1000 h [29].

The results presented in Fig. 7 lead to three main findings.
Firstly, the oxide layers are thin for interconnect without protective
coating, showing that the selected interconnect alloy exhibits
suitable corrosion-resistance at an operating temperature of
700 �C. Additionally, dual exposure had no detrimental effect on
the corrosion rate of the interconnect and the oxide layers were
actually thinner in the dual exposure case compared to exposure to
air only. Lastly, the interconnect thickness used for this stack
(0.2 mm) is relatively thin and therefore the reservoir of Cr in the
bulk steel is limited. However, it appears that the low thickness of
the interconnects had no significant detrimental effect on their
corrosion rate.
Fig. 6. SEM BSE cross-section at the interface between glass and electrolyte.



Fig. 7. SEM BSE cross-sections of a 0.2 mm thin interconnect plate exposed simultaneously to air and humid hydrogen (a and b) with two EDS scan. Another interconnect exposed to
air on both side (c and d).
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4. Conclusions

In this article, post-experimental analysis results of a single-cell
stack containing hybrid seals are detailed. The hybrid seal solution
was found to work well because it could successfully compensate
for thickness variation of stack element of about 150 mm. In addi-
tion, the compliant glass layer could well accommodate the un-
evenness of the Thermiculite 866 caused by the die-cutting process.
The hydrogen cross leak value corresponded to a loss of 0.9% of the
inlet hydrogen flow, which is very low. Different interfaces and
locations inside the stackwere investigated for corrosion. Corrosion
didn't take place at two-phase interfaces such as Crofer/glass, glass/
electrolyte and glass/Thermiculite 866. The three-phase interface
between Crofer/glass/hydrogen exhibited no corrosion, whereas
some of the locations corresponding to the Crofer/glass/air inter-
face exhibited some non-systematic corrosion. The possible reasons
for the corrosion found were discussed and the most likely reason
for corrosion is contamination from lubricant that was not properly
removed before stack assembly. These results will be the basis of a
future study on the corrosion of Crofer 22 APU in contact with
sealing materials ex situ, which will aim at improving our under-
standing of this phenomenon. Lastly, dual exposure of thin Crofer
22 APU interconnect did not cause enhanced corrosion compared
to air exposure and the oxide layer thickness was found to be
limited below 2 mm. Overall the hybrid seals used in combination
with the thin interconnects were found to be a promising solution
due to low leak rate and its suitability for long-term operation will
be examined further in stack operated for longer period of time.
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