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Abstract This article reviews designs and materials
investigated for various seals in high temperature solid
oxide fuel cell “stacks” and how they might be
implemented in solid oxide electrolysis cells that
decompose steam into hydrogen and oxygen. Materials
include metals, glasses, glass—ceramics, cements, and
composites. Sealing designs include rigid seals, com-
pressive seals, and compliant seals.

Introduction

Research on hydrogen production using high tem-
perature electrolysis methods has increased in the
last few years [1-3]. One steam electrolysis method
involves essentially reversing the polarity of a solid
oxide fuel cell (SOFC) [4, 5]. Sealing is an ongoing
concern for developers of solid oxide fuel cell stacks.
However, sealing is an even greater concern for solid
oxide stacks used in a high temperature steam
electrolysis mode to generate hydrogen. Because
hydrogen is the primary valuable product for elec-
trolysis and due to hydrogen’s small size, the gas
molecules can quickly leak out of high temperature
collection ducts. This review primarily covers sealing
technologies that have been considered, are currently
being used, or are now being considered for planar
SOFCs. In many instances, an edge seal will be
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between zirconia electrolyte and a high-temperature
metal frame (or housing) [6]. Seals can also be to a
metal interconnect plate. Depending on the design,
this seal will be exposed to operating temperatures
of about 750-850 °C. But in fuel cells, this seal will
always be exposed to an oxidizing atmosphere on the
cathode side (e.g., air) and a wet fuel gas containing
various ratios of hydrocarbons (e.g., CHy), H,, CO,
CO,, and H,O on the anode side. For the steam
electrolysis cell, the polarity is reversed; the cathode
becomes the anode, and the anode becomes the
cathode. The typical materials used for the electrodes
will remain the same unless long-term endurance
tests dictate a change in materials.

For steam electrolysis, the cathode will be exposed
to a mixture of H,O in the form of steam and H, where
the ratio will vary depending on the position within the
cell. The inlet will be high in H,O. An example of an
inlet ratio is 85 H,O: 15 H,. The H,O will be depleted
at the outlet. The outlet water might decrease to a ratio
of 15 H,O: 85 H,. The H,O/H, ratios will depend on
the operating parameters of the electrolysis cell. Some
H, must always be maintained in the cathode com-
partment (e.g., in the inlet) in order to prevent
oxidation of the Ni to NiO (nonconductive). The
anode (e.g., conducting perovskite) will evolve O, that
might be collected for sale, or perhaps the O, will be
swept with air to lower possible polarization at the
anode. Therefore, electrode atmospheres are different
for an electrolysis cell than for a fuel cell. The
electrolysis cell’s cathode chamber has a higher inlet
steam content than the anode chamber of a fuel
cell. These differences could affect the known long-
term chemical stability of seal materials for SOFC
studies, or influence chemical corrosion reactions or
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interdiffusion of elements of the seal with elements of
the joined materials [7].

For fuel cells, a small amount of leakage does not
cause a large drop in the stack efficiency. In the fuel
cell application, DC electricity is the product, and any
unconverted fuel, such as H, and CO, that is leaked out
of the anode chamber is combusted and contributes
heat to the cells. Therefore, some leakage in SOFCs is
generally tolerated. In the electrolysis application,
hydrogen is the primary product, and approximately
97+ % of the hydrogen must be collected. Also, any gas
crossover would negatively affect the hydrogen gas
purity. Sealing is much less of a problem for tubular-
type SOFCs. However, most tubular designs do use
some high temperature seals to join single tubes (or
flattened tubes) into bundles for attachment to a gas
manifold, which is usually the fuel gas. For an
electrolysis application, the same manifold structure
would be used to collect hydrogen generated from
single cells into a single gas stream. Many tubular
designs are said to be ‘“‘seal-less.” However, this only
means that the gas seals can be located out of the high
temperature areas and can be executed using fairly
conventional metal seals. There are several very
different tubular designs that are being developed.
Their designed operating temperatures vary from
about 700 °C to 900 °C, depending on the materials
of construction.

Many developers of SOFCs hold critical details of
their material compositions as proprietary. However,
there was a recent review published [8] covering
sealants for SOFCs. A short article on sealing SOFC
stacks (specific to planar) was published by Weil [9]
that provides a short review and then reveals two new,
alternative, sealing methods that are covered below.
Seal designs are fairly specific to a given developer and
depend on cell and stack configurations. Figure 1
shows schematic drawings (typical) of a simple planar
stack of cells. The upper drawing is an exploded view
where the light-gray colored strips are the edge seals.
The lower drawing of Fig. 1 shows a manifold seal in a
stack that has a cross-flow configuration for the fuel
and air gas streams. The external manifolds can
distribute the fuel and the air gases across the face of
the cell stack. An air manifold is shown in Fig. 1.
Figure 2 is a schematic of seals typically found in a
stack with metallic internal gas manifolds and a
metallic bipolar plate. Common seals include: (a) cell
to metal frame, which could include sealing of the
edges of the cells and/or sealing to a particular cell
layer; (b) metal frame to metal interconnect; (c) frame/
interconnect pair to electrically insulating spacer; (d)
stack to base manifold plate, and (e) cell electrode
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edge or electrolyte to interconnect edge. The sche-
matic drawing illustrates features that are common to
several specific designs. Some of the features, such as
specific layers or current collectors, are only illustrative
in nature and are not necessary to scale.

Most metals have thermal expansion values that
exceed zirconia by at least 50% and do not afford a
good expansion match. The thermal expansion of most
metals is between 15x 10° K 'and 20 x 10° K™
while that of zirconia is about 10.5 x 10°° K. In order
to achieve lower thermal expansions, special high
chromium alloys such as 95Cr4-5Fe (‘‘Plansee Alloy”’)
or 94Cr-5Fe-1 Y,0; were developed. However, these
alloys experienced excessive high temperature Cr
oxidation. The problem is primarily found on the
cathode or air side of a SOFC. The Cr,Os; causes
increased electrical resistance (planar design) and
vaporization problems. The vaporization reaction is
Cr;03 + 1/20, — 2CrO3 (high vapor pressure gas).
Once in the vapor state, Cr oxide condenses in the
LSM (strontium-doped lanthanum manganite) cathode
and at the LSM/electrolyte and interferes with the
electrode function. One proposed mechanism is for
Mn*? ion to remove the oxygen from the CrOs,
resulting in precipitation of Cr crystallites [10]. Kofstad
and Bredesen [11] point out that a Cr problem may
also exist at the anode or fuel side of a SOFC if
high water vapor partial pressures spur the formation
and evaporation of chromium oxyhydroxides (e.g.,
CrO,0H). This could be a problem for the cathode
during operation at high temperatures as an electro-
lyzer because of the high water content. As a result of
the chromium problem, many SOFC developers have
turned to using ferritic stainless steels that have greatly
reduced the chromium content. However, Yang, et al.
[12] present an evaluation of oxidation behavior that
indicates electrically resistive chromia (Cr,QO3) scales
can grow tens of microns thick on ferritic steels after
exposure for thousands of hours in the SOFC environ-
ment. This occurs even in an intermediate temperature
range. Nonetheless, iron-based ferritic steels are pres-
ently in general use for the interconnect or metal
frames because they have a reasonable coefficient of
thermal expansion (CTE) match to zirconia, are less
expensive, and are more easily fabricated than
chromium-based alloys. Yttria stabilized zirconia
(YSZ) has a CTE = 10-10.5 x 10° K™". Typical ferritic
alloys [13] investigated include: SS 410", SS4307%

1 AISI 410 Analysis: 11.5-13.5 Cr, 1 Mn, 1 Si, 0.04 P, 0.03 S, 0.15
C, Bal. Fe.

2 AISI 430 Analysis: 16-18 Cr, 1 Mn, 1 Si, 0.045 Si, 0.030 S, 0.12
C, Bal. Fe.



J Mater Sci (2007) 42:3465-3476 3467
Fig. 1 Schematics of edge Sealing
sealing of planar cells (above)
and external gas manifold Etciolyta
seals (below) used for a Air electrode
simple cross-flow SOFC stack
design Fuel electrode
Interconnect
Single cell
(repeating unit)
Manifold —-/ U
Manifold
[ O seal
Air O
| g 3
} ‘q;i\l
o Manifold

Ebrite®, Crofer22 APU*, and ZMG232° (high surface
electrical resistance due to Si content).

One solution to the interconnect oxidation problem
has been developed at the Idaho National Laboratory
(INL). The solution is to form a thin, electronically
conductive ceramic coating of strontium-doped lantha-
num chromite (LSC) on a porous NiAl plate [14, 15].
This approach entirely eliminates Cr,Os5 in the inter-
connect. The NiAl is exposed to the fuel gas in a SOFC
or hydrogen plus steam in an electrolyzer, while the
“free” LSC surface is exposed to air. There is some
concern that the NiAl structural component will be
slowly oxidized in hydrogen/steam mixture. Oxidation
studies are currently being conducted at the INL.

3 Ebrite Analysis: 26 Cr, 0.01 Mn, 0.025 Si, 0.001 C, Bal. Fe.

4 Crofer 22 APU is a trademark of ThyssenKrupp. Analysis: 22.0
Cr, 0.005C, 0.5 Mn, 0.08Ti, 0.016 P, .002 S, 0.06La, Bal. Fe.

5 ZMG is trademark of Hitcahi Metals, Ltd. Analysis: 22.0 Cr,
0.02 C, 0.5 M, 0.40 Si, 0.21 Al, 0.04La, 0.02Zr, Bal. Fe.

| T Stack Air

External manifold and seals

Glass seals

Historically, one of two techniques has typically been
used to seal a planar SOFC stack: glass joining or
compressive sealing. Glass was originally used
because it is simple to make and apply. An important
property for working with glass (an amorphous
material) is viscosity. The viscosity varies with tem-
perature and is categorized into ranges for melting,
working, softening, and annealing. These ranges are
shown for the common soda-lime-silica glass in
Table 1. One normally takes a frit (powdered glass)
and mixes it with an organic vehicle to make a paste.
The paste is applied and then heated until the organic
burns out and ultimately the glass melts, which is at
least 1200 °C for soda-lime-silica glass, and flows to
fill a gap. The glass also has to wet and adhere to the
components to be sealed. Upon cooling, the glass
gradually becomes more viscous until below the
softening point temperature. At this point, it becomes
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Fig. 2 Schematic of seals
typically found in a planar
design SOFC stack with
metallic interconnect and
metallic internal gas manifold
channels (possibly for counter
flow pattern of fuel and air
gases)

Current collector/
fuel distribution

Interconnect

Metal endplate/
manifold

Table 1 Viscosity of soda-lime-silica glass [16]

Temperature range Viscosity range

(°C) (poise)
Annealing 400-500 10'25-10"4
range
Softening point 700 1076
Working range  700-950 10%-107¢
Melting range ~ 1200-1400 10'°-10%3

able to bear mechanical loads, and it can withstand
some gas pressure as a seal.

The first requirement for a rigid seal is that the seal’s
thermal expansion should closely match the thermal
expansion of cell components that it is joining. High
stresses can result from thermal gradients or thermal
expansion mismatches between the glass and cell
materials during heating and cooling. Fully stabilized
zirconia has a CTE of about 10-11 x 10° K", The
CTE and softening point of some silica-based glasses
are shown in Table 2.
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Seal Legend
S1: Cell to metal frame

S2: Metal frame to metal interconnect

S3: Framel/interconnect to spacer (for electrical insulation)
S4: Stack to base manifold plate

After melting and cooling, glass seals are brittle and
non-yielding, making them very susceptible to cracking
because of tensile stresses. The various silicate glasses
are also easily fluxed by the perovksites (e.g., doped
LaMnOj; used as the cathode) if they are in physical
contact. Even borosilicate glass, which has a low CTE,
was successfully used on small single cells in Europe,
but problems of cracking and inter-diffusion appeared
when it was used to seal larger area cell stacks.
However, if the sealing glass does not crystallize, then
cracks that may form because of thermal cycling can
self-heal if the glass seals are periodically heated to
temperatures near the glass melting point.

Glass is relatively low in strength when compared to
polycrystalline ceramics. The amorphous or ‘“‘vitreous”
structure of some glasses with high CTEs often tended
to crystallize when held at high temperatures for a long
time, and the CTE would change. This has led to the
use of special compositions to form purposefully
crystallized glasses, also known as glass—ceramics or
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Table 2 Coefficient of thermal expansion for selected glass
compositions

Code Name CTE (K™) Softening
(0-300 °C) x 10°®  Pt. (°C)
7740% Pyrex 3.25 821
0080* Soda lime 9.35 696
0139* Potash soda 9.70 658
alkali lead
1990? Potash soda lead 124 500
7567% Lead Zn borate 12.0 358
7576% Zn boric lead 10.0 372
7580% Pb Zn borosilicate  10.0 374
9048* Alkali strontium 9.90 688
SP712° NA 9.70 628
SP 1360° NA 12.4 632

# Corning Glass
" Speciality Glass Inc.

devitrified glass. Glass—ceramics are much stronger
than glass and the designed, resultant crystalline
structure will have a known CTE. Historically, the
CTE of cell components have been matched to the
CTE of the zirconia electrolyte. This CTE is relatively
high for a ceramic, while relatively low for most
common metals.

Glass—ceramic seals

Glass—ceramics are special compositions of glasses that
are amorphous when melted but are specifically
designed to partially or fully crystallize and become
opaque when held in a high temperature range that is
below the melting/solidification temperature range.
The author also includes glass plus powdered crystal-
line ceramics (e.g., zirconia) in this category because
they provide a similar ‘“‘glass/ceramic” function. In
general, glass—ceramic powdered “frits’’ with suitable
CTE values are very difficult to obtain commercially,
although a few compositions are available on a
restricted basis. Most developers fabricate their own
glass—ceramic compositions based on silica as the glass
former. Larsen [17] reported problems with glasses
purely based on phosphate as the glass former. At
operating temperatures, the phosphate volatilized and
reacted with the nickel-zirconia cermet anode to form
nickel phosphide and zirconiumoxyphosphate. An
additional problem is that the phosphate glasses
usually crystallize to form metal or pyrophosphates,
which can easily decompose at high temperatures in a
humidified fuel gas atmosphere. Some glass—ceramic
compositions reported in the sealing literature (based
on Si0O,) are given in Table 3.

Many barium aluminosilicate-based compositions
will eventually react with the chromium oxide or

aluminum oxide scales on the metal interconnect or
metal edge rails to form barium chromate or a celsian
phase at the interface [18]. This can cause a mechanical
weakness that is easily delaminated. Also, composi-
tions that contain boron can react over time with water
(steam) to produce B,(OH), or B(OH); gas. This can
decompose the glass and greatly limit the lifetime of
the seal. Thus many of the new investigations have
emphasized “low” or “no” boron glass compositions.

In Table 3, Argonne National Laboratory’s formu-
lation No. 14 (representing a family [19] of composi-
tions) is high in boron (glass former) with a glass
transition temperature® (7,) of 740-780 °C and a CTE
of 11.5x 10 K™ (25-600 °C). It has a minimum
bonding temperature of 1,000 °C that corresponds to
a viscosity of about 10° Pa s (in “‘working” range, see
Table 1) that should limit ‘“wicking.” It exhibits
crystals (needles) of Sr-doped LaBOs; (approx. 40—
60 vol%). The composition appears to be stable at
1,000 °C, but over time the presence of H,O vapor
likely will degrade the material due to vapor transport
of the B,(OH), or B(OH); gases as mentioned above.

Pacific Northwest National Laboratory (PNNL) has
patents [20, 21] on its glass—ceramic sealing formula-
tions and methods. This patent mentions composition
No. 9 (Table 3) as an example, which contains no
boron. It has a T, of about 726 °C, with a CTE of
10.5 x 107° K! for the crystallized glass (with 9.4 x 107
K™ for glass). This CTE was measured to be within
0.06% of the CTE of an 8-YSZ electrolyte. It was
reported necessary to heat to about 1,150 °C to execute
a seal. PNNL formulation No. 14 has boron. This
reduces the T, to 597 °C so that sealing would be
possible at a lower temperature, and the CTE is
reduced slightly to 9.48 x 10°° K™!. The addition of
boron to glass will aid in wetting and flowability
properties.

The Julich [22] No. 10 formula (“MASZ”’) in Table 3
has a T, of 721 °C, and melts at greater than 1,100 °C
with a crystallization (heat treatment) range of 741-
859 °C (for times of 2-23 h, respectively). Julich’s
“BAS” composition in Table 3 is easy to crystallize
with 100% crystals resulting after it is melted at less
than 1,100 °C and then heat treated at 800 °C.

Three glass—ceramic compositions for sealing solid
oxide cells [23] are available on a restricted basis from
the AREVA T&C Technology Center (formerly AL-
STOM) in the United Kingdom. These are BaO-

® The glass transition temperature is the approximate midpoint
of the temperature range at which there is a discontinuity in the
curve when molar volume V is plotted against temperature. The
glass transition manifests itself as a tremendous change in vis-
cosity over a small temperature range.
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Table 3 Representative glass—ceramic compositions

Source (Code) BaO MgO SrO La,O5 B,O3 AlLO; SiO, Crystal aid
ANL (14) 24.56 20.13 40.29 6.92 8.11

PNNL (9) 36.9 105 526

PNNL (14) 30.0 10.0 CaO 20.0 10.0 30.0

Julich (10) 38.0 5.0 10.0 45.0 2.0 ZrO,
Julich (BAS) 45.0 5.0 5.0 45.0

ANL = Argonne National Laboratory
PNNL = Pacific Northwest National Laboratory

MgO-B,03-SiO,-TiO, compositions with boron
content less than 10% and zero alkali metal oxide.
The minor oxides such as boric oxide, titanium oxide
and zinc oxide are added to mediate wetting and
viscous flow characteristics. TiO, obviously can have a
role as a crystallization initiator. The exact chemical
compositions are proprietary and are not revealed [24].
Three grades are available (NK2/4429/F, NK2/4414/M/
27, NK2/4430/F) with CTE values of 10.5, 10.7, and
11.3 x 10° K™! (25-900 °C), respectively, and volume
electrical resistivities of >1 x 10° Q cm (700 °C). The
maximum processing temperature is 1,100 °C in a
neutral atmosphere with an intended service temper-
ature of 800-950 °C. The materials are generally
prepared by quenching high-purity melts, drying and
ball milling to a powder with ds in the range 5-30 pm.
The powder is usually dispersed in an organic vehicle
for application as green tape or paste, the precise mode
of application depends upon the geometry of the
assembly to be sealed. These glass—ceramics are
attractive because their thermal expansion behavior
can be tailored to match those of the assembly’s end-
members. Additionally, they can be made to be
sufficiently refractory and inert for long-term service
at elevated temperatures in reducing atmospheres.
High-temperature sealing is also required for some
modern designs of tubular-type cells. An example is
the Rolls-Royce IP-SOFC design which is a segmented
cells-in-series concept in which the cells are deposited
onto a flat, porous ceramic support tube. This support
tube, which contains multiple channels, acts as the fuel
gas delivery tube. In the IP-SOFC design, cells are only
deposited on the flat surfaces of the tube, hence the
edges of the tubes need to be sealed to prevent
mixing of the fuel and air. For these seals Rolls-
Royce Fuel Cell Systems Ltd (RRFCS) currently
uses a glass—ceramic. In addition to sealing the tubes
surfaces, glass—ceramics are also used in certain parts
of the stack to create gas-tight joints between the
porous support tubes and adjoining manifolds. For
both locations long-term durability and mechanical
stability under thermal cycling are required. The
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details of the glass—ceramic compositions are proprie-
tary to RRFCS [25].

Long-term physical and chemical stability is very
important for seals in both SOFC and high tempera-
ture electrolyzer devices. In addition to reaction with
steam and vaporization, glass—ceramics will react with
cell components. A series of 13 representative compo-
sitions in the AO-SiO,~-Al,03-B,03 (A = Ba, Ca, Mg)
systems was evaluated by Lahl et al. [26] where the
boron content was kept to less than 5%. During
testing, the fuel gas was simulated using argon plus
hydrogen and steam (with a H,O/H, ratio of 4:1). In
addition to boron volatility, the presence of Na or K in
sealants was noted to enhance the chromium vapori-
zation from metallic interconnects by the formation of
very volatile Na,CrOy (g) and K,CrOy (g) species. This
is a negative because the chromium ends up in the air
electrode and blocks active sites. The BaO containing
glasses showed significantly higher CTE, faster and
more extensive crystallization, and lower 7, values
when compared to the CaO and MgO containing
glasses. MgO containing glasses were found to have
significantly lower reactivity with component materials
than those containing BaO or CaO. Investigation of
MgO containing glasses with different Al,O; ratios
showed that the detrimental formation of Mg,Al,
SisO43 phases can be suppressed by using low Al,O3
concentrations and appropriate grain sizes and nucle-
ating agents. Lahl et al. [27] also reported more details
of crystallization kinetics for glass—ceramic composi-
tions containing BaO, CaO, and MgO.

Eichler et al. [28] performed metal to metal joining
experiment using four glass—ceramic compositions in
the BaO-MgO-SrO-Al,05-B,03-Si0; system as the
“solder.” They found that many compositions contain-
ing MgO reacted with the interconnect alloy they used,
CrFe5(Y203)1, to form the reaction phase MgCr,O4
spinel. This was in addition to formation of the
oxidation barrier phase of FeCr,O,. Many joins
showed enhanced leak rates after annealing at 850 °C
for times up to 400 h and then cooling to RT. It was
thought the leakage was a result of glass delamination
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(cracking) at the metal interface probably caused by
the presence of the low CTE (6.9 x 10°° K™!) MgCr,04
spinel. Reduction of certain crystalline phases was also
noted along with some phase transformation (e.g.,
hexacelsian to celsian or formation of quartz). Barium
aluminosilicate sealing glass that is bonded to a
chromia-forming alloy can react and deplete the
protective chromia on the air side. Example reactions
noted by Yang [29] are shown in Reactions (1) and (2):

2Cr,0O3 + 4BaO + 30; — 4BaCrOy4 (1)

CrO;(OH;)(g) + BaO(s) — BaCrOq4(s) + H,O(g)  (2)

It is thought that at seal edges where oxygen or air is
accessible, reaction (1) proceeds. The formation of
barium chromate often leads to the physical separation
of the sealing glass and the metal alloy due to barium
chromate’s high thermal expansion. When some vol-
ume of glass is squeezed free during formation of the
seal (and if a chromium-containing vapor specie is
present), the freed glass surface can react according to
reaction (2). Along interfacial regions where oxygen or
air access is blocked, chromium or chromia can react
with BCAS glass—ceramic to form a chromium-rich
solid solution and a series of pores.

Based on the data published by Lahl and Eichler
and Yang, it appears to be difficult to select a single
glass—ceramic composition in the BaO-MgO-Al,O;—
B,03-SiO, system that would provide ideal perfor-
mance in all the desired aspects as a sealant for SOFCs
or high temperature electrolyzers for long periods of
time. Therefore, other glass—ceramic compositions and
other sealing options continue to be evaluated. These
options are discussed below.

Recently, a new series of ““invert” glass ceramic
compositions have been developed/evaluated for
SOFC sealing by the University of Missouri-Rolla
(UMR) [30]. Significantly, the UMR compositions are
BaO-free (they are ZnO-modified) in an attempt to
avoid the chromia reaction problems associated with
barium glass ceramics. An ‘“‘invert” glass consists of
discontinuous silicate tetrahedron groups tied together
with modifying cations. The silicate tetrahedron can be
bonded together as metasilicates ([O]/[Si] =3) or
polysilicates (short chains, [O]/[Si] > 3.0). The invert
silicates are mixed with 45-55% CaO, SrO, ZnO,
containing <45% SiO, ([O]/[Si] > 3.0) with minor
additions of Al,O3;, B,0;5, and TiO,. Representative
crystalline phases in these glass ceramics are the

pyrosilicates CaSrAl,SiO; and Ca,ZnSi,AlO; and the
orthosilicates Sr,SiO4 and Zn,SiO,. Test seals have
been made at UMR using their invert glasses with both
an interconnect alloy [E-bright alloy = Cr—ferritic steel
with 26% Cr; CTE 11.7 x 10° K™")] and YSZ coupons
(CTE x 107° K™) at 850 °C. In the future, UMR plans
to incorporate these seals into operating cells and stacks
for testing and fully characterize the glass/metal inter-
faces for reactions, etc. after testing. Early results at
UMR show invert glass compositions to have suitable
CTE values and are stable in moist fuel gases at least for
30 days. However, some Cr-rich interfacial reaction
products were found at the glass/E-bright interface
after holding the seals at 750 °C for 14 days in air.

Compressive seals

The idea of a compressive seal is to place a compliant,
high temperature material between the sealing surfaces.
The material is then compressed using external forces to
the fuel cell stack (e.g., using a load frame and springs or
hydraulics to provide a constant pressure). The addition
of a load frame adds complexity and cost to the SOFC.
The best compressive seals allow the surfaces to slide past
each other while maintaining a good (hermetic, if
possible) gas seal. Using this seal, matching CTE values
is not as important as with a solid (e.g., glass-based seal).
Such seals in reducing or inert conditions have been
made for some high temperature applications using
materials such a pyrolytic graphite foil. Here the graphite
planes can easily slide across each other. Other materials
like nickel and copper have been considered but, like
graphite, they are not oxidation resistant. High temper-
ature compressive seals using various metals have been
evaluated [31, 32]. These seals needed some improve-
ment with mechanical behavior and gas tightness.
Ceramic powders are oxidation resistant, and some have
been used to form a compressive seal in SOFCs. But,
ceramic oxide powders typically form a “leaky’ seal.
Some success has been found using mica (even
though its CTE is relatively low at approx. 6.9 x 10™°
K™') because it has internal slippage planes and is more
oxidation resistant than metal powders. However,
problems with through-seal leakage, interface reac-
tions, and crystallization have been present [33]. Com-
pressive seals using metal/mica sandwich composites
have been developed as a proposed improvement to
rigid glass-ceramics [34]. The metal layer (e.g. FeCrAl-
Y-alloy) is presumably added to increase the overall
CTE and plasticity of the seal. This approach did show
reduced leak rates after five thermal cycles. A com-
pressive hybrid mica seal is under development at
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PNNL. Sheets of Phlogopite [KMg3(AlSiz;O10)(OH),]
(high temperature mica) have been layered between
thin glass or silver layers [35] to form a seal between
various metal components or metal to zirconia. The
idea is that the mica will be compliant in two directions
(2-D in x—y plane), and the thin silver or glass layers can
more easily seal the uneven surfaces of the ceramic or
metal (e.g., interconnect) and provide some compliance
in the third (3-D) direction. Frictional damage is
thought to be limited to the first several crystal
sublayers below the mica surface. However, the slip-
page planes are due to waters of hydration, and the
water can be lost at high temperatures and will destroy
the crystal planes. Recent PNNL experimental results
on the “hybrid mica” seal technology using Pholgopite’
sandwiched between glass layers show promise [36, 37].
These experimental tests have involved joining Inconel
600 to 430 stainless steel using layers of modified G18
glass—ceramic® and Pholgopite mica sheet. The Inconel
600 has a high thermal expansion (16.7 x 10° K™)
compared to the crystallized G18 glass (11-12 x 10™°
K™") and 430 SS (11.4 x 107° K™"). Initially the G18 Ba—
Ca—Al silicate glass layers showed severe reaction with
the mica during aging at high temperatures. Therefore,
the glass composition was modified by adding a
nucleation agent (composition G18-M) or by lowering
the B,O; content (composition G18-M). The interlayer
of G18-M glass showed good chemical compatibility
with the mica for 1,000 h, but poor thermal cycle
stability. The interlayer of G18-M (low B,0O3) showed
good chemical compatibility and good thermal cycle
stability with a leakage rate of about 0.06 scc/cm over
35 thermal cycles using a 6 psi compressive stress. The
interlayers of Ag foil exhibited good thermal cycle
stability after 2,000 h with a leakage of about 0.04 scc/
cm over 47 thermal cycles using a compressive stress of
12 psi. A calculation of vapor loss for silver at 790-
800 °C showed a small (approx. 1 wt%) loss for
40,000 h. However, any effects of silver on electro-
chemical (I-V) performance need to be evaluated.

High temperature metal seals

The list of high-temperature metals useful for sealing
that will not corrode in air is very short. Candidate

7 PNNL sources of Phlogopite mica paper made from agglom-
erated flakes, possibly with some high-temperature binder added:
PH-“A” = cogemica sheets from Cogebi Inc., Crosby Road
Industrial Park, 14 Faraday Drive, Dover, NH 03820; PH-“B”":
sheets from McMaster-Carr, www.mcmaster.com, Box 54960,
Los Angeles, CA 90054-0960, p 3190 in Catalog 107.

8G18 composition : 35 BaO, 15 CaO, 5 Al,Os, 10 B,0O3, 35 SiO,.
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metals include platinum (m.p. 1774 °C), gold (m.p.
1,063 °C), and silver (m.p. 961 °C). Gold and platinum
are prohibitively expensive, while silver is only 1/100
the price of gold or platinum. Therefore, silver has
been considered as a SOFC sealing material by several
developers. Possible drawbacks are that silver has a
high vapor pressure, and it has a high thermal
expansion (CTE =20 x 10° K™).

Duquette and Petric [38] recently developed and
tested a method for sealing planar SOFCs (single cells
only) using pure silver wire gaskets (sterling silver,
containing 7.5 wt% Cu, was not sufficiently deform-
able) that are placed into channels machined into
interconnect plates made from 430 grade stainless
steel (430 SS). The seal was made using a compressive
load. The idea is that sufficient compressive load is
applied to deform the metal gaskets and prevent gas
leakage. The combination of elastic and plastic
deformation of the seal is intended to produce an
increased tolerance of SOFC stack thermal expansion
mismatches in addition to resistance to thermal
cycling and vibration damage. A low leak rate was
detected (75.8 Pamin™ at 500 °C); however, many
other problems were noted. These problems included
(a) a need for flat interconnect plates, (b) a sealing of
gas fittings, and (c) a need for a uniform load
distribution (circular shape was recommended). The
tests were not conducted over a long time period (just
minutes).

Stevenson reported [39] that silver was unstable
(developed large amounts of porosity) when exposed
to a dual atmosphere of H,-3% H,O on one side
and air on the other for 100 h at 700 °C. He found
silver was stable when exposed to air or an air
environment for 100 h at 700 °C in an identical
configuration.

PNNL has been working on an Ag-CuO [40, 41]
“fluxless” seal to “‘air”” braze cells to metal frames [42].
Braze pastes are formulated by mixing silver and
copper powders (4 mol%) with an organic binder.
The copper oxidizes in situ to CuO during the brazing
operation. In early tests, 5YSZ electrolyte (together
with NiO-5YSZ anode in a “bi-layer” structure) was
joined to thin-gauge FeCrAlY (22% Cr, 5% Al, 0.2%
Y, Bal Fe) alloy at 1,050 °C in air. Hermetic seals were
made with bond strength being maintained over 40
thermal cycles. The braze wets the YSZ well, with no
reaction zone found at the interface (some CuO
precipitates near the interface). There was a 2-mm-
wide reaction zone between the braze and the FeCrAlY
alloy. This region contained two mixed-oxide phases
CuO - Al,O5; and 2CuO - Al,Os. There also was a
thick alumina-containing scale that was formed and
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maintained on the FeCrAlY alloy. If well dispersed, the
copper oxide particles could be functioning as a
strengthening agent (dispersed oxide) in silver at high
temperatures. It also may be possible to form a silver-
ceramic composite in which silver forms a three-
dimensional network [43] and thereby reduces the high
CTE of silver.

Ceramic-composite seals

Ceramic-composite seals are being investigated by
Sandia National Laboratory [44] and NexTech Mate-
rials, Ltd. [45] Sandia’s stated composite approach is to
produce a deformable seal based on using a glass above
its T, with control of the viscosity and CTE modified
by using ceramic powder additives. The composite is to
be rigid enough to remain in the joint, but have a low
enough viscosity to slightly flow to relieve stresses and
heal cracks. However, they initially reported using
BaO-CaO-MgO-Al,05-B,03; glass compositions
mixed with ceramic powders such as YSZ. These types
of compositions will crystallize, so the amount of
deformation at high temperature will eventually be
limited. Sandia found a reaction between BaO in the
glass and YSZ to form BaZrOs (CTE of 7.9 x 10° K™)
that increased with sealing temperature. However, this
reaction reduced the amount of BaO available for
reaction with monolithic YSZ electrolyte that might be
joined. Also, there was an increasing dissolution of
MgCaB,05 crystals from the glass—ceramic at higher
temperatures. The composite CTE of the seal was
adjusted upwards by adding silver (CTE = 20.1 x 10° K™)
to compensate for the formation of low CTE BaZrO:.

NexTech report using BaO-CaO-Al,0;-SiO, can-
didate glass compositions (e.g., 15 BaO 25 CaO 7.5
AlL,O3 45 Si0O;) together with powders of mica, talc,
alumina, or zirconia fibers as an additive to increase
the viscosity. Leakage rates were minimized by using
15-25 vol% glass with the various powders. In this
approach, it is necessary to heat above the melting
point of the glass in order to stimulate wetting and
bonding. If these compositions were to contain suffi-
cient glass that the seal was fully densified upon
melting, then this approach would produce seals very
similar to the dense, machinable mica-glass ceramics
SOFC seals that were investigated in Japan during the
1990s. These composite seals consisted of micro-crys-
talline mica (fluoro-phlogopite, KMg3AlSi;O4,F;) in a
Si0,-B,03-Al,03-K,0-MgO-F glass matrix. How-
ever, the mica-glass composites were reported to react
with the Lagg Cagn, CrOs; separator plate at high
temperatures [40].

Glass—metal composite seals

Sandia National Laboratory scientists are experimenting
with a glass—metal seal using ZnO-CaO-SrO-Al,O3—
B,03-Si0, glasses (glass—ceramic) in conjunction with
adding powdered metallic nickel (5-30 vol%) [47].
Adding nickel adjusts the composite CTE to higher
values, and the nickel appears to have low reactivity
with the glass—ceramic. Recent experiments have been
conducted using a “Brow 27" glass—ceramic composi-
tion. This composition evidently is the same as the G
#27 “invert” glass—ceramic fabricated at the University
of Missouri-Rolla and does not contain BaO and has
low B,Os5 (approx. 2 mol%). Early results show that
the “Brow 27” invert glass shows no reaction with
anode materials below 1,000 °C, and the interface
maintains adhesion and structure after thermal cycling.
The glass seems to have a low solubility for Cr,O3, with
some precipitates containing Cr, Zn, Al, and O being
formed after a sealing cycle of 10 min at 950 °C.
Chromium was purposely added to the “Brow 27”
glass to simulate the effect of Cr dissolution over a long
time. Results suggest that once the glass matrix is
saturated with Cr, no further dissolution will occur.
Once saturated with Cr, the CTE of the glass was
stable at 9.3 x 10® K™'. These results indicate a com-
patibility with chromium containing alloys such as 430
or 440 stainless steel.

Compliant seals

Compliant seals might prove to be successful if they
can be executed at high temperatures. Compliant seals
might include: flexible metal “‘bellows,” viscous glass
that includes self-healing glass seals, or perhaps wet-
seals (material system unknown). These require
flexible seal designs, stable glasses that have the
appropriate viscosity range (non-crystallized glasses),
and some concepts may require an applied pressure.
PNNL [48] describes preliminary joining experi-
ments using flexible foils made from an alumina-
forming ferritic steel, DuraFoil’. This foil was brazed
to Haynes 214 alloy'® on the bottom side using BNi-2
braze tape''. The foil was also brazed to YSZ
(component of a cell) on the top side using

° DuraFoil composition: 22%Cr, 7%Al, 0.1%La+Ce, Bal. Fe.
Manufactured by Engineered Materials Solutions Inc., Attle-
boro, MA.

19 Haynes 214 has excellent oxidation resistant to temperatures
over 1,000 °C, but has high CTE (15.7 x 1076 K™).

1 Wall Colmonoy Inc., Madison Heights, Michigan.
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Ag-4 mol% CuO. The foil was in the form of a
compliant/flexible edge seal (i.e., a single segment of a
bellow). Good strength results were reported. In
practice, this seal could be used around round gas
manifold holes, which are incorporated into both the
ceramic cell and the metal alloy separator plate. The
foils are most applicable to provide thermal expansion
relief to round holes and round structures. This is
because side-expansion in a square or rectangular
structure cannot be accommodated by flexing of the
foil.

Cements

Historically, both alumino-silicate cements and alu-
mino-silicate cements plus glass were used during the
early 1990s by various developers. High temperature
cements are easily available from a variety of
commercial sources. However, after curing and firing,
they are typically somewhat porous and lack good
wetting/bonding with the metal interconnect and
ceramic surfaces that are needed to produce hermetic
seals. Therefore, in some cases, glass was added to
the cement in an effort to fill the porosity and aid
wetting. This combination then becomes a sort of
“glass—ceramic’’ seal, assuming the mixture is fired to
sufficient temperature to melt the glass.

Sealing cements can also be produced by combining
ceramic powders (e.g., zirconia) with chemically bonded
ceramics. An example is chemically bonded phosphate
ceramics [49]. Phosphate bonded ceramics are formed
like cements, but their resulting structure and properties
are similar to ceramics. The ceramic powder provides a
filler to help prevent cracking that results from shrink-
age upon curing of the phosphate cement. The phos-
phate cements are formed by reaction of metal cations
with phosphate anions. Typically, a cation donor (e.g.,
metal oxide) is mixed with and subsequently reacts with
either phosphoric acid or an acid phosphate. As the
reaction proceeds, the mixture then hardens into a
reasonably dense ceramic. However, the end product
generally is not completely hermetic. A classic example
is AIPO,4 (SiO, type covalent phosphate structure)
cement with a zirconia or alumina filler powder. Even
more stable orthophosphate compounds [50] are known
[51] (including CePO4 and LaPOy). These orthophos-
phate compounds have very high melting points that
range from 1,920 °C to 2,072 °C in air. These com-
pounds are thought to have reasonably high coeffi-
cients of thermal expansion (CTE  for
LaPO, = 9.6 x 10° K™) [52]. Their crystal structure
consists of a metal ion coordinated with eight phos-
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phate tetrahedrons. When compared to the phosphate
glasses, it is hoped that the very stable crystalline metal
phosphates will exhibit reduced reactivity [53], volatil-
ity, and decomposition problems. However, reduced
reactivity might result in insufficient bond strength
between the metal-phosphate cements and zirconia
electrolyte or metal (e.g., ferritic stainless steel) struc-
tures. This would prove to be detrimental to an
effective seal. If there is no chemical reaction to
provide bonding, adhesion strength would be limited to
that provided by mechanical interlocking. The mechan-
ical interlocking could be increased by enhancement of
surface roughness.

Discussion and conclusions

A great number of materials and approaches have
been investigated for sealing of planar type solid
oxide fuel cell stacks. As noted above, the best of
these approaches have been successful in sealing the
cells to acceptable leakage rates. However, there
appear to be significant problems with these seals
during long-term service. This is due to corrosion
effects or cracking associated with multiple thermal
cycles. The long-term corrosion effects for solid
oxide electrolysis cell seals are more unknown than
for solid oxide fuel cell seals because of the
difference in gas atmosphere compositions. The most
obvious difference involves the H,O/H, ratios. Many
new sealing approaches seem to be promising, such
as using “invert” type of glasses that do not contain
BaO. However, testing histories have shown that the
majority of promising approaches do not ultimately
provide completely acceptable results.

Some of the newest approaches involve metal/glass
composite seals. An example is the Sandia National
Lab work on metal/glass composites. This approach
brings with it the innate question of whether the glass
component should be retained as amorphous glass or
purposely designed to vitrify into a glass—ceramic. A
second question is what metal composition should be
used for the composite. And the third question is what
design and fabrication techniques can be used to
manufacture a complex composite geometry that
provides for simultaneous plasticity and retention of
the glass in the joint area. This would be considered to
be a “soft” seal.

If the glass in a metal/glass composite seal de-vitrifies
into a glass—ceramic, it loses its ability to relieve stresses
and repair cracks via viscous flow during high temper-
ature annealing or operation. The seal then becomes
“hard”. Therefore, an amorphous glass seems best as
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long as it does not overly react with the ceramic and/or
metal end-members it is joining. For instance, a soda-
lime glass (see Table 2) could be useful if it were isolated
into micro-cells by metal walls in the composite seal.
This could limit the reaction of the sodium and potas-
sium with the protective chromium oxide coatings of
ferritic stainless steel components. This would limit the
chromium vaporization from metallic interconnects by
suppressing the formation of very volatile Na,CrOy (g)
and K,CrOy(g) species. The metal to be used should be
somewhat plastic. It should have a CTE that is close to
that of zirconia, or be combined with the glass in a way to
average out to a suitable CTE. One of the biggest
requirements is the metal will be exposed to oxidation
on one side and reduction on the other. The best choice
for the metal component of a metal/glass composite seal
is one that is highly deformable and oxidation resistant.
Some metals that exhibit these traits are Au, Pt, or Pd.
Silveris not as stable and has a high CTE. But, because of
economic considerations, only Ag has being seriously
investigated. Other metals have like Ni or Ni alloys or
even ferritic stainless steels form oxide scales that can
react with the glass component of the composite seal.

Acknowledgement This work was supported by the U.S.
Department of Energy Office of Nuclear Energy Science and
Technology, under DOE-NE Idaho Operations Office Contract
DE-AC07-051D14517.

References

1. Hinao R et al (2004) Nuclear Eng Design 233:363
2. Quandt KH, Streicher R (1986) Int J Hydrogen Energy
11:309
3. Iwahara H et al (2004) Solid State Ionics 168(3-4):299-310
4. O’Brien JE, Herring JS, Lessing PA, Stoots CM (2003)
Presented at the first international conference on fuel cell
science, engineering and technology, Rochester, NY, April
21-23, 2003
5. Herring JS, O’Brien JE, Stoots C, Lessing PA (2004) Paper
4322, 2004 international congress on advances in nuclear
power plants (CAPP ‘04), Pittsburgh, Pa, June 13-17, 2004
6. Singh RN (2004) In: Lara-Curzio E, Readey MJ (eds) 28th
international conference on advanced ceramics and compos-
ites, vol 25, no. 3, Cocoa Beach, FL, pp 299-307
7. Lewinsohn CA, Elangovan S, Quist SM (2004) In: Lara-
Curzio E, Readey MJ (eds) 28th international conference on
advanced ceramics and composites vol 25, no. 3, Cocoa
Beach, FL, pp 315-320
. Fergus JW (2005) J Power Sources 147:46
9. Weil KS, Coyle CA, Hardy JS, Kim JY, Xia G-G (2004) Fuel
Cells Bulletin, May 2004, pp 11-16
10. Jian SP et al (2002) J Eur Ceram Soc 22:361
11. Kofstad P, Bredesen R (1992) Solid State Ionics 52:69
12. Yang SG et al (2003) Adv Mater Process 161(6):34
13. Yang ZG (2003) et al Presented at the SECA CTP (DOE)
Review Meeting, Albany, NY, September 30, 2003

oo

14.

15.

16.
17.

18.

19.
20.
21.

22.
23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.
34.
35.
36.
37.

38.
39.

40.
41.
42.

43.
. Loehman R et al (2005) SECA Core Technology Program

Windes WE, Lessing PA (2003) In: Eighth international
symposium of solid oxide fuel cells (SOFC VIII), 203rd
Meeting of the electrochemical society, Paris, France, April
27-May 2, 2003

Windes WE, Lessing PA (2003) In: Eighth international
symposium of solid oxide fuel cells (SOFC VIII), 203rd
Meeting of the electrochemical society, Paris, France, April
27-May 2, 2003

(1974) Elements of ceramics, 2nd edn. F.H. Norton, Addi-
son-Wesley Publishing Co, 168 pp

Larsen PH et al (1995) Proc. 4th Int. Symp. Solid Oxide Fuel
Cells, vol 95-1, pp 69-78

Yang ZG, Weil KS, Meinhardt KD, Stevenson JW, Paxton
DM, Xia GG, Kim DS (2002) In: Indacochea JE, DuPont
JN, Lienert TJ, Tillmann W, Sobczak N, Gale WF, Singh M
(eds) Joining of advanced and speciality materials V. ASM
International, Materials Park, OH, USA, pp 116-124

Ley KL et al (1996) J Mater Res 11(6):1489

Meinhardt KD et al (2002) Glass—ceramic materials and
method of making. U.S. Patent No. 6,430,966 B1, Aug. 13,
2002

Meinhardt KD et al (2003) Glass—ceramic joint and method
of joining. U.S. Patent No. 6,532,769 B1, Mar. 18, 2003
Lahl N et al (2000) J Mater Sci 35:3089

Howard PJ, Pyke SH, Wood A (2000) Mat Tech Adv Perf
Mat 15.1:6 Matrice Technology Ltd., UK

Personal Communication, Mr. Paul J. Howard, Programme
Manager—Materials, Areva, T&D Center, St. Leonard’s
Avenue, Stafford ST17 4L.X, UK

Personal Communication, Mr. Stephen H. Pike, Rolls-Royce
Fuel Cell Systems, Ltd, Charnwood Building, Holywell Park,
Ashby Road, Loughborough LE11 3GR, UK

Lahl N et al In: Solid oxide fuel cells, vol VI. Electrochemical
society proceedings, vol 99-19, pp 1057-1066

Lahl N et al (2000) J Mater Sci 35:3089

Eichler K et al (2000) In: Proc. 4th European SOFC Forum,
pp 899-906

Yang Z et al (2003) J Electrochem Soc 150(8):A1095

Reis ST, Zhang T, Brow RK (2005) SECA Core Technology
Peer Review Workshop (U.S. Dept. of Energy), Tampa, Fl,
Jan. 27-28, 2005

Bram M et al (2002) In: Huijsmans J (ed) Proceedings of the
fitth European solid oxide fuel cell forum, 1-5 July 2002,
Lucerne, Switzerland, pp 847-854

Reckers S et al (2002) In: Huijsmans J (ed) Proceedings of
the fifth European solid oxide fuel cell forum, 1-5 July 2002,
Lucerne, Switzerland, 2002, pp 847-854

Chou YS, Stevenson JW (2003) J Power Sources 124:473
Bram M et al (2004) J Power Sources 138:111

Chou YS, Stevensen JW (2004) J Power Sources 135:72
Chou YS, Stevenson JW (2005) J Power Sources 140:340
Y-S M Chou, Stevenson JW, Singh P (2005) PNNL Presen-
tation at SECA core technology program review, January
27-28, 2005, Tampa, Florida

Dugquette J, Petric A (2004) J Power Sources 137:71
Stevenson J (2003) PNNL Presentation at SECA Core
Technology Program—SOFC Seal Meeting, July 8, 2003,
Sandia National Laboratory, Albuquerque, NM

Zhao ZB et al (1993) J Am Ceram Soc 76(10):2663

Meier AM et al (1995) J Mater Sci 30(19):4781

Weil KS, Coyle CA, Hardy JS, Kim JY, Xia G-G (2004) Fuel
Cells Bulletin, May 2004, 14 pp

Kofstad P, Bredesen R (1992) Solid State Ionics 52:69

Review, January 27-28, 2005, Tampa, FL

@ Springer



3476

J Mater Sci (2007) 42:3465-3476

45.

46.

47.

48.

Seabaugh MM, Emley B (2003) SECA Core Technology
Program, SOFC Seal Meeting, July 7, 2003

Yamamoto T et al (1995) In: Proceedings of the fourth
international symposium on solid oxide fuel cells (SOFC-
1V), vol 95-1, The Electrochemical Society, pp 245-253
Loehman R et al (2005) SECA Core Technology Program
Review, January 27-28, 2005, Tampa, FL.

Weil KS, Coyle CA, Hardy JS, Kim JY, Xia G-G (2004) Fuel
Cells Bulletin, May 2004, 15 pp

@ Springer

49.
50.
. Hikichi Y, Nomura T (1987) J Am Ceram Soc 70(10):C252
52.

53.

Wagh AS (2004) Chemically bonded phosphate ceramics.
Elsevier
Lessing PA, Erickson AW (2003) J Eur Ceram Soc 23:3049

Personal communication from Prof. K.K. Chawla, University
of Alabama-Birmingham, March 21, 2005
Chawla KK et al (2000) J Eur Ceram Soc 20:551



	A review of sealing technologies applicable to solid oxide electrolysis cells
	Abstract
	Introduction
	Glass seals
	Glass-ceramic seals
	Compressive seals
	High temperature metal seals
	Ceramic-composite seals
	Glass-metal composite seals
	Compliant seals
	Cements
	Discussion and conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


