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bstract

Advanced characterization methods have been used to analyze the thermo-mechanical behaviour of solid oxide fuel cells in a model stack. The
rimarily experimental work included contacting studies, sealing of a model stack, thermal and re-oxidation cycling. Also an attempt was made to
orrelate cell fracture in the stack with pore sizes determined from computer tomography. The contacting studies were carried out using pressure
ensitive foils. The load to achieve full contact on anode and cathode side of the cell was assessed and applied in the subsequent model stack test.
he stack experiment permitted a detailed analysis of stack compaction during sealing. During steady state operation thermal and re-oxidation
ycling the changes in open cell voltage and acoustic emissions were monitored. Significant softening of the sealant material was observed at low
emperatures. Heating in the thermal cycling loop of the stack appeared to be less critical than the cooling. Re-oxidation cycling led to significant

amage if a critical re-oxidation time was exceeded. Microstructural studies permitted further insight into the re-oxidation mechanism. Finally,
he maximum defect size in the cell was determined by computer tomography. A limit of maximum anode stress was estimated and the result
orrelated this with the failure strength observed during the model stack testing.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The basic principles of solid oxide fuel cells (SOFCs) have
heir origin in the high ionic conductivity of stabilized zirco-
ia of elevated temperature, first observed more than a century
go by Nernst [1]. Today, with substantial advances in theoret-
cal understanding and experimental realization, the SOFC is
onsidered a highly efficient device to convert chemical fuels
irectly into electrical power. The electrical efficiency (∼50%)
ncreases further when coupled with a gas turbine in a power
lant. In particular, in the past decade SOFC development has
ade significant progress resulting in a tenfold increase of power

ensity [2].
There are essentially two main concepts under development,
he tubular and the planar design [2,3]. Concerning long term
tability and demonstration of plant technology, the tubular con-
ept is far more advanced, whereas the planar design offers
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igher volumetric and gravimetric power density [2]. The devel-
pment of robust, mechanically reliable planar SOFC stacks
ith the complex multilayer composite arrangement of cells

nd interconnects still faces various problems. They are related
o differences in high temperature behaviour of the involved

aterials and their partial lack of thermo-chemical and thermo-
echanical compatibility in the stack composite [3,4].
The planar SOFC can be treated as a multilayer compos-

te which consists basically of three layers, anode, electrolyte
nd cathode, where in actual cell designs either interfacial func-
ional layers are added or gradients in material properties are
ailored [5]. Since the layers are bonded in the composite, any
ismatch in thermal expansion of the materials results in the

evelopment of residual stresses which are reflected in the cur-
ature of the cells. Additional stresses can also emanate from the
nal arrangement and fixation of the cells in the SOFC stack,

ypically utilised using rigid glass ceramic sealants [6,7], ther-

al gradients resulting from thermal cycling [8] or isothermal

peration or reduction and re-oxidation processes [9,10]. These
tresses should not exceed the strength of the materials [11,12].
ence, whereas steady state operation of SOFC stacks is asso-
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iated with degradation due to chemical processes, thermal and
e-oxidation cycling may result in fracture of sealant or cell and
hereby cause fatal damage of the entire stack [9,13].

Standard SOFC cells of the Research Center Jülich (FZJ)
omprise yttria-stabilised zirconia (YSZ) as electrolyte, porous
i-YSZ cermet as anode and lanthanum–strontium–manganite

LSM) as cathode [14]. Typical operation temperatures are in the
ange between 600 and 1000 ◦C. In order to operate the SOFC
n the lower temperature regime (700–800 ◦C) either thin YSZ
lectrolytes and/or oxides with higher ionic conductivity, e.g.
eO, Sc stabilized zirconia, are used. Recent progress in elec-

rochemical performance has also been achieved with improved
athodes. Composite cathodes (LSM + YSZ) increase the num-
er of electrochemically active sites for oxygen reduction (three
hase boundaries of electrolyte/cathode/air) [15]. Also new cath-
de materials of (La,Sr)(Co,Fe)O3 composition (LSCF) reveal
uperior performance [16].

In planar design larger power units of SOFCs require stacking
f the cells and their connection in serial mode with intermedi-
te bipolar plates via contact layers. Moreover, the fixation of
he cells and the sealing of anode and cathode compartment
eed appropriate material solutions [17]. Since a prerequisite
f successful stack operation is the permanent physical contact
f geometrically stable planar cells, the assembling of a stack
sing curved cells typically includes application of an external
orce normal to the cell surface either at room temperature or
t high temperature. However, a recent investigation has shown
hat the room temperature curvature for a sealed cell is negli-
ible if the curvature has been eliminated at high temperature
efore cell fixation by the sealant using a perpendicular load
18].

In order to gain better insight into the thermo-mechanics and
ssociated failure processes of solid oxide fuel cells in a stack,
spects of assembling have been assessed using a model stack.
he experiments were carried out under safety gas conditions
nd operation with in situ monitoring of mechanical stack load,
isplacement, temperature, open cell voltage and acoustic emis-
ion [19]. In addition the stack and cell failure under conditions
f thermal and reduction/re-oxidation cycling was investigated.
inally, it is shown that computer tomography can be used to
sses the failure relevant maximum defect sizes in the cells and
ence to predict a limit of the fracture strength. The presented
nvestigations permit further insight into the behaviour of SOFC
tacks especially in combination with previous results on the
eflection of planar solid oxide fuel cells during sealing and
ooling of stacks that were based on simulation in combination
ith in situ observations [18].

. Experimental

The tests were carried out with anode supported SOFCs of
lanar design. In the case of the model stack test, FZJ stan-
ard cells were used, which had a porous Ni-YSZ as anode

ubstrate or anode current collector (ACC, thickness ∼1.5 mm)
hat supported a co-fired YSZ electrolyte (thickness ∼10 �m)
n an intermediate ∼10 �m thick anode functional layer (AFL)
f higher density. The cells possessed a ∼50 �m thick Lan-
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hanum Strontium Manganite (LSM) cathode. The metallic
omponents of the stack (interconnects, cell-frames) were man-
factured from Crofer22APU a ferritic steel that is available
rom ThyssenKrupp. Details on the design of the stacks can be
ound in ref. [6].

The supplementary contact and tomography studies were car-
ied out with half-cells (no cathode). A pressure sensitive foil
Pressurex, Sensor Products) was used to visualize the contact
ituation as a function of load. Assuming a dominant influence
f the brittle YSZ-sublattice on anode failure, the tomography
tudies were only performed with half-cells after chemically
emoving the Ni-compound.

. Results

Subsequently the results of the contacting studies, model
tack experiment and computer tomography are sequentially
resented.

.1. Contacting studies

Successful operation of planar SOFC components in a stack
elies to a large extent on reliable, durable contact between the
ell electrodes and the interconnect material. For a two cell short
tack of FZJ design the electrical contact on the air side between
node substrate (Ni-YSZ) and interconnect (ferritic steel) is pro-
ided by a Ni mesh. The cathode is contacted to the interconnect
sing a compliant contact paste of proprietary composition. The
ecessary optimum contact load needs to be evaluated to elim-
nate any potential initial lack of contact due to the thermal

ismatch warpage of “planar” SOFC cells. Therefore studies
ave been carried out introducing with pressure sensitive foil as
quantitative measurements method.

In FZJ stacks the anode—interconnect contact is ensured by
Ni-mesh with a wire thickness of ∼0.65 mm. In the contact

xperiments a Ni-mesh (100 mm × 100 mm) with the same spec-
fication as in the SOFC stack was spot welded to a flat plate of
nterconnect steel. The Ni-mesh was then loaded under com-
ression using a flat ceramic plate as reference. For testing the
ontact situation a pressure sensitive foil was arranged between
i-mesh and ceramic plate, hence permitting observation of the
umber of contact points after the test.

The contact foil images reveal that a spot welded Ni-mesh
equires a high mechanical load (∼600 N) for maximum con-
act (Fig. 1). Interestingly, the same result is obtained if the
est is carried out with an additional SOFC half-cell between
i-mesh and ceramic plate. Hence it appears that the load to

liminate the characteristic deflection of a (100 mm × 100 mm)
node supported cells is lower (∼500 N) and the relevant stack
ontacting load is defined by the load necessary to provide an
ptimum number of contact sites on the Ni-mesh.

Tests on the cathode side have been performed via contacting
he half-cell directly to the interconnect. Essentially the same

oad result was obtained. Note that the addition of a compliant
ontact paste and the soft cathode material, both not used in
he present study will lead to a compensation of any remaining
eflection.
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F Bright areas without contour reflect the situation of lacking contact. Sequence of
i ed mesh positions: (a) 100 N, (b) 200 N, (c) 400 N and (d) 600 N.
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ig. 1. Contact foil image after RT loading of a 100 mm × 100 mm Ni-mesh.
ncreasing load demonstrates that lacking contact is finally limited to spot weld

Comparison of these experimental results with finite element
imulations [18] suggests that a remaining cell deflection of
1 �m is compensated by the Ni-mesh deformation. For both

node and cathode side a load of ∼500 N is sufficient to pro-
ide maximum contact with a 100 mm × 100 mm cell of 1.5 mm
hickness. This load was applied during the model stack test. The
hoice of a 500 N stack load for cell contacting is also supported
y additional high temperature tests. The coarse Ni-mesh used
n the stacks deforms predominantly elastic at room temperature
RT), however, at the stack sealing temperature of 850 ◦C plastic
eformation dominates. In addition ∼20 �m creep occurs within
4 h at 850 ◦C if the Ni-mesh is loaded with 500 N that might be
onsidered in stack design.

.2. Model stack experiment

A model stack experiment was carried out with a two-cell
tack within the high temperature furnace of a mechanical test-
ng machine. A schematic of the experimental set-up, which
lso illustrates the testing parameters, is displayed in Fig. 2. The
xperiment was instrumented for monitoring the mechanical
tack load, the stack displacement (height reduction), temper-
ture, open cell voltage and acoustic emission. In addition one

ide face of the stack was in situ observed using a high resolution
CD camera with magnifying lens system. A front view of the

still open) furnace in the mechanical testing machine with the
tack centred between ceramic loading pistons is shown in Fig. 3.

Fig. 2. Schematic of the experimental set-up before testing.

g
i
r

F
t

ig. 3. Front view of the (still open) furnace in the mechanical testing machine
ith the stack centred between ceramic loading pistons.

he image also displays part of the instrumentation (acoustic
mission: AE), the safety gas supply tubes and the CCD cam-
ra. The rear view of the stack before the experiment (Fig. 4)
llustrates were temperature, OCV and AE were measured.

The testing sequence comprised in a first phase the assem-
ling procedure (sealing) and, after crystallization of the glass
eramic sealant, the anode reduction with 4% H2/Ar (safety

as). Thereafter multiple thermal heating–cooling loops with
ncreasing temperature rate were performed. Re-oxidation and
eduction cycles completed and terminated the experiment.

ig. 4. Rear view of the stack before the experiment illustrating were tempera-
ure, OCV and AE were measured.
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ig. 5. Sealing of the model stack. Sealant shrinkage by deformation of glass
eramic paste at about 100 ◦C and softening above 700 ◦C.

.2.1. Results related to the different testing stages
The experiment consisted of four stages. The initial sealing

hase and anode reduction was followed by an operation period
f ∼25 h at 800 ◦C. Then the stack was thermally cycled with
eating rates of 2, 4 and 8 K min−1. No variation of cooling
as applied; hence the cooling rate was in each case identi-

al with furnace cooling. During the thermal cycling test it was
ssumed that the stack reached the constant operation tempera-
ure of 800 ◦C when the open cell voltage had stabilized. After
eaching this thermal equilibrium the cooling part of the thermal
ycling was started. The final stage of the stack test focused on
e-oxidation cycles. Experimentally, the safety gas supply was
nterrupted; no additional air feeding was introduced. Hence, the
e-oxidation time depended on the leakage rate of the system.

.2.2. Sealing
The change in thickness during the assembling procedure of

he paste to be crystallized to a glass-ceramic and used for seal-
ng the stack is illustrated in Fig. 5. Two significant upward
hanges of displacement are observed during the heating to
50 ◦C which correlate with a compaction of the stack height.
he paste exhibits a first pronounced deformation at ∼100 ◦C

1) followed by softening above ∼700 ◦C (2). The shrinkage
ehaviour was also documented in a video sequence mounted
rom the images of the in situ CCD camera observation on the
tack side face. Fig. 6 shows RT-micrographs of the sealant paste

efore the experiment, after annealing to 150 ◦C and in the crys-
allized state. After annealing to 150 ◦C the paste appears more
ompact and finally displays crystalline phases. The crystalliza-
ion period of the seal (∼25 h, 800 ◦C) is accompanied by a

d
o
8
A

Fig. 6. Microstructure of glass-ceramic seal. (a) Glass paste at room tem
ig. 7. AE events as a function of heating and cooling rates. Effect most pro-
ounced during cooling.

light increase in stack height of ∼100 �m. The crystallisation
rocesses of the glass ceramic sealant are known to occur mainly
uring the first hundred hours and thereafter saturate [20,21].

.2.3. Thermal cycling
During thermal cycling open cell voltage and acoustic emis-

ion signals were recorded simultaneously. Initially the open
ell voltage was lower than expected due to short circuiting of
CV wires. Visual stack examination after a first cooling down

evealed that OCV wires had gained accidentally contact with
he wave guides of the AE sensors during the sealing procedure.
he wiring was adjusted before the re-heating. Also a problem
manated from the common ground potential of the AE ampli-
ers since the wave guides for the AE sensors were welded to

he upper and lower cell. Removal of one AE sensor resulted
n a significant increase in voltage. Thus rather than measuring
etween bottom and top of the stack, the AE wave guides were
onnected to opposite sides of one stack plane only. After fixing
he wiring problems the open cell voltage of both cells was close
o 1.1 V and hence in the expected range for the SOFC stacks.

Due to the addressed wiring problems the first thermal cycle
ould not be analyzed. In the next cycles thereafter only a low
umber of acoustic emission events were detected, mainly from
he centre of the stack, which appeared to be associated with
hanges in the gas feeding rate. The number of acoustic emis-
ion events during cooling was always significantly larger than

uring heating. The number of events did not show a dependence
n the heating/cooling rate within the investigated range (up to
K min−1, Fig. 7), it rather decreased with the number of cycles.
E activity mainly started at temperatures below 600 ◦C. With

perature, (b) after annealing to 150 ◦C and (c) in crystallized state.
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ig. 8. AE events as a function of re-oxidation time. Effect most pronounced
uring cooling.

ncreasing number of cycles it was it was also possible to detect
hat most of the AE events preferentially occurred at the edges
f the stack and hence were associated with fracture sources
ear or at the sealant location. It should be noted that a hold-
ng time of 65 h at room temperature led only to five AE events.
ence, there was no indication for slow environment (humidity)

ssisted crack growth under the stack conditions.

.2.4. Reduction and re-oxidation
The AE activity was low during the reduction sequences.

uring re-oxidation the number of acoustic emission events
ncreased strongly after some time. In Fig. 8 the rise of AE
ignals starts ∼5 h from closure of the safety gas supply (gas
utlet closed by flowmetre). Since the leakage of the complete
tack system was not quantified, the given time frame has to
e taken as being relative. However, the result is in agreement
ith previous microscopic observations of a re-oxidation front,
hich propagates (depending on oxygen supply) through the
OFC anode [9,13,22]. In the present experimental stack situa-

ion the number of AE events and hence the damage appeared
o increase proportional to the time. Taking the thermal cycling
istory of the present stack into account a time of 5 h at 800 ◦C
ithout safety gas was obviously sufficient to cause significant
amage in the cells.
.2.5. Post mortem inspection
The in situ monitoring of the AE activity from the stack test

evealed fracture sources in the cells near the glass-ceramic
ealant. Dismantling of the stack planes proved a very good

s
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Fig. 9. Cell damage due to reduction/re-oxidation cyc
f Power Sources 173 (2007) 60–67

onding behaviour of the glass-ceramic. The dismantling frac-
ure occurred essentially in the sealant [20,21]. Also a stronger
onding was recognized in case of thinner sealant, which
as the case in the anode compartment. Both cells contained

racks, which were predominantly located along and near the
lass-ceramic seals. The cracks were larger in the anode sub-
trate (Fig. 9(a)), but could also be detected in the electrolyte
Fig. 9(b)).

.3. Microstructural changes during re-oxidation

In order to further elaborate the significant anode and
lectrolyte damage observed after dismantling of the model
tack. The microstructural changes within the sequence of
iO reduction and Ni re-oxidation were studied in supplemen-

ary laboratory experiments. Fig. 10 displays in a sequence of
EM micrographs with focus on exactly the same location the
icrostructural changes of an anode supported FZJ half-cell.
he sequence from co-fired to the re-re-reduced state is dis-
layed. The initially dense Ni-O particles (Fig. 10(a)) reveal
hrinkage on reduction (Fig. 10(b)). The particles are fragmented
n the re-oxidized state (Fig. 10(c)). Furthermore, electrolyte
racture and microcracks in the anode are visible. Reducing
he NiO results again in dense particles (Fig. 10(d)) which
ppear to occupy a larger volume than in the initial reduced state
Fig. 10(b)), hence a courser structure. In the re-re-oxidised state
he NiO particles appear to be even more fragmented (Fig. 10(e)).
he electrolyte crack exhibits a larger opening. A reduction of

he NiO with an additional holding time of 100 h (Fig. 10(f))
esults in a similar structure as in the re-reduced case (Fig. 10(d)).
omparing the re-oxidized and the re-re-oxidized structure in
ig. 10(g and h) shows that in addition to crack opening the
umber of electrolyte cracks has increased. The increase of elec-
rolyte damage in the re-re-oxidised state might be a result of
he courser structure of the Ni in the re-reduced state. Comple-
entary TEM investigations (Fig. 11) indicate that re-oxidation

esults in an increase of porosity in the NiO particles and that
e-reduced and reduced structure look similar, however, some
ores exist in the Ni particles.

Obviously the reduction step of Ni is not reversible by a sub-

equent re-oxidation. Compared to the initial state the porous
e-oxidized NiO is more porous and hence requires a larger vol-
me, causing compressive stresses in the anode and tension in
he electrolyte. A ∼0.5% strain increase compared to the initial

les. (a) Cracks in the anode and (b) electrolyte.
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Fig. 10. SEM study of microstructural changes in anode and anode substrate due to reduction/re-oxidation cycles. (a) Initial as co-fired state, (b) reduced, (c)
re-oxidized, (d) re-reduced, (e) re-re-oxidized, (f) re-re-reduced with additional holding time of 100 h, (g) re-oxidized and (h) re-re-oxidized.
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ig. 11. Microstructural changes in anode and anode substrate. TEM microgra
) re-oxidized, (e and f) reduced, (g and h) re-reduced.

xidised state has been measured which is responsible for the
lectrolyte damage observed after the model stack re-oxidation
xperiments [9].

In addition to electrolyte cracks, cracks in the anode sub-
trate have been observed after dismantling the model stack.
hese cracks might be a result of the in-plane additional oxi-
ation front from the uncovered sides of the cell, whereas the
lectrolyte cracks can be associated with the perpendicular oxi-
ation front from the free surface of the anode towards the
lectrolyte.

.4. X-ray computer tomography

The multilayered, essentially brittle ceramic materials of the
OFC makes the composite component prone to brittle fail-

re under the thermo-mechanical conditions of transient stack
peration [11]. The model stack experiment described above
ive further proof of evidence. It is the defect population of
he porous anode substrate which governs the possible fracture

w
b
a
t

ig. 12. SEM image of electrolyte and remaining YSZ frame (a) and cell section image
specimen prepared with Focused Ion Beam (FIB). (a and b) Co-firing, (c and

rocesses in anode supported planar SOFCs [11,18]. Thus an
ttempt was made to characterize the anode defects by a non-
estructive method using computer tomography (CT) [23,24].
n cells with oxidised and reduced anode in the presence of NiO
r Ni only the cutting damage was visible in the CT images.

In a half-cell specimen with reduced anode (Fig. 12(a)) pores
hich are considered to be the failure relevant structure related
efects were only recognized after chemical removal of the Ni.
he maximum observed defect size was ∼400 �m, the minimum
etectable defects were in the order of ∼50 �m (Fig. 12(b)). No
istinction could be made between the size of surface and volume
efects.

Based on a fracture toughness value of ∼1.2 MPa m1/2 [20]
or oxidized and reduced anodes the maximum defect size per-
its an estimation of a fracture stress made of∼50 MPa, which is

ithin the range of strength values measured for FZJ cells using
ending fracture methods [11]. The anode fracture observed as
result of the model stack re-oxidation can be associated with

his stress level.

obtained using computer tomography (b). The Ni has been removed chemically.
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. Conclusions

Contacting studies have been carried out. Pressure sensitive
oil has been used to assess the necessary load for achieving full
ontact on anode and cathode side of the cell. A load of ∼500 N
ppeared to be sufficient to satisfy the demand. Note that also a
emaining cell deflection of ∼1 �m would be compensated by
ocal deformation of the contact materials.

The model stack experiment permitted a first analysis of
he changes in stack height during sealing process. The in situ

onitoring of acoustic emissions during steady state operation,
hermal and re-oxidation cycling provide valuable information
n mechanical stack failure mechanisms. A two-sensor acous-
ic emission method also proved to be a useful tool to assess
ocalisation of damage.

Finally it should be emphasized that within the experimen-
ally possible variation of the thermal cycling parameters the
tack appeared to be insensitive to the heating/cooling rate,
owever, heating was in general less critical than cooling.

The computer tomography permitted an assessment of the
aximum defect size. A strength value reasonable for FZJ cells

ould be estimated.
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