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bstract

he fracture stress of the electrolyte determines the limit of the mechanical integrity of electrolyte supported solid oxide fuel cells. However,
he measurement of the fracture stress of thin sheet specimens typically leads to difficulties in experiment and analysis. In particular evaluation
roblems arise in bending tests due to the non-linear deformation behaviour. In addition to conventional bi-axial bending tests of 6ScSZ and 3YSZ
lectrolyte foils with a thickness of ∼100 �m a new method is introduced, which relies on ring-on-ring tests with composite specimens. By gluing
he thin electrolyte foil on a steel substrate, non-linear deformation of the foils is avoided. The method allows the correlation of the fracture stress

ith a defined electrolyte portion under maximum stress and hence a prediction of failure stresses and probabilities for real-size cells. The results

eveal a higher characteristic fracture stress and Weibull modulus for the 3YSZ foils compared to those of the 6ScSZ variant. In both electrolyte
aterials, failure of the foils appeared to be related to surface defects.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

Planar solid oxide fuel cells (SOFCs) are currently being
eveloped in two main geometrical variants with different struc-
ural support. SOFC concepts based on electrode substrates
mostly anode) allow a reduction of the electrolyte thickness to
hin layers of 5–10 �m.1 In contrast, in the electrolyte supported
ariant a much thicker membrane (∼100–200 �m) is required
or mechanical robustness. Since the cell resistance strongly
epends on electrolyte thickness, the electrode supported SOFC
oncept has the attractive advantage of lower operation temper-
ture at equal electrochemical performance.

The differences in the thermo-elastic behaviour between the
ndividual layers in the planar SOFC cell composite generate
esidual stresses2,3 that can cause mechanical integrity prob-
ems. In the case of an anode supported cell design, compressive

tresses exist in the thin film electrolyte, which usually has the
maller thermal expansion. Accordingly the anode will exhibit
ensile stresses. In an electrolyte supported design, the elec-

∗ Corresponding author. Tel.: +49 2461 616964; fax: +49 2561 613699.
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rolyte will be under a lower compressive stress, whereas the
ensile stress in the anode is enhanced.

However, there are some specific advantages of the elec-
rolyte supported cell concept with respect to mechanical
ntegrity. The asymmetric variant with the electrode support typ-
cally exhibits, if unconstrained, considerable cell curvature.4

he electrolyte supported cell has a more or less symmetric
ayer structure and thus the residual stresses generate less cur-
ature, i.e. the cells are essentially flat. Also the impact of anode
e-oxidation strain on cell failure, a phenomenon well known for
node supported SOFCs,5 is considered to be less severe when
he electrolyte, which is thicker and denser than the porous anode
ominates the mechanical behaviour. Of course ultimately all
ssembly, operation and residual stresses have to remain below
he strength of a material.

Electrolyte materials with high conductivity and high fracture
tress in thin sheet geometry appear to be attractive for further
romoting the electrolyte supported SOFC concept. Thus from
he electrochemical point of view, the substitution of the cur-

ently standard yttria-stabilised zirconia (YSZ) electrolyte by a
candia-stabilised zirconia with higher conductivity is one of
he material options.6 However, there are few data available on
he mechanical properties of thin sheet material. Although some

mailto:j.malzbender@fz-juelich.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.11.071
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tudies of the mechanical properties of SOFC materials exist,7,8

comparison of the fracture strength of thin sheet ScSZ and YSZ
lectrolytes is lacking. Moreover, the accurate measurement of
he fracture stress of thin electrolyte foils is still a difficult task
n itself.9

The present work focuses on the fracture stress characterisa-
ion of ∼100 �m thick 6ScSZ and 3YSZ foils based on a new
esting methodology for thin foils. Among the different mechan-
cal testing methods for thin sheet specimens, the ring-on-ring
ending has been selected. Measurements have been carried out
ith free-standing foils at room temperature (RT) and 800 ◦C

nd in a novel approach at RT with foils glued to a metallic
ubstrate. Also the effect of the different surfaces morphologies
pecific for tape cast electrolyte foils is examined. The obtained
haracteristic fracture stresses are correlated with the stressed
pecimen surface area using Weibull statistics. Therefore also
racture data could be derived which are relevant for larger cells
ypically used in SOFC stacks.

. Testing methods and alternative specimen design

The fracture stress values of ceramic specimens typically
how a considerable scatter due to the defect/flaw size dis-
ribution. This scatter can be assessed statistically using the
haracteristic fracture stress (modulus of rupture, MOR) and
he Weibull modulus.10 Based on the reasonable assumption
hat the flaw distribution does not depend on the specimen size,
hese two statistical parameters permit a calculation of the frac-
ure stress for different specimen and component sizes. The

OR decreases with increasing specimen size as a result of
he increased probability of detecting large defects. Depending
n the defect type, the MOR scales either with surface area or
olume under maximum tensile stress. Hence the characteristic
racture stress is a specific value for a discrete specimen size.
herefore a calculation of the failure probability of an electrolyte

n a SOFC stack requires consideration of the ratio of respective
ell size to tested specimen size.

The ring-on-ring test (co-axial ring or double ring test) is
onveniently used for bending plate-like brittle specimens. An
mportant advantage of the method is that defects, which might
e induced by specimen shaping, e.g. cutting edges, do not
nfluence the measured fracture stress. However, linear bend-
ng theory is only valid if the deflection of the specimen does
ot exceed a discrete value. The critical deflection depends on
he ratio of the loading to supporting ring and is ∼50% of the
pecimen thickness for a ratio of two.11–13 At such large deflec-
ions the specimen stress has a localized maximum above the
oading ring, contrary to the small deflection situation with a
onstant tensile stress within the specimen portion defined by
he loading ring. Thus fracture of thin sheet electrolyte spec-
mens will occur preferentially above the loading ring. In the
arge deflection case,14 finite element analysis can be used to

etermine the fracture stress of the electrolyte material. How-
ver, the specific volume or area above the loading ring, which
xhibited the maximum tensile stress remains as an unknown
arameter.

i
(
r

opean Ceramic Society 27 (2007) 2597–2603

Membrane tests, where vacuum or pressure rather than a
echanical load is applied for deflecting the specimen, gener-

te in principle a similar stress concentration pattern, but the
on-linearity effect can be reduced by appropriate design of
he testing facility. However, fixation of the specimen and their
ealing can lead to local changes in curvature and hence stress
axima.15

In principle non-linear behaviour is avoided in pure tensile
ests. The fracture stresses can be affected by specimen prepara-
ion and the mechanical gripping of the thin sheet specimens. In
articular, a flawless preparation of thin specimen edges is very
ifficult.9 Alternatively, tensile stresses can also be induced by
xation of a thin sheet specimen to a material with different ther-
al expansion coefficient and subsequent heating or cooling.
owever, depending on the fracture stress and thermal expan-

ion coefficients of the involved materials, a difference of a few
00 K might be necessary to cause fracture. Furthermore, due
o the statistical distribution of defects each specimen will fail
t a different temperature and hence the characteristic fracture
tresses cannot be associated with one particular temperature.

The problems associated with the determination of the frac-
ure stress of thin sheet specimens led to the development of an
lternative testing method. Composite specimens were prepared
or ring-on-ring bending tests. Essentially the thin electrolyte
heet was glued onto the surface of thicker steel substrates and
oaded so that the electrolyte was only under tensile bending.
he additional substrate led to a larger total specimen thickness
nd reduced the stress localisation. Since the composite deflec-
ion at fracture was less than half the total thickness, no local
tress maxima occurred in the electrolyte. The ring-on-ring test
ith the composite specimens permitted a determination of the

pecimen portion under maximum stress. The stressed surface
rea of free-standing electrolyte specimens could then be esti-
ated, a value not assessable from finite element based analysis

f large deflection experiments.14

. Experimental

Thin sheet electrolyte material of 6ScSZ (6 wt.% Scandia Sta-
ilized Zirconia, Nippon Shokubai) and 3YSZ (3 wt.% Yttria
tabilized Zirconia, Indec) was analysed. The thickness of

he 50 mm × 50 mm sheets was ∼110 �m for the 6ScSZ and
100 �m for the 3YSZ. The foils were laser cut into smaller

pecimens of 24 mm × 24 mm. Some of the specimens were
ested as cut, and some were glued to an Alloy 617 substrate
o obtain a composite specimen. The Alloy 617 substrates had
thickness of 550 and 650 �m. A commercially available fast
ardening adhesive (Pattex-Cyanoacrylat) was used to glue the
lectrolyte foils to the substrates. The gluing method did not
nvolve a high-temperature cure, which might result in resid-
al stress. The free-standing specimens were tested at room
emperature (RT) and 800 ◦C, the composite specimens only
t RT.
All mechanical tests were carried out in ring-on-ring load-
ng using an electro-mechanical universal testing machine
INSTRON 1362) with digital fast track control. The supporting
ing had a radius of ∼10 mm, the loading ring a radius of ∼5 mm.
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he experiments were performed in load control mode with a
onstant rate of 50 N/min. The elastic moduli of the 6ScSZ and
YSZ foils were determined by depth sensing indentation (Fis-
herscope 100),16 yielding a common average value of 195 GPa
or both materials.

. Theory

The specimen stress in a ring-on-ring test with isotropic mate-
ial can be calculated, as long as the deflection is less than half
he specimen thickness, using13:

= 3(1 + μ)

2π

[
ln

r2

r1
+ 1 − μ

1 + μ
× r2

2 − r2
1

2r2
3

]
F

t2 (1)

here F is the applied force, t is the specimen thickness, and
1, r2 and r3 are the radii of the load ring, supporting ring and
circular) specimen, respectively. Eq. (1) also contains the Pois-
on ratio μ. In the case of square specimens with the side length
an equivalent average radius r3m has to be substituted for r3,
hich can be estimated using11,13:

3m = 1 + √
2

2
× L

2
≈ 0.60 L (2)

or large deflections the non-linearity problem can be circum-
ented in part using calibration curves given in the literature.12,17

ased on these literature results, an analytical approximation
elation, which explicitly considers the ratio of deflection to
pecimen thickness (d/t), can be proposed:

= E

(
0.1216

(
d

t

)3

+ 0.1643

(
d

t

)2

+ 1.6987

(
d

t

)
+ 0.02378

)
t2

r2
2

(3)

n the case of a layered composite, such as the proposed chosen
resent geometry of the electrolyte foil glued on a substrate, the
tress in the surface of the electrolyte foil is10:

f,E = FEE

4π(1 − νn
2)D∗ (tges − tn)

×
[

(1 + ν) ln

(
r2

r1

)
+ 1 − ν

2

(
r2

2 − r2
1

r2
3

)]
(4)

n Eq. (4) the stiffness D = Et3/12 (1 − ν2) of an isotropic
aterial was substituted by the composite stiffness D*. For a

-layered composite D* is10:

⎛⎛ ⎞ ⎛ ⎞ ⎞

D)∗ = 1

3

n∑
i=1

Ei

1 − ν2
i

⎜⎝⎝ i∑
j=1

tj − tn⎠
3

+⎝tn −
i−1∑
j=1

tj⎠
3⎟⎠

(5)

o
f
o
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n addition the position of the neutral axis changes in the com-
osite to:

n =
n∑

i=1

Ei

1 − ν2
i

witi

(
2
∑i−1

j=1tj + ti

)
(
2
∑n

i=1(Ei/1 − ν2
i )witi

) (6)

he composite specimens consisted of materials 1–3, the
lectrolyte foil, glue and substrate. The elastic moduli were
easured using indentation testing. Thicknesses were measured

efore and after the gluing. The elastic modulus of the glue had
minor influence on the determination due to its small thickness
nd close distance to the neutral bending axis.

The fracture stresses values derived from Eqs. (3) and (4)
ere used for a statistical Weibull analysis based on DIN 51110-
(identical to DIN ENV 843-5):

f = 1 − exp

[
−
(

σ

σ0

)m]
(7)

ith the characteristic strength σ0 and the Weibull parameter m.
f is the failure probability.

. Results and discussion

First the fracture stress results of the 6ScSZ and 3YSZ elec-
rolyte foils are discussed separately, and then a comparison of
he values for the two electrolyte foil materials is made.

.1. 6ScSZ electrolyte foils

The tape cast 6ScSZ electrolyte foils possessed surfaces of
ifferent roughness and morphology (Fig. 1). Hence, in order to
est possible surface effects, two specimens sets, one with the
ougher, the other with the smoother surface under tension, were
ested at RT. Typical load–deflection curves obtained using ring-
n-ring tests at RT for free-standing 6ScSZ foils with the rougher
urface under tension are shown in Fig. 2. The general shape of
he curves matches well, but there is considerable scatter in the
racture loads. In many cases a deflection of approximately three
imes the sheet thickness (∼300 �m) was reached at specimen
ailure.

Using the approximation in Eq. (3) and the Weibull statis-
ics of Eq. (7), values of σ0 = 780 ± 40 MPa and m = 5 ± 2 were
btained. Curves of similar shape were also measured for the
pecimens with the smoother surface under tension. However,
he statistical data evaluation leads to σ0 = 1080 ± 40 MPa and

= 8 ± 3, proving the mechanically superior properties behav-
or of the smoother surface.

The dependence of strength on the surface roughness also
ndicates that the failure of the foils is governed by surface prop-
rties rather than by volume defects. This information about the
racture origin will become important below. Further testing con-
entrated on the rougher surface, since it has been shown to be
echanically inferior.

Load - deflection curves of similar shape as in Fig. 2 were

btained for free-standing foils at 800 ◦C with the rougher sur-
ace in tension, but failure occurred at lower deflections (range
f 1.5–1.9 times the thickness). Also the average fracture load
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electrolyte foils. (a) Rougher surface and (b) smoother surface.
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Fig. 1. Typical surface morphologies of the tested 6ScSZ

as by a factor of ∼2.4 smaller than the value obtained at RT.
n general, at 800 ◦C the load at a discrete deflection was about
0% lower than at RT, implying a ∼10% lower stiffness. Again,
he experimental data can be evaluated using the approxima-
ion in Eq. (3). The resulting characteristic fracture stress is
0 = 430 ± 21 MPa with a Weibull modulus of m = 6 ± 2. The
eibull modulus agrees within the limits of uncertainty with

he value obtained at RT, whereas, the characteristic fracture
tress is lower by a factor of ∼1.8.

Load–deflection curves for the composite specimens with the
ScSZ electrolyte foils glued to Alloy 617 substrate are shown
n Fig. 3. The curves are essentially linear and predominantly
overned by the mechanical behavior of the substrate. The two
ifferent slopes in Fig. 3 reflect the two different substrate thick-
esses of 550 and 650 �m used in the tests, respectively. The
lope of the curves is in agreement with prediction based on Eq.
5). Although the substrate dominates the deformation of the
omposite specimens, the fracture of the 6ScSZ electrolyte foil
an be clearly recognized as a kink in the curves. The associated
oads yield a characteristic fracture stress of σ0 = 230 ± 14 MPa
m = 4.1 ± 1.2).

A summarizing Weibull plot of the data for the 6ScSZ foils
rom the three sets of experiments is shown in Fig. 4. Since the m

alues agree within the limits of uncertainty for the free-standing
nd glued electrolytes, further statistical considerations of the
elationship between characteristic fracture stress and stressed
pecimen size can be made.

ig. 2. Load deflection curves of free standing 6ScSZ electrolyte specimens
ith the rougher surface under tension.

b
d
2
6

F
f

ig. 3. Load deflection curves of 6ScSZ foils glued on metallic substrate.

In general the number of measurements performed in the
resent study is too low to obtain an accurate Weibull modulus.
o obtain a higher accuracy for further evaluation of the present
ata, we assume that all sets of the sheet specimens possess the
ame Weibull modulus. This assumption appears to be reason-
ble, since all specimens were cut from plates of the same 6ScSZ
atch. Hence the fracture stresses of each set were normalized

y the individual characteristic fracture stress. The normalized
ata of all sets were then treated together. Thus for the tested
7 specimens a single Weibull modulus characteristic for the
ScSZ foils of m = 5.3 ± 1.0 is obtained.

ig. 4. Weibull plot of the fracture stresses for glued and free 6ScSZ electrolyte
oils.
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results are insensitive to the absolute values used in Eq. (3),
whereas the dependency of the stress on the deflection/thickness
ratio in Eq. (3) is clearly verified by the similarity of the Weibull
moduli for the free and glued electrolyte foils.
ig. 5. Results from FEM simulation. (a) Normalized surface area experiencin
= 100 �m, r1 = 4.5 mm, r2 = 2 r1, E = 200 GPa).

The above results imply that the fractures may be associated
ith surface defects. The relationship between the characteristic

racture stresses σ0,A1 and σ0,A2 of the stressed surface areas A1
nd A2 of the two testing geometries can be estimated by:

σ0,A1

σ0,A2
=
(

A1

A2

)−1/m

(8)

q. (8) can be used to estimate the stressed area in the ring-on-
ing tests of free-standing foils based on the results for glued
ScSZ composite specimens. Note that the use of Eq. (8) is only
n approximation since it assumes that the stress distributions are
quivalent and in a more severe calculation stress-area integrals
hould be used.

The surface area under tension in the tests with glued foils
as 78.5 mm2 (area within the loading ring). Using the aver-

ge Weibull modulus of m = 5.3, the stressed surface area of
he free-standing electrolyte foil is calculated from Eq. (8) as

0.12 mm2. The expected maximum stress at the location of
he loading ring suggests that the stressed surface area corre-
ates with the diameter of the loading ring (∼10 mm) yielding a
idth of the stressed concentric surface area of ∼0.01 mm.
As a first approximation this value might also be used for

he stressed surface area at high temperature. However, the free-
tanding electrolyte foils tested at high temperatures fractured at
lower ratio of deflection to thickness; hence the stressed surface
rea was also larger. Using the radial stress profiles presented
n12 and assuming that the width of the stressed surface area
an be associated with 90% of the maximum stress, a ∼20%
ncrease can be expected, which changes the ratio in Eq. (8) by
nly ∼3.5%.

This was verified using finite element simulation using the
nite element code ANSYS for the particular experimental
arameters in this study. As shown in Fig. 5a) the decrease
n width of the stressed area is small at large deflections and
grees quite well with the 20% estimated above. In addition
ig. 5b) shows the normalized stress (stress above the load-

ng ring divided by the stress as calculated using linear theory),
hich is linearly proportional to the deflection/thickness ratio.

Based on these geometrical considerations, the experimen-

ally determined characteristic fracture stresses are plotted in
ig. 6 as a function of stressed surface area together with the

heoretical curves of Eq. (8). The characteristic fracture stress

F
F
u

of the maximum stress. (b) Normalized stress. (Parameter in the simulation:

f larger electrolyte sheets used in a SOFC stack can now be pre-
icted. The characteristic strength of a 10 cm × 10 cm cell of the
ScSZ electrolyte material should be 90 ± 40 and 50 ± 20 MPa
t RT and 800 ◦C, respectively. A further reduction of the max-
mum applicable stress on 6ScSZ electrolytes needs to be taken
nto account for lower failure probability (see Eq. (7)). If the fail-
re of only one cell in 1000 is permitted stress limits of 25+20

−14

nd 14+11
−8 MPa at RT and 800 ◦C respectively, should not be

xceeded.
The calculation of the characteristic strength of larger cells

t RT is exclusively based on the results of the glued foils
ince the estimated area for the free electrolyte foils is derived
rom the measurements of the glued foils. Hence, an increase
n the characteristic strength of the free foils by a factor of n,
hich might be a result of an uncertainty in Eq. (3), would
ot affect the calculated characteristic strength of the large
ells.

This factor n would, however, change the determined char-
cteristic area associated with the tests for the free foils. Since
his area also enters the calculations for the high temperature
trength, the same value for the characteristic strength for the
arge cells at high temperatures would be obtained. Hence, the
ig. 6. Characteristic fracture stresses as a function of the stressed surface area.
ree standing foil and cell data derived from results of composite specimens
sing Eq. (8).
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Fig. 7. Typical surface morphologies of the 3YSZ electrolyt

.2. 3YSZ electrolyte foils

The 3YSZ electrolyte foils had surfaces with only small vari-
tions in roughness, in contrast to the large roughness variations
f the 6ScSZ foils (Fig. 7). Nevertheless, in order to test the
urface effect specimens with either the slightly rougher or the
lightly smoother surface under tension, tests were carried out
T. The general shape of the load–deflection curves was similar

o that of the 6ScSZ foils. The average deflection at specimen
ailure was ∼3.6 times the sheet thickness.

Using the approximation in Eq. (3) and the Weibull
tatistics of Eq. (7), values of σ0 = 1360 ± 60 MPa and
= 7 ± 3 were obtained for the slightly smoother surface and

0 = 1240 ± 50 MPa and m = 8 ± 3 for the slightly rougher sur-
ace. Based on the similarity of the values for the different
urface morphologies, a statistical analysis has been performed
or all RT data yielding σ0 = 1300 ± 40 MPa and m = 8 ± 2.
lthough the values agree within the limits of uncertainty, the

lightly rougher surface of the 3YSZ foils was loaded under
ension in the high temperature ring-on-ring experiments.

The load deflection curves for free-standing 3YSZ foils at
00 ◦C showed a similar shape, but failure occurred at a lower
eflection (∼2.5 times the thickness). The experimental data
an be evaluated using the approximation in Eq. (3). The result-
ng characteristic fracture stress is σ0 = 610 ± 20 MPa with a

eibull modulus of m = 10 ± 4. The Weibull modulus agrees
ithin the limits of uncertainty with the value obtained at RT.
he characteristic fracture stress is by a factor of ∼2.1 lower
han that at RT, which is similar to the factor of 1.8 obtained for
he 6ScSZ electrolyte foils.

Applying the composite specimen approach, a characteristic
racture stress of σ0 = 600 ± 30 MPa (m = 6 ± 3) was deter-

u
i
c
p

able 1
omparison of the fracture stresses for 6ScSZ (m = 5.3 ± 1.0) and 3YSZ (m = 8.7 ± 2

haracteristic
racture stress
MPa)

Free foil,
RT

Free foil,
800 ◦C

Glued foil,
RT

10 c
cell,
calc

ScSZ 780 ± 40 430 ± 21 230 ± 14 90

YSZ 1300 ± 40 610 ± 20 600 ± 30 350

atio 3YSZ/6ScSZ 1.7 1.4 3.4 3.
s. (a) Slightly rougher surface in and in b smoother surface.

ined. Taking the results of all specimens into account as
escribed explicitly for the 6ScSZ sheets, a single Weibull mod-
lus of m = 8.7 ± 2.0 is obtained. Based on this average Weibull
odulus the stressed surface area of the free-standing electrolyte

oil is calculated from Eq. (8) as ∼0.1 mm2, which agrees within
he limits of uncertainty with the value for the 6ScSZ foils.

Again the data permit a prediction of the fracture stress of
arger electrolyte sheets used as cells in a SOFC stack. The
haracteristic strength of a 10 cm × 10 cm cell of the 3YSZ elec-
rolyte material is estimated to be 350 ± 115 and 170 ± 55 MPa
t RT and 800 ◦C, respectively. A further reduction of the
aximum applicable stress on 3YSZ electrolytes needs to be

aken into account for lower failure probability. If the failure
f only one cell in 1000 is permitted, stress limits of 160+84

−77

nd 75+40
−36 MPa at RT and 800 ◦C, respectively should not be

xceeded.

.3. Comparison 6ScSZ and 3YSZ electrolyte foils

The fracture stress results of the two electrolyte materials
howed a sensitivity to the roughness and morphology of the foil
urfaces. The 6ScSZ electrolyte foils revealed a pronounced dif-
erence related to the surface roughness, whereas such an effect
as not been observed for the 3YSZ electrolyte foils. A compar-

son of all results is given in Table 1, where for the 6ScSZ foils
he values for the weaker surface are shown. Average Weibull

oduli of m = 5.3 for the 6ScSZ electrolytes and m = 8.7 for
he 3YSZ electrolytes are obtained. The higher Weibull mod-

lus of the 3YSZ foils is an indication of a smaller spread
n the defect size distribution. The higher m-value has espe-
ially a favorable effect on the fracture stresses for lower failure
robabilities.

.0) electrolyte foils

m × 10 cm

ulated, RT

10−3 failure,
10 cm × 10 cm
cell, RT

10 cm × 10 cm
cell, calculated,
800 ◦C

10−3 failure,
10 cm × 10 cm
cell, 800 ◦C

± 40 25+20
−14 50 ± 20 14+11

−8

± 115 160+84
−77 170 ± 55 75+40

−36

9 6.4 3.4 5.4
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Considering the large surface area of SOFC cells (e.g.
00 mm × 100 mm) in a SOFC stacks, characteristic strengths
f ∼90 MPa for RT and ∼50 MPa for 800 ◦C are estimated for
he 6ScSZ electrolytes and ∼350 MPa for RT and ∼170 MPa for
00 ◦C for 3YSZ electrolyte. The values of the 3YSZ foil are
factor of ∼3.9 and ∼3.4 larger than that of the 6ScSZ foils.
he decreases in strength at high temperatures of ∼44% for the
ScSZ and 51% for the 3YSZ foils are similar to the decreases of
61% and ∼33% that have been reported for 3YSZ and 8YSZ

lectrolyte foils.18

Assuming a failure probability of 10−3, the maximum stress
hat a 6ScSZ electrolyte foil of this cell size can withstand is only

25 MPa at RT and ∼14 MPa at 800 ◦C. For 3YSZ electrolyte
oils of the same size the limits are factors of 6.4 and 5.4 higher
specially due to higher Weibull modulus with ∼160 MPa for
T and ∼75 MPa for 800 ◦C.

. Conclusions

The characteristic fracture stress and Weibull modulus have
een determined for specimens from thin 6ScSZ and 3YSZ
lectrolyte sheets. Using the testing approach with composite
pecimens (foils glued on metallic substrate), it was possible to
lucidate how the characteristic fracture stress depends on the
tressed surface area and temperature.

Characteristic fracture stresses have been obtained for the
ScSZ and 3YSZ electrolyte foils for RT and 800 ◦C and
ould be associated with the stressed surface areas. Predic-
ions have been made for large surface area of SOFC cells
e.g. 100 mm × 100 mm) in a SOFC stacks and consideration
as been given to the effect of the failure probability. Especially
t lower failure probabilities and for larger cells, the tested 3YSZ
oil material appears to be mechanically superior to the 6ScSZ
lectrolyte foils. The derived stress limits corresponding to tol-
rable failure probabilities should be considered in SOFC stack
esign.
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