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bstract

eliable assessment of structural integrity of fuel cells requires the knowledge of the mechanical properties of their individual components, in
articular the fracture toughness. A technique is presented to measure the critical energy-release rate/fracture toughness of thin ceramic layers such
s the anode material (NiO–YSZ) in a fuel cell. The approach involves a new specimen geometry which consists of a thin ceramic glued onto thick

teel beams to form a double cantilever beam (DCB) specimen. The fracture toughness values, measured from truly sharp cracks, are obtained over
range of applied energy-release rates: from crack growth initiation to fast fracture. The fracture toughness is measured to be 1.97 ± 0.13 MPa

√
m

t crack growth initiation.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Porous NiO–YSZ (nickel oxide in yttria stabilized zirco-
ia) cermet is usually being used as anode material for solid
xide fuel cells (SOFC) applications1,2 because of its relative
ow cost, catalytic properties and chemical stability. Its thermal
xpansion coefficient is also close to the YSZ electrolyte com-
only used in SOFCs leading to relative low thermally induced

esidual stresses. As SOFCs are electrochemical devices that
onvert chemical energy into electrical energy, extensive work
as been performed towards optimisation of anode microstruc-
ure to tailor its electrochemical performance, see e.g. Primdhal
nd Mogensen.3,4 On the other hand limited work has been
eported on the mechanical properties and in particular the frac-
ure toughness of the anode material5–8 and the other SOFC
omponents. This lack of mechanical data is a drawback when
esigning an SOFC stack as it has to withstand high stresses, aris-
ng mainly from a mismatch in thermal expansion coefficients

f the different ceramic layers and thermal gradients, during
peration.9 Among the various mechanical properties, the frac-
ure toughness (critical Mode I stress intensity factor, KIc) or
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racture energy (critical Mode I energy release rate, GIc) values
re of particular importance to assess the structural integrity of
eramic (brittle) materials such as NiO–YSZ or Ni–YSZ.

As already mentioned, data concerning the fracture proper-
ies of the anode material are limited. Radovic and Lara-Curzio6

ecently reported the fracture toughness of NiO–YSZ and
i–YSZ as a function of porosity using the double torsion (DT)

est, whereas Hbaieb7 used the controlled buckling test devel-
ped by Chen et al.10 Here, the fracture toughness and fracture
nergy are measured using the double cantilever beam (DCB)
est. Since the effect of the porosity on fast fracture (explained
elow) is clearly demonstrated by Radovic and Lara-Curzio6 on
oth NiO–YSZ and Ni–YSZ, in the present paper we limit our-
elves only in studying the fracture behaviour of NiO–YSZ of
certain porosity and certain grain sizes for the NiO and YSZ
hases.

The focus is (a) on developing a test method which is par-
icular suited for testing of thin solid films enabling testing of

aterials processed in the same way as real components and
b) examining in detail the crack growth in NiO–YSZ over a
ange of applied energy release rates as it is well established

hat the fracture toughness of brittle materials can depend on
rack velocity, v.11–13 The applied energy release rate, G, caus-
ng fast fracture (the crack grows at a velocity about a third of
he speed of sound) is denoted by Gf

Ic. Brittle materials can fail,

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.028
mailto:gout@risoe.dtu.dk
dx.doi.org/10.1016/j.jeurceramsoc.2010.07.028
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Fig. 2. Double cantilever beam (DCB) specimen loaded with pure bending
moments.

Table 1
Material properties.

Young’s modulus (GPa) Poisson’s ratio

N
S

t
t
s
m
o

p
c
a
b
m
w
a
l
(

ig. 1. The variation of crack-growth velocity as a function of the applied energy
elease rate.Gi

Ic,Gf

Ic, andGa
Ic indicate the initiation of crack growth, fast fracture,

nd crack arrest of a sharp crack, respectively.

owever, at applied energy release rates much lower than the one
ausing fast fracture (see Fig. 1). In this case, the crack growth
akes place at lower velocities; this phenomenon is called sub-
ritical crack growth. Knowledge of the relationship between
he resulting crack growth velocity and energy release rate is
mportant to prevent failure in materials that exhibit subcritical
rack growth behaviour. Safe design should be based onG values
hat correspond to crack arrest and not fast fracture. The critical
nergy release rate is denoted as Ga

Ic (see Fig. 1). The energy
elease rate necessary to cause crack initiation from a station-
ry sharp crack is Gi

Ic and can be different from Ga
Ic

9 as shown
chematically in Fig. 1. A sharp precrack is essential for accu-
ate evaluation of the critical energy release rate GIc. Numerous
tudies have shown that if a saw-cut notch is used instead of a
harp crack, then the measured toughness value increases with
ncreasing the notch root radius, e.g. Nishida et al.14, Damani et
l. 15, and Sherman.16

It is, therefore, indented in this work to describe a test method,
hich involves simple specimen geometries, suited to accurate
etermination of G–v relationships (Fig. 1) for brittle materials
uch as porous NiO–YSZ.

. Analysis
The analysis of the DCB specimen loaded with pure bending
oments is based on the specimen configuration shown in Fig. 2.

t consists of a thin NiO–YSZ layer glued inside the grooves of

c

o
f

Fig. 3. Symmetric half specimen (a) cross-se
iO–YSZ 155 0.23
teel 200 0.30

wo steel beams that are mounted on special fixture (described in
he next section), which applies pure bending moments.17 This
pecimen is a steady-state configuration, because under constant
oment, G is independent of the crack length.17 Measurement

f the applied moment suffices to calculate G.
The energy release rate is analysed through the path inde-

endent J integral.18 Before evaluating the J integral, the
ross-section of the specimen (Fig. 3(a)) is transformed to an
pproximate equivalent cross-section of uniform width, B, as can
e seen in Fig. 3(b). The equivalent cross-section has a Young’s
odulus, for the ceramic layer, equal to E∗

1 = (b/B)E1 = ξE1
ith ξ = b / B, where b is the width of the ceramic layer. This is an

pproximation, since the adhesive layer and part of the ceramic
ayer, material # 1 (hc − h, see Fig. 3(a)) are replaced by steel
material #2).

The elastic properties, measured by uniaxial tension for the

eramic layer, are given in Table 1.

When evaluating the J integral along the external boundaries
f the specimen (Fig. 4), the only non-zero contributions come
rom the beam ends. The beams are subjected to pure bend-

ction, and (b) equivalent cross-section.
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The ceramic layer was then placed inside the grooves of two
steel beams and glued using a two-part epoxy adhesive (Scotch-
WeldTM DP460 from 3M) to form the test specimen—a double
cantilever beam (DCB) specimen (Fig. 2). The height, H, of
S. Goutianos et al. / Journal of the Euro

ng moments, and if the beams are few times longer than their
eight, the strain varies linearly across the height. Under these
onditions, the J integral, for plane stress, is given by19:

= 1

E2

M2

B2h3Io

(1)

here E2 and ν2 are the Young’s modulus and Poisson’s ratio
f the steel beams, respectively, M is the applied moment and
is defined in Fig. 3. Eq. (1) is similar to the energy release

ate formula for sandwich specimens of Bao et al.19 The non-
imensional constant Io, which differs from that of Bao et al.19

ue to the different widths of the two materials, depends on
eometry and elastic constants:

o = 1

3

[
1

η3 + 3�

η

(
� − 1

η

)
+ ξ�̄

(
1 + 3

(
� − 1

η

)2

−3

(
� − 1

η

))]
(2)

here � is equal to:

= 1 + 2ξη�̄ + ξη2�̄

2η(ξη�̄ + 1)
(3)

ith η = h / H and �̄ = E1/E2, where H is the height of the
teel beams and E1 is the Young’s modulus of the ceramic layer.
inally, from the critical value of the J integral the critical energy
elease rate, GIc, can be calculated, taking into account that the
nergy is released from the beams of width B, but energy is
onsumed by the fracture process over width b only:

IcB = GIcb ⇒ GIc = JIc/ξ (4)

From GIc, under elastic conditions, the critical plane stress
ode I stress intensity factor can be evaluated by20:

Ic = K2
Ic

E1
(5)

. Experimental details

.1. Materials and processing
The samples were prepared by mixing powders of NiO and
mol% Y2O3-stabilized ZrO2 (3YSZ), which were processed

nto slurries. Thin foils were then made by tape casting and they
ere sintered at a temperature which resulted approximately

ig. 4. 2D specimen representation and J integral path along the external bound-
ries. F
Ceramic Society 30 (2010) 3173–3179 3175

n 15 vol% porosity (measured by mercury porosimetry). The
hickness of the specimens was approximately 0.3 mm.

.2. Specimen geometry

Rectangular specimens with a central notch along the
iggest dimension were laser cut from tape cast NiO–YSZ
lates at dimensions approximately 10 mm × 60 mm × 0.3 mm.
he notch length was 25 mm and the height 0.1 mm (notch

adius = 50 �m). Fracture mechanics testing requires a sharp pre-
rack, which is usually achieved by cyclic loading.21 Fatigue
recracking is quite difficult for thin ceramic layers as the ones
sed in the present work, and it is costly in general. Several
pproaches, therefore, have been proposed to precrack brittle
aterials for bending specimens16,22–25 and compact-tension

CT) or DCB specimens.26,27

In the present work, two different ways to introduce a sharp
rack at the root of the notch were tried. Following Kruzic et al.27

he initial notch was sawed manually with a steel band that had
ts edge fine ground in the presence of 1 �m diamond slurry and
imultaneously applying a pressure until a crack had “popped
n”. The disadvantage of this method was that since the crack
ntroduced in a manual way, the introduced crack quite often
ropagated out of the mid-plane, and thus the specimen could
ot be used further. Specimen breakage also often occurred.
herefore, an additional micro-notch was sawed at the laser cut
otch root with a steel blade. The result was a micro-notch with
n approximate root radius less than 5–6 �m as can be seen
n Fig. 5. It is known that even such a small notch can lead to
rroneous toughness values. Here, the sawed micro-notch serves
nly to ensure that initial cracking takes place in the middle of
he ceramic layer, as shown schematically in Fig. 2. Specimens
ithout the micro-notch were also tested. In these cases, the

nitial crack growth led directly to catastrophic failure of the
pecimens. Details of the loading procedure are given below,
hereas the fracture toughness values from the micro-notch are
iscussed in the next section.
ig. 5. Secondary-electron SEM micrograph of the final notch geometry.
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crack growth velocity can be approximated as vi = �ai/�ti.
It should be noted that during crack growth (step 2) no signifi-
cant decrease in applied G was observed (approximately 4% for
applied energy-release rates close to G for fast fracture) and that
176 S. Goutianos et al. / Journal of the Euro

he steel beams was 5.95 mm and the width, B, 4.85 mm (see
ig. 3(a)). The width of the ceramic layers, b, was approxi-
ately 0.3 mm and the half height was, hc, 5 mm. The depth

f the groove was 0.9 mm and thus h = 4.1 mm (see Fig. 3(a)).
he width of the groove was 0.65 mm, and therefore the thick-
ess of the adhesive layer, t (Fig. 3(a)), was approximately
.175 mm. After some initial tests, it was found that the thick-
ess of the adhesive layer, was difficult to control, but seemingly
n important parameter. Initial experiments, without controlling
he thickness uniformity, almost all resulted in crack kinking
ut of the mid-plane of the specimens and thus the experiments
ere invalid. In order to have a successful experiment, i.e. crack-

ng along the middle of the ceramic layer without crack kinking
owards the steel beams, the thickness, t, had to be uniform along
he specimen length or in other words the ceramic layer should
e parallel to the y axis (see Fig. 3(a)) to avoid torsion. It should
e mentioned that in Eq. (1) the contribution from the adhesive
s neglected as its thickness is relative small and its Young’s

odulus (approximately 2 GPa) is much lower than the Young’s
odulus of steel and the ceramic layer; the strain energy in the

dhesive layers is thus diminishing small in comparison with
he strain energy of the steel beams and the ceramic layer. In

ost cases the ceramic layer was not polished but in few cases
ne surface was polished with a diamond paste to 1 �m finish to
acilitate observation of the two different phases, NiO and YSZ,
espectively.

.3. Applied energy-release rate

The DCB specimen loaded with pure bending moments
Fig. 4) is a steady-state specimen, as under constant moments,

is independent of the crack length as can be seen from Eq.
1).20,28 Only measurement of the applied moment is necessary
o calculate G.

.3.1. Loading arrangement and instrumentation
The pure bending moments are applied to the DCB specimen

sing a special fixture described in Ref. 17, 28 which can be oper-
ted inside the chamber of an environmental scanning electron
icroscope (ESEM) for in situ observation of the crack growth.

n an ESEM the specimens need not to be coated with conduc-
ive layers as in a conventional SEM where the new surfaces
reated by crack growth “charge up” and cannot be observed in
etail. All the tests were conducted at room temperature and at
ater vapour pressure of 50 Pa. The fixture was mounted on the
YZ stage of the microscope and thus by translating the stage in

he specimen plane (XY) the crack growth increments (defined
elow) could be measured.

.3.2. Loading procedure
Several measurements were performed on each specimen:

First the DCB specimen was slowly loaded until a crack

“popped in”’ at the root of the micro-notch as shown in
Fig. 6. The energy release rate at this first crack growth, from
the blunted notch, is designated as G∗

Ic. As soon as a crack
initiated at the micro-notch, it grew continuously if G was
Fig. 6. Secondary-electron SEM micrographs of crack initiation.

not decreased since G∗
Ic > Gi

Ic as mentioned in the previous
section. Therefore, the specimen was partially unloaded (the
applied G decreased around 30%) to arrest the crack after it
had grown approximately 250 �m (five times the initial notch
radius—see Fig. 7).
Then (a) G was increased until the crack grew again, which
corresponds to Gi

Ic, and (b) followed by partial unloading (G
was decreased about 8–10%). This procedure (the last two
steps) was repeated eight times for each specimen.
After the measurements of Gi

Ic, the crack growth velocity
as function of G was measured on the same specimen. The
loading procedure was as following:

. The applied G was increased rapidly (at a rate of ≈6 J/m2/s)
to a value larger than Gi

Ic for the specific specimen.
. G was held constant for a time period �ti (typically 30 s).
. The specimens was unloaded to G < Gi

Ic.
. The appliedGwas held constant for a time period of ≈20 min.

During step 2 the crack grew (crack increment) a distance
ai. From these measurements it follows that the average
Fig. 7. Secondary-electron SEM micrograph of crack initiation.
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Table 3
Fracture energy and fracture toughness for crack initiation from a sharp crack
(8 measurements per specimen).

Specimen Gi
Ic (plane stress) (J/m2) Ki

Ic (plane stress) (MPa
√

m)

Average S.D. Average S.D.

1 25.1 2.0 1.97 0.09
2 22.7 1.2 1.87 0.05
3 23.7 0.5 1.90 0.02
4 20.8 1.1 1.80 0.05
5 30.0 1.1 2.16 0.05
6 26.4 1.2 2.02 0.05
7 28.0 1.3 2.08 0.05

A
S

s
n
d
m
t
f
local variations of porosity and grain sizes of the two phases.

Fig. 8 depicts backscatter electron micrographs of a polished
specimen at two different applied G. The use of a BSD detector
S. Goutianos et al. / Journal of the Euro

t G < Gi
Ic no crack growth took place. The applied G at step 4

orresponds to an applied energy release rate smaller than the
pplied energy release rate for crack arrest, Ga

Ic. No effort was
ade to precise measure Ga

Ic. A relatively large time period was
elected for this step in order to ensure that indeed no very slow
rack growth takes place at the applied G during this step. The
stimated Ga

Ic value given in the next section is based on this
ime interval. The procedure described above was repeated sev-
ral times (usually at G larger than at the previous step) until
he case where the applied G caused fast fracture of the speci-

en. In this case the crack growth velocity was estimated by the
emaining uncracked specimen length and time to failure.

. Results and discussion

.1. Critical energy-release rate for crack initiation
blunted notch), G∗

Ic

The critical energy-release rate for the initiation of crack
rowth from the micro-notch is now presented. Fig. 6 depicts
crack initiated from the micro-notch. It is interesting to mea-

ure the critical energy-release rate from a notch and see how
uch it differs from the critical energy-release measured using
truly sharp crack. The measured values are given in Table 2.
ote the low variability in the results, especially for a ceramic

brittle) material. As mentioned in a previous section, the main
urpose of the micro-notch was to induce a sharp crack in the
iddle of the specimen—this is clearly shown in Fig. 6.

.2. Critical energy-release rate for crack initiation (sharp
rack), Gi

Ic.

The measured values of the critical energy release rate asso-
iated with crack growth of a sharp crack tip are given in Table 3.
egarding the fracture energies (critical energy-release rates), it

s observed, as expected, from Table 3 that they are lower than
he corresponding values from a blunted notch (Table 2). Sim-
larly to the previous observation (Table 2), the measurements
ppear to be very reproducible with only small differences from

pecimen to specimen.

Each row in Table 3 is the average of 8 crack growth mea-
urements per specimen. The low value of the standard deviation
or each specimen shows that the fracture energy does not vary

able 2
racture energy and fracture toughness for crack initiation from micro-notch.

pecimen G∗
Ic (plane stress) (J/m2) K∗

Ic (plane stress) (MPa
√

m)

32.2 2.23
31.7 2.22
31.2 2.20
31.7 2.22
35.8 2.36
24.6 1.95
29.5 2.14

verage 31.0 2.19
.D. 3.4 0.12

F
p
b

verage 25.2 1.97
.D. 3.2 0.13

ignificantly as the crack advances. Moreover, this variation was
ot monotonically increasing which suggests that the material
oes not possess R-curve behaviour. In addition no toughening
echanisms (i.e. crack bridging or surface uplift due to poten-

ial phase-transformation) were observed. The variation of the
racture energy values in each specimen could be attributed to
ig. 8. Backscatter electron micrographs showing the crack opening and crack
ath with increasing applied G. Darker gray is YSZ, lighter gray is NiO and
lack areas are porosity.
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measured the fracture toughness of NiO–YSZ, with composi-
tion very similar to our work, to be approximately 5.0 MPa

√
m.

This value is significantly higher than the values given in
Table 3.
ig. 9. Backscatter electron micrographs: cross-section view of fractured spec-
mens.

nables the distinction of the two different phases in the material,
iO and YSZ, respectively. The crack path is strongly influenced
y the grain sizes and distribution of the two phases. Next in
ig. 9 the cross-section of a fractured specimen is depicted. As

t can be seen the YSZ phase is characterised by trans-granular
racture, whereas the NiO by inter-granular fracture. This failure
echanism was expected since the YSZ is the skeleton on which
iO particles are distributed.
Some further remarks on the results of Tables 2 and 3 are

orth mentioning. The effect of the crack sharpness was theo-
etically analysed, using softening hyperelasticity, by Volokh
nd Trapper.29 They concluded that the toughness can only
e measured correctly if the crack sharpness is smaller than
characteristic length of the materials microstructure, e.g. the

rain size. As mentioned above the notch radius was less
–6 �m, whereas the estimated average grain size (see Fig. 8)
s ≈3–5 �m. This can explain that the toughness measured by
sharp crack is only approximately 10% less than the tough-

ess measured from the micro-notch. Kruzic et al.27 found,
or pyrolitic carbon materials, the fracture toughness from
icronotched specimens (notch radius less than 5 �m) to be

ower than the toughness measured in precracked specimens
lthough by employing statistical approaches they showed that
o significant difference exists between the two sets of measure-

ents. Based on the experimental data presented here, the results

f Kruzic et al.27 and the analysis of Volokh and Trapper,29 it
an be argued that a notch radius less than grain size can be
dequate for accurate toughness measurements.
Ceramic Society 30 (2010) 3173–3179

.3. Crack growth rate versus energy-release rate

It is common in brittle materials for the crack growth veloc-
ty to strongly depend on the applied G.11–13 This is also
he case for the material tested in the present work as can
e seen from Fig. 10, which depicts that crack-growth rate
ersus energy-release rate. The energy-release rate for fast frac-
ure, Gf

Ic, is 25–55% higher than the critical energy-release
ate for crack initiation. The corresponding critical plane stress

ode I stress intensity factor for fast fracture, using Eq. (5),
s 2.55 ± 0.2 MPa

√
m. The estimated value of G≤Ga

Ic was
0.8 J/m2 which is about 16% lower than the average value of
i
Ic. The implication of this phenomenon, as already mentioned

n previous studies,9 is that the measurement of critical energy-
elease rate based on fast fracture overestimate the toughness of
he material. A safe design should be based on toughness value
orresponding to crack arrest. It should be noted that in Fig. 10
he upper and lower crack growth velocities are approximate
stimations.

An attempt is made here to compare the fracture toughness
alues of the current work with the limited data reported in
iterature. It should be mentioned, however, that direct com-
arison is not possible mainly due to differences in materials
omposition and processing parameters. Using the expression
erived by Radovic and Lara-Curzio6 the corresponding frac-
ure toughness (fast fracture) for NiO–YSZ with 15% porosity
s approximately 1.74 MPa

√
m. In their work, the ZrO2 was

tabilised with 8 mol% Y2O3 in contrast to 3 mol% Y2O3
sed in the present work. The difference in the Y2O3 con-
ent can explain that their fracture toughness value for fast
racture is significantly lower than the fracture toughness (fast
racture) reported in the present work (2.55 MPa

√
m) and it

s even lower than the fracture toughness for crack initiation
1.97 MPa

√
m). Hbaieb,7 using the controlled buckling test,
Fig. 10. Average crack growth rate as a function of applied G.
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32. Evans AG, Cannon RM. Toughening of brittle solids by martensitic trans-
formations. Acta Metallurgica 1986;34(5):761–800.

33. Hannink RHJ, Garvie RC. Sub-eutectoid aged Mg–PSZ alloy with
S. Goutianos et al. / Journal of the Euro

As mentioned above, no phase-transformation (accompa-
ied by volumetric dilation and shear) was observed as a result
f crack propagation and thus R-curve behaviour (increase of
racture resistance with crack extension) due to transformation
oughening was absent. Two reasons may be responsible for the
ack of transformation toughening: (a) lack of constraint between
he zirconia particles due to the presence of voids preventing
utocatalysis,30,31 and (b) the thermal history during processing
esulted in a microstructure, e.g. particle size, that does not give
etragonal to monoclinic phase-transformation.32,33

. Summary

A technique for evaluating the critical energy-release
ate/fracture toughness of thin ceramic layers was described for
node materials used in fuel cells (NiO–YSZ). The approach
nvolves a new specimen geometry, in which a thin layer is glued
nto thicker steel beams. The advantages of the technique, stable
rack growth combined with visual observation, allow a detailed
escription of the crack growth behaviour:

. The fracture toughness for crack initiation from a sharp
crack was measured with a very high reproducibility to be
1.97 ± 0.13 MPa

√
m.

. It was demonstrated that the measurement of fracture tough-
ness based on fast fracture can overestimate the fracture
resistance from 25 to 55%.

. It was shown that the main crack growth mechanisms are
most likely (a) fracture along the interfaces of the different
phases (with the presence of porous also to influence the
crack path) and (b) trans-granular fracture of the YSZ phase.
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