
                     
P1: KDP/JVE P2: PKP 5384-98 December 5, 1998 12:9

JOURNAL OF MATERIALS SCIENCE33 (1998 )5291– 5300

Relationship between strength and failure mode

of ceramic multilayers

BENT F. SØRENSEN, SØREN PRIMDAHL
Materials Research Department, Risø National Laboratory, DK-4000 Roskilde, Denmark

The mechanical strength of ceramic multilayers for use in solid oxide fuel cell stacks was
examined. The multilayers consist of a substrate, made of yttria stabilised zirconia (YSZ),
with a NiO/YSZ composite coating on both faces. Under some processing conditions the
mechanical strength of the multilayers was similar to that of pure YSZ, while a much lower
strength was found for other processing conditions. Inspections of the fracture surfaces
revealed markedly different appearances, suggesting that a transition in failure mode had
occurred. Fracture mechanics models for thin films on substrates were used to interpret the
observed fracture modes, providing insight to the underlying failure mechanisms. C© 1998
Kluwer Academic Publishers

1. Introduction
This paper concerns the relationship between the
processing conditions and failure mode of ceramic
multilayers. Often, ceramic multilayers are designed
primarily from a functional point of view. However,
such components must have a certain mechanical
strength, such that they do not fracture during handling
or use. A certain understanding of the fracture mecha-
nisms is thus required. As an example, solid oxide fuel
cell (SOFC) stacks may consist of various layers of
sintered ceramic materials, each chosen to serve spe-
cific functional purposes [1]. Incidentally, most of these
materials have low fracture energy. Ceramic multilay-
ers are usually sintered together at a high temperature.
Since the materials have different thermal expansion
coefficients, residual stresses may exist in the layers at
room temperature, as each layer cannot contract freely
during cool down after sintering. The residual stresses
may cause cracking of layers or delamination. From a
functional point of view it is attractive to have a good
contact and strong bonding between the layers, such
that the contact resistance is minimised. Intuitively, per-
haps, one would think that a strong bonding between
the layers would give a high mechanical strength. But
is that always right? This question will be addressed in
this paper.

There are few studies focusing on the fracture me-
chanical behaviour of materials for SOFCs. Of these,
nearly all studies concern characterisation of the in-
dividual materials, such as the measurement of the
fracture energy of materials for electrolytes and in-
terconnetors [2–6]. However, as will be shown in the
following, a critical issue is the interfacial bonding
between the layers.

The present study focuses on a problem encoun-
tered for an yttria-stabilised zirconia (YSZ) electrolyte
coated with a NiO/YSZ composite. In short, the prob-
lem is that under certain process conditions this multi-

layer exhibits a much lower mechanical strength than
the blank YSZ electrolyte, while under other process
conditions the strength of the coated YSZ is retained.
The present work is intended to uncover the reason for
this loss of strength by (i) a characterisation of fracture
mode from observations of fracture surfaces and (ii)
by the use of existing fracture mechanics models for
cracking of coatings on substrates.

2. Experimental procedure
2.1. Processing of multilayers
Electrolyte substrates were made from YSZ (Tosoh,
ZrO2 with 8 mol % Y2O3) processed by tape casting.
Green foils were cut to measure 50× 50 mm2 and sin-
tered at 1350◦C for 8 hours to reach a relative density
in excess of 98% and a thickness in the range of 150 to
165µm. The substrates appeared smooth and without
visually detectable flaws.

A 50 to 60µm thick NiO/YSZ composite layer was
applied to both sides of the substrates by spray paint-
ing. The slurry, containing NiO and YSZ in the vol-
ume ratio 53/47, was prepared as follows. Green NiO
and YSZ (Tosoh, ZrO2 with 8 mol % Y2O3) powders
were suspended in ethanol by a dispersant (polyvinyl
pyrrilidone) [7]. After deagglomeration in a ball mill,
the YSZ particle size was about 0.4µm. After addi-
tion of the NiO and further ball milling, the combined
particle size distribution was bimodal with fractions of
approximately 0.4µm and 10µm in the volume ratio
6 : 1. The slurry was sprayed onto both sides of the sub-
strate in three layers of 10 to 20µm. After deposition
of each layer the specimens were sintered for 2 hours.
The sintering temperature was 1100◦C for one speci-
men and 1300◦C for two other specimens. One of the
latter specimens was subsequently heated to 1500◦C
for two hours.
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2.2. Microstructural characterisation
The specimens were examined in an environmental
scanning electron microscope (ESEM). The specimens
were broken (bending by hand) just before they were
inserted into the vacuum chamber. The (uncoated) spec-
imens were mounted such that the side of the fracture
surfaces that had been subjected to tensile stress appears
to the right side in the micrographs.

3. Experimental results
3.1. Observations of coating and fracture

surfaces
The specimens sintered at 1100◦C felt rather strong;
similar to blank YSZ specimens. Fig. 1 shows (a) the
appearance of the coating and (b) the fracture surface.
Large pores (sometimes referred to as ‘mud-cracks’)

(a)

Figure 1 ESEM micrographs of a specimen sintered at 1100◦C, showing (a) the surface of the coating, and (b) the fracture surface. The fracture
surface of the substrate is planar, unlike the fracture surface of the coatings. Note also the evidence of interfacial debonding (delamination).

are seen in the coating. The shape of the pore edge at
one side is different from that at the other side. The
opening of these pores is of the order of hundreds of
microns. These features indicate that the ‘mud-cracks’
have formed during drying of the slurry or during sinter-
ing. They are therefore classified as pores rather than
cracks (cracks have truly sharp crack tips). The sub-
strate has a fairly planar fracture surface (Fig. 1b). This
is similar to the fracture surfaces of blank YSZ. The
coatings (Fig. 1b) have broken in a much more zigzag
manner, perhaps originating from the pores. Delamina-
tion between the coating and the substrate has occurred.

Parts of a specimen sintered at 1300◦C are shown
in Fig. 2. For these specimens the strength felt much
lower. Beside the ‘mud-crack’ type of pores, cracks are
seen in the coating (Fig. 2a). The path of two associ-
ated crack faces follows each other exactly, indicating
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(b)

Figure 1 (Continued)

that no inelastic deformation has taken place since the
crack faces separated. Thus, these cracks must have de-
veloped after sintering. This type of cracks is denoted
‘channel cracks’, since they extend over large in-plane
distances, but extend only to a small depth [8]. The
fracture surface (Fig. 2b) is distinctively different from
that of specimens sintered at 1100◦C. In this case the
fracture surface of the substrate (the YSZ layer) is much
more irregular. In fact, the fracture surface of the sub-
strate follows the fracture surface of the coating layers.
No delamination has occurred between the substrate
and coating. Note that there is a narrow zone at the
boundaries of the substrate (against the coating) which
has a different appearance than the central region of the
substrate. As will be elaborated later, this region of the
fracture surface is likely to have formed during cool
down, i.e., channel cracks that have propagated from
the coating into the substrate.

The specimen sintered at 1500◦C felt even weaker
than those sintered at 1300◦C. The coating, Fig. 3a,

contains a lot of channel cracks. The fracture surface,
Fig. 3b, was roughly similar to that observed at speci-
mens sintered at 1300◦C. Here the boundary zone has
extended a bit further down into the substrate. At some
locations cracks were observed to propagate into the
substrate and bend 90◦, growing parallel with the inter-
face (Fig. 4).

3.2. Interpretation
First of all, it is important to realise that the effect of
pores (rounded surfaces) and cracks (sharp crack tips)
on mechanical strength are different. Sharp crack tips
reduce the mechanical strength much more than pores.
Thus, the formation of channel cracks is expected to
decrease the mechanical strength much more than the
presence of pores.

Furthermore, it is important to bear in mind that the
appearance of the fracture surfaces reflects two crack-
ing events, (i) crack faces forming during cool down
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(a)

Figure 2 ESEM micrographs of a specimen sintered at 1300◦C, showing (a) the surface of the coating, and (b) the fracture surface. Note the presence
of cracks in the coating (a). Note also, that there is no interfacial debonding; the fracture surface of the substrate follows that of the coating.

(hereafter denoted ‘pre-existing cracks’) and (ii) crack-
ing as the specimen was broken by external load. Obvi-
ously, it is impossible to determine exactly which part
of the fracture surface that originate from pre-existing
cracks and which part that has formed during breakage
of the specimen. However, the distinctively different
appearance of the fracture surfaces allows us to obtain
the key information on the relationship between the
fracture mode and strength.

The cause for the formation of channel cracks is
assumed to be residual stresses originating from the
difference in the thermal expansion coefficients of
the two materials. Assuming that the layers sinter to-
gether stress free at the processing temperature, residual
stresses build up in the multilayers during cooling, as
the layers are bonded to each other, and cannot contract
freely.

The residual stresses that build up in the coating lay-
ers aretensile, since the thermal expansion coefficient

TABLE I Thermo-elastic properties of the materials [6, 9, 10]

Material E (GPa) ν α(×10−6/◦C)

Substrate YSZ 200 0.3 10.8
Coating NiO/YSZ ∼50 ∼0.3 12.3

of the coating,αc, exceeds that of the substrate,αs (see
Table I [6, 9–10]). If the residual tensile stresses are suf-
ficiently high, channel cracks can form in the coating.

Another issue is the bonding across the interface be-
tween coating and substrate. If the fracture energy of
the interface is sufficiently low, a channel crack in the
coating will deflect along the interface, resulting in de-
lamination. If crack deflection does not occur, the crack
can propagate into the substrate.

Returning now to the experiments, we note the fol-
lowing: For specimens sintered at 1100◦C, the substrate
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(b)

Figure 2 (Continued)

fractures along a plane, different from the coating.
Thus, fractures of the two materials are two independent
events. Cracks in the coating cannot enter the substrate,
instead delamination occurs. Fracture of the substrate
requires the initiation of a crack from a flaw in the sub-
strate, exactly as for blank YSZ. This is likely to be the
reason why the fracture strength of coated YSZ sintered
at 1100◦C is similar to that of blank YSZ.

In contrast, no interface debonding is observed for
specimens sintered at 1300◦C and 1500◦C, indicat-
ing that for these specimens the interface bonding is so
strong that crack deflection cannot occur. Thus, cracks
that have formed in the coating layers can propagate
into the substrate. Then truly sharp cracks (pre-existing
cracks) are presentin the substrateafter cool down. The
fracture strength of specimens with pre-existing cracks
is likely to be much lower than that of pure YSZ, which
contains small flaws, but no sharp cracks. The assumed
cracking and fracture modes are shown in Fig. 5. Since

the residual stresses are highest for the specimens sin-
tered at the highest temperature, it is likely that the
channel cracks penetrate deeper into the substrate for
the specimens sintered at 1500◦C. Consequently, these
specimens have the lowest strength.

4. Comparison with fracture mechanics
models

4.1. Basic assumptions and limitations
Apparently, all fracture mechanics models for channel
cracking concerns a thin coating on a substrate having a
thickness that is much larger than that of the coating. In
the present experiments the substrate thickness,H , is
larger than the thickness of the coating,h, but they are
of the same order of magnitude. Furthermore, in the
present experiments coatings were deposited on both
faces of the substrate. Nevertheless, the models based
on infinite thick substrates are assumed to be qualitative
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(a)

Figure 3 ESEM micrographs of a specimen sintered at 1500◦C, showing (a) the surface of the coating, and (b) the fracture surface. Cracks are present
in the coating. The fracture surface is irregular.

correct for the present problem, and in the following we
will use such models to corroborate the interpretation
presented above.

4.2. Channel cracks
Analysis reveals that channel cracking of a coating layer
on a thick substrate is a steady-state problem; the en-
ergy release rate attains a steady-state value once the
crack length becomes just a few times the coating thick-
ness [11]. Thus, extensive cracking can occur when the
steady-state energy release rate of the channel crack,
Gch, equals (or exceeds) the critical energy release rate
(the fracture energy) of the coating,Gc,c. Gch is related
to the residual stress in the coating,σc, and the thickness
of the coating,h, as [8]

Gch = Ä(Dα, Dβ)
σ 2

c h

Ēc
, (1)

whereĒc = Ec(1− ν2
c ) is the plain strain modulus,Ec

is the Young’s modulus andνc is the Poisson’s ratio
of the coating.Ä is a non-dimensional function that
only depends on the elastic properties of coating and
substrate;Ä can be described by two nondimensional
stiffness parametersDα and Dβ (the Dundurs’ para-
meters). For plane strain conditions they are [12]

Dα = Ēc − Ēs

Ēc + Ēs
Dβ = µc(1 − 2νs) − µs(1 − 2νc)

2µc(1 − νs) + 2µs(1 − νc)
,

(2)

whereµ denotes the shear modulus,µ = E/2(1+ v).
The subscripts indicate material (c is coating and s
is the substrate). The functionÄ(Dα, Dβ) can be ob-
tained from the analysis of Beuth [8]. Using the material
data giving in Table I the Dundurs’ parameters become
Dα = −0.6 and Dβ = −0.17. ThenÄ becomes 1.36.
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(b)

Figure 3 (Continued)

Assuming again an infinite thick substrate, the residual
stress in the coating,σc, at temperatureT is

σc = (αc − αs)(Tp − T)Ec/(1 − νc), (3)

whereTp is the processing (sintering) temperature at
which the multilayer is assumed to be stress free. For
the present materialsαc > αs (Table I) andTp > T , so
thatσc is positive (tensile). The calculated values ofGch
are listed in Table II. Since thermally induced cracks
were found forTp = 1300◦C (but not forTp = 1100◦C)
we can estimateGc,c ≈ 12 J/m2.

4.3. Crack deflection or propagation?
Once channel cracks have formed in the coating, the
next question is whether they will propagate into the
substrate or deflect along the interface. This ques-

TABLE I I Fracture mechanical results

Tp (◦C) Gch (J/m2) as/h (calculated) as/h (measured)

1100 10 2.5 0
1300 14 3.5 1–2
1500 19 4.0 3–4

tion can be answered by use of the model by He and
Hutchinson [13]. Crack deflection will occur if the frac-
ture energy of the interface,Gi,c, is sufficiently small in
comparison with the fracture energy of the substrate,
Gs,c. Neglecting the residual stresses in the substrate,
the criterion for crack deflection is, whenDα = −0.6
[13],

Gi,c/Gs,c < 0.5. (4)
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Figure 4 ESEM micrographs of the fracture surface of a specimen sintered at 1500◦C. Note how cracks have grown into the substrate and changed
direction to grow parallel with the interface.

A lower limit for the fracture energy of YSZ is
Gs,c ≈ 3 J/m2 [6]. Thus, crack deflection should occur if
Gi,c <1.5 J/m2. The experiments suggest that the crack
deflection criterion (4) is fulfilled for the specimen sin-
tered at 1100◦C, but not for the specimens sintered at
1300 and 1500◦C. It is plausible that the higher sin-
tering temperature results in an enhanced bonding be-
tween the coating and substrate, i.e., a higherGi,c.

4.4. Crack penetration into the substrate
The next issue is how deep cracks penetrate into the
substrate. This problem has been studied by Yeet al.
[14] for the case of infinite thick substrates. We assume
that in our experiments the crack penetration depth is
equal to the depth of the boundary zone seen in Fig. 3b.
The measured crack penetration depth,as, is shown in
Table II along with predictions from the model of Ye
et al. [14]. The trends of the experimental results are

in agreement with the predictions of the model. The
differences in the experimental and model values are
attributed to the fact that the models are based on an
infinite thick substrate; for the multilayers examined
the thickness of the substrates is just a few times that
of the coating.

The final question is why channel cracks, once they
have grown into the substrate, change direction and
propagate in the substrate parallel with the interface.
To answer this question, we recall that a crack in a ho-
mogenous material usually chooses a path where no
shear stresses exist just ahead of the crack tip, the so-
called pure mode I path [15]. Channel cracks, extend
perpendicular to the interface, are mode I cracks. But
whether or not a crack path in a homogenous mate-
rial is directional stable depends on the normal stress
component acting parallel with the crack plane, the so-
called T-stress [16]. If the T-stress is< 0 (compression),
the crack growth is directional stable, whereas if the
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Figure 5 A schematic showing the assumed cracking modes due to residual stresses (top) and the resulting fracture mode for specimens subjected to
bending (below). Sintering temperatures are given above the figure.

T-stress is> 0 (tension) the crack growth direction is
unstable, and the crack may bend or kink. Yeet al. [14]
analysed the problem of a channel crack propagating
from the coating into the substrate. They showed that
the T-stress is positive when the Dundurs parameter
Dα < 0 (which is the case here).

Thus, for the present materials a channel crack from
the coating propagating into the substrate is direction-
ally unstable. Crack kinking is thus likely to occur. The
crack will then grow parallel with the interface at a cer-
tain distance from the interface, at the location where
a pure mode I path exists [17]. For a thin coating on a
thick substrate the mode I path lies a distance of about
h/2 below the film whenDα = −0.6 [17]. However,
for the present problem (coatings on both faces on a
substrate with a thickness in the same order of magni-
tude as the coatings) it may be anticipated that a mode
I path exists in the symmetry plane of the specimen.

5. Discussion
5.1. Related problems
The present problem is in line with a property transition
found for continuous fibre reinforced ceramics. At low
temperatures such composite are damage tolerant; mul-
tiple matrix crack can form without causing compos-
ite fracture. During multiple matrix cracking the fibres
remain intact, because crack deflection occurs at the
fibre/matrix interfaces. At intermediate and high tem-
peratures these fibre composites can loose their damage
tolerant behaviour due to the formation of a strong in-
terfacial bonding between fibres and matrix [18].

The present problem has also similarities with the
behaviour of ceramics with weak layers subjected to
external loadings. Clegg and co-workers [19, 20] stud-
ied the mechanical behaviour of multilayers with weak

layers being subjected to bending. It was found that
‘weak’ interfaces between the ceramic layers could
cause crack deflection. Failure of the next layer requires
the initiation of a new crack in the layer. Thus, the pres-
ence of weak interfaces can change the failure mode
significantly.

5.2. Comparison of fracture energies
Finally, a comment is given on the estimated value
of fracture energy of the coating (Gc,c ≈ 12 J/m2).
The fracture energy of the porous coating is some-
what higher than the fracture energy of the substrate
(Gs,c = 3 J/m2 [6]). It may be surprising that a porous
material can have higher fracture energy than a dense
material. However, the relative magnitude ofGc,c and
Gs,c can be cross checked, utilising the fact that speci-
mens sintered at 1300◦C exhibited channel cracks that
had propagated into the substrate. IfGc,c had been
(much) smaller thanGs,c, the channel cracks would have
stopped at the interface. The channel cracks did propa-
gate into the substrate, suggesting thatGc,c >Gs,c.

6. Conclusions
Experimental work has shown that multilayer com-
ponents consisting of a YSZ substrate coated with a
NiO/YSZ composite have a high mechanical strength
when the multilayers are sintered at 1100◦C, and a low
strength when they are sintered at 1300◦C or 1500◦C.
Fracture mechanics models suggest that the loss of
strength is due to two phenomena: (i) The develop-
ment of cracks in the coating due to stresses originating
from thermal expansion mismatch and (ii) an increase in
the interfacial fracture energy with increasing sintering
temperature. Then cracks in the coating can penetrate
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into the YSZ substrate and act as truly sharp cracks.
The presence of these sharp crack tips in the substrate
results in a much lower strength.
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