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Abstract

This paper describes a study of the mechanical properties of the bi-layer half-cell structures of solid oxide fuel cells (SOFCs) at

elevated temperatures in both ambient air and reducing environments. Half-cells with a thin, dense electrolyte layer of 8YSZ, supported

by a thick, porous NiO–8YSZ anode precursor structure, were reduced in a gas mixture of 5% H2–95% Ar at 800 1C for selected time

periods of up to 8 h. The development of the essential porous microstructure when forming the Ni–8YSZ anode cermet phase and its

resulting effects on the equibiaxial strength, hardness and elastic properties of the half-cell structure were investigated in detail. Two sets

of samples with different anode thicknesses were studied simultaneously to determine the effects of anode thickness on the SOFC

structure’s mechanical properties. The results were analyzed in relation to the porosity and composition of the samples.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: B. Porosity; C. Mechanical properties; E. Fuel cells; NiO–8YSZ
1. Introduction

The mechanical endurance of ceramic component layers
at high operating temperatures in reactive fuel environments
is extremely important to ensuring the reliability of SOFCs
and similar devices based on dense ion-conducting ceramic
membranes [1–5]. Various challenges are inherent to these
devices due to their high operating temperatures and
multilayered laminate structures, including mechanical and
thermal stresses during fabrication and stack assembly and
their extensive servicing periods. Much of the degrading
force originates from a mismatch in the thermo-mechanical
stresses of the different layers, which arises primarily from a
disparity in the coefficient of thermal expansion (CTE) in
successive layers and depends on the effective Young’s
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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modulus of the multilayered structure [6–8]. Mismatched
stresses can result in the delamination of layers or the
formation of micro-cracks in the layers or interfaces.
To withstand the mechanical effects and maintain the

structural integrity of the SOFC stack, at least one of the
SOFC components must have an adequate thickness and
be mechanically robust to provide structural support to the
cell. The electrolyte is kept as thin as possible in an anode-
supported SOFC, which is supposed to an improvement
over the electrolyte-supported SOFC, to decrease ohmic
losses through the electrolyte and lower the operating
temperature of the cell. Hence, the cathode remains a
weak and compliant material [4,7–10], and the anode or
anode-supported electrolyte (half-cell structure) in this
type of design becomes solely responsible for the structural
integrity and reliability of the cell [8,11,12].
Porous cermets of Ni–YSZ, often fabricated by reducing a

NiO–YSZ precursor structure, are preferred anode materials
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for SOFCs in both tubular- and planar-type designs. Ni–YSZ
is favored for its enviable properties, including excellent
electro-catalytic activity for H2 oxidation reactions at the
triple phase boundary (TPB) among Ni, YSZ, and gaseous
H2 [13–15]; its high electronic and ionic conductivity [16];
and its structural stability at high operating temperatures in
reducing atmosphere [3,16]. Moreover, NiO–YSZ reduces the
CTE difference with the YSZ electrolyte as much as possible,
minimizing the internal residual stresses during device fabri-
cation. However, the reduction reaction of the NiO–YSZ
precursor structure (during the first cycle of operation) causes
drastic changes to the porosity and density of the anode layer
and other physical and mechanical properties [2,3,11]. The
process introduces a redistribution of stresses in the SOFC
component layers, which in turn has major effects on the
structural integrity of the SOFC membrane electrolyte
assembly (MEA). Internal stresses develop due to the thermal
shocks generated by thermal cycling effects during the start-
up/shut-down operations of the SOFC [4,6]. Therefore, a
detailed study of the mechanical endurance behavior of
SOFC components at high operating temperatures and in
reactive fuel environments is crucial to solving the reliability
issues of MEA, which is susceptible not only to the resultant
internal stresses already mentioned but also to assembly
stresses and sudden external impacts. Many studies are
devoted to the mechanical properties of Ni–YSZ anodes or
YSZ electrolytes in the literature. The strength of the YSZ
electrolyte and Ni–YSZ anode is evaluated at ambient and
elevated temperatures with a concentric ring-on-ring loading
configuration [2,7,17–19], and porosity-dependent elastic
properties are reported [2–4,11]. Fracture toughness is mea-
sured with both indentation fracture and double-torsion
loading methods [7,17–19]. However, the ways in which
changes in the anode microstructure affect the thermo-
mechanical properties of load-bearing anode-electrolyte
half-cells is a key issue requiring further attention. It is
widely reported that the strength and elastic properties of the
NiO–YSZ anode decrease with increasing porosity during the
reduction reaction. However, the microstructural develop-
ment of an anode in a half-cell or positive electrode–
electrolyte-negative electrode (PEN) structure is different
from the anode sheet due to the presence of the electrolyte
(and cathode) on one side. The dense electrolyte prevents gas
diffusion from one side, so the development of porosity
occurs gradually from the side of the anode that is exposed to
the reducing atmosphere. This situation causes a gradient in
the porosity and Ni distribution during the reduction process.
The distribution of Ni in the YSZ phase is crucial to
controlling the CTE of the anode. To fully optimize the anode
layer and the anode-electrolyte interface design for anode-
supported SOFCs, it is therefore necessary to evaluate the
mechanical properties of anode-electrolyte half-cells at elevated
temperatures when the chemical stress fields are active.

This paper reports a systematic analysis of the mechanical
properties of reduced NiO–8YSZ anode-supported bi-layer
SOFC structures at elevated temperatures in ambient air
and reducing environments, which was accomplished by
simulating the actual operating conditions in SOFCs.
Two sets of specimens with different anode thicknesses
were studied concurrently to investigate the effects of anode
layer thickness on the overall mechanical stability of the
SOFC MEA.

2. Experimental procedure

2.1. Sample preparation

The two batches of square-shaped samples (4 in.� 4 in.)
of 600- and 900-mm thickness were supplied by Materials
and Systems Research, Inc., Salt Lake City, UT, USA.
The square laminates of both batches had a dense electro-
lyte layer (�8-mm thickness) of 8YSZ supported by a
thick NiO–8YSZ (70:30 vol.%) anode precursor layer.
The anode-electrolyte bi-layer structures were formed
by depositing the thin 8YSZ electrolyte layer over the
NiO–8YSZ anode layer fabricated by tape casting of
powder slurries. The bi-layer structures were co-sintered
at approximately 1100 1C for 4 h. The as-received samples
were cut into suitable sizes and reduced in a gas mixture of
5% H2–95% Ar at 800 1C. This reduction was performed
in an autoclave setup, in which the samples were pretreated
at the aforementioned temperature for 1 h prior to the
initiation of the reduction reaction. The gas mixture was
introduced in the chamber at a constant flow rate of 3.2
SLPM and the temperature-chemical environment condi-
tion was maintained for selected time periods of up to 8 h.
The samples were then cooled to room temperature with-
out changing the reducing gaseous environment.

2.2. Sample characterization

The microstructures of the as-received and reduced
samples were studied with a JEOL JSM-7000 scanning
electron microscope (SEM). An accelerating voltage of
10 kV was used to resolve any microstructural changes in
the anode and electrolyte regions or their interface.
The porosity in the samples was estimated by the Archi-
medes principle, as described in ASTM Standard C20-00.
The derived values closely approximated the anode’s true
porosity values because the thickness of the electrolyte
layer was negligible compared to that of the anode. The
hardness of the samples was measured using the Vickers
indentation method, in which a load of 500 g was applied
to the anode surfaces for 15 s. Young’s modulus of the
samples was determined as a function of temperature using
an impulse excitation technique with the Buzz-o-sonic
software (Buzz Mac, Glendale, WI) by measuring the
fundamental vibration frequencies using a customized
experimental setup. The equibiaxial strengths of the as-
received and reduced samples were determined at room
and elevated temperatures in ambient air and reducing
atmospheres. A concentric ring-on-ring configuration of
alumina was fabricated and used to determine the samples’
in-plane biaxial strengths according to ASTM Standard
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C1499-05. In this configuration, test specimens with a
diameter (D) of approximately 26 mm were spaced con-
centrically between a loading ring with a diameter (DL) of
5.5 mm and a supporting ring with a diameter (DS) of
20 mm. The load was applied to the samples at a constant
crosshead displacement rate of 1.2 mm/min, and the
equibiaxial strength was calculated using the following
equation:

sf ¼
3F

2ph2
1�nð Þ

DS
2�DL

2

2D2
þ 1þnð Þln

DS

DL

� �
ð1Þ

where F, h, and n are the failure load (N), sample thickness
(mm), and Poisson’s ratio, respectively. For a rectangular
test specimen, the value of D used in Eq. 1 was approxi-
mated as

D¼ 0:54 l1þ l2ð Þ ð2Þ

where l1and l2are the lengths of the specimen edges. The
edge lengths fell within the range 0.98r l1/l2Z1.02.
Because the test specimen thickness could not be changed,
the values for DS and DL were chosen according to the
following condition:

2r
D�DS

h
r12 ð3Þ
Fig. 1. Effects of reduction on microstructure development in 900-mm-thick Ni

spreads across the half-cell towards the electrolyte layer as the exposure time
The load was applied in the direction of the electrolyte
and the anode was kept on the tensile side. Graphite sheets
were used as compliant layers. Most of the specimens
fractured into three pieces, and the fracture originated
within the load ring diameter. The average strength value
of at least six specimens was reported, and post-fracture
microstructure analysis was performed using SEM to study
the fracture-originating flaws.

3. Results and discussion

3.1. Effects of reduction on microstructure development in

the NiO–8YSZ anodes

The SEM micrographs in Fig. 1 show cross-sectional views
of the bi-layer structure, illustrating a systematic study of the
effects of reduction on microstructure development during the
formation of a cermet anode in the 900-mm-thick samples.
The as-received NiO–8YSZ anode precursor (Fig. 1a) was
relatively dense, with very few irregularly shaped, randomly
distributed pores. As the duration of exposure to the reducing
atmosphere increased, the NiO gradually reduced to Ni from
the edge of the anode side and became fully reduced
(confirmed by X-ray diffraction) after 8 h of reduction.
O–8YSZ half-cells. NiO gradually reduces from the edge of the anode and

increases.
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The unreduced portion of the anode closest to the electrolyte
after 10 min of reduction is shown in Fig. 1b. Further
exposure almost reduced the NiO, as exhibited by the changes
to the microstructure in the 2 h and 8 h reduced samples
(Fig. 1c and d). The electrolyte remained unaffected, and no
delamination of the electrolyte was visible after complete
reduction. Fig. 2 shows the microstructural changes in further
detail. During the initial stage of reduction, a thin layer of Ni
formed on the NiO particles (Fig. 2a and b). Further exposure
to the reducing conditions reduced the volume of NiO
considerably, which led to the development of a typical
porous cermet microstructure with a homogeneous dispersion
of Ni particles in 8YSZ and interconnected pores (Fig. 2c).
The homogeneous dispersion of electron-conducting Ni with
the oxygen conductor 8YSZ dispersed the reaction zones in
the volume of the porous electrode. Spreading the reaction
zones away from the anode electrolyte interface enhanced the
electrochemical conversion rates. The uniformly distributed
interconnected pores in the Ni–8YSZ anode provided unbro-
ken percolation paths for electrons, oxide ions, and hydrogen
fuel. On the other hand, the required mechanical strength and
structural integrity of the anode was maintained by the 8YSZ
framework. The high-temperature sintering (1100 1C) of the
green anode precursor structure after its deposition resulted in
densification and neck formation between the particles in the
anode, which was essential to the formation of percolation
paths. Therefore, the performance and mechanical stability of
the Ni–8YSZ anode depended mainly on the sintering of a
well-packed green structure to obtain a mechanically rigid
Fig. 2. SEM images detailing the development of the Ni–8YSZ cermet micros

5% H2–95% Ar environment for 10 min (note the formation of Ni layers on
YSZ network capable of restricting the Ni phase from
agglomeration during operation. Past studies have reported
that the microstructure in Ni–YSZ cermets is highly depen-
dent on the composition, morphology, and synthesis process
of the precursor, resulting in significant changes to the overall
performance of the SOFC [4,16,20–22]. At least 40 vol% of
Ni [23,24] is required for the anode’s optimum performance,
along with the homogeneous distribution of the Ni and YSZ
phases [22]. The Ni phase controls the thermal expansion of
the Ni–8YSZ cermet with its high thermal conductivity and
plasticity, and leads to high thermal shock resistance [16,25].

3.2. Effects of reduction on the mechanical properties of the

NiO–8YSZ anode/8YSZ electrolyte half-cells

Fig. 3a shows the effects of reduction on the equibiaxial
strength of the 900-mm-thick half-cells at room temperature
in ambient air. The average strength of the as-received half-
cells was 275 MPa, which increased suddenly to 399 MPa
in the 10 min reduced samples, even though the porosity
increased to 18.60% from an initial value of 11.76% in
the as-received samples. This change occurred due to the
initiation of the formation of a Ni layer on the surface of the
NiO grains in the anode. The Ni layer acted as a metallic
coating and increased the strength of the half-cells. However,
the average strength of the cells started to decrease as the
porosity increased further, and reached a value of 290 MPa at
a porosity of 23.24% (after 1 h of reduction). After 2 h of
reduction, the anode consisted mostly of Ni (with a small
tructure (900-mm-thick samples): (a) and (b) anode reduced at 800 1C in a

the NiO particles) and (c) fully reduced anodes after 8 h of reduction.



Fig. 3. Effects of reduction on the equibiaxial strength (measured at room

temperature in ambient air) and development of porosity in (a) 900-mm-

and (b) 600-mm-thick samples.
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amount of residual NiO) and the porosity increased to
30.71%. Hence, the half-cells exhibited a steady state in
strength values after 2 h of reduction. The scattering in the
strength values also reduced with the increase of Ni in the
anode structure. The half-cells exhibited a 23% increase in
strength after 8 h of reduction, even though the porosity had
increased from 11.76% to 39.66%. This increase in porosity
had a degrading effect on the strength of the reduced half-
cells, but the high metallic Ni content in the anode surpassed
the deleterious effects of the porosity and effectively enhanced
the specimen’s strength after reduction. The 600-mm half-cells
showed similar strength behavior with the increase in expo-
sure time to the reducing conditions (Fig. 3b). However,
the 600-mm-thick samples were approximately 60.75% stron-
ger after 8 h of reduction than the 900-mm-thick samples.
The as-received 600-mm-thick samples had an average
strength of 430.64 MPa, which increased to 464.10 MPa after
10 min of reduction and approximately 537 MPa after 2 h
of reduction, then remained almost constant thereafter. The
porosity increased from 12% to 36.68% (8 h reduced
samples) during the reduction process. The fractured surfaces
in both sets of samples were analyzed under a SEM to
identify the fracture origins. Fig. 4 shows typical SEM
micrographs revealing the fracture origins in as-received,
partially reduced, and fully reduced samples. The fracture-
originating flaws were near-surface volume flaws in most
cases, and the fracture origins were either agglomerates of
YSZ (Fig. 4a), agglomerates of NiO (Fig. 4b), or cavities
formed during casting (Fig. 4c–f). Controlling the volume
flaw population generated during anode processing was
therefore essential to ensuring higher reliability of the
SOFC MEA.
The increase in porosity due to reduction severely affected

the hardness of the anode support layer. As shown in Fig. 5,
the Vickers hardness value of 5.5 GPa in the as-received
600-mm-thick samples (12% porosity) decreased to less than
1 GPa in the 8 h reduced samples (36.68% porosity). Simi-
larly, the hardness value of 3.13 GPa in the as-received anode
layer of the 900-mm-thick samples (11.76% porosity) reduced
to approximately 0.40 GPa in the 8 h reduced Ni-8YSZ
samples (39.66% porosity). It should be noted that the
scattering in hardness values decreased with increasing por-
osity. Although they were highly porous, the reduced anode
samples at 2 h and 8 h had negligible scattering in their
hardness values compared to the as-received samples. This
type of behavior is attributed to the enhanced plasticity that
results from higher Ni metal content in highly reduced porous
anodes [3]. The inset in Fig. 5c) shows the effects of heat
treatment (in ambient air for 8 h) on the hardness of the
8YSZ electrolytes in the 600-mm-thick half-cells. Because the
electrolyte layer remained chemically inert during the heat
treatment (and during the reduction process) and had a
negligible amount of porosity, it was expected that the
hardness would remain independent of indentation load.
As shown in Fig. 5c), the heat-treated electrolytes had
somewhat consistent hardness values (considering the scatter-
ing of these values) at higher loads. The slightly anomalous
behavior observed in the low load region was most likely due
to the redistribution of stresses in the half-cells caused by heat
treatment. The thicker 900-mm samples showed similarly
consistent behavior in terms of their electrolyte hardness.
In general, it can be stated that the overall strength and

hardness of the half-cells decreased with an increase in the
anode support layer’s thickness. Although a thicker anode
layer enhanced electro-catalytic activities, the decrease in
strength and hardness eventually reduced the mechanical
stability of the SOFC stack. The electrolyte layer was identical
in both sets of samples (�8 mm thick) and the anode porosity
was roughly the same in both the as-received and fully
reduced samples, so the observed decrease in the thicker
samples’ overall strength and hardness was essentially due to
the increase in anode thickness.
Although the increase in porosity with reduction did not

manifest its deleterious effects on the overall strength
of the fully reduced half-cells at room temperature,
the strength of the samples decreased significantly with
the increase in temperature. Table 1 shows the strength of



Fig. 4. Typical failure origins closer to the tensile surface (600-mm-thick samples): (a) agglomerates of 8YSZ in as-received samples, (b) pullout of NiO

agglomerate in 10 min reduced samples, and (c, d, e, and f) cavities formed during casting in 30- min, 1 hr, 2 h, and 8 h reduced samples.
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the as-received and fully reduced half-cells at 800 1C in
ambient air and in a 5% H2–95% Ar environment.
Comparison with room-temperature strength values in
Fig. 3 clearly indicates a drastic reduction in strength
when the as-received samples are evaluated at 800 1C.
The strength decreased significantly (by approximately
30–70%) at high temperatures in reducing environments,
even in the fully reduced samples. The as-received half-cells
displayed catastrophic failure (brittle fracture) during the
application of a load at both room temperature and at
800 1C (in air). By contrast, the initial deformation of the
fully reduced samples observed during the strength mea-
surements (in 5% H2–95% Ar environment) was attribu-
table to the Ni’s ductile nature. The fully reduced samples
eventually failed due to crack growth. As mentioned
above, near-surface volume flaws played a critical role
in determining the strength of the samples. In addition
to intrinsic volume flaws, mostly generated due to the
agglomeration of NiO or YSZ particles or cavities formed
during the removal of pore-forming organics, the porosity
developed during the reduction process also determined
the strength of the samples. Furthermore, changes in the
elastic properties of the anodes during reduction redis-
tributed the residual stresses in the SOFC. This redistribu-
tion may have introduced mismatched stresses in the
component layers, which would have a major effect on
the structural integrity of the SOFC MEA. Therefore, an
assessment of this change in the elastic properties of half-
cell samples was needed to optimize the anode design.
Fig. 6 shows the temperature dependence of the fully
reduced Ni–8YSZ half-cells’ Young’s moduli for both
batches in a 5% H2–95% Ar atmosphere and compares
them with the dependence of the as-received NiO–8YSZ
samples’ Young’s moduli in air in the same temperature
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range. The as-received NiO–8YSZ samples, which con-
tained NiO as one of their major constituents (70 vol%),
had a characteristically different elastic behavior profile
throughout the temperature range (curves a and b) com-
pared to the reduced Ni–8YSZ cermets, which contained a
negligible amount of NiO (curves c and d). It can be seen
that the as-received half-cells (from both batches) had
significantly higher Young’s moduli at ambient tempera-
ture (approximately 118 GPa in 600-mm-thick samples
and approximately 108 GPa in 900-mm-thick samples) than
the reduced samples due to their lower porosity. Both
batches of the as-received samples showed steady room-
temperature Young’s modulus values up to 150 1C. An
increase in the moduli was observed at temperatures over
200–500 1C, with a peak at approximately 325 1C. After
this peak, the moduli of the NiO-rich half-cells reduced to
steady values as the temperature increased, and remained
almost stable until the temperature reached 1000 1C,
although considerable modulus scattering was observed
at temperatures above 700 1C. The increase in the Young’s
modulus across the 200–500 1C region is related to the
structural transition in NiO from a distorted face-centered
rhombohedral to a cubic rock-salt structure near its Neel
temperature of 250 1C (antiferromagnetic to paramagnetic
transition of NiO) [26,27]. In contrast, the Young’s
Table 1

Equibiaxial strength of the half-cells at 800 1C in ambient air and reducing at

Half-cell thickness (mm) Strength at 800 1C in air (SD)

600 217.0 (41.2)

900 200.5 (5.5)

aAs-sintered half-cells.
bFully reduced half-cells. Standard deviation (SD) values are given in paren

Fig. 5. Hardness values plotted as a function of porosity in the as-received

and reduced (a) 600-mm- and (b) 900-mm-thick samples. The inset shows the

effect of heat treatment (at 800 and 1500 1C) on the hardness of the

electrolyte side of an as-received 600-mm-thick sample.
modulus of fully reduced Ni–8YSZ half-cells in a 5%
H2–95% Ar environment shows monotonically decreasing
behavior with the increase in temperature. The room-
temperature Young’s modulus values of the reduced
Ni–8YSZ samples were approximately 73 GPa (600-mm-thick
samples) and approximately 52 GPa (900-mm-thick samples)
in the reducing environment—almost the same as those in
ambient air. The 600-mm-thick samples exhibited a sharp
decrease in their Young’s moduli along the entire tempera-
ture range up to 1000 1C, whereas the sharp decrease in the
900-mm-thick samples’ Young’s moduli values plateaued at
550 1C and remains stable up to 850 1C, and decreasing
sharply thereafter until 1000 1C was reached. The total
reduction in Young’s modulus as the temperature increased
from room temperature to 1000 1C in the reducing atmo-
sphere was approximately 44% in the 600-mm-thick samples
and approximately 40% in the 900-mm-thick samples. The
decrease in Young’s modulus with temperatures of up to
600 1C was presumably due to the order-disorder transitions
of the oxygen vacancies in the 8YSZ [28,29]. During this
transition, the rearrangement of oxygen vacancies and their
hopping around active Y cations increased the mechanical
losses that resulted in a decrease of the 8YSZ’s elastic
modulus. This typical behavior of 8YSZ was the reason for
the drop in the Young’s modulus of Ni-rich, fully reduced
mosphere.

a (MPa) Strength at 800 1C in 5%H2 (SD)b(MPa)

301.4 (31.8)

120.8 (12.2)

theses.

Fig. 6. Variation of the Young’s modulus with temperature in (a) and (b)

as-received (measured in ambient air) and (c) and (d) 8 h reduced

(measured in a 5% H2–95% Ar environment) NiO–8YSZ 600-mm and

900-mm-thick samples.
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half-cells in the 300–600 1C temperature range. These effects
were also present in the as-received NiO–8YSZ samples, but
the overlapping of effects due to the structural transition in
NiO within the 200–500 1C temperature range made them
dormant.

The continuous decrease in Young’s modulus values
with different slopes above 600 1C was essentially related
to the elastic properties of Ni at elevated temperatures
rather than the 8YSZ. In fact, the Young’s modulus of
8YSZ shows a marginal increase at temperatures above
600 1C [30,31].

Based on these results on the mechanical properties of
reduced NiO–8YSZ anode-supported bi-layer SOFC struc-
tures, a detailed analysis of the distribution of stresses
during actual SOFC operation is currently being per-
formed to optimize the SOFC design and predict its
reliability.

4. Conclusions

This study developed two sets of bi-layer SOFC half-cell
structures with a thin, dense 8YSZ electrolyte layer
supported by a thick, highly porous Ni–8YSZ anode by
reducing a NiO–8YSZ/8YSZ precursor structure at 800 1C
in a 5% H2–95% Ar environment, and studied these
structures to characterize the effects of reduction on their
mechanical properties.

The change in equibiaxial strength of the half-cell
samples was evaluated as a function of porosity in both
ambient air and reducing environments at room and
elevated temperatures. The overall strength of the half-
cell structures at room temperature increased after reduc-
tion, even though the reduced samples became highly
porous. It was observed that the 600-mm-thick samples
were approximately 60.75% stronger after 8 h of reduction
than the 900-mm-thick samples. Although the overall
strength of the fully reduced half-cells at room temperature
increased after reduction, the strength of the samples
significantly decreased with the increase in temperature.

The increased porosity of the reduced anode samples
severely affected the hardness and elastic moduli of the
samples. The anode hardness decreased drastically after
reduction in both sets of samples, and the as-received half-
cells of both batches had significantly higher Young’s
moduli at room temperature than the reduced samples
due to their lower porosity. At elevated temperatures, the
Ni–8YSZ anodes showed a monotonically decreasing
profile in their Young’s moduli as a function of tempera-
ture, which was significantly different from the behavior of
the unreduced NiO–8YSZ samples. As the temperature
increased, the Young’s modulus of the as-received NiO–
8YSZ samples in ambient air peaked over 200–500 1C and
then reduced to steady values as the temperature further
increased, remaining almost stable until a temperature of
1000 1C was reached. However, Young’s modulus values
of the fully reduced samples in the reducing environment
decreased monotonically with the increase in temperature.
Interestingly, the strength, hardness, and elastic properties
of half-cell samples with similar compositions and poros-
ities decreased with an increase in the thickness of the
anode-supported layer.
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