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Abstract

The Impulse Excitation Technique (IET) was used to determine the elastic modulus and specific damping of different Ni/NiO-YSZ composites
suitable for use in solid oxide fuel cells (SOFC). The porosity of the as-sintered samples varied from 9 to 38% and that of the reduced ones from
31 to 52%. For all samples a linear relation between Young’s modulus and porosity was found. The temperature dependency of the mechanical
properties of both as-sintered and reduced composites was investigated by IET up to 1200 °C. In the as-sintered state, first an increase and peak
of stiffness coinciding with the Néel temperature, 250 °C, of NiO was observed. Above this temperature, a linear decrease occurred. Specific
damping showed a peak at 170-180 °C and increased above ca. 1000 °C in NiO-YSZ. In the reduced state the elastic modulus decreased linearly
with temperature; specific damping increased above ca. 600 °C and was found to be very dependent on microstructure. Damage caused by redox
cycling degraded the elastic properties of the composites. Degradation started linearly from 0.5 to 0.6% redox strain leading to macroscopic sample

failures at about 2.5% dL/L,. A simple continuum elastic damage model was fitted to the degradation data.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid Oxide Fuel Cells (SOFC) continue to be a promising
energy conversion technology for an environmentally benign
power generation capable of utilising different hydrocarbons as
well as hydrogen as the fuel. Despite active search for alter-
natives, Ni-YSZ composites are widely used as anode side
components. In a popular flat SOFC design such cermets serve as
structural materials for the electrochemical devices.! Require-
ments for Ni-YSZ anode supports are sufficient mechanical
stability as well as strength, stiffness, porosity, and electrical
conductivity. An additional challenge for the Ni-based SOFC
is the situation where an operating cell is re-oxidised from the
anode side and chemically induced strains from the Ni oxida-
tion expand the whole structure, resulting in the so called redox
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instability problem for SOFC.? If the nickel is oxidised to NiO,
the related volumetric expansion exerts large stresses on both
the anode composite internally, and through bulk expansion of
the anode support, on the cell as a whole.3™

The mechanical properties of the anode supported SOFC are
dominated by the thick (300 wm or above) anode support, and
therefore knowledge of its mechanical behaviour is of impor-
tance for cell design and modelling. Giraud and Canel have
studied elastic properties of YSZ, Ni-YSZ and LSM up to high
temperature.® Radovic and Lara-Curzio examined the elastic
properties of Ni-based anode composites as a function of poros-
ity of up to 25% (roughly 25-41% in the reduced state), and
as a function of the degree of NiO reduced. They found that
the stiffness, fracture toughness and strength of the compos-
ites decreased with porosity, although upon reduction of the
NiO to Ni the fracture toughness and strength increased due
to the presence of the ductile Ni phase.”® Morales-Rodriques et
al. have conducted experiments on creep behaviour of Ni-YSZ
composites at high temperature and different oxidation states
and showed that the ceramic component largely controls the
creep behaviour; reduction of NiO to nickel generally lowers
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the creep resistance due to the metallic phase.”!? Selcuk and
Atkinson have reported the mechanical behaviour of materials
relevant for SOFC electrolytes presenting an overview of differ-
ent available correlations for elastic properties vs. porosity.' 112
Further, Radovic et al. compared different techniques avail-
able for characterisation of mechanical properties for ceramic
composites and two techniques, namely Resonant Ultrasound
Spectroscopy (RUS) and Impulse Excitation Technique (IET)
were found preferable.13 In the work of Roebben et al., IET
was applied in the characterisation of the elastic properties and
damping of yttria stabilised zirconia polycrystals (Y-TZP) up to
high temperatures, yttria content being 2-3 mol%.!*!1> At ele-
vated temperatures the analysis showed an internal friction peak
due to elastic dipole (Y7, V() relaxation at 490K and low tem-
perature degradation (LTD) due to tetragonal-monoclinic phase
transformation at around 500 K where the thermodynamic driv-
ing force for the transformation is largest. Whether or not the
LTD was observed depended on the yttria content (partial sta-
bilisation), microstructure (homogeneity of Y-doping) and the
temperature history.'*!3 Regarding redox stability of Ni—-YSZ
composites, the IET has also been applied to assess changes
in mechanical properties due to redox cycling; after two redox
cycles carried out at 800 °C with permanent elongation of about
0.5% dL/L, no change in the elastic properties was found.'®

This paper discusses determination of mechanical proper-
ties, using IET, of different NiO-YSZ and Ni—YSZ composites
as a function of temperature up to 1200 °C. Several different
batches of composites were prepared by ceramic processing and
tested. Mechanical degradation of the composites due to inter-
nal damage from redox cycling was investigated in an attempt
to connect the dimensional behaviour of such structures with
gradually deteriorating mechanical properties, finally leading to
a loss of integrity of the composite.

2. Experimental

2.1. Ceramic processing and the samples

The samples tested were manufactured from commercial
NiO and 3YSZ powders using standard ceramic processing
techniques. The powders were ball milled in ethanol-based slur-
ries using dispersants and organic binders. The porosity range
10-38% after sintering was achieved by variation of the solids
composition as well as the particle size distributions of the pow-
ders used. The slurries were tape cast and cut to green plates,
which after sintering at 1300-1400 °C yielded ceramic plates of
0.3-0.7 mm thickness and 70-80 x 20-25 mm? size. Some of
the samples tested are similar to those tested in.!” Some rect-
angular thin plates were also laser cut directly from as-sintered
larger anode supports or half cells into a size of 20 x 75 mm?.
The thinnest plates had some tendency to warp upon redox
cycling, which is a sign of either non-uniform oxidation or
slightly anisotropic material e.g. in terms of surface condition
on both sides of the plate. The structural stiffness arising from
the warping of the samples alters the resonant vibration spec-
trum. In order to overcome this, some samples were prepared
by laminating 2-3 green tapes to obtain approximately 1 mm

thick samples. After this, up to 8 redox cycles could be mea-
sured.

The solids composition of the samples was 50-55 wt-% NiO
and 45-50 wt-% YSZ. The theoretical density (TD) was calcu-
lated from the composition to be between 6.34 and 6.40 g/cm’.
The total porosity of the samples could be calculated geomet-
rically and varied from 9 to 38% in the as-sintered state. In the
reduced state the tested samples had total porosities ranging from
31 to 52%. The data measured at room temperature arise from
a total of 19 different green tapes in the as-sintered state and 16
different tapes in the reduced state.

2.2. Testing equipment

The mechanical tests were carried out using IET equip-
ment from IMCE NV, Genk, Belgium.'® Impulse excitation
offers fast and repeatable measurements of thin plates with a
well-defined geometry. For room temperature measurements,
the resonant frequency and damping analyser RFDA System
23 was used. The method is based on detecting characteristic
vibration frequencies of samples supported at the nodal points
by thin wires. The resonant flexural frequencies of vibration
are deduced from the digital signal by Fast Fourier Transform
(FFT).

The Young’s and shear moduli are calculated for well-defined
isotropic and homogeneous materials of different geometries
using ASTM E 1876-99 and ASTM C 1259 standards. When
the fundamental resonant frequency as well as the mass and the
dimensions of the sample are accurately known, the Young’s
modulus is calculated as'®
E—O9465m’%13T 1

- 0T T W
where m is sample mass, fr is the fundamental resonant fre-
quency, b, I and d the width, length and thickness of the
bar respectively, and 77 a correction factor depending on the
thickness-to-length ratio and Poisson ratio of the material. For
the samples considered here the thickness-to-length ratio is small
(0.005-0.008) and the value of T; very close to unity.

Reproducibility of the measurements was good. The main
source of uncertainty comes from sample thickness. The calcu-
lated moduli are cubically dependent on the length and inverse
cubically dependent on the thickness of the sample as shown in
(1); the standard deviation in thickness of the sample popula-
tion based on three measurements per sample varied from 0.3 to
3.7% with the mean at 1.3%. The standard deviation in length
was 0.2% (based on three length measurements per sample). The
flexural vibration mode was used for all samples; additionally
the torsional mode yielding the shear modulus was applied for
two samples. At room temperature, a microphone was used to
detect the vibrations. The high temperature measurements were
carried out at IMCE NV in Belgium, using the RFDA combined
with the HTVP 1600 furnace and a laser vibrometer in either
air (oxidised samples) or 5% H» diluted with N7 (reduced sam-
ples). The heating rate used in the high-temperature tests was
3—4 °C/min while the cooling rate was 1.8-2.8 °C/min. For the
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room temperature measurements, the sample treatments were
done in a separate furnace.

2.3. Reduction—oxidation tests

In order to examine whether the initial reduction temperature
and related microstructural differences reflect in the mechanical
properties of the bulk, NiO-YSZ plates were reduced at three
different temperatures of 600, 850 and 1000 °C. The elastic mod-
uli of the samples were measured by IET both before and after
reduction. Further steps of complete oxidations and reductions
were carried out for several samples at temperatures between
750 and 850 °C. The procedure used in the reduction/oxidation
of the samples was to first heat up in an atmosphere similar to
the previous treatment and stabilise for at least an hour. The
reduction/oxidation step was always carried out in isothermal
conditions. As a part of gas changes oxidising/reducing, a short
flush of N, was always implemented in between. The reduc-
ing gas used was 9% Hj in N,. During the furnace anneals,
the samples were either loosely sandwiched between ceramic
plates or placed free-standing on top of a plate. After each step,
the porosity of the sample was estimated from the sample dimen-
sions determined using digital Mitutoyo callipers, and weight by
Mettler Toledo gauges. The Cumulative Redox Strain (CRS)!”
was used for the sample length change dL during redox cycling,
relative to the initial as-sintered cold length L,. Eight redox
cycles were carried out for two laminated samples, the first five
at 750 °C and the last three at 790 °C. During the first three redox
cycles both the oxidised and reduced condition were measured.

2.4. On the theory of viscoelasticity

In an elastic material, stress and strain are linearly dependent
on each other through Young’s modulus. When the stress—strain
relationship additionally depends on time the material is called
viscoelastic. For example, a step change in stress results in a
delayed strain response. For dynamic considerations in a free
or forced vibration the Young’s modulus can be replaced by the
dynamic or complex modulus,

E* — E/ + iE// (2)

In this complex notation E’ is the elastic (storage) modulus
and E” the plastic (loss) modulus. The time lag between stress
and strain, caused by damping or internal friction within the
material, is the loss angle ¢ by which the plastic (loss) modulus
is lagging the elastic (storage) modulus, tan ¢ = E"/E’.

In the present automatic analysis the specific damping due
internal friction is fitted using a linear combination of exponen-
tially decaying sinusoidal functions with amplitude A [of the
form A(f) = A, exp(—kt)-sin(wt + ¢)] where the signal stems from
a mechanically excited sample in free flexural vibration. When
the loss tangent is small (tan ¢ < 0.1), the following holds for the
specific damping Q' of the material with good accuracy'820:

Q—l—tan¢—¢—k—” 3)
B TR

where k is the fitted parameter in the exponential decay func-
tion and f, the respective resonant frequency. In some literature
the specific damping Q™! is also called the damping ratio. In
many materials, viscoelasticity and damping are governed by
thermally activated processes and further are dependent on the
frequency f of the applied stress according to

E,
tan ¢ = g(f)exp ( RT) , )

E, being an activation energy, R the gas constant and 7 the
absolute temperature. When a material is at a high homologous
temperature, that is, the absolute temperature exceeds a fraction
of about 0.3-0.5 of the melting temperature, viscoelastic effects
like damping and creep manifest themselves. The dominating
mechanism through which mechanical energy is dissipated in a
material depends on the frequency at which an oscillation takes
place. For example, low frequency relaxation processes include
diffusional creep and grain boundary slip, whereas larger relative
contributions at higher frequencies arise from e.g. point defect,
elastic dipole or thermoelastic relaxation.?! Composite materi-
als have additional effects where the different phases give partial
contributions to the bulk properties. Also, porosity can constitute
a third phase having zero viscoelastic properties. The properties
of the composite depend on the composition (volume fractions),
shape and microstructure of the phases and/or inclusions and the
nature of the interfaces. In a ceramic—metal Ni-YSZ compos-
ite at elevated temperatures, the metal component is expected
to show higher plasticity due to its higher homologous tem-
perature. How the composite behaves in viscoelastic terms as a
whole depends on the microstructure; particle size distributions,
interfacial condition and interface length as well as mechanical
interaction between the phases. Changes in the microstructure
are expected to reflect themselves in damping behaviour.

2.5. Correlating Young’s modulus and porosity

The elastic properties used for tetragonal zirconia polycrys-
tals (TZP), NiO and Ni were taken from the literature and are
shown in Table 1. As the solids composition of the compos-
ite is usually known, the moduli of a fully dense composite
can be estimated e.g. by using the linear rule of mixtures and
volume fractions of the constituents. In practice, the Young’s
moduli of TZP, NiO and Ni are relatively close to each other, so
the effect from compositional change is not very large. For the
dependency of elastic properties on porosity, different correla-

Table 1
Elastic properties of TZP, NiO and Ni in the literature.!""322 E is Young’s
modulus, G is shear modulus and v the Poisson ratio.

E (GPa) G (GPa) v Poisson ratio
TZP 213-218* 81 0.33

216°
NiO 220 84 0.3
Ni 200 77 0.3

2 Estimate at full density using correlations'!.

b Single crystal data'!.
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Table 2
Linear, exponential and non-linear correlations for Young’s modulus vs. porosity
available in the literature for NiO-YSZ composites.'!.

Correlation for E Parameter b E,
Linear E = Ey(1 —bp) 2.10 205.46
Exponential E = E, exp(—bp) 2.48 207.13
Non-linear E=Eo 1 - s ) 2.55 207.22

tions have been reported in the literature. Atkinson and Selcuk
have studied this also referring work from different authors, giv-
ing three correlations for the oxidised NiO-YSZ composite.!!
These linear, exponential and non-linear correlations are sum-
marised in Table 2. Additionally, a more theoretical model based
on composite spheres has been discussed in the literature.®!!
The dependency of the elastic properties on temperature has
been less reported in the literature. Young’s modulus is known
to decrease with temperature for most materials, typically in a
linear manner.

3. Results and discussion
3.1. Young’s modulus vs. porosity

The Young’s moduli measured at room temperature for totally
97 as-sintered samples are shown in Fig. 1. The results exhibit
a largely linear dependency on porosity. A few half cells were
measured and they agree with the NiO-YSZ composite data.
Comparison with the three correlations given in Table 2 shows
that the linear correlation produces the best agreement with the
measured data. The parameters of a linear least squares fit to the
data in Fig. 1 are shown in Table 3. The best fit to the present
data agrees well with the linear correlation reported for similar
NiO-YSZ composites in.!! The non-linear and exponential cor-
relations taken from the literature, Table 2, lose their accuracy
in predicting the present data when total porosity (as-sintered)
exceeds about 20%. In other words, the non-linear and expo-

240
220 ¢  NiO-YSZ as-sintered
- linear correlation [11]
200 1 exponential correlation [11]

180 non-linear correlation [11]
—e— free linear fit (E,=206.88)

160 + ~ = o standard half cells as-sintered

Young's modulus (GPa)
i}
o

0.00 0.05 010 0.15 0.20 025 0.30 0.35 040 045 0.50
Porosity

Fig. 1. Young’s modulus of as-sintered NiO-YSZ composites as a function of
total porosity with a linear correlation fitted to the data (the black line) and
other correlations reported in the literature (the gray lines). Half cell data are
consistent with NiO-YSZ composites.

Table 3

Parameters from least squares linear fitting of the measured Young’s modulus
vs. porosity p. The goodness of fit is given by the R? value (R* =1 indicating a
perfect fit).

E = Eo(1 — bp) E, (GPa) b R?
Oxidised 206.88 2.118 0.986
Reduced 205.93 1.756 0.954

nential correlations tested behave more or less linearly up to
porosities of about 20%.

The results on reduced Ni—YSZ cermets measured at room
temperature comprise 54 samples and are shown in Fig. 2. The
samples were reduced at temperatures between 600 and 1000 °C;
no difference in the Young’s modulus depending on the initial
reduction temperature could be observed. The porosity of the
samples is higher than in the as-sintered state due to the smaller
molar volume of Ni as compared to NiO. A linear correlation
was considered sufficient to fit the data in a satisfactory way.
The obtained Young’s modulus vs. porosity by a free linear least
squares fit to the data is shown in Fig. 2, with the parameters
presented in Table 3. Fig. 2 contains also reduced half cells as
well as four measurement points where the samples have been
partially re-oxidised to Degree of Oxidation (DoO) of 0.23, 0.30,
0.53 and 0.61, respectively. When Young’s moduli of the par-
tially oxidised samples are plotted in Fig. 2, after calculation of
the TD and porosity, the elastic properties follow the correlation
for reduced samples quite well.

One as-sintered and one reduced sample were measured in the
torsional vibration mode to determine the Shear modulus of the
composites. The measured Young’s and shear moduli of these
samples as well as the calculated Poisson’s ratio are presented in
Table 4. The obtained values for the Poisson’s ratio are slightly
higher than those reported in the literature for TZP, NiO and Ni
(Table 1).

240

220 4 Ni-YSZ reduced

200 £~ ———- free linear fit (E,=205.93)
= i o standard half cell reduced
o 180 1 "‘-\\ v partially oxidised samples
e 160 A My
b ~
= 140 T
= SNy
g 120 1 S,
£ ] = A
2 100 Vv\ o
= 80 - e
< "
8 60 1 \\“i\
> 40 1 ‘R}}

2
20 “Q‘,.\
0 T T T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
Porosity

Fig. 2. Young’s modulus of reduced Ni—YSZ composites as a function of total
porosity including a linear correlation fitted to the data. Half cell data in the
reduced state are consistent with the Ni-YSZ cermets. The graph shows also the
Young’s modulus of four partially oxidised samples.



M. Pihlatie et al. / Journal of the European Ceramic Society 29 (2009) 1657—1664

Table 4

1661

Measured Young’s and shear moduli as well as the calculated Poisson ratio for as-sintered and reduced NiO/Ni-YSZ composites.

Young’s modulus (GPa)

Shear modulus (GPa) Poisson’s ratio

As-sintered NiO-YSZ
Reduced Ni-YSZ

127.3
80.9

49.7
31.4

0.391
0.387

3.2. Young’s modulus vs. temperature

3.2.1. NiO-YSZ

Results from a high temperature flexural mode test of an as-
sintered sample up to 1200 °C are shown in Fig. 3. The initial
room temperature value of the Young’s modulus will depend on
the porosity of the sample as shown in Fig. 1. During the high-
temperature test in Fig. 3, the Young’s modulus was relatively
constant from room temperature to about 180 °C, after which
the modulus increased by about 6% and peaks at about 250 °C.
After reaching the peak, a more or less linear decrease in the
modulus could be observed up to about 1100 °C, after which
the modulus departed slightly downwards from the linear trend.
Relatively good reproducibility was obtained during cool-down.
For the specific damping, a peak reaching up to 0.01 on heating
and 0.008 on cooling down was measured at about 160—180 °C.
Above about 250 °C the damping returned to below 0.005. On
heating, the specific damping started slowly increasing above
about 950 °C and reached about 0.03 at 1200 °C.

The damping behaviour of partially stabilised TZP (2-3%
YSZ) have been studied by Roebben et al.!>, who saw a damping
peak to due relaxation of the elastic dipoles (Y, V() at 217 °C.
The damping peak measured here occurs consistently at a some-
what lower temperature. No further investigations were carried
out in order to confirm whether the reversible low temperature
damping was in this case related to the elastic dipole relaxation.
The change in elastic properties between 200 and 260 °C and
the peaking of the Young’s modulus at about 250 °C coincides
with the transition of NiO from antiferromagnetic to paramag-
netic at the Néel temperature of 250 °C. Earlier, du Plessis et al.

have reported the elastic properties of NiO single crystals using
an ultrasonic technique. They found an anomalous jump in the
elastic modulus at the Néel temperature, possibly due to second
order phase transition.?3 The elastic transient observed at about
250°C is thus probably due to the elastic anomaly in NiO at
that temperature. The coefficient of thermal expansion (CTE)
was studied in dilatometry and the measurement shows a peak
at about 250 °C, in agreement with what was also reported by
e.g. Mori et al.?*,

3.2.2. Ni-YSZ

Fig. 4 shows the measured Young’s modulus as a function
of temperature for a Ni-YSZ cermet pre-reduced at 1000 °C.
The measured total porosity of the sample was 38% and the
measured elastic modulus at room temperature was 72.9 GPa.
The Young’s modulus decreases more or less linearly with tem-
perature down to 51.8 GPa at 1000 °C. A peak in damping at
160-180 °C similar to that in Fig. 3 was observed; this confirms
that it should arise from the TZP phase. After the low tempera-
ture damping peak, the damping decreases although less than in
the as-sintered sample. Increased specific damping is observed
when the temperature exceeds about 600 °C; the damping mea-
sured at the ramp terminal temperature 1000 °C was about 0.025.
The increase in damping occurring at a lower temperature in the
reduced sample as compared to the oxidised state can be ascribed
to the metallic nickel component having a much lower melting
temperature than the ceramic NiO (7T = 1450 and 1960 °C of
Ni and NiO, respectively).

The dependence of specific damping on micro structural fea-
tures was examined by conducting another experiment for a
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Fig. 3. Young’s modulus and specific damping as a function of temperature
during heat-up and cool-down of an as-sintered NiO-YSZ composite. Young’s
modulus peaks at around 250 °C decreases linearly at temperatures above that.
For specific damping, a small peak at 160180 °C as well as an increase above
1000 °C is observed.

Fig. 4. Young’s modulus and specific damping as a function of temperature
during heat-up and cool-down of a Ni-YSZ composite sample pre-reduced
at 1000 °C and tested under reducing atmosphere. Elastic modulus decreases
linearly with temperature. Specific damping shows a peak at 160-180 °C and
increases above 600 °C.
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Fig. 5. Secondary electron image using a FE SEM and the low voltage charge
contrast technique on a polished cross-section of a Ni-YSZ composite reduced
96 hat 600 °C (A)and 1000 °C (B), showing growth in Ni grains due to sintering.
The lighter gray is Ni, darker gray YSZ and black areas porosity.

sample pre-reduced at 600 °C. The lower reduction temperature
results in a finer microstructure, because the metallic nickel par-
ticles undergo less sintering during the reduction treatment.?>-2%
This is evident looking at Fig. SA (sample reduced at 600 °C)
and 5b (sample reduced at 1000 °C), where lighter gray is metal-
lic nickel, darker gray YSZ and black areas porosity. The images
were taken using a Zeiss Supra FEG SEM and the low voltage
charge contrast technique.”’ The elastic modulus and specific
damping are shown in Fig. 6. The measured elastic modulus is
essentially the same as after high temperature reduction shown
in Fig. 4. The damping peak at 160-180 °C can be observed
as previously. During the heat-up, measured damping is clearly
higher reaching about 0.05 at 1000 °C. During the 1h hold at
1000 °C, damping decreased from 0.05 to roughly 0.04, and
during cool-down showed lower values than during heat-up.
The reduced Ni—YSZ cermets show viscous activation
generally at a lower temperature than the oxidised ones,
and additionally a more complex behaviour above the low
temperature-damping peak. The sample reduced at 600°C
shows highest specific damping, furthermore the damping
remains high when elevating the temperature further (no

M. Pihlatie et al. / Journal of the European Ceramic Society 29 (2009) 1657—1664
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Fig. 6. Young’s modulus and specific damping as a function of temperature dur-
ing heat-up and cool-down of a Ni—Y SZ composite sample pre-reduced at 600 °C
and tested under reducing atmosphere. Damping is shown to be a sensitive func-
tion of the microstructure with higher damping related to finer microstructure.
A decrease in damping due to Ni sintering is observed during and after high
temperature operation.

decrease in damping after the 170 °C peak) and starts increasing
further when exceeding about 300 °C. When cooling the same
sample down from 1000 °C, damping is clearly less as observed
in Fig. 6. The specific damping is larger in fine microstruc-
ture and well connected interfaces, which is the case initially
for the sample pre-reduced at 600 °C. The decrease arises from
microstructural changes and loss of ceramic—metal interface due
to sintering of Ni at high temperatures. The sample reduced at
1000 °C showed the lowest and the most stable damping of the
cermets. In this case the microstructure and degree of Ni sin-
tering originated from the pre-reduction and remained largely
unaltered during the mechanical test.

3.3. Effects from redox cycling

Results for Young’s modulus, CRS and specific damping
are shown in Figs. 7 and 8. The two samples show initially
about 130-140 GPa elastic modulus and 80 GPa after the ini-
tial reduction; this decrease is largely due to porosity change.
Upon cyclic re-oxidations, the CRS increases gradually reaching
2-2.5% after the 6th or 7th re-oxidation. The Young’s modulus
of the samples decreases quite linearly with the CRS as can be
observed in Fig. 9. The relatively linear degradation in the elastic
properties starts at about 0.5% dL/L,, and in the measured series
proceeded all the way down to 80% loss (data up to 70% shown
in the figure). Gradually increasing macroscopic damage could
be visually observed in the sample starting from about 1% CRS.
Integrity of the samples was lost due to macroscopic fragmenta-
tion at around 2.5% CRS and measured Young’s modulus below
ca. 30 GPa.

The stiffness of a sample is an integral measure of the mechan-
ical properties representing the bulk material. We regard the
Ni—YSZ cermet as a porous composite where the YSZ consti-
tutes a rigid ceramic backbone and the Ni a second percolating
phase. Upon re-oxidation of the Ni the expansion can exert large
local stresses on the ceramic structure and create damage, as dis-
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Fig. 7. Elastic properties and damping of Ni—-YSZ composite (sample 1) as a
function of reduction-oxidation steps carried out isothermally at 750-790 °C.
Elastic modulus shows stepwise decrease while the Cumulative Redox Strain
(CRS) and damping are increasing with the number of redox cycles. The abscissa
point acronyms stand for cycling step number, r=reduced/ox = oxidised state,
and a number indicating temperature, e.g. “20x750” means the 2nd re-oxidation
of the sample carried out at 750 °C. The data on the 5th, 6th and 7th reduction
are missing (N/A).

cussed e.g. by Klemensg and Mogensen.?® This internal damage
is first microscopic and becomes macroscopic through crack
propagation. The porous composite can be viewed as a com-
plex three-dimensional structure composed of a large number
of Hookean springs or anelastic spring-dashpot elements con-
nected in series and in parallel. The bulk stiffness of a sample
arises from the integral effect of these elastic elements. We pro-
pose that when microscopic or macroscopic damage is created
in the structure, in this case by redox cycling, it is equal to
removing elastic elements from the bulk structure. Therefore,
a decrease in the measured Young’s modulus is observed. In
macroscopic terms the Cumulative Redox Strain is a measure
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Fig. 8. Elastic properties and damping of Ni-YSZ composite (sample 2) as a
function of reduction—oxidation steps carried out isothermally at 750-790 °C.
Elastic modulus shows stepwise decrease while the Cumulative Redox Strain
(CRS) and damping are increasing with the number of redox cycles. The abscissa
point acronyms stand for cycling step number, r=reduced/ox = oxidised state,
and a number indicating temperature, e.g. ‘20x750’ means the 2nd re-oxidation
of the sample carried out at 750 °C. The data on the 5th, 6th and 7th reduction
are missing (N/A).
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Fig. 9. Mechanical degradation in terms of relative loss of elastic modulus of
NiO-YSZ composites in the oxidised state during redox cycling, as a function of
CRS the cumulative sample length change caused by the redox cycling. Largely
linear elastic degradation is observed with CRS. A damage variable o depending
on CRS was fitted to the measured data.

of the irreversible dimensional change in the composite due
to redox cycling. Our results suggest that the CRS is more or
less linearly related to the microscopic and macroscopic dam-
age taking place in the composite and manifesting itself as loss
of stiffness. An isotropic continuum damage model for elastic
degradation can be expressed in a simple form as

E=(-wE, 5)

where E is the elastic modulus, w the damage variable hav-
ing values from O to 1, and the initial modulus is E,. Fitting a
parameter w (CRS) to the present redox degradation data yields
the damage variable shown in (6) and also depicted graphically
in Fig. 9. As a measure of the quality of fit, the R? value of the
fit was 0.949.

0, CRS < 0.0046
40.655 - CRS—0.1879, 0.0046 < CRS<0.0292
I, CRS = 0.0292

w(CRS)=

(6)

4. Conclusions

Composites of Ni-YSZ and NiO-YSZ were tested for elas-
tic properties at room temperature and viscoelastic properties
elevated temperatures. The Impulse Excitation Technique was
used for the measurements.

Total porosities of the samples were determined geometri-
cally. The measured Young’s moduli of the composites show a
linear dependence on porosity. Linear correlations were fitted
to the elastic property data with porosities in the oxidised state
ranging from 9 to 38% and in the reduced state from 31 to 52%.

The dependence of the Young’s modulus and specific damp-
ing as a function of temperature was determined both in the
oxidised and reduced state. In the oxidised state, we found
a reversible steep increase in Young’s modulus taking place
between about 200 and 260 °C, with a peak at 250 °C. The tem-
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perature of this transient coincides with the Néel temperature of
NiO. Above 260 °C alargely linear decrease of Young’s modulus
with temperature was measured up to 1200 °C.

The elastic properties in the reduced state were measured
for samples pre-reduced at a low (600 °C) and a high (1000 °C)
temperature. The Ni—YSZ composite shows linear decrease in
the Young’s modulus with temperature up to 1000 °C and little
effect from the initial reduction temperature.

Specific damping of the composite determined from the fun-
damental flexural resonant frequency showed only minor, if
any, differences between samples with different treatments when
measured at room temperature. High temperature tests showed
(i) a damping peak at 160—180 °C; (ii) increase in damping of
the NiO-YSZ composite above roughly 1000 °C; (iii) increase
in damping starting at lower temperatures in the reduced cermets
as compared with the oxidised state; and (iv) the dependence of
the damping in the Ni-YSZ composite on microstructure, where
fine microstructure after low temperature reduction results in
higher specific damping. The damping decreases at higher tem-
peratures probably due to microstructural changes originating
from Ni sintering.

Mechanical degradation due to redox cycling was observed
during an experiment series carried out at isothermal temper-
atures of 750-790°C. A decrease in Young’s modulus was
observed on cyclic re-oxidations and the loss of stiffness could
be more or less linearly correlated with Cumulative Redox Strain
measured from sample length change. Mechanical degradation
due to damage started at about 0.5% dL/L, strain, whereas a
macroscopic loss of integrity of the samples resulted when redox
strain exceeded about 2.5%. A simple isotropic continuum dam-
age model was fitted to the elastic modulus degradation vs. CRS
data.
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