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Abstract

Gadolinia doped ceria (GDC) is commonly used in chemical reactors, gas sensors, gas separation membranes, and solid oxide fuel

cells (SOFCs). In the present study, the room temperature elastic properties of GDC10 (Ce0.9Gd0.1O1.95) were measured as a wide

function of porosity for the first time. GDC10 specimens with volume fraction porosities ranging from 0.07 to 0.60 were produced by

hard die pressing and sintering GDC10 powders in air at temperatures ranging from 825 to 1475 1C. The room temperature Young’s

modulus, shear modulus, bulk modulus and Poisson’s ratio were measured using resonant ultrasound spectroscopy. The elastic moduli

decreased exponentially with increasing porosity.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Dense gadolinia doped ceria (GDC) is commonly used
as a membrane and/or diffusion blocking material in
oxygen sensors, oxygen separators, and solid oxide fuel
cells (SOFCs) [1–3]. In contrast, porous GDC is commonly
used as an anode catalyst [4,5], an anode mixed ionic
electronic conductor (MIEC) [6], an oxygen storage mate-
rial [5], a mechanical support [7], and/or a composite
cathode oxygen ion conductor [8] within these same
devices. In fact, nano-composite cathodes (NCC’s) of
porous GDC surface-decorated with nano-sized MIEC
catalyst particles have received much attention in the
literature due to their high electrochemical performance
[9–13] and electrochemical/microstructural durability [14]
at intermediate (500–700 1C) temperatures. Like conven-
tional SOFCs, SOFCs utilizing NCC’s [15,16] must be
designed so that coefficient of thermal expansion (CTE)
mismatch between the cell layers (electrolyte, cathode,
current collector, etc.) do not lead to fracture [17–19].
Unfortunately, the porous GDC elastic properties needed
to model load transfer into the MIEC–GDC NCC layer
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are not available in the literature (to a first order
approximation, the mechanical response of a NCC is
determined solely by that of the porous, structurally-
supporting, ionic-conducting scaffold).
The mechanical property literature for SOFC materials

has been almost entirely limited to materials with relatively
low porosity. For example, hardness and fracture tough-
ness have been measured for samaria-doped ceria [20] and
gadolina-doped ceria [21,22] but only for specimens with
Po0.08. In terms of the fracture strength, sf, of GDC10
(Ce0.9Gd0.1O1.95) in particular, the values available in the
literature also include only low porosity specimens, with sf

values from 200 to 300 MPa (Po0.08) [23] and from 150
to 175 MPa (Po0.04) [24]. While no creep data for
GDC10 is available in the literature, Ikuma et al. studied
the creep of undoped ceria with 0.01oPo0.08 [25]. Two
recent reviews of the mechanical properties of SOFC
materials by Nakajo et al. [26,27] included creep data on
SOFC materials other than GDC, but no creep data on
GDC. Routbort et al. [28] studied GDC creep above
1200 1C, but only for samples with Po0.08. In addition,
Nakajo et al. [26] noted that creep data was extremely
sparse for any porous SOFC material but suggested that
finite element models that deal with the deformation of
struts can perhaps be ‘‘adequate for preliminary studies,
ll rights reserved.
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Fig. 1. A portion of the RUS spectrum obtained for GDC10 specimen

with P¼0.52 in the present study (A.U. stands for arbitrary units).

X. Fan et al. / Ceramics International 39 (2013) 6877–68866878
because of the actual uncertainties on the creep behavior of
SOFC materials’’. Lastly, as will be discussed in detail in
Section, 3.2, the available literature data on elastic mod-
ulus and Poisson’s ratio of GDC10 includes only low
porosity specimens. Therefore, the present paper focuses
on the room temperature elastic moduli and Poisson’s
ratio of GDC10 over a wide range of porosity
(0.07rPr0.60).

2. Experimental methods

2.1. Specimen preparation

All GDC10 specimens were prepared from a single batch
of 99.9% pure, 30.7 m2/g (�27 nm primary particle size)
Anan Kasei Ce0.9Gd0.1O1.95 (GDC10) powder obtained
from Rhodia, Inc. (Cranbury, NJ). Light scattering mea-
surements performed by the vendor yielded a 240 nm d50
(i.e. the diameter of particle agglomerates in the 50th
volumetric percentile) particle size. This value was consis-
tent with previous transmission electron microscopy, x-ray
diffraction, and light scattering measurements on a sepa-
rate lot of 30–35 m2/g Rhodia GDC10 powder [29] which
showed �30 nm equiaxed primary particles grains
agglomerated into lenticular masses 75 nm wide and
600 nm long. Vendor analysis on this previous lot of
GDC10 powder showed it to have less than 10 ppm SiO2

[29]. All powder processing in the present study was done
in the absence of Pyrexs glassware and other potential
sources of Si contamination.

Cylindrical specimens 2.770.3 g in weight were pre-
pared for mechanical testing by cold pressing the GDC10
nano-powders to 27.3 MPa in a 3/4

00 stainless steel die.
These specimens were fired in air with a 4 1C/min heating
rate and held for 5 h at various temperatures in order to
produce specimens of varying porosities.

2.2. Elastic modulus measurements

The resonant ultrasound spectroscopy (RUS) technique
[30,31] was used to measure the elastic moduli of as-
sintered GDC10 specimens which were fired to 825, 850,
875, 900, 950, 975, 1000, 1050, 1100, 1200, 1450, or
1475 1C and therefore had sintered porosities of 60, 55,
48, 45, 38, 33, 27, 23, 15, 18, 8 and 6%, respectively. RUS
is a non-destructive technique that has been used to
measure the elastic moduli for a number of different oxides
including hydroxyapatite [32,33], alumina [33] and lithium
lanthanum zirconia oxide [34] as well as non-oxide cera-
mics [35], thermoelectrics [36,37], metals [38,39] and com-
posites [40,41].

The RUS equipment (RUSpec, Quasar International,
Albuquerque, NM) used in the present study consists of a
computer controlled transceiver and a tripod arrangement
of PZT (lead zirconate titanate) transducers that includes a
single driver transducer and two pick-up transducers. Each
specimen was placed on the tripod transducer stage where
the driver transducer excited the mechanical vibrations in
the specimen and the other two transducers detected the
acoustic response of the specimen. The frequency of the
driver transducer was swept from 10 kHz to 500 kHz in
29,999 steps. The resonant vibrational frequencies of the
specimen were sensed and recorded (Fig. 1). Using the
frequencies of the resonant peaks (Fig. 1) along with the
specimen mass and dimensions, the elastic moduli of the
disc-shaped specimens were calculated using a commercial
software package (CylModel, Quasar International,
Albuquerque, NM).

2.3. Microstructural examination procedures

An Auriga Dual Column focused ion beam-scanning
electron microscope (FIB-SEM) (Carl Zeiss Microscopy,
LLC, Thornwood, NY) with a nominal x–y resolution of
1 nm was used to perform microstructural examinations on
four fractured surfaces and one thermally etched polished
surface. The thermally etched specimen was prepared by
polishing down specimen ]5 (P¼0.077) to a final grit of 1 mm
and holding the specimen in air for 2 h at 1350 1C (1350 1C is
100 1C lower than the 1450 1C sintering temperature used to
produce this specimen). In order to suppress electrostatic
charging during SEM analysis, a 15 nm thick gold coating
was sputtered onto all specimen surfaces prior to SEM
examination. The mean grain size was evaluated from the
SEM micrographs via the linear intercept technique using a
total of 150–200 intercepts per micrograph with a stereo-
graphic projection factor of 1.5 [42].

3. Results and discussion

3.1. Microstructural analysis

For the GDC10 specimens included in the present study,
the evolution of the microstructure as a function of P is
depicted in Fig. 2. For P¼0.521(specimen ]39, Fig. 2a),



Fig. 2. SEM micrographs of (a) fracture surface for GDC10 specimen ]39 (P¼0.521); (b) fracture surface for GDC10 specimen ]11 (P¼0.262);

(c) fracture surface for GDC10 specimen ]3 (P¼0.102) and (d) thermally etched polished surface for GDC10 specimen ]5 (P¼0.077).
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Fig. 3. Grain size-density trajectory for the GDC10 specimens in the

present study. The solid curves represents the least-squares fit of the grain

size versus density data to Eq. (1).
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clusters of agglomerates appear with aspect ratios of
roughly 1.1–1.7 and agglomerate dimensions of �350 nm�
�200 nm to �150 nm� �100 nm. For P¼0.262 (speci-
men ]11, Fig. 2b), relatively dense islands of grains with
tubular pores along the grain boundaries are separated by
relatively porous regions. For P¼0.102 (specimen ]3,
Fig. 2c) and P¼0.177 (specimen ]14, micrograph not
shown), the fracture mode is predominately intergranular.
These more dense microstructures are more uniform, with
pores ranging from several to hundreds of nanometers
across located at triple points. For P¼0.077 (specimen ]5,
Fig. 2d), this thermally etched specimen shows equiaxed
grains and isolated pores of up to hundreds of nanometers
across located at triple points or grain boundaries.

A grain-size density trajectory for the GDC10 specimens
in the present study is typical of that observed for a variety
of oxide ceramics [43,44], namely there is limited grain
growth from green density up to relative density, RD, of
roughly 0.8–0.85 (corresponding to a volume fraction
porosity of �0.2–0.15). For RD40.8, the grain size of
the GDC10 specimens increased rapidly from about
0.3 mm to 1.1 mm for RD=0.93 (P=0.07, Figs. 2d and
3). This implies that approximately two thirds of the 21
GDC10 specimens included in the present study had grain
sizes from roughly 0.1 mm to 0.3 mm (Fig. 3).

The grain-size density trajectory (Fig. 3) for the GDC10
specimens was least-squares fit to the following empirical
relationship:

GS¼A1exp
RD

B1

� �
þGS0 ð1Þ

where A1 and B1 define the shape of the exponential curve.
A1 has units of grain dimension, B1 is dimensionless and
GS0 is the initial powder particle size. The least-squares fit
of the grain size versus relative density data to Eq. (1) gives
A1¼0.00002 mm, B1¼0.085 and GS0¼0.046 mm, with a
coefficient of determination, R2

¼0.963. Eq. (1) describes
the grain size-density trajectory very well for the GDC10
specimens included in the present study as well as a grain
size-density trajectory from the literature for sintered
hydroxyapatite [43]. Taken together, these results represent
the first time detailed microstructural analyses of GDC10
grain size, pore shape, fracture mode, and porosity have
been reported along with elastic property measurements.
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3.2. Elastic modulus as a function of porosity

Several studies in the literature report on the elastic
moduli of relatively dense bulk GDC10 specimens [45–48].
Among these studies [45–48], only Selcuk and Atkinson
[45] report the Young’s modulus as a function of volume
fraction porosity, P. Using the impulse excitation techni-
que (IET), Selcuk and Atkinson [45] measured the Young’s
modulus, E, shear modulus, G, and Poisson’s ratio, n, for
26 disc-shaped polycrystalline GDC10 specimens over a
very limited P range, namely 0.02oPo0.05 (Table 1).
(The number of specimens was not directly stated by
Selcuk and Atkinson [45] but here 26 data points have
been extracted from Selcuk and Atkinson’s plots). The
Amezawa et al. [46] and Kushi et al. [47] GDC10 elasticity
measurements were performed using the sonic resonance
technique in a low pO2 atmosphere (Table 1). As will be
discussed later in this section, heating in a low pO2

atmosphere can induce atomic scale defects which can in
turn decrease the elastic modulus [48,49]. Wang et al.’s E
data [48] was obtained by nano-indentation on a498%
dense GDC10 specimen cooled from 800 1C and various
pO2 levels (Table 1).

In the present study, the RUS technique was employed
to measure the E, G, n and the bulk modulus, B, for 21
disk-shaped, as-sintered GDC10 specimens with P values
ranging from 0.07 to 0.60, where the porosity of the green
(unfired) powder compacts, PG, was 0.62. The porosity
dependence of E, G and B, was assumed to have the same
functional forms (Eqs. (2)–(5)) employed by Selcuk and
Atkinson [45], namely

M ¼M0exp ð�bMPÞ ð2Þ

M ¼M0ð1�bMPÞ ð3Þ

M ¼M0 1þ
bMP

1�ðbMþ1ÞP

� �
ð4Þ
Table 1

Comparison of specimen fabrication techniques, elastic modulus measurement

[45], Amezawa et al. [46], Kushi et al. [47] and Wang et al. [48].

References Specimen fabrication technique

The present

study

Hard die pressed at 27.3 MPa, sintered from 825 1C to 1450 1C

for 5 h

Selcuk and

Atkinson

[45]

Circular disk cut from extruded green tape, binder burn out at

400 1C, densified at 1500 1C for 1 h

Amezawa

et al. [46]

Powder prepared by co-precipitation, hydrostatically pressed at

150 MPa, sintered at 1550 1C for 5 h

Kushi et al.

[47]

Powder prepared by co-precipitation, hydrostatically pressed at

150 MPa, sintered at 1550 1C

Wang et al.

[48]

Powder mixed with 3 wt% PVB, uniaxially pressed then CIPed at

250 MPa. Held at 400 1C for 1 h and sintered at 1550 1C for 20 h
M ¼M0ð1�PÞ2ð1þbMPÞ ð5Þ

where M represents the elastic moduli (E, G, or B in this
case), M0 is the elastic moduli at P¼0 and bM is a unit less,
material-dependent constant that measures the rate of
decrease in M with increasing P. For P-0, Eqs. (2), (4)
and (5) are approximated well by the linear relationship
given by Eq. (3). Eq. (2) is an empirical relationship widely
used to describe the elastic modulus change as a function
of porosity [50]. Eq. (4) is modified from Eq. (2) to treat
materials with dilute distribution of spherical pores [51].
Eq. (5) is based on the theoretical composite sphere model,
where spherical pores were treated as a second phase
randomly distributed in the matrix material [52].
Eqs. (2)–(5) were used to fit the Young’s modulus for

GDC10 specimens in the present study. Among Eqs. (2)–
(5), the exponential relationship (Eq. (2)) best described the
E versus P data. Since Eqs. (3)–(5) are best suited to low
porosity, P, and the exponential relationship (Eq. (2)) is
approximated by the linear form (Eq. (3)), it is not
surprising that Eqs. (2)–(5) fit the Selcuk and Atkinson
elasticity data (for which 0.02oPo0.5) about equally
well (Table 2). For Eqs. (2)–(5), Table 2 compares the
least-squares fitting parameters and R2 for (i) the data
from the present study, (ii) the Selcuk and Atkinson data
[45] and (iii) the combined data set (the present study, and
references [45–47]). When E data from the present study
and the combined data set are least-squares fit to Eqs. (2)–(5),
then based on the R2 values in Table 2, Eq. (2) provides the
best description of the P dependence of the Young’s, shear
and bulk moduli (Table 2). Also, the values of E0 predicted
by Eqs. (3) and (5) are lower than all of the 26 points in the
Selcuk and Atkinson study (Fig. 4), thus, the E0 values from
Eqs. (3) and (5) are not physically reasonable. Also, the E0

value of 292 GPa predicted by Eq. (4) seems unreasonably
high (Fig. 4). In contrast, the E0 value predicted by Eq. (2)
fits well the E versus P trend (Fig. 4).
The E0 and R2 values provided by Selcuk and Atkinson

[45] were similar for each equation (Eqs. (2)–(5)). However,
techniques and porosity ranges for the present study, Selcuk and Atkinson

Elastic modulus measurement technique Relative

porosity

range

Resonant ultrasound spectroscopy 0.066–

0.595

Impulse excitation technique 0.02–0.05

Sonic resonance measurement. Room temperature, one

specimen under 0.01% O2, one under 99.15% H2 and 0.85%

H2O

0.035 and

0.033

Sonic resonance measurement. Room temperature under

pure Argon

0.051

Nanoindentation, with assumed Poisson’s ratio of 0.3 o0.02



Table 2

Fitting parameters, E0 and R2, for the least-squares fit of Young’s modulus data for the present study, Selcuk and Atkinson [45], and the combined data

set (the present study, [45–47]) to Eqs. (2)–(5).

Reference E0 from Eq. (2)

(GPa)

E0 from Eq. (3)

(GPa)

E0 from Eq. (4)

(GPa)

E0 from Eq. (5)

(GPa)

R2 from

Eq. (2)

R2 from

Eq. (3)

R2 from

Eq. (4)

R2 from

Eq. (5)

The present study 235.2 161.3 292.0 175.7 0.989 0.931 0.969 0.963

Selcuk and Atkinson [45] 217.8a 218.1a 217.0a 218.5a 0.886a 0.886a 0.885a 0.885a

Combined data set (the present

study, [45–47])

226.7 200.3 239.8 206.4 0.992 0.942 0.987 0.986

aE0 and R2 values are taken from Selcuk and Atkinson [45].

Fig. 4. Young’s modulus, shear modulus and bulk modulus versus

porosity for GDC10 specimens from the combined data set (the present

study, Selcuk and Atkinson [45], Amezawa et al. [46], and Kushi et al.

[47]). The solid, dashed and dotted curves represent the least-squares fit to

Eq. (2) for the E–P, B–P and G–P data, respectively.
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the R2 values were lower than the present study or the
combined data set (the present study, and references [45–
47]). The lower R2 values for the Selcuk and Atkinson study
[45] may be related to the small porosity range (0.02–0.05)
in that study, thus a small error in the measured porosity, P,
can lead to a large relative error in the (E, P) data values.

Eq. (2) was also used to fit the E, G and B values for the
combined data set (with data from the present study, and
references [45–47]) (Fig. 4). Although Selcuk and Atkinson
[45], Amezawa et al. [46] and Kushi et al. [47] did not
report B values in their studies, for isotropic polycrystal-
line specimens, B can be calculated from the E and G data
supplied by Selcuk and Atkinson [45], Amezawa et al. [46]
and Kushi et al. [47] using Eq. (6), which allowed E, G, and
B to be plotted for the combined data set (Fig. 4).

B¼
EG

3ð3G�EÞ
ð6Þ

The least-squares fit parameters obtained for the 50 pairs
of modulus-porosity data points for E, G and B from
the combined dataset (the present study, and references
[45–47])) to Eq. (2) are E0¼226.774.4 GPa, bE¼4.570.2;
G0¼85.070.7 GPa, bG¼4.370.1; B0¼233.776.6 GPa,
bB¼6.570.5. The coefficients of determination, R2, were
0.992, 0.993 and 0.950 for E, G and B, respectively (Table 3).
E0, G0 and B0 (the extrapolations of the E, G and B data to
P¼0) obtained from the least-squares fit are useful in that
they can be compared directly to the aggregated average
moduli from single crystal data [53] or the theoretical elastic
moduli values calculated from the density functional theory
[54] or the statistical moment method [55].
Except for the Young’s modulus measured by nano-

indentation [48], the moduli obtained from the three
different experimental techniques: RUS (the present
study), sonic resonance [46,47] and IET [45] agree extre-
mely well, even accounting for a possible shift in modulus
due to low pO2 for GDC10 from the Amezawa et al. [46]
and Kushi et al. [47] studies. In general, a low pO2 induces
atomic scale defects (mainly oxygen vacancies) which in
turn lower the observed elastic moduli in GDC10 speci-
mens [46,47,56] and 7 wt% yttria stabilized zirconia [57].
Wang et al. [58] computed the E value from their nano-

indentation data using the Oliver–Pharr equation [59],
such that

1

Er

¼
ð1�u2indenterÞ

Eindenter
þ
ð1�u2sampleÞ

Esample
ð7Þ

where Er is the reduced modulus, which is functions of
both the modulus of the indenter and the specimen. uindenter
and usample are the Poisson’s ratios of the diamond indenter
and the specimen, respectively. Eindenter and Esample are the
elastic modulus of the diamond indenter and the specimen,
respectively. Assuming uindenter¼0.07, Eindenter¼1140 GPa
for the diamond indenter and usample¼0.3, the E value for
98% dense GDC10 [48] is 254.6 GPa. Several research
groups have noted differences between the elastic moduli
obtained via nano-indentation and the elastic moduli
measured by dynamic methods such as RUS, sonic
resonance and IET. For example, in a study by Radovic
et al. [60] that compared E measurements by the nano-
indentation and RUS techniques, the E values measured
by nano-indentation were 10% higher than E measured by
RUS. Similarly, for skutterudite thermoelectric materials,
Schmidt et al. [61] reported that E measured via nano-
indentation was 8% higher than E measured by RUS.
While Eq. (2) fits the elastic modulus versus P data

relatively well, it has been observed empirically that the fit



Table 3

The number of data points, ND, parameters from least-squares fit to Eq. (2), E0, bE, G0, bG, B0, bB, and coefficient of determination, R2(E), R2(G) and

R2(B). E0, G0 and B0 are intercepts of the least-squares fits with the y-axis, respectively.

Reference ND E0 (GPa) bE R2 (E) G0 (GPa) bG R2 (G) B0 (GPa) bB R2 (B) Relative porosity range

The present study 21 235.2 4.7 0.989 88.4 4.5 0.987 190.7 5.4 0.986 0.07–0.60

Selcuk and Atkinson [45] 26 217.8 2.9 0.886 82.2 3.0 0.871 211.1 2.5 0.788 0.02–0.05

Combined data set (the present study, [45–47]) 50 226.7 4.5 0.992 85.0 4.3 0.993 233.7 6.5 0.950 0.02–0.60

Fig. 5. Semi-log plot of the Young’s modulus versus porosity for GDC10

specimens from the combined data set (the present study, Selcuk and

Atkinson [45], Amezawa et al. [46], and Kushi et al. [47]). The solid line

represents the least-squares fit of E–P data with P up to PC�0.4 to

Eq. (2), and the dashed line is the extrapolation of the solid line to higher

porosity values.
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at higher porosity (say, P40.30 or 0.40) is not as good as
the fit at lower P values [50]. For example, Eq. (2)
describes well the elastic modulus versus porosity change
in ceramics for the porosity range 0oPoPc, where Pc is a
critical porosity value [50]. For P4Pc, the elastic moduli
decrease faster with increasing P than predicted by Eq. (2).
According to Rice [50], the value of Pc depends on the pore
size and spatial distribution of pores, as well as the state of
agglomeration of the powders, size of initial powders,
powder packing parameters and fabrication techniques.
However, neither Rice [50] nor others in the literature give
particular functional relationships for the dependence of
Pc on such microstructural or processing parameters.
Based on empirical observations, for uniaxially hard die
pressed and sintered powders, Pc�0.5 for alumina [62] and
Pc�0.5 for hydroxyapatite [33].

For the GDC10 data in the present study, a semi-log
plot of E versus P for the combined data set [the present
study, 31–33] (Fig. 5) shows that in a semi-logarithmic
plot, the fit to Eq. (2) is excellent for 0oPo0.4, however,
beginning at approximately P¼�0.45, E begins to deviate
from the behavior predicted by Eq. (2) such that the
Young’s modulus drops off faster than the least squares fit
to Eq. (2). Thus, this behavior is consistent with that
described by Rice [50] for the drop-off in E for P4PC. It
is important to note that this disagreement is not the result
of a difference in oxygen nonstoichiometry (and hence
different lattice parameters and elastic properties [48]) for
samples with different porosities/grain sizes. Powder x-ray
diffraction (XRD) analyses of specimen ]5 (with a grain
size of 1.1 mm) and the raw GDC powder (with a grain size
of �27 nm) yielded XRD peak positions that were
identical within the 0.21 resolution of the XRD; resulting
in a lattice parameter of 5.41870.011 A for both samples.
The reduced GDC mechanical property study of Wang
et al. [48] indicates that the small oxygen vacancy con-
centration differences indicated by such small lattice
parameter differences would not cause observable elastic
modulus changes.
3.3. Poisson’s ratio as a function of P

The porosity dependence of Poisson’s ratio, n, is more
complicated than that for E, G and B. In the literature, n is
relatively insensitive to P for alumina [63] and LAST
(Lead–antimony–silver–tellurium) [64]. However, based on
empirical observations Boccaccini [65] suggested that the
changes in n as a function of P is related to n0, the values of
Poisson’s ratio at P¼0 for a given material. For literature
from fifteen different ceramics, including both oxides and
non-oxides, for n040.25, n tended to decrease as P

increased and for n0o0.25, n tended to increase as P

increased [65].
For the GDC10 specimens in the present study, Pois-

son’s ratio decreased with increasing porosity (Fig. 6). For
P¼0.07, n is approximately 0.29 and for 0.5oPo0.6, n
dropped to approximately 0.21. Thus, the n versus P
behavior for GDC10 specimens is broadly consistent with
the trends identified by Boccaccini [65]. Also, although
Amezawa [46] and Kushi [47] did not report the n values,
the value of n can be computed from Amezawa et al.’s [46]
and Kushi et al.’s [47] E and G data via [66]

m¼ E=2G�1 ð8Þ

For the combined data (with data from the present
study, and references [45–47]), a least-squares fit of
Poisson’s ratio versus P using both Eq. (3) (linear) and
Eq. (2) (exponential) yielded n0¼0.33, with coefficients
of determination, R2, of 0.819 and 0.844, respectively.
Although the fit to Eqs. (2) and (3) is relatively poor, this is
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likely due in part to the inherent scatter in the n versus
P data.
3.4. Elastic modulus-porosity for other materials

in the literature

The literature also shows that porosity dependence of
the Young’s modulus-porosity, for example, can be descri-
bed by Eq. (2) for a number of oxides such as Al2O3 [33],
Ca10(PO4)6(OH)2 [33], 3Y–TZP [67], (Bi–Pb)SrCaCuO [68],
CoO [69], Co0.5Mg0.5O [69] and CoAl2O4 [69] (Table 4).
Table 4

The values of bE obtained from a least-squares fit of the Young’s modulus, E, v

this study and several oxides from the literature. The number of data points, N

data is also specified.

Reference Material bE value E range

(GPa)

E measurement metho

The present

study

Ce0.9Gd0.1O1.95 4.770.2 9.5–158.3 Resonant ultrasound

spectroscopy

Ren et al. [33] Ca10(PO4)6(OH)2 3.470.2 12–107 Resonant ultrasound

spectroscopy

Al2O3 3.470.1 105–340 Resonant ultrasound

spectroscopy

Luo and

Stevens [67]

3Y –TZP 3.69 50–220 Ultrasonic velocity

method

Oduleye et al.

[68]

(Bi-Pb)SrCaCuO 2.77 30–75 Bending test

Petrak et al.

[69]

CoO 4.51 103–159 Resonant sphere

technique

Co0.5Mg0.5O 4.36 137–206 Resonant sphere

technique

CoAl2O4 5.39 124–234 Resonant sphere

technique

Fig. 6. Poisson’s ratio for GDC10 specimens for the combined data set

(the present study, Selcuk and Atkinson [45], Amezawa et al. [46], and

Kushi et al. [47]). The solid curves represents the least-squares fit of the

u–P data to Eq. (3) and the dashed curves represents the least-squares fit

of the u–P data to Eq. (2).
In addition, bE values from the literature for the seven oxides
listed in Table 4 bracket the bE of 4.7 for GDC10 in the
present study, namely the bE ranges from 5.39 for CoAl2O4

[69] to 2.77 for (Bi–Pb)SrCaCuO [68].
For the GDC10 specimens in the present study, the

Young’s modulus dropped from �160 GPa to�10 GPa
as P increased from 0.07 to 0.60. This dramatic drop in
elastic modulus with increasing P also is consistent with the
literature for a wide range of materials including the oxides
(Ca10(PO4)6(OH)2 [32], Al2O3 [62,70], YSZ [71] and metal Ti
[72] (Table 5). The degree of densification, f, (f¼1�P/PG)
was included in Table 5 to facilitate direct comparison
among studies with differing values of the green porosity,
PG (the present study, [32,43,62,70–72]). If we consider
EPNG, the Young’s modulus at P�PG and normalize EPNG

by E0, then EPNG/E0 is roughly 0.04–0.09 for a number of
materials, including GDC10 in the present study, as well as
(Ca10(PO4)6(OH)2 [32], Al2O3 [62,70], YSZ [71] Ti [72]
(Table 5).
4. Summary and conclusions

Twenty-one Ce0.9Gd0.1O1.95 (GDC10) specimens were
hard-die pressed and partially sintered in air at tempera-
tures from 825 1C to 1475 1C for 5 h to produce specimens
with volume fraction porosities, P, from 0.07 to 0.60.
Room temperature Young’s, E, shear, G. and bulk, B,
moduli were measured as a function of P using resonant
ultrasound spectroscopy. The least-squares fit of E, G. and
B to Eqs. (2)–(5) showed that the exponential equation
(Eq. (2)) best described the observed porosity dependence.
The values of E0, G0 and B0, obtained by extrapolating E,
G and B to zero porosity are useful since E0, G0 and B0 can
be compared to (1) aggregated average moduli from single
ersus porosity, P, data to the Eq. (2) for the GDC10 specimens included in

D, included in the least-squares fit and the relative porosity range of the

d Processing technique Relative

porosity range

ND

Hard die pressed at 27.3 MPa, sintered from

825–1450 1C for 5 h

0.066–0.595 21

Uniaxially cold pressed at 33 MPa, 1125–

1360 1C for 1–6 h

0.05–0.51 15

Uniaxially cold pressed at 23 MPa, 1200–

1475 1C for 1–4 h

0.06–0.39 9

Single action die pressing followed by CIP.

Sintered at 1150–1450 1C

0–0.38 12

Extruded. Sintered at 810–855 1C 0.2–0.53 17

Pressed, sintered at 1400 1C in Ar. Also hot

pressed at 1300 1C

0.09–0.20 8

Pressed, sintered at 1650–1700 1C in air 0.05–0.15 8

Pressed, sintered at 1650–1700 1C in air 0.03–0.15 10



Table 5

From the literature for the Young’s modulus for partially sintered powder compacts including the GDC10 specimens in this study, three oxides and

titanium metal, the values of EPNG/E0, where EPNG is the Young’s modulus at P�PG and E0 is the Young’s modulus at P¼0. EPNG/E0 is similar for each

material, where EPNG/E0 is independent of the choice of E versus P model. The degree of densification, f, is also given.

Reference Material Porosity E

(GPa)

EPNG/

E0

E measurement method Processing technique f Green

porosity

The present

study

Ce0.9Gd0.1O1.95 0.595 9.5 0.04 Resonant ultrasound

spectroscopy

Hard die pressed at 27.3 MPa, sintered at

825 1C for 5 h

0.04 0.62

Fan et al. [32] Ca10(PO4)6(OH)2 0.55 8.3 0.07 Resonant ultrasound

spectroscopy

Uniaxially cold pressed at 33 MPa, sintered at

550 1C for 2 h

0.11 0.62

Hardy et al.

[62]

Al2O3 0.45 36 0.09 Ultrasonic velocity

technique

Uniaxially pressed at 45 MPa, sintered at

800 1C for 2 h

0.01 0.46

Nanjangud

et al. [70]

Al2O3 0.415 20 0.05 Ultrasonic velocity

technique

Extruded, sintered at 800 1C for 2 h 0.01 0.42

Deng et al. [71] YSZ 0.51 21 0.09 Pulse-echo method Single-ended pressing at 75 MPa, sintered at

1100 1C for 30 min

0.09 0.56

Oh et al. [72] Ti 0.356 9 0.08 Compression test Pressed at 70 MPa for 0.6 ks, sintered at

1573 K for 7.2 ks

0.01 0.36
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crystal data or (2) elastic moduli calculated from density
functional theory.

The decrease in elastic moduli with increasing P was very
dramatic, with the E, G and B values at P¼0.60 being only
on the order of roughly 5% of the E0, G0 and B0 values,
respectively. As summarized in Table 5, for specimens with
very high porosity levels, similar drastic decreases in elastic
moduli for specimens have been observed for a number of
other oxide materials in addition to GDC10.

In solid oxide fuel cell applications, porous GDC
structure will undergo thermal and mechanical stresses
arising from manufacturing, external loading and differ-
ences in thermal expansion coefficients between cell layers.
The knowledge of elastic moduli of GDC is essential to
model the response of SOFCs to internal or external
stresses and to design more reliable SOFCs with longer
service life. Thus, it is of great importance to know the
elastic moduli at different porosity levels since without
using the appropriate moduli in analytical and numerical
models, the predicted stresses and strains will exhibit very
large errors.
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