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bstract

he high-temperature mechanical properties of the mixed ionic-electronic conductor perovskite BaCe0.95Y0.05O3−δ with average grain size of
.40 �m have been studied in compression between 1100 and 1300 ◦C in air at different initial strain rates. The true stress–true strain curves display

n initial stress drop, followed by an extended steady-state stage. As the temperature decreases and/or the strain rate increases, there is a transition
o a damage-tolerant strain-softening stage and eventually to catastrophic failure. Analysis of mechanical and microstructural data revealed that
rain boundary sliding is the primary deformation mechanism. The strength drop has been correlated with the growth of ultrafine grains during
eformation, already present at grain boundaries and triple grain junctions in the as-fabricated material.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Perovskite-structured oxides of generic formula ABO3
where A and B denote site cations) have received increasing
ttention in the last years because the selective A and B site
oping provides a unique opportunity for tailoring their proper-
ies for important practical applications, particularly in the field
f electrochemical energetics as electrolytes in solid oxide fuel
ells (SOFCs) and chemical sensors.1–7 Substitution of B4+ sites
y trivalent ions in these perovskite oxides causes the forma-
ion of oxygen vacancies, which allow for protonic conduction
hydrogen ion transport) rather than the more familiar oxygen
on conduction. Because of the higher mobility of protons, the
perating temperature of SOFCs can be safely reduced without
egrading performance.8,9

Yttrium-doped barium cerate (BCY) is a prototype of this

lass of proton conducting oxides. It exhibits one of the high-
st proton conductivities at elevated temperatures, as well as
n excellent chemical stability over a large range of tempera-
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ures and oxygen partial pressures.10–12 In addition, it has been
ecently discovered that BCY also exhibits remarkable steam-
ermeation capabilities under appropriate conditions,13,14 that
an be used to improve the performance of a variety of energy
onversion technologies including SOFCs, membrane reform-
rs and coal gasification. Most of the investigations on BCY
re concerned with its processing, structure, defect chemistry
nd conductivity characteristics. Only two studies, however,
ave focused on the high-temperature mechanical properties of
hese high-temperature proton conductors.15,16 These proper-
ies are of special relevance in the design of components and
ystem architectures in SOFCs and other high-temperature oper-
ting devices, which are typically submitted to creep conditions:
eformation, mechanical degradation and failure determine the
aterial behavior and ultimate overall performance. Creep stud-

es of perovskites are also important for understanding the
eformation behavior of the Earth’s lower mantle.17,18 In addi-
ion, high-temperature plastic deformation is usually controlled
y diffusion, and can thus provide basic information about mass
ransport in the compound. Since sintering and grain growth are
overned by diffusional processes, such an information can be

sed to devise optimum processing schedules.

Therefore, the objective of this work was to investi-
ate the high-temperature mechanical behavior of fine-grained
aCe0.95Y0.05O3−δ polycrystals fabricated by solid state reac-

dx.doi.org/10.1016/j.jeurceramsoc.2010.05.023
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ion. Deformation curves were obtained in air at various constant
isplacement rates in the temperature range between 1100 and
300 ◦C. The mechanical data were correlated with microstruc-
ural observations to deduce the deformation mechanisms.

. Experimental procedure

.1. Sample preparation

BaCe0.95Y0.05O3−δ (BC5Y) powders were prepared by solid-
tate reaction of BaCO3, CeO2 and Y2O3 powders (Aldrich,
urity >99.0%). The raw materials were weighted in the required
toichiometric ratio, mixed and grounded in agate media for
h using a planetary ball mill. The resulting powder was cal-
ined for 10 h at 1200 ◦C in air and then manually crushed to
educe agglomerates. X-ray diffraction analysis confirmed that
he resulting powder was pure orthorhombic perovskite phase.
he powder was uniaxially pressed at 150 MPa into 20 mm-
iameter pellets and then isostatically cold pressed at 210 MPa.
two-step sintering process was performed on the pellets in air

tmosphere at low heating and cooling rates: a first step at 600 ◦C
or 2 h to eliminate water and hydroxides formed during inter-
ediate stages, and a second sintering step at 1550 ◦C for 10 h.
he final density of the samples, determined using Archimedes’
ethod, was about 90% of the theoretical value (6310 kg/m3).

.2. Mechanical tests and microstructural observations

Specimens of 5 × 3 × 3 mm in size were cut from the sin-
ered pellets with a low-speed diamond saw and used for

echanical testing. Compression tests were carried out at tem-
eratures T between 1100 and 1300 ◦C (0.74Tm < T < 0.85Tm,
here Tm = 1850 K is the melting temperature of BaCeO3) in air

t constant cross-head speed. The specimens were sandwiched
etween CSi pads in order to reduce the friction with the alu-
ina push rods of the deformation machine, which tends to cause

lastic constrictions at either end of the specimen. The recorded
ata, load vs time, were plotted as σ–ε curves, where σ is the
rue stress and ε is the true strain. Mechanical tests were discon-
inued after reaching a total true strain of 50% for subsequent

icrostructural observations.
The data were analyzed using the standard high-temperature

ower law for steady-state deformation:

˙ = Aσnd−p exp

(
− Q

RT

)
(1)

here A is a parameter depending on the deformation mecha-
ism, d is the grain size, n is the stress exponent, p is the grain
ize exponent, Q is the activation energy for flow and R is the
as constant.

.3. Microstructural observations
The microstructural characterization of as-fabricated and
eformed polycrystals was carried out using conventional
SEM) and high-resolution (HRSEM) scanning electron
icroscopy (Microscopy Service, University of Sevilla, Spain).
ig. 1. HRSEM micrograph of polished and thermally etched cross-section of
s-fabricated BaCe0.95Y0.05O3−δ polycrystal.

o reveal grain boundaries, longitudinal sections were cut from
he samples and mechanically polished using up to 1 �m grade
iamond paste, and then thermally etched at 1200 ◦C for 2 h in
ir. The relevant morphological parameters, grain size d (taken
s the equivalent planar diameter d = (4(grain area)/�)1/2) and
orm factor F (defined as F = 4π(grain area)/(grain perimeter)2)
ere measured by using a semiautomatic image analyzer. Frac-

ure surfaces were also analyzed by HRSEM; in as-fabricated
nd non-fractured strained specimens, fracture surfaces were
btained through breaking the samples by impact at room tem-
erature.

. Experimental results

Fig. 1 shows a HRSEM micrograph of a polished and ther-
ally etched cross-section of the fabricated material. The grains

ppear to have an equiaxed shape (F = 0.80), with an average
rain size d of 0.40 �m. Porosity consisted in cavities at multiple
rain junctions, with pore sizes of a few micrometers.

Typical true stress σ–true strain ε curves are shown in Fig. 2
or different deformation conditions of strain rate and temper-
ture. As noted above, tests were usually ended at 50% strain
or a better observation of the resulting microstructure, unless
remature fracture occurred. The compound exhibits a transi-
ion from ductile to fragile behavior as the initial strain rate
ncreases or the temperature decreases. Several characteristics

ay be noticed from this figure:

(i) In the ductile region (that is, at lower strain rates and higher
temperatures), the curves exhibit a peak stress at the begin-
ning of the deformation, followed by a controlled stress
drop and then by an extensive secondary creep regime
(characterized by a positive slope of the σ–ε curve due to
the increase in specimen section and true strain rate during

compression). There is a progressive transition from duc-
tile to fragile behavior when increasing the initial strain
rate and/or decreasing the temperature. The onset of mate-
rial degradation is characterized by a slow decrease in flow
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Fig. 2. True stress vs true strain curves for polycrystals: (a) at 1300 ◦C as a
function of the initial strain rate ε̇o; and (b) at ε̇o = 6.6 × 10−5 s−1, as a function
o
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f temperature. A transition from steady-state flow to controlled flow softening
nd eventually to catastrophic failure can be observed.

stress with increasing strain, as can be seen in the σ–ε

curve for ε̇o = 6.6 × 10−4 s−1 in Fig. 2a. Despite the dam-
age, the material still retains a relatively high strength after
the completion of the test in this semibrittle regime (curve
for T = 1200 ◦C in Fig. 2b), indicating the attainment of
a damage-tolerant regime in such experimental conditions
Eventually, at the worst testing conditions of strain rate and
temperature, catastrophic failure occurred after relatively
small strains.

(ii) The magnitude of the stress drop (the difference between

upper and lower yield stresses) decreases when decreas-
ing the strain rate and/or increasing the temperature. The
ratio between the peak stress and the minimum stress is,
however, practically constant with a value of 1.10. This

e
d
a
A

ig. 3. HRSEM micrograph of polished and thermally etched cross-section of
0%-strained polycrystal (T = 1300 ◦C, ε̇o = 6.6 × 10−5 s−1. The compressive
xis is vertical.

result suggests that the mechanism responsible for the ini-
tial strength drop is the same at all deformation conditions.

iii) The critical strain εp at which the peak stress σp and sub-
sequent softening takes place also shifts slightly to lower
strains with increasing temperature and/or decreasing strain
rate.

The mechanical characteristics of BC5Y polycrystals in the
uctile region (strength drop followed by steady-state deforma-
ion, and variation of σp and εp with the two control variables
˙ and T) are very similar to those reported for various metals
nd alloys at hot deformation conditions.19–23 On the contrary,
ery few studies have reported the occurrence of yield drop in
eramic polycrystals,24,25 particularly at small grain sizes.26 To
ur knowledge, no such a behavior has been found on similarly
tructured perovskites.

The macroscopic aspect of the strained samples is well
orrelated with the mechanical behavior displayed by the cor-
esponding stress–strain curves. Except for the most severe
eformation conditions where catastrophic failure occurred, the
amples underwent a rather homogeneous deformation without
arreling. No special features were observed for samples exhibit-
ng steady-state flow. As the temperature decreased and/or the
nitial strain rate increased, macroscopic cracks parallel to the
oading direction were visible on the lateral surfaces, corre-
ponding to samples with controlled degradation. As noted
reviously, the material was tolerant to these macrocracks even
fter strains of 50% in compression. Finally, these cracks devel-
ped faster at highest strain rates and lowest temperatures,
racturing the sample into small pieces.

Fig. 3 shows a polished and thermally etched longitudinal
ross-section of a sample deformed in steady-state conditions
T = 1300 ◦C, ε̇o = 6.6 × 10−5 s−1, ε = 50%). The grains remain

quiaxed, indicating that grain boundary sliding is the primary
eformation mechanism at such experimental conditions, as usu-
lly found in fine-grained superplastic metals and ceramics.27,28

s T decreases or ε̇o increases, grain boundary sliding is not fast
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Fig. 4. HRSEM micrographs of fracture surfaces of: (a) undeformed specimen;
( ◦ −5 −1
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b) 50%-strained specimen at T = 1300 C and ε̇o = 6.6 × 10 s ; and (c)
atastrophically failed specimen at T = 1300 ◦C and ε̇o = 1.6 × 10−3 s−1.

nough to accommodate the deformation imposed, and cracks
evelop along grain boundaries leading eventually to failure. A
lose inspection of Fig. 3 reveals that the average grain size is
lightly smaller than that for the as-fabricated material due to
he presence of new fine grains of about 100 nm in size. This
nding can be better observed in Fig. 4, which shows HRSEM
icrographs of vertical fracture surfaces obtained under various
xperimental conditions. In the as-fabricated material (Fig. 4a),
he grain boundaries and triple junctions are decorated with ultra-
ne grains smaller than 20 nm in size; these grains increase up to
bout 100 nm in size during steady-state deformation (Fig. 4b).

t
f
t
p

an Ceramic Society 31 (2011) 1333–1338

similar evolution of the grain structure was observed in sam-
les that failed during testing (Fig. 4c).

. Discussion

The mechanical characteristics displayed by the σ–ε curves
f BC5Y indicate the occurrence of a softening mechanism prior
o the establishment of the steady-state flow, leading to a peak in
tress. Morita et al.26 have recently reported yield drop in a fine-
rained (d < 1 �m) tetragonal ZrO2–30 vol% spinel composite,
hich was attributed to a sudden increase in the mobile dis-

ocation density in spinel grains. Similarly, Dokko and Pask24

scribed the yield drop in large-grained MgO (d > 10 �m) to
islocation multiplication in different slip systems. These intra-
ranular dislocation-related mechanisms, also found in single
rystals, usually result in rather sharp stress drops, which are
ittle affected by strain rate. In the present work, all yield curves
re of rounded configuration, and the yield stresses strongly
epend on the strain rate (and temperature). This behavior is
ery similar to what has been reported in the hot deformation of
etals and alloys,19–23 in which the peak stress and steady-state
ow result from a dynamic balance between dislocation recov-
ry and dynamic recrystallization. The microstructural evolution
bserved during mechanical testing of BC5Y (Fig. 4), along
ith the variation in peak stress and strain values with temper-

ture and strain rate conditions, suggests that the growth of the
ltrafine grains under deformation is responsible for the peak
tress and subsequent controlled strength drop. At the begin-
ing of the deformation, the ultrafine grains are so small that
normal” neighbor grains are in contact with each other; these
ormal grains, with an average grain size d, thus will carry the
mposed load at a stress level given by Eq. (1). As the defor-

ation progresses, the ultrafine grains will grow and participate
n the process supporting some of the load. The effective aver-
ge grain size in the material is, therefore, refined, leading to
decrease in flow stress with strain according to the inverse

ependence of the steady-state strain rate with grain size (Eq.
1)), as experimentally observed (Fig. 2).

With the previous statement, the microstructure of the sam-
les can be regarded as constant up to the peak stress σp,
egardless of testing conditions. The steady-state equation for
ow (Eq. (1)) can be thus written as:

˙ = Bσn
p (2)

here B is a constant independent of stress. The stress exponent
can be estimated from a plot of log ε̇ versus peak stress σp

t a given temperature, as shown in Fig. 5 for T = 1300 ◦C. A
alue of n = 1.8 was found, which is in close agreement with
he value of 2 systematically reported in fine-grained metals
nd ceramics,27,28 where grain boundary sliding is the domi-
ant deformation mechanism. A stress exponent of 2 has been
lso predicted by many theoretical models developed to explain

he superplastic behavior of fine-grained materials based on dif-
usion and/or dislocation slip.28 None of them, however, is able
o explain successfully the body of experimental data; this is
resently a matter of intense debate. The value of n = 1.8 experi-
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ig. 5. Variation of strain rate with peak stress at 1300 ◦C. The stress exponent
s the slope of the best linear fit.

entally found in fine-grained BC5Y substantiates the previous
onclusion, based on microstructural observations about the
etention of equiaxed grain shapes during creep, that grain
oundary sliding plays a key role in the deformation of these
ompounds.

When deformation is achieved by grain boundary sliding, the
teady-state flow generally is controlled by the diffusion neces-
ary to accommodate the stresses generated during sliding.27,28

hus, the activation energy for flow Q (Eq. (1)) must corre-
pond to the activation energy of the slowest moving species in
he compound. A value of Q = 390 ± 40 kJ/mol was determined
rom an Arrhenius plot of log σp versus reciprocal tempera-
ure 1/T at fixed initial strain rates. Unfortunately, there are
ot enough diffusion data available for BCY to make a pre-
ise comparison. Only the activation energy for oxygen bulk
iffusion Q ≈ 60 kJ/mol has been reported,15 which is substan-
ially smaller than the value for creep, and suggests that cation
iffusion is the rate-limiting process. The lack of comprehen-
ive cation bulk and grain boundary diffusivities precludes a
efinitive identification of the rate-controlling species.

Two previous works15,16 focused on the high-temperature
eformation of BaCe1−xYxO3−δ, with x varying between 0.05
nd 0.20, grain sizes ranging from 2 to 9 �m and relative densi-
ies of about 90% of theoretical values. In these studies, a stress
xponent close to unity and an activation energy for creep of
60 ± 60 kJ/mol were reported. These values, along with the
act that grains did not change shape during testing, allowed
he authors to conclude that the deformation was achieved by
rain boundary sliding accommodated by cation lattice diffu-
ion. The same conclusion was drawn in the deformation of other
xide perovskites with grain sizes ranging between 2 and 50 �m,

here a stress exponent of about 1 was systematically found:
a0.9Sr0.1MnO3,29 La0.8Sr0.2Ga0.85Mg0.15O2.825,30 BaTiO3,31

a0.2Sr0.8Fe0.8Cr0.2O3
32 and SrCo0.8Fe0.2O3

33. The difference
n stress exponent values between these studies (n ≈ 1) and
an Ceramic Society 31 (2011) 1333–1338 1337

he present work (n ≈ 2) can be related with the difference in
rain sizes. A transition from n = 1 towards n = 2 with decreas-
ng grain size has been noted for other ceramic oxides27,34; the
ritical grain size seems to be about 1 �m, in agreement with
he present results. Nevertheless, diffusion is the rate-limiting
tep in both cases; the values of Q measured in fine- and large-
rained BCY (390 and 360 kJ/mol, respectively) compare very
ell and suggest that cation lattice diffusion is also the rate-

ontrolling mechanism for grain boundary sliding in the n = 2
egion. It is worth noting that the same mechanism was pro-
osed for the superplastic behavior of fine-grained tetragonal
irconia.27

. Conclusions

Polycrystalline BaCe0.95Y0.05O3−δ with average grain size of
.40 �m was strained in compression between 1100 and 1300 ◦C
n air at various constant initial strain rates. The true stress–true
train curves systematically displayed an initial strength drop
ollowed by an extensive steady-state regime, except at the most
evere deformation conditions (lowest temperatures and high-
st strain rates) where catastrophic fracture occurred. The yield
tress showed strong dependence on temperature and on the
pplied strain rate. No change in grain shape was observed
fter 50% strain, indicating that grain boundary sliding is the
ain deformation mechanism in this compound, as also found

n fine-grained superplastic materials. The stress drop has been
orrelated with the growth of ultrafine grains present previously
t grain boundaries and triple grain junctions in the as-fabricated
aterial. A stress exponent n = 1.8 and an activation energy

or flow Q = 390 kJ/mol were estimated from mechanical. The
value is consistent with grain boundary sliding accommo-

ated by diffusion. By comparison with large-grained oxide
erovskites, it is suggested that deformation is rate-controlled
y bulk cation diffusion.
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