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Abstract

The high-temperature mechanical properties of the mixed ionic-electronic conductor perovskite BaCeggsY0503_s with average grain size of
0.40 pm have been studied in compression between 1100 and 1300 °C in air at different initial strain rates. The true stress—true strain curves display
an initial stress drop, followed by an extended steady-state stage. As the temperature decreases and/or the strain rate increases, there is a transition
to a damage-tolerant strain-softening stage and eventually to catastrophic failure. Analysis of mechanical and microstructural data revealed that
grain boundary sliding is the primary deformation mechanism. The strength drop has been correlated with the growth of ultrafine grains during
deformation, already present at grain boundaries and triple grain junctions in the as-fabricated material.
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1. Introduction

Perovskite-structured oxides of generic formula ABOj3
(where A and B denote site cations) have received increasing
attention in the last years because the selective A and B site
doping provides a unique opportunity for tailoring their proper-
ties for important practical applications, particularly in the field
of electrochemical energetics as electrolytes in solid oxide fuel
cells (SOFCs) and chemical sensors.'~” Substitution of B** sites
by trivalent ions in these perovskite oxides causes the forma-
tion of oxygen vacancies, which allow for protonic conduction
(hydrogen ion transport) rather than the more familiar oxygen
ion conduction. Because of the higher mobility of protons, the
operating temperature of SOFCs can be safely reduced without
degrading performance.?°

Yttrium-doped barium cerate (BCY) is a prototype of this
class of proton conducting oxides. It exhibits one of the high-
est proton conductivities at elevated temperatures, as well as
an excellent chemical stability over a large range of tempera-
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tures and oxygen partial pressures.!®-!? In addition, it has been
recently discovered that BCY also exhibits remarkable steam-
permeation capabilities under appropriate conditions,'>!# that
can be used to improve the performance of a variety of energy
conversion technologies including SOFCs, membrane reform-
ers and coal gasification. Most of the investigations on BCY
are concerned with its processing, structure, defect chemistry
and conductivity characteristics. Only two studies, however,
have focused on the high-temperature mechanical properties of
these high-temperature proton conductors.'>!1® These proper-
ties are of special relevance in the design of components and
system architectures in SOFCs and other high-temperature oper-
ating devices, which are typically submitted to creep conditions:
deformation, mechanical degradation and failure determine the
material behavior and ultimate overall performance. Creep stud-
ies of perovskites are also important for understanding the
deformation behavior of the Earth’s lower mantle.!”!8 In addi-
tion, high-temperature plastic deformation is usually controlled
by diffusion, and can thus provide basic information about mass
transport in the compound. Since sintering and grain growth are
governed by diffusional processes, such an information can be
used to devise optimum processing schedules.

Therefore, the objective of this work was to investi-
gate the high-temperature mechanical behavior of fine-grained
BaCe95Y0.0503—s polycrystals fabricated by solid state reac-
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tion. Deformation curves were obtained in air at various constant
displacement rates in the temperature range between 1100 and
1300 °C. The mechanical data were correlated with microstruc-
tural observations to deduce the deformation mechanisms.

2. Experimental procedure
2.1. Sample preparation

BaCe.95Y0.0503—_s (BC5Y) powders were prepared by solid-
state reaction of BaCO3, CeO; and Y03 powders (Aldrich,
purity >99.0%). The raw materials were weighted in the required
stoichiometric ratio, mixed and grounded in agate media for
1h using a planetary ball mill. The resulting powder was cal-
cined for 10h at 1200 °C in air and then manually crushed to
reduce agglomerates. X-ray diffraction analysis confirmed that
the resulting powder was pure orthorhombic perovskite phase.
The powder was uniaxially pressed at 150 MPa into 20 mm-
diameter pellets and then isostatically cold pressed at 210 MPa.
A two-step sintering process was performed on the pellets in air
atmosphere at low heating and cooling rates: a first step at 600 °C
for 2h to eliminate water and hydroxides formed during inter-
mediate stages, and a second sintering step at 1550 °C for 10 h.
The final density of the samples, determined using Archimedes’
method, was about 90% of the theoretical value (6310 kg/m3).

2.2. Mechanical tests and microstructural observations

Specimens of 5 x 3 x 3mm in size were cut from the sin-
tered pellets with a low-speed diamond saw and used for
mechanical testing. Compression tests were carried out at tem-
peratures T between 1100 and 1300°C (0.74Ty, < T<0.85T,,
where Tp, = 1850 K is the melting temperature of BaCeO3) in air
at constant cross-head speed. The specimens were sandwiched
between CSi pads in order to reduce the friction with the alu-
mina push rods of the deformation machine, which tends to cause
plastic constrictions at either end of the specimen. The recorded
data, load vs time, were plotted as o—¢ curves, where o is the
true stress and ¢ is the true strain. Mechanical tests were discon-
tinued after reaching a total true strain of 50% for subsequent
microstructural observations.

The data were analyzed using the standard high-temperature
power law for steady-state deformation:

i = Ao"d P exp (-R—QT) (1)

where A is a parameter depending on the deformation mecha-
nism, d is the grain size, n is the stress exponent, p is the grain
size exponent, Q is the activation energy for flow and R is the
gas constant.

2.3. Microstructural observations

The microstructural characterization of as-fabricated and
deformed polycrystals was carried out using conventional
(SEM) and high-resolution (HRSEM) scanning electron
microscopy (Microscopy Service, University of Sevilla, Spain).
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Fig. 1. HRSEM micrograph of polished and thermally etched cross-section of
as-fabricated BaCeq 95Y,0503—s polycrystal.

To reveal grain boundaries, longitudinal sections were cut from
the samples and mechanically polished using up to 1 wm grade
diamond paste, and then thermally etched at 1200 °C for 2h in
air. The relevant morphological parameters, grain size d (taken
as the equivalent planar diameter d = (4(grain area)/m)"2) and
form factor F (defined as F =4m(grain area)/(grain perimeter)z)
were measured by using a semiautomatic image analyzer. Frac-
ture surfaces were also analyzed by HRSEM; in as-fabricated
and non-fractured strained specimens, fracture surfaces were
obtained through breaking the samples by impact at room tem-
perature.

3. Experimental results

Fig. 1 shows a HRSEM micrograph of a polished and ther-
mally etched cross-section of the fabricated material. The grains
appear to have an equiaxed shape (F=0.80), with an average
grain size d of 0.40 wm. Porosity consisted in cavities at multiple
grain junctions, with pore sizes of a few micrometers.

Typical true stress o—true strain & curves are shown in Fig. 2
for different deformation conditions of strain rate and temper-
ature. As noted above, tests were usually ended at 50% strain
for a better observation of the resulting microstructure, unless
premature fracture occurred. The compound exhibits a transi-
tion from ductile to fragile behavior as the initial strain rate
increases or the temperature decreases. Several characteristics
may be noticed from this figure:

(i) Inthe 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 o—& 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



C. Vaquero-Aguilar et al. / Journal of the European Ceramic Society 31 (2011) 1333-1338 1335

250IllllIlllllllllllllllllllllll

(a) ]
£, (s =1.6x103 4

200 6.6x104
& i 3.3x10
S sl i
L P
g)) | 1.6x104
LIJ - -
o L. =
~
E L ]
w 100 — 6.6x105]
o =
'_ -

3.2x10°3
50

1.6x10°%

IEI[ILI[

T = 1300°C
0 1111 l | I L1 1 l 111 1 I 1111 l L1 11
0 10 20 30 40 50 60
TRUE STRAIN (%)

300 B T 177 I r 17T 171 I LI I T 17T 1771 LI ]

- () 1

C T = 1150°C ]

250 —

& 200 -
é - -
& i 1200°C .
w L ]
& 50— 7
= B i
U) - -
u § 1250°C ’
T 100 7
ju i
. 1300°C -
£, (s1) = 6.6x105
0 11 1 1 I 1 1 1 I 11 | I 11 1 1 ‘ 11 1 1 ]

0 10 20 30 40 50

TRUE STRAIN (%)

Fig. 2. True stress vs true strain curves for polycrystals: (a) at 1300°C as a
function of the initial strain rate £,; and (b) at &, = 6.6 x 107> s~!, as a function
of temperature. A transition from steady-state flow to controlled flow softening
and eventually to catastrophic failure can be observed.

stress with increasing strain, as can be seen in the o—¢
curve for &, = 6.6 x 107*s~! 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.

(i) 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
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Fig. 3. HRSEM micrograph of polished and thermally etched cross-section of
50%-strained polycrystal (T=1300°C, &, = 6.6 x 107> s~!. The compressive
axis 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 &, at which the peak stress o, 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
ductile region (strength drop followed by steady-state deforma-
tion, and variation of o}, and &, with the two control variables
¢ and T) are very similar to those reported for various metals
and alloys at hot deformation conditions.!*23 On the contrary,
very few studies have reported the occurrence of yield drop in
ceramic polycrystals,>*?> particularly at small grain sizes.?® To
our knowledge, no such a behavior has been found on similarly
structured perovskites.

The macroscopic aspect of the strained samples is well
correlated with the mechanical behavior displayed by the cor-
responding stress—strain curves. Except for the most severe
deformation conditions where catastrophic failure occurred, the
samples underwent a rather homogeneous deformation without
barreling. No special features were observed for samples exhibit-
ing steady-state flow. As the temperature decreased and/or the
initial strain rate increased, macroscopic cracks parallel to the
loading direction were visible on the lateral surfaces, corre-
sponding to samples with controlled degradation. As noted
previously, the material was tolerant to these macrocracks even
after strains of 50% in compression. Finally, these cracks devel-
oped faster at highest strain rates and lowest temperatures,
fracturing the sample into small pieces.

Fig. 3 shows a polished and thermally etched longitudinal
cross-section of a sample deformed in steady-state conditions
(T=1300°C, &, = 6.6 x 1073 sl eg= 50%). The grains remain
equiaxed, indicating that grain boundary sliding is the primary
deformation mechanism at such experimental conditions, as usu-
ally found in fine-grained superplastic metals and ceramics.?’-8
As T decreases or &, increases, grain boundary sliding is not fast
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Fig. 4. HRSEM micrographs of fracture surfaces of: (a) undeformed specimen;
(b) 50%-strained specimen at 7=1300°C and &, = 6.6 x 1072 s~ !; and (c)
catastrophically failed specimen at T=1300°C and &, = 1.6 x 1073571,

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

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

4. Discussion

The mechanical characteristics displayed by the o—¢ curves
of BCSY indicate the occurrence of a softening mechanism prior
to the establishment of the steady-state flow, leading to a peak in
stress. Morita et al.2 have recently reported yield drop in a fine-
grained (d < 1 wm) tetragonal ZrO,—30 vol% spinel composite,
which was attributed to a sudden increase in the mobile dis-
location density in spinel grains. Similarly, Dokko and Pask®*
ascribed the yield drop in large-grained MgO (d>10 wm) to
dislocation multiplication in different slip systems. These intra-
granular dislocation-related mechanisms, also found in single
crystals, usually result in rather sharp stress drops, which are
little affected by strain rate. In the present work, all yield curves
are of rounded configuration, and the yield stresses strongly
depend on the strain rate (and temperature). This behavior is
very similar to what has been reported in the hot deformation of
metals and alloys,'*~%3 in which the peak stress and steady-state
flow result from a dynamic balance between dislocation recov-
ery and dynamic recrystallization. The microstructural evolution
observed during mechanical testing of BC5Y (Fig. 4), along
with the variation in peak stress and strain values with temper-
ature and strain rate conditions, suggests that the growth of the
ultrafine grains under deformation is responsible for the peak
stress and subsequent controlled strength drop. At the begin-
ning of the deformation, the ultrafine grains are so small that
“normal” neighbor grains are in contact with each other; these
normal grains, with an average grain size d, thus will carry the
imposed load at a stress level given by Eq. (1). As the defor-
mation progresses, the ultrafine grains will grow and participate
in the process supporting some of the load. The effective aver-
age grain size in the material is, therefore, refined, leading to
a decrease in flow stress with strain according to the inverse
dependence 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-
ples can be regarded as constant up to the peak stress op,
regardless of testing conditions. The steady-state equation for
flow (Eq. (1)) can be thus written as:

&= Bo! 2)

where B is a constant independent of stress. The stress exponent
n can be estimated from a plot of log & versus peak stress oy
at a given temperature, as shown in Fig. 5 for T=1300°C. A
value of n=1.8 was found, which is in close agreement with
the value of 2 systematically reported in fine-grained metals
and ceramics,?”-?® where grain boundary sliding is the domi-
nant deformation mechanism. A stress exponent of 2 has been
also predicted by many theoretical models developed to explain
the superplastic behavior of fine-grained materials based on dif-
fusion and/or dislocation slip.28 None of them, however, is able
to explain successfully the body of experimental data; this is
presently a matter of intense debate. The value of n = 1.8 experi-
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Fig. 5. Variation of strain rate with peak stress at 1300 °C. The stress exponent
is the slope of the best linear fit.

mentally found in fine-grained BC5Y substantiates the previous
conclusion, based on microstructural observations about the
retention of equiaxed grain shapes during creep, that grain
boundary sliding plays a key role in the deformation of these
compounds.

When deformation is achieved by grain boundary sliding, the
steady-state flow generally is controlled by the diffusion neces-
sary to accommodate the stresses generated during sliding.?’-?
Thus, the activation energy for flow Q (Eq. (1)) must corre-
spond to the activation energy of the slowest moving species in
the compound. A value of Q =390 £ 40 kJ/mol was determined
from an Arrhenius plot of logo}, versus reciprocal tempera-
ture 1/T at fixed initial strain rates. Unfortunately, there are
not enough diffusion data available for BCY to make a pre-
cise comparison. Only the activation energy for oxygen bulk
diffusion Q ~ 60kJ/mol has been reported,15 which is substan-
tially smaller than the value for creep, and suggests that cation
diffusion is the rate-limiting process. The lack of comprehen-
sive cation bulk and grain boundary diffusivities precludes a
definitive identification of the rate-controlling species.

Two previous works!>!1® focused on the high-temperature
deformation of BaCe|_,Y,03_s, with x varying between 0.05
and 0.20, grain sizes ranging from 2 to 9 wm and relative densi-
ties of about 90% of theoretical values. In these studies, a stress
exponent close to unity and an activation energy for creep of
360 + 60 kJ/mol were reported. These values, along with the
fact that grains did not change shape during testing, allowed
the authors to conclude that the deformation was achieved by
grain boundary sliding accommodated by cation lattice diffu-
sion. The same conclusion was drawn in the deformation of other
oxide perovskites with grain sizes ranging between 2 and 50 pm,
where a stress exponent of about 1 was systematically found:
Lag 0Sro.1MnO3,% Lag §Sro.2Gag ssMgo.1502.825,°° BaTiO3,’!
Lag »Sro gFeq sCro 20332 and SrCog gFep 20333 The difference
in stress exponent values between these studies (n=~ 1) and

the present work (n~2) can be related with the difference in
grain sizes. A transition from n =1 towards n =2 with decreas-
ing grain size has been noted for other ceramic oxides?’-3*; the
critical grain size seems to be about 1 wm, in agreement with
the present results. Nevertheless, diffusion is the rate-limiting
step in both cases; the values of Q measured in fine- and large-
grained BCY (390 and 360 kJ/mol, respectively) compare very
well and suggest that cation lattice diffusion is also the rate-
controlling mechanism for grain boundary sliding in the n=2
region. It is worth noting that the same mechanism was pro-
posed for the superplastic behavior of fine-grained tetragonal
zirconia.?’

5. Conclusions

Polycrystalline BaCeq 95Y.0503—s with average grain size of
0.40 pm was strained in compression between 1100 and 1300 °C
in air at various constant initial strain rates. The true stress—true
strain curves systematically displayed an initial strength drop
followed by an extensive steady-state regime, except at the most
severe deformation conditions (lowest temperatures and high-
est strain rates) where catastrophic fracture occurred. The yield
stress showed strong dependence on temperature and on the
applied strain rate. No change in grain shape was observed
after 50% strain, indicating that grain boundary sliding is the
main deformation mechanism in this compound, as also found
in fine-grained superplastic materials. The stress drop has been
correlated with the growth of ultrafine grains present previously
at grain boundaries and triple grain junctions in the as-fabricated
material. A stress exponent n=1.8 and an activation energy
for flow Q =390kJ/mol were estimated from mechanical. The
n value is consistent with grain boundary sliding accommo-
dated by diffusion. By comparison with large-grained oxide
perovskites, it is suggested that deformation is rate-controlled
by bulk cation diffusion.
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