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A B S T R A C T   

The high-temperature mechanical behavior of polycrystalline 5 at% yttrium-doped barium cerate with sub-
micronic grain size (d = 0.5 µm) has been studied in compression between 1200 and 1300 ◦C at different initial 
strain rates. The true stress – strain curves display an initial peak stress followed by a softening stage and then by 
an extended steady-state stage; the magnitude of the peak stress is strongly dependent on strain rate and tem-
perature. These characteristics are very similar to those found in metals and metallic alloys that exhibit dynamic 
recrystallization during creep at elevated temperatures. Microstructural observations by scanning and trans-
mission electron microscopy have shown that the grain structure is progressively refined with increasing strain 
due to the strong interaction between dislocations and pre-existing twin boundaries, originated by the various 
crystal transformations that occur upon cooling from the sintering temperature. The empirical equations used in 
metals to describe the relationship between strain rate, peak stress, and peak strain are also valid in the present 
ceramic material.   

1. Introduction 

The flow behavior at high temperatures (T > Tm, where Tm is the 
melting temperature) of polycrystalline materials involves complex 
processes such as grain boundary sliding, dislocation glide and climb, 
mass transport, etc. In metals and metallic alloys, dynamic recrystalli-
zation (DRX) strongly affects their creep behavior due to the softening 
and enhancement of ductility associated with the reconstruction of the 
microstructure [1–14]: new, smaller grains appear, resulting in an initial 
drop in stress with strain. The magnitude of the stress drop depends on 
the deformation conditions, mainly temperature and strain rate. In low- 
and moderate-stacking fault energy (SFE) metals (Ni, Ti, Mg, austenitic 
Fe, etc.), DRX is usually triggered by the nucleation and growth of new 
grains by grain boundary migration (usually called discontinuous 
recrystallization). In contrast, in high SFE metals (aluminum, β-titanium 
alloys, ferritic steels, etc.), the new grains are formed by the progressive 
transformation of dislocation sub-boundaries (low-angle boundaries) 
formed during the hardening stage into high-angle grain boundaries 
(continuous recrystallization). After the softening stage, a steady state of 
deformation is attained corresponding to the new grain size distribution. 
Depending on the characteristics of the material and the deformation 
conditions, the material can undergo additional refinement cycles, 
resulting in multiple stress peak behavior. Continuous DRX has also been 

found in important mineral phases such as olivine Mg0.9Fe0.1SiO4 [15, 
16], the primary component of the upper mantle of the Earth, calcite 
CaCO3 [17], NaNO3 [18] and quartz [19,20], as well as in other ceramic 
materials such as NaCl [21] and LiF [22]. 

It has been reported [23,24] that the high-temperature plastic 
deformation of trivalent cation-doped (Y and Yb) barium cerates with 
submicronic grain sizes in the ductile regime is characterized by true 
stress σ - true strain ε curves exhibiting a broad peak stress in the early 
stages of deformation followed by a softening regime and then by an 
extended steady state. The magnitude and strain position of the peak 
stress are strain rate- and temperature-dependent, being more evident 
(relative to the steady-state flow stress) at lower temperatures and 
higher strain rates. This behavior, not observed previously in other 
fine-grained ceramics, is phenomenologically identical to that noted 
above for metals and metallic alloys that exhibit DRX at warm and hot 
working conditions. 

Barium cerate is a perovskite-structured oxide used in the field of 
electrochemical energetics, particularly as an electrolyte in solid oxide 
fuel cells, due to its highly proton electrical conductivity [25,26]. Sub-
stitution of Ce4+-site by trivalent ions (such as Y, Yb, Nd, and Gd) causes 
the formation of oxygen vacancies, which allow for protonic conduction 
upon exposure to water vapor at relatively elevated temperatures. The 
high-temperature mechanical properties of this solid-state proton 
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conductor are therefore of special relevance in the design of solid oxide 
fuel cells and other high-temperature operating devices because under 
working conditions, deformation, softening, mechanical degradation, 
and failure determine the behavior and performance of the material. In 
addition, high-temperature plastic deformation is usually controlled by 
diffusion and can thus provide basic information about mass transport in 
materials where no diffusion measurements have been undertaken. 
Other kinetic processes such as sintering, sinter-forging, grain growth, 
solid-state reaction, etc., are also governed by diffusion in ultimate 
instance, and such information can be thus used to devise optimum 
processing schedules. 

No conclusive explanation on the origin of the metal-like stress drop 
behavior during the creep of fine-grained barium cerate has yet been 
presented. Therefore, the objective of this work was to investigate more 
deeply the occurrence of the peak stress and subsequent softening and 
steady-state stages during the high-temperature plastic deformation of 
this perovskite, in order to assess the mechanisms responsible for such a 
behavior. To this end, mechanical tests have been carried out under 
selected deformation conditions and correlated with detailed observa-
tions by scanning and, particularly, transmission electron microscopy, 
which have revealed the occurrence of extensive twinning in the as- 
received material. Studies on phase transformation on BaCeO3 [27,28] 
have shown that this perovskite is prone to twinning owing to the 
various crystal transformations that occur upon cooling from the sin-
tering temperature. Although with some discrepancies, it has been re-
ported [25,29,30] that BaCeO3 undertakes at least three phase 
transitions: a second-order transition from orthorhombic Pnma (perov-
skite structure) to orthorhombic Incn at 290–300 ◦C, a first-order tran-
sition from Incn to rhombohedral structure R-3c at 400 ◦C, and finally a 
second-order phase from rhombohedral to cubic Pm-3 m at 839–880 ◦C. 
The transformation of a crystal phase in another of lower symmetry with 
different orientational variants (as in the present case) inevitably gives 
rise to twinning. Such phase-transformation-induced twinning has also 
been observed in many other perovskite oxides, such as CaTiO3, MgSiO3, 
LaGaO3, LaMnO3, BaTiO3, etc. [31–35]. The deformation mechanisms 
responsible for the peak stress behavior in BaCeO3 are discussed in 
relation to the interaction between dislocations and these pre-existing 
phase transformation-mediated twin boundaries. 

2. Materials and experimental methods 

Polycrystalline BaCe0.95Y0.05O2.975 (5Y-BCO) with a final density of 
95 ± 1% (relative to the theoretical density ρ = 6360 kg/m3 of BaCeO3) 
was produced using a solid-state reaction route described elsewhere [23, 
24]. Briefly, BaCO3, CeO2, and Y2O3 powders (Sigma-Aldrich, purity >
99.0%) were mixed in the required stoichiometric ratio and ground. The 
resulting powder was calcined for 10 h at 1200 ◦C in air and reground 
again. Pellets were obtained by uniaxial pressing at 150 MPa followed 
by cold isostatic pressing at 210 MPa, and then sintered in air at 1550 ◦C 
for 10 h. It has been reported that sintering temperatures above 1600 ◦C 
produce barium evaporation and consequently the formation of CeO2 
precipitates [36,37], while lower temperatures result in poor densifi-
cation. A sintering temperature of 1550 ◦C was then selected to produce 
the highest density material without compromising the perovskite 
crystal structure. 

The structural analysis of the crystalline phases in both the calcined 
powders and sintered polycrystals was performed by using a Brucker 
AXS Advance D2 diffractometer in Bragg-Brentano configuration with 
Cu-Kα radiation (X-Ray Laboratory, CITIUS, University of Sevilla, 
Spain). Data were collected in the 2θ region between 20◦ and 70◦ with a 
step size of 0.02◦ and 10 s/step of acquisition. X-ray spectra were pro-
cessed by the Le Bail refinement method using the TOPAS 4.2 Bruker 
AXS software package. 

Specimens of 5 × 3×3 mm in size were cut from the sintered pellets 
and used for mechanical testing. Compressive tests were performed at 
temperatures T between 1200 and 1300 ◦C (0.73 – 0.78 Tm, where Tm =

2016 K = 1743 ◦C is the melting temperature of BaCeO3 [38]) at con-
stant cross-head speed and at constant load under selected conditions for 
which the peak stress behavior was clearly observed. Data were 
analyzed using the standard high-temperature power law for 
steady-state deformation [39–41]: 

ε̇ = A σn d− pexp( − Q/RT) (1)  

where A is a parameter depending on the deformation mechanism, 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. 

The microstructural characterization of as-fabricated and deformed 
polycrystals was carried out using scanning (SEM) and transmission 
(TEM) electron microscopy. To reveal grain boundaries, longitudinal 
sections were cut from the samples and mechanically polished using up 
to 0.25 µm-grade diamond paste, and then thermally etched at 1150 ◦C 
for 2 h in air. The relevant morphological parameters, grain size d (taken 
as the equivalent planar diameter), form factor F, and preferential 
orientation angle W were measured from SEM micrographs using a 
semiautomatic image analyzer (ImageJ software) averaging over more 
than 500 grains. Thin films for TEM observations were obtained from the 
as-fabricated and deformed samples following a classical procedure of 
grinding and ion-thinning until electron transparency. 

3. Results 

3.1. Crystal structure 

Fig. 1 shows the X-ray diffraction pattern of a sintered 5Y-BCO 
polycrystal, confirming the presence of the single perovskite phase 
with space group Pnma: the peak positions correspond to the ortho-
rhombic structure of undoped BaCeO3 (ICDD PDF-2 card No. 04-006- 
1225). Within the resolution of XRD, no additional phases, in partic-
ular CeO2 (PDF-2 card No. 01-078-5328), were observed. The lattice 
parameters calculated using the Le Bail refinement method are a 
= 6.238 Å, b = 8.769 Å and c = 6.252 Å, which are within the range of 
values reported for trivalent cation-doped barium cerate perovskites 
[24,25]. 

3.2. Initial microstructure 

Fig. 2(a) shows the microstructure of as-prepared 5Y-BCO. It is 
formed by fine and equiaxed grains with a form factor of F = 0.82, 
indicating a regular grain growth during sintering without preferential 
grain orientation. The corresponding grain size distribution (Fig. 2(b)) is 
consistent with a lognormal law, as usually found in ceramics; the 
average grain size and the standard deviation of the lognormal distri-
bution are d = 0.55 ± 0.25 µm. This submicronic size contrasts strongly 
with the value of d ≃ 4 µm measured in undoped barium cerate fabri-
cated by the same procedure, indicating that yttrium doping dramati-
cally increases the resistance to grain coarsening of the perovskite. A 
similar trend has been reported in other cation-doped ceramics such as 
yttrium- and zirconium-doped alumina [42,43], yttrium-stabilized 
tetragonal zirconia [44], yttrium-doped barium zirconate [45] and 
other perovskite oxides for solid oxide fuel cells [46]. This effect has 
been attributed to the segregation of dopant cations along the grain 
boundaries, which inhibits, or at least slows down, the grain boundary 
diffusivity relative to pristine materials. 

The internal grain structure was investigated by TEM (Fig. 3). The 
grains are well-faceted and equiaxed, free of dislocations, and without 
secondary phases along the boundaries and triple grain junctions. The 
most notably defect in the grain structure is the presence of numerous 
contrast lines corresponding to twin boundaries, homogeneously 
distributed in the volume of the material. Fig. 3 shows representative 
images of these intragranular domains, with the boundaries extending 
across the grains or intersecting with each other. As noted in the 
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Introduction, BaCeO3 and other perovskite oxides [27,28,31–35] exhibit 
extensive phase transformation-induced twinning owing to the various 
changes in crystal structure that occur upon cooling from the sintering 
temperature. Cheng et al. [27,28] conducted detailed TEM studies on 
undoped and 10 at% Y- and 10 at% Nd-doped barium cerate fabricated 
following a procedure similar to that used in the present study (sintering 
for 2 h at 1400 ◦C, relative density of 76%). The authors reported a 
phase transformation-induced microstructure very similar to that 
observed in the present material, formed predominantly by reflection 
twins on the {110} and {112} planes. The same domain morphology has 
been reported in other perovskite oxides, such as CaTiO3 [31] and 
LaGaO3 [33]. 

3.3. Deformation tests 

Fig. 4(a) displays the true stress σ - true strain ε curves of samples 
compressed at 1250 ◦C and different initial strain rates ε̇o. They exhibit 
an unusual behavior compared to other ceramics; for the sake of com-
parison, the σ - ε curve for 3 mol% yttria-stabilized tetragonal zirconia 
(3YTZP, the reference material for superplastic ceramics) with 
d = 0.5 µm is also shown in Fig. 4(a) (dotted line). 

The main characteristics of these curves are: (i) After the elastic part, 
there is a short hardening stage before reaching a maximum stress σp at a 
strain level εp (stage I in Fig. 4(b)); (ii) The magnitude of both the peak 
stress σp and the peak strain εp increases with increasing the initial strain 
rate and/or decreasing the temperature; (iii) After the peak stress, there 
is a softening stage where the flow stress decreases smoothly until a 
minimum stress σss is reached (stage II); (iv) This stress σss marks the 

onset of an extended steady state of deformation (stage III), character-
ized by a positive slope of the σ - ε curves due to the continuously in-
crease in true strain rate during a compressive constant cross-head speed 
test; and (v) The magnitude of the stress drop Δσ (defined as the dif-
ference between the maximum stress σp and the steady-state flow stress 
extrapolated to εp to avoid the effect of softening, Fig. 4(b)) is practically 
constant, with a value of 1.5 ± 0.1. This result suggests that the mech-
anism responsible for softening is the same regardless of the test 
conditions. 

Reports of the occurrence of an initial decrease in flow stress during 
steady-state deformation in ceramics are very scarce and definitely 
different in shape. Sharp yield drops have been reported in fine-grained 
tetragonal ZrO2–30 vol% spinel composite [47] and in large-grained 
MgO [48] and TiC [49], which were attributed to multiplication of 
dislocations in the volume of the grains in the early stages of creep. This 
mechanism, identical to that observed in well-grown single crystals with 
very low initial dislocation densities (sigmoidal creep) [41], results in 
rather sharp stress drops which are little affected by strain rate, contrary 
to the rounded stress peaks found in the present work, which are 
strongly dependent on strain rate and temperature. 

The features listed above are however typical of metallic materials 
that exhibit DRX during deformation [1–14], as illustrated in Fig. 5 for a 
42CrMo steel deformed at temperatures between 800 and 1200 ◦C (0.64 
– 0.87 of the homologous temperature). In these materials, the peak 
stress, the softening stage, and the subsequent steady-state flow result 
from a dynamic balance between dislocation work hardening, disloca-
tion recovery (usually by climb) and DRX, which leads to a refinement of 
the average grain size of the material before attaining the steady state. 

Fig. 1. X-ray diffractogram of sintered 5 at% Y-doped BaCeO3 polycrystal. Peak positions for orthorhombic BaCeO3 and cubic CeO2 are shown (ICDD PDF-2 cards No. 
04-006-1225 and 01-078-5328, respectively). 

Fig. 2. (a) Microstructure of as-sintered 5 at% Y-doped BaCeO3. (b) Corresponding grain size distribution.  
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The slopes of the σ – ε curves in Fig. 5 are nearly zero due to the use of 
true constant strain rate tests. It should be noted however that the initial 
grain size in metals is usually several tents of micrometers, compared to 
the submicronic size of the current material. 

The appearance of a softening stage prior to steady state in the 
present perovskite has also been verified by creep tests performed at 
constant load, as shown in Fig. 6 for a sample deformed at 1265 ◦C and 
at an initial stress of 22 MPa. Upon loading, the strain rate raises 
smoothly (softening stage) until a maximum is attained (the onset of the 
steady state) and thus decreases monotonically with a constant negative 
slope (due to the continuous increase in specimen section with strain in 
compressive constant load tests). 

3.4. Microstructure of deformation 

Fig. 7 shows SEM images of three samples tested at identical condi-
tions of strain rate and temperature but voluntary ended at different 
strain levels of 4%, 8% and 50%, corresponding to the typical regions 
observed in the stress – strain curves (Fig. 4): peak stress, softening stage 
and after prolonged steady-state deformation, respectively. Regardless 
of the final strain, the grains remain equiaxed with an average form 
factor F essentially unaffected by the creep process, indicating that grain 
boundary sliding is the primary deformation mechanism, as found sys-
tematically in fine-grained superplastic metals and ceramics [39,40,44, 
50–53]. Inspection of Fig. 7 reveals that new and smaller-sized grains 
appear homogenously distributed throughout the samples with 
increasing strain in the softening and steady-state stages, that is, after 

Fig. 3. TEM images of as-sintered 5Y-BCO under different diffraction conditions. Phase transformation-induced twin boundaries were commonly observed, usually 
extending across grain boundaries but also intersecting each other. No dislocation activity was observed in the grains. 

Fig. 4. (a) Variation of the flow stress with strain in 
5Y-BCO at 1250 ◦C and various initial strain rates, 
showing a peak stress behavior similar to that of metals 
with dynamic recrystallization. For clarity, a schematic 
diagram of the stress – strain curve is displayed in (b), 
showing the three observed stages: I – hardening, II – 
softening, and III – steady state, and the characteristic 
magnitudes of stress and strain. The deformation curve 
for fine-grained 3YTZP (d = 0.5 µm) at 2 × 10− 5 s− 1 is 
shown in (a) for comparison (dotted line).   
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the peak stress, resulting in a refinement of the overall average grain size 
relative to the undeformed material. Fig. 7(d) shows the grain size dis-
tributions of the 4%- and 50%-deformed samples: at the peak stress, the 
average grain size d = 0.53 µm is essentially the same as in the 
as-received material (d = 0.55 µm, Fig. 2(b)), while it decreases down to 
d = 0.43 µm at the completion of the test. Similar results were found at 
other testing conditions, with grain size reductions of 15–20% after 
50%-straining. Grain refinement is therefore a dynamic process that 
occurs progressively during softening, in agreement with the rounded 
shape of the stress drops. 

TEM observations of strained samples (Fig. 8) have shown a high 
dislocation activity in the grains, particularly along and near the twin 
boundaries, not seen at all in the as-received material (Fig. 3). The 
strong interaction between dislocations and twin boundaries resulted in 
a progressive loss of coherence of the twin boundaries, which trans-
formed into low-angle boundaries and finally into conventional, high 
angle boundaries, fragmenting the original parent grain in smaller 
grains. Fig. 8(c) and (d) illustrate the onset of such grain fragmentation 
along pre-existing twin boundaries, which finally lead to the refinement 

of the grain structure. Such a dislocation-twin domain boundaries 
interaction was previously reported in single crystal perovskite CaTiO3 
deformed 2% along the < 110 > direction at a temperature of 1200 ◦C 
[31]. Compared to metals, the twin boundaries in the present material 
play a similar, though not identical, role to the dislocation subwalls 
developed in the volume of the grains during the hardening stage. 

4. Discussion 

The mechanical and microstructural features found in the high- 
temperature plastic deformation of 5Y-BCO are qualitatively identical 
to those found in metals and metallic alloys exhibiting continuous DRX. 
In these materials, the microscopic mechanisms of DRX have been 
exhaustively detailed in the literature [1–14]. Briefly, dislocations 
multiply in the early stage of creep and interact with each other in 
crossed glide planes, forming dislocation cell structures in the volume of 
the grains (polygonization), which marks the onset of strain hardening. 
As the strain progresses, the dislocation walls gradually transform into 
high-angle subboundaries by dislocation absorption, which finally are 
detached from the parent grains, resulting in the refinement of the grain 
distribution and the occurrence of the peak stress and the subsequent 
softening and steady-state stages. In metals, the steady state is charac-
terized by a high stress exponent n (Eq. 1), usually between 5 and 10, in 
agreement with theoretical models based on dislocation-mediated 
intragranular mechanisms [39,41]. Very interestingly, a new 
twinning-induced dynamic recrystallization mechanism has been pro-
posed in various metallic materials (such as Zr and Mg alloys, austenitic 
Fe and titanium) as an additional source for dislocation recovery, be-
sides the classical continuous and discontinuous DRX mechanisms 
[54–60]: twin boundaries in the grains actively participate in the 
deformation process, decreasing the overall dislocation density and 
finally transforming into conventional boundaries due to twin - dislo-
cation interaction. 

4.1. Single-peak stress behavior 

In metals, single or multiple peak stress behaviors have been re-
ported depending on the nature of the material and the testing condi-
tions [1,2,7–9]. In the latter case, stress oscillations appear before 
reaching the final steady state, indicating that several DRX cycles 
occurred during deformation. To confirm that the new and finer grain 
size distribution was definitively established in a single cycle in the 

Fig. 5. Flow stress – strain curves of 42CrMo steel at constant strain rate and 
different temperatures [14] (with permission). 

Fig. 6. Creep curve for 5Y-BCO deformed at an initial stress σ = 22 MPa and T = 1265 ◦C showing the presence of the softening stage, plotted as: (a) true strain ε vs 
time t; (b) semilog plot of strain rate ε̇ vs true strain ε. The constant negative slope of the log ε̇ - ε curve corresponds to a true steady state of deformation at constant 
load. ε̇o is the steady-state strain rate extrapolated to ε= 0. 
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present perovskite, differential tests were carried out changing one 
variable (strain rate, temperature, or stress) during testing, as shown in  
Fig. 9 for an isothermal test performed at 1250 ◦C with abrupt up- and 
down-strain rate changes. A stress drop was observed only in the initial 
stage upon loading, while the other stages readily attained the stationary 
creep regime. It can be thus concluded that the twinning-induced grain 
division mechanism is mostly exhausted at the end of the softening 
stage. 

4.2. Dynamic grain refinement by dislocation-twin boundary interaction 

A plausible qualitative model is presented below (Fig. 10) that ac-
counts for the mechanistic and microstructural features found in the 
perovskite oxide, based on the presence of pre-existing twin boundaries 
in the grains.  

1. After the elastic region, grains slide on each other to accommodate 
the macroscopic strain by the multiplication and movement of grain 
boundary dislocations that comprise the structure of the boundaries, 
as usual in conventional (i.e., without peak stress behavior) super-
plastic materials [39,40,50]. Dislocations are blocked at critical 
points along the grain boundaries (irregularities and triple junc-
tions), increasing the overall dislocation density and initiating the 
work hardening stage. In the present perovskite, intersections of 
pre-existing twin boundaries with grain boundaries also act as a 
barrier for the dislocation movement, contributing to increase the 
local stresses.  

2. As the strain progresses, the dislocation - twin boundary interaction 
causes the twin boundaries with favorable orientation to accumulate 
dislocations, resulting in a progressive loss of their coherence. This 
mechanism decreases the overall density of dislocations and conse-
quently the local stresses, marking the onset of the softening stage at 
a certain critical stress σcr (Fig. 4(b)). The value of σcr must be lower 
than the steady-state flow stress corresponding to the initial grain 
size do, otherwise a steady state would be reached without peak 
stress, contrary to experimental evidence. In metals, the critical 
stress to initiate DRX is close to the peak stress, usually in the range 
σcr = 0.7 – 0.9 σp.  

3. Upon further progress in strain, the twin boundaries gradually turn 
into low-angle grain boundaries and then into conventional, high- 
angle grain boundaries, triggering the breaking of the original 
grains. The continuous rotation and switching of the grains on each 
other allow the other grains to reach the proper orientation to initiate 
the fragmentation. This is a statistical process in a polycrystalline 
material with randomly oriented grains, giving rise to a smooth drop 
in flow stress.  

4. Once the twinning-induced grain division is exhausted, a steady state 
by grain boundary sliding is established at a stress level σss (Fig. 4(b)) 
corresponding to the new and finer grain distribution, according to 
the inverse dependence of the creep equation with grain size (Eq. 
(1)). In this stage, the deformation rate is then controlled by the 
stress restoration mechanisms operating in conventional superplastic 
materials (direct mass transport and/or dislocation movement along 
grain boundaries). 

Fig. 7. Microstructure of 5Y-BCO samples deformed at ε̇o = 1.6x10− 4s− 1and T = 1250 ◦C at different strain levels: (a) 4% (peak stress); (b) 8% (softening stage); and 
(c) 50% (prolonged steady-state stage). New, finer-sized grains appear after the peak stress. The grain size distributions of the 4%- and 50%-strained samples are 
shown in (d), with average values of 0.53 and 0.43 µm, respectively. 
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4.3. Steady state of deformation 

The previous discussion has shown that a true steady-state regime is 
definitively established (that is, at constant microstructure) after the 
softening transient. The stress exponent n (Eq. (1)) can be thus confi-
dentially estimated from the steady stages of the isothermal σ – ε curves 
obtained at different initial deformation rates (conventional method, 
Fig. 4(a)). To avoid the transient softening, both σo and σss (the flow 

stress extrapolated to ε = 0 and the flow stress at the beginning of the 
steady state, respectively, Fig. 4(b)) have been plotted as a function of 
the initial strain rate ε̇o in Fig. 11. Both approaches yield the same stress 
exponent of n = 1.9 ± 0.1, as expected from the good deformability of 
the perovskite. Alternatively, n can be estimated from strain-rate jumps 
during the testing of one specimen (differential method), as shown in 
Fig. 9, resulting in the same mean value of n = 1.9 ± 0.1. This stress 
exponent is consistent with the values of nearly 2 systematically re-
ported for grain boundary sliding-controlled superplasticity in fine- 
grained ceramics, such as 3 mol% yttria-stabilized tetragonal zirconia 
3YTZP (Fig. 11, solid line) [44,51], alumina [61], alumina/zirconia 
composites [52], barium zirconate [45] and lanthanum silicate oxy-
apatite [62]. A stress exponent n of 2 is also the value predicted by most 
theoretical and semiphenomenological models developed to explain the 
superplastic behavior of fine-grained polycrystals [40] and is consistent 
with the absence of change in grain shape after extended secondary 
creep regimes. Fig. 11 also shows that the creep resistance of 5Y-BCO is 
similar to that of superplastic 3YTZP with the same grain size. 

4.4. Analysis of peak stress 

In metals, the constitutive relationship between strain rate and peak 
stress is commonly described by a hyperbolic sine law written as [7,13, 
63]: 

Z = ε̇exp(QP/RT) = A[sinh(ασP)]
nP (2)  

where Z is the Zener-Hollomon parameter (the temperature- 
compensated strain rate) and A, α, QP and nP are material-dependent 
constants. At low stresses, Eq. (2) reduces to: 

Z = ε̇exp(QP/RT) = A′σnP
p (3)  

which is formally identical to the power-law creep equation for steady- 
state deformation (Eq. (1)) but referred here to the peak stress. Typical 

Fig. 8. Representative TEM images of 50%-strained 5Y-BCO samples showing a high dislocation activity in the grains. A strong interaction between dislocations and 
twin boundaries was observed, resulting in the progressive fragmentation of the original grains into new, finer grains (center of (d)). 

Fig. 9. Differential test with fast strain rate changes performed on 5Y-BCO at 
T = 1250 ◦C. Only the first stage upon loading shows a stress drop. The true 
stress exponent n (Eq. (1)) estimated from the changes is also shown. 
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values of the stress coefficient nP between 6 and 11 have been reported 
in metals, which are in the same range than the true stress exponents n 
for steady state [12,13,63–65]; this result indicates that the occurrence 
of stress peaks is also related to a dislocation-assisted deformation 
mechanism in these materials. 

The evolution of σp with strain rate in 5Y-BCO has been analyzed 
using Eq. (3), resulting (Fig. 11): 

ε̇o = 5.7x10− 8 σ1.8±0.1
p

(
s− 1) (4)  

with σp in MPa. The stress coefficient nP = 1.8 ± 0.1 is consistent with 
the true stress exponent n = 1.9 ± 0.1 found in steady state, in agree-
ment with the results in metals, and suggests again that the peak stress in 
the current material is not related to a dislocation recovery-controlled 
creep mechanism, which requires the establishment of dislocation sub-
walls in the volume of the grains prior to softening. Furthermore, the 
relationship between peak stress and peak strain can be adequately 
expressed by a simple linear regression equation (dashed line in Fig. 4 
(a)): 

εp = 0.019σp + 1.5
(
%
)

(5) 

(con σp en MPa), as found in metals with DRX [7,9,66]. 

4.5. Numerical simulation of the strain – stress curves with peak stress 
behavior 

The previous equations allow to compute numerically the stress – 
strain curves with peak behavior for 5Y-BCO, as shown in Fig. 12 for 
various initial strain rates at 1250 ◦C. It has been assumed that the 
steady state (Eq. (1)) is characterized by A.exp(-Q/RT) = 3 × 10− 9 (in 
appropriate units), a stress exponent n = 2 and a grain size exponent 
p = 2, which is intermediate between the values reported for grain 
boundary sliding in ceramics [40,42,44,53,61]; in fact, the curves are 

Fig. 10. Schematic diagram of the deforma-
tion mechanism proposed to explain the peak 
stress behavior exhibited by 5Y-BCO: (a) 
Initial state at ε = 0 with pre-existing twin 
boundaries in the grains. (b) Dislocations 
multiply and move along the gran boundaries 
upon loading, piling up at critical points: 
triple junctions, intersections of twin and 
grain boundaries, and other irregularities 
(hardening stage). (c) Dislocation-twin 
boundary interaction decreases the local 
stresses, causing the onset of the softening 
stage. (d) As the strain proceeds, the twin 
boundaries gradually increase their misori-
entation angles and transform into conven-
tional, high-angle boundaries, leading to the 
refinement of the grain structure.   

Fig. 11. Variation of the initial strain rate ε̇owith σo (the flow stress extrapo-
lated to ε = 0) and with σss (the flow stress at the beginning of the steady state) 
for 5Y-BCO deformed at 1250 ◦C (see Fig. 4(b) for nomenclature); both curves 
lead to the same value of the true stress exponent n (Eq. (1)). The stress coef-
ficient nP (Eq. (3)) obtained from the variation of ε̇owith peak stress σP (Eq. (3)) 
yields the same value. The creep behavior of tetragonal zirconia 3YTZP with 
d = 0.5 µm [44] is displayed for reference (dashed line). 
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very little affected by the choice of p due to the small variation of about 
20% in grain size during testing. Eqs. (4) and (5) have been used for the 
peak stress and strain, respectively. 

For each strain rate, two curves have been plotted in Fig. 12, cor-
responding to the initial grain size do = 0.5 µm (solid lines) and the final 
grain size df = 0.4 µm (slashed lines). It can be seen that the curves 
correctly reproduce the experimental results, in particular the apparent 
loss of peak stress with decreasing strain rate and the increase of the σ - ε 
slope in steady state when increasing the strain rate. 

5. Conclusions 

Fine-grained 5 at% yttrium-doped barium cerate polycrystals have 
been fabricated by a conventional sintering route. XRD analyzes detec-
ted the presence of the single Pnma perovskite phase. The microstruc-
ture is formed by fine and equiaxed grains with an average grain size of 
0.55 µm. TEM observations have shown that the grains are well faceted 
and free of secondary phases and dislocations, with extensive phase 
transformation-induced twinning owing to the various changes in 
crystal structure that occur upon cooling from the sintering temperature. 

Compressive mechanical tests performed at constant initial strain 
rate at 1200–1300 ◦C have shown the presence of an initial peak stress 
followed by a gentle softening stage and then by an extended steady 
state of deformation. The peak stress and the corresponding peak strain 
increase with increasing the initial strain rate. These experimental fea-
tures are characteristics of metals that exhibit dynamic recrystallization 
during creep. Microstructural observations by SEM and TEM have 
shown that the grain size distribution is progressively refined with 
increasing strain after the peak stress due to the strong interaction be-
tween dislocations and pre-existing twin boundaries, which gradually 
transform into low-angle boundaries and then into conventional high- 
angle boundaries, fragmenting the original grains. The empirical equa-
tions used in metals to describe the relationships between strain rate, 
peak stress, and speak strain have been shown to be also valid in the 
present ceramic material. After the softening stage, the grain division is 
mostly exhausted and extended steady states of deformation are attained 
at constant microstructure. The stress exponent n of nearly 2 found in 
this regime, along with the absence of modifications in grain shape after 

50%-straining, indicate that deformation is achieved primarily by grain 
boundary sliding, as found in other fine-grained superplastic ceramics. 
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