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bstract

eria–zirconia ceramic alloys were sintered by high-temperature annealing, considering several synthesis temperatures to obtain a full-dense
eria–zirconia ceramic material using a temperature as low as possible. It was found that fully density is achieved at temperatures of 1450 ◦C.

Monolithic specimens were crept under compression at high temperatures. The creep results fitted an empirical constitutive equation consistent
ith a classical Ratchinger mechanism for grain switching. This result was confirmed through microstructural characterization of as-received and

ost-mortem specimens. Since the conventional Ashby–Verrall model is contrary to the mechanism controlling creep in other zirconia alloys, the
esults are considered in the framework of a new grain boundary sliding model, with particular discussion of the validity of that model for the
eria–zirconia case.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Zirconia alloys have been at the forefront of research on
eramic systems during the last three decades. Cerium- and
ttrium-doped tetragonal zirconia polycrystals (CeTZP and
TZP, respectively) have been extensively studied due to their
aving better thermomechanical properties than other zirconia-
ased ceramics. Yttria–zirconia is well known as having been the
rst ceramic material known to exhibit superplasticity at moder-
te temperatures.1 Since that discovery, an exhaustive effort2 has
een put into attaining a full comprehension of superplasticity
rom a fundamental standpoint. Despite the numerous publi-
ations on the topic, it has only been recently that a consistent
heory of ceramic superplasticity applicable to zirconia ceramics
as emerged.3
Among the factors governing the superplastic response, a
ey has repeatedly been reported to be the chemical nature at
he boundaries. Indeed, yttrium segregation to the boundaries is
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nown to affect the mechanical behaviour,4 mostly in a nega-
ive sense.5 The crucial point is the formation of an electrically
harged layer at the boundaries due to the valence differences
etween zirconium and yttrium cations. Ceria–zirconia ceram-
cs have as yet not been deemed worthy of any great attention.
owever, they have been considered in this context as a model

ystem on which to check the strength of electrically charged
ayers as an obstacle limiting grain mobility. Indeed, for obvi-
us reasons, no charged layers of cation segregations can appear
n this system. A systematic study and analysis of the mechanical
ehaviour of this alloy is currently under way, with the present
ommunication being a report of the pioneering work.

. Experimental procedure

.1. Sintering
High purity commercial ceria–zirconia powders with 20 nm
verage grain size were uniaxially and then cold-isostatically
ressed under 300 MPa isostatic pressure. A density equal to
0% the theoretical one was reached prior to sintering. Chemi-

dx.doi.org/10.1016/j.jeurceramsoc.2010.07.043
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Fig. 1. (a) Strain rate versus strain with several temperature jumps. At each stage,
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al analysis of the impurity content was carried out prior to any
reatment. The analysis shows the presence of 0.002 wt% SiO2,
.005 wt% Fe2O3 and 0.018% Na2O as main impurities. The
ompacted pieces were heated at 600 ◦C/h to 1450 ◦C in a con-
entional super-kanthal furnace, maintained at that temperature
or 30 min, and cooled to room temperature at about the same
ate. The recovered specimens were checked to be full-dense
y density determination using Archimedes’ method. The aver-
ge grain size, as determined by scanning electron microscopy
SEM) and the subsequent analysis of the grain size distribu-
ions, was 1.4 ± 0.6 �m.

.2. Mechanical characterization

The sintered samples were cut into parallelepipeds of
imensions 2.5 mm × 2.5 mm × 5.0 mm for uniaxial compres-
ion along the long axis. The machine used was a prototype
escribed elsewhere.6

Two sets of experiments were performed: first, creep tests
t temperatures from 1200 ◦C to 1300 ◦C at a constant stress
f 125 MPa; and second, creep tests at a constant temperature
1300 ◦C) at different stress stages from 28 MPa to 80 MPa. The
train rates in all cases were between 10−6 s−1 and 10−5 s−1.
ata were analyzed using the conventional creep equation:

˙ = A
Gb

kT

( σ

G

)n
(

b

d

)p

D0 exp

(
− Q

kT

)
(1)

ere, A is a dimensionless constant, G the shear modulus, b the
agnitude of the Burgers vector, k Boltzmann’s constant, T the

bsolute temperature, d the grain diameter, σ the applied stress,
and n are usually termed the grain size and stress exponents,

espectively, and D0 is the pre-exponential factor of a diffusion
oefficient, with Q being the activation energy of its temperature
ependence.

These experiments yielded measured values of the quantities
(first set of experiments) and n (second set). Both quantities

ere measured from stress jumps at constant temperature (in
he case of n) or temperature changes at constant stress (in the
ase of Q) to ensure that the microstructure remained constant
i.e. the quantity A is the same). This method prevents the results
rom being affected by the cross-sectional area increase which
ccurs during deformation. However, the change of the sam-
le areas affects the stress levels. To account for that effect, the
tress are corrected according to the following procedure: since
he sample volume is known to remain constant and the defor-

ation is homogeneous, the cross-sectional area depends on
he strain through an exponential law: S = S(ε = 0)exp(ε). Thus,
he stress should be determined by another exponential law:
= σ(ε = 0)exp(−ε). This equation has been taken into account
hen displaying the stress level for each stage. The stresses
isplayed are those determined at the onset of each one.
.3. Microstructural characterization

Both the as-received and post-mortem specimens were char-
cterized by conventional SEM in order to determine the grain

e
(
6
t

he activation energies are given at the top of the plot and the temperatures at the
ottom. (b) Strain rate versus strain with several stress jumps. At each stage, the
tress exponents are given at the top of the plot and the stresses at the bottom.

ize distribution prior to and after deformation. Grain bound-
ries were optically resolved by SEM after a rapid heat treatment
f the previously polished surfaces. All grain size distributions
ere found to be log-normal. An X-ray diffraction analysis was
erformed to study the phase composition. Only the tetragonal
hase was observed, with a characteristic peak at 29.974◦. No
onoclinic or cubic peaks appeared in the samples. The grain

ize distribution was determined from the SEM pictures. The
rain diameter was defined as the Feret’s diameter.

. Results

.1. Creep experiments

Fig. 1a and b shows the results of two creep tests cor-
esponding, respectively, to one of each of the two sets of

xperiments. In Fig. 1a, one observes that stages 3 and 7
deformed at 1300 ◦C) have a common extrapolation, as do 4,
, and 8 (deformed at 1250 ◦C), indicating that the microstruc-
ure remains constant during creep, i.e. no dynamic grain growth
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Table 1
Form factor, average grain size, and their respective standard deviations, of
ceria–zirconia ceramics before and after the creep test. A: before creep test, B:
after creep test.

Sample Shape
factor

Standard
deviation

Average
grain size

Standard
deviation

A 0.72 0.07 1.38 0.58
B 0.67 0.09 2.32 0.90
C 0.67 0.09 2.58 0.99
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t
d
d
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c
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Fig. 2. Grain size histograms prior to (a) and after (b) deformation.

ccurs. However, stages 1 and 5, and stages 2 and 4, 6, and 8
o not extrapolate, indicating that during the first two stages of
reep the microstructure is evolving towards the final grain size
2.60 �m) as reflected by the changed microstructure observed
fter deformation. One can conclude therefore that the creep
xperiment is performed at constant microstructure from stage 3
nwards.

The values of the activation energies and stress exponents
re, within the experimental error, Q = 550 ± 50 kJ/mol and
= 1.0 ± 0.2. The final elongation of all specimens was around
0%, and all of them deformed homogeneously.

.2. Microstructural characterization of the post-mortem
pecimens

Equiaxially shaped grains were found to be a common fea-
ure in all samples. While grain size growth was observed after
eformation, there were no changes in the grain aspect ratio.
he grain size of the initial powder was 20 nm, and that of the
eramic material after the high-temperature treatment showed a
ajor increase up to 1.4 �m as observed under SEM. After the

reep tests, there was further significant grain growth, the new

alue being 2.60 �m (Fig. 2a and b).

A key feature of the grain size distribution was that the form
actor did not change during creep. Table 1 illustrates this for
s-received and post-mortem specimens.

b
p
b
e

ig. 3. SEM micrographs of as-received (a) and deformed (b) ceria–zirconia
amples. Arrows point to the presence of cavities.

Fig. 3a and b is the SEM micrographs of the samples prior
o and after deformation. The marked grain growth taking place
uring creep is evident. Moreover, grain accommodation during
eformation is accompanied by the opening of cavities (arrows),
n aspect required for grain boundary sliding, as will be dis-
ussed below.

. Discussion

On the one hand, the experimental macroscopic values for

oth n and Q may in principle appear fully consistent with
urely diffusional creep – Newtonian flow stress accommodated
y bulk cation diffusion. Indeed, the values of the activation
nergy are in agreement with those found in superplastically
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ig. 4. Theoretical dependence of the form factor on the strain if deformation
roceeds by diffusional creep only.

eformed YTZP in which cation defect diffusion controls the
ccommodation process.2,7–9 A value similar to that reported
ere (Q = 550 ± 50 kJ/mol) was found by Sakka et al.10 in
heir determination of the activation energy for hafnium diffu-
ion in ceria–zirconia ceramics. Their activation energies were
23 kJ/mol or 506 kJ/mol for lattice or grain boundary diffusion,
espectively.

On the other hand however, the evolution of the microstruc-
ure shows that this picture must be discarded – diffusional creep
emands a marked change in the form factors, since the driv-
ng force for deformation is pure mass transport from grain
egions in compression to those in tension. Such a mechanism
mplies an anisotropic mass distribution. Since grains should
volve from equiaxial to ellipsoidal shapes, a simple theoretical
nalysis shows that the form factors should change from 0.72 in
he initial stage to 0.25 when the final strain is 0.7. Fig. 4 is a
lot of the form factor’s dependence on strain if the deformation
s entirely due to diffusional creep. Experimentally, however,
he form factor changes only from 0.72 to 0.67, a variation that
an account for at most 10% of the strain (see Fig. 4). The rela-
ive motion of two adjoining grains has components parallel and
erpendicular to their common grain boundary. Grain boundary
liding (GBS) is the component parallel to the grain bound-
ry and is responsible for 70–80% of the deformation, while the
erpendicular motion is responsible for the accommodation pro-
esses needed during GBS. This has been reported to occur in
uperplastic fine-grained ceramics as evidenced by grain aspect
atio measurements at different strain stages and by atomic force
icroscopy.11–13

With diffusional creep thus delimited, the only mechanism
eft to appeal is that of Ashby–Verrall14 with grain switch-

ng. This mechanism is consistent with the values of both the
tress exponents and the activation energies, and can reason-
bly be assigned to the present case. Nonetheless, some aspects
ot considered in the original Ashby–Verrall model must be

a
a
U
i

ean Ceramic Society 30 (2010) 3357–3362

aken into account. First, the original model did not consider
he possible role played by the curvature of the grain bound-
ries. One would expect this to be particularly relevant in
ne-grained ceramics in which most grain boundaries adopt a
ounded shape. Second, most studies of other zirconia ceram-
cs, particularly those of yttria–zirconia ceramics, have reported
hat their high-temperature deformation mechanism fits the
shby–Verrall picture with a stress exponent equal to 2 rather

han the expected theoretical value n = 1. This inconsistency has
uite recently been resolved with an improved modified ver-
ion of the Ashby–Verrall model proposed by Gómez-García et
l.3 This new model predicts values of 2 or 1 depending on the
rain size, stress, testing condition temperature, and the value
f the test material’s grain boundary energy. In particular, the
tress exponent depends on the testing conditions according to
he equation

= 2

1 + β
(2)

here β is a dimensionless function of stress, the diffusion coef-
cients, and the grain boundary energy. In the framework of

his model, the coefficient β can be estimated according to the
xpression

= π

8α

(
1 + α2

4

)
σδ

γ

Deff

Dgb
(3)

here α is a numerical constant close to 0.5 for almost equiax-
ally shaped grains, σ the applied stress, δ the thickness of the
rain boundary diffusion layer, and γ the grain boundary energy.
eff and Dgb are the effective diffusion and the grain bound-

ry coefficients, respectively. The reasonable assumption has
een made that the fastest diffusion path is the grain boundary
ath. Since σ ≈ 100 MPa, δ ≈ 5 Å, and γ ≈ 0.1 J m−2 in zirconia
eramics, this yields β ≈ 0.5, and the corresponding value of the
tress exponent is n ≈ 1.3, which is very close to the experimen-
al value. Unfortunately, this is not a complete validation of the
pplicability of the model. To the best of our knowledge, no data
or the grain boundary energy are available and the value adopted
n this estimate is for the current measurements in yttria–zirconia
eramics. It was also assumed that lattice diffusion proceeds
uite rapidly in ceria–zirconia ceramics, much faster than in
ttria–zirconia ceramics. These assumptions are reasonable but
ust be taken with caution while waiting for future experimen-

al determinations against which to contrast the correctness of
he application of the model3 to ceria–zirconia ceramics. While
uch limitations need to be borne in mind, the model is useful
o account for the main features of the high-temperature plas-
icity of ceria–zirconia ceramics. Grain boundary sliding is the
eading mechanism controlling plasticity. Furthermore, the non-
xistence of aliovalent cation segregation to the boundaries is
onsistent with an enhanced tendency for grain growth, a ten-
ency which is in turn consistent with a stress exponent close to 1

ccording to the aforementioned model. This model predicts the
ppearance of cavities which close rapidly upon deformation.
nder optimal superplastic conditions, there are only a few cav-

ties. However, as deformation proceeds, this number no longer
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emains constant, and cavitation increases progressively. This
icrostructural feature has been observed under SEM by Bravo-
eon et al.15 in superplastically deformed yttria-stabilized
irconia, and under transmission electron microscopy (TEM)
y Kim et al. in superplastic zirconia-dispersed alumina16 and
y Yasuda and Hiraga17 in SiO2-doped zirconia. Harjo et al.18

nd Ryukhtin et al.19 have also observed the evolution of
avities during deformation under small-angle neutron scatter-
ng in YTZP. Their observations are coherent with the cavity
pening observed in the SEM micrographs of our specimens
Fig. 3a and b).

. Conclusions

We have described the compression creep test of a
eria–zirconia ceramic at high temperatures. The strain rates,
tresses, and temperatures fitted the empirical creep equation
ith a Newtonian flow stress dependence and a purely Arrhe-
ius temperature dependence. Both the microstructural features
nd the macroscopic parameters were explained in the frame-
ork of a modified version of the classical Ashby–Verrall model.
his new version of the model had been shown to account for the
xistence of zirconia systems in which the stress exponent is 2
such as yttria–zirconia systems) and also systems in which the
inear dependence is maintained. The observed cavity formation
uring deformation is consistent with the main grain switching
ypotheses proposed in that model.
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ppendix A. Evolution of form factor with deformation
uring diffusional creep

The form factor is commonly defined as the ratio F = 4πS/l2,
here S is the section of the grain as observed under trans-
ission electron microscopy (TEM), and l is the perimeter.
s deformation proceeds, the rounded shape of the grains
ecomes elliptical. Let a and b denote the major and minor
xes of the ellipse, with initial values (prior to deformation)
0 and b0. The minor axis is oriented along the direction
f compression, and the major axis is usually normal to that

irection.

Since the grain is becoming an ellipsoid and its volume does
ot evolve with time, the deformation dependence of a and b can
e written as a ∝ exp(ε/2) and b ∝ exp(−ε), where ε is the true
eformation. It is assumed that the macroscopic deformation is
ccounted for by the change of length of the compression axes in
ll the grains. This is fully consistent with the central hypothesis
f diffusional creep.
ean Ceramic Society 30 (2010) 3357–3362 3361

A simple calculation of the surface area and length of an
llipse yields the following expression for the form factor:

= 4π2 b0

a0

× exp(−(3/2)ε)[∫ 2π

0

√
1 − [1 − (1 − (b2

0/a
2
0) exp(−3ε))] sin2θ dθ

]2

(A.1)

he ratio b0/a0 is determined by the initial value of F. The above
unction was plotted numerically using the MATHEMATICA
oftware package, and is shown in Fig. 4.
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