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a  b  s  t  r  a  c  t

Zirconia-based  materials  are  widely  investigated  and  used  as electrolytes  in solid-oxide  fuel cells,  oxygen
sensors  and  electrochemical  devices.  These  materials  present  polymorphism,  which  has  a critical  effect
on their  technologically  important  properties.  The  polymorphism  is  influenced  by, among  other  factors,
aliovalent  dopant  nature  and  content,  grain  size  and  interfacial  energy.

In this  work,  we  investigated  the  crystal  structure  of ZrO2–12 mol%  CaO  and  −9 mol%  Y2O3 dense
eywords:
eramics
intering
rystal structure
lectrochemical impedance spectroscopy

ceramics  as a  function  of grain  size.  We  found  that  the  samples  undergo  a  phase  transition  from  the  t′′

form  of  the  tetragonal  phase  to the cubic  phase  with  an  increase  in grain  size.  This  transition  is  directly
detected  by  Raman  spectroscopy  and  further  evidence  is  given  by a  change  in  the  activation  energy  for
bulk ionic  conduction.  The  transition  occurs  at an  average  grain  size  greater  than  500  nm  for  both  systems.

© 2016  Elsevier  Ltd. All  rights  reserved.

aman spectroscopy

. Introduction

Zirconia-based ceramics are intensively investigated and widely
sed as electrolytes in solid-oxide fuel cells [1], oxygen sensors
2,3], electrochemical devices [4], etc., because they present excel-
ent electrical and mechanical properties, stability in reducing or
xidizing environments and limited or null interdiffusion with typ-

cal electrode materials [5–8].
Several authors studied the ZrO2 equilibrium phase diagram

lloyed with diverse oxides. However, there is no final consen-
us, mainly because it is difficult to differentiate the metastable
rom the stable phases and also because it is very difficult to reach
quilibrium conditions with thermal treatments below 1200 ◦C [9].

As shown in the phase diagram (Fig. 1), the tetragonal phase is
table only at high temperature. However, in solid solutions with
liovalent oxides such as Y2O3, CaO, MgO, etc. or CeO2, it can be
etained at room temperature in a metastable state for nanocrys-
alline powders and fine-grained sintered ceramics [10–16].
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

The tetragonal phase presents two additional forms, known as
′ and t′′, with increasing dopant content; all three tetragonal forms
elong to the P42/nmc space group. The stable form of the tetrago-
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nal phase is called the t-form, which is restricted to the solubility
limit predicted by the equilibrium phase diagram and has an axial
ratio, c/a, higher than 1 (considering the a lattice constant as in a
pseudo fluorite cell, atetragonal ×

√
2 = acubic). The t′-form, also with

c/a > 1, has a wider solubility range, but it is thermodynamically
unstable; the stable state in this compositional range is a mixture of
the t-form and the cubic phase. The t′′-form has a c/a = 1; it exhibits
a fluorite cationic sublattice, but the oxygen atoms are displaced
along the c axis from their ideal sites of the cubic phase (8c sites of
the Fm3m space group). At higher dopant content, a cubic phase of
fluorite-like structure is retained [10–16].

Yashima et al. have studied the diffusionless phase transfor-
mations leading to the retention of metastable phases at room
temperature in doped ZrO2 systems. These authors were able to
obtain compositionally homogeneous solid solutions presenting
the cubic or tetragonal structure by melting the precursor oxides
followed by quenching. Diffusionless transformations between the
t′–t′′-cubic phases are usually presented as a T0 line in a stable-
metastable phase diagram (see Fig. 1).

Some properties of zirconia based materials depend on its grain
size. Vickers micro-hardness increases with a decreasing grain size.
Fracture toughness and the monoclinic martensitic transformation
start temperature both increases with grain size (for sizes smaller
or c)-phase relationship in dense ZrO2 ceramics, J Eur Ceram Soc

than 2 �m),  for doped zirconia pellets or films [17–19]. Pure and
doped zirconia powders present phase transitions with decreasing
grain size and/or changes in interfacial energy [20–22]. The bulk

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
http://www.sciencedirect.com/science/journal/09552219
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Fig. 1. Stable–metastable phase diagram for the ZrO –Y O system. Adapted from
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ef. [9]. Css: cubic. Tss: tetragonal. Mss: monoclinic. T0: lines for diffusionless trans-
ormation.

onic conductivity slightly improves with a decreasing grain size
n ceramic pellets, also [23–25]. Therefore, it is of interest to know
he phase/size (crystallite or grain) relationship. It may  even be
seful to clarify certain aspects of the conductivity of thin films,
here contradictory results were found (whether they are better

onductors than bulk ceramics [26,27]).
In this work we studied the crystal structure of dense

rO2–12 mol% CaO and −9 mol% Y2O3 ceramics as a function of
rain size by X-ray diffraction and Raman spectroscopy. These
ompositions were chosen because they present the highest con-
uctivity for each system and are one of the most used in
echnological applications (e.g., electrolytes in solid oxide fuel
ells). We used X-ray diffraction to identify the pellets phase and
etect any degradation or mixture of phases. Following the inten-
ity of the 470 cm−1 band in the Raman spectra allowed us to
stablish the t′′-form/cubic transition as a function of grain size for
ense ceramics for both systems. This limit resulted between 500
nd 790 nm for ZrO2–12 mol% CaO and between 500 and 670 nm
or ZrO2–9 mol% Y2O3. Additional evidence of this transition is
upported by the change in the activation energy (Ea) for bulk
onic conduction, calculated from electrochemical impedance spec-
roscopy (EIS) measurements.

. Experimental procedure

Ceramic powders were synthesized by a stoichiometric
el-combustion route explained elsewhere [28]. High purity
rO(NO3)2·6H2O (Sigma–Aldrich, 99.99%), Y(NO3)3·6H2O
Sigma–Aldrich, 99.99%) or Ca(NO3)2·4H2O (Sigma–Aldrich,
9.99%), were used.

Ceramic pellets were prepared by uniaxial pressing, using a
0 mm diameter die with faces polished to a mirror finish. Typically,
00 MPa  of pressure was applied to the powders with a pressure-

ess sintering program of 5 ◦C min−1 heating and cooling rate and
 2 h soak at peak temperature to obtain the pellets. Occasionally,
ome samples required higher pressure (1290 MPa) or faster heat-
ng and cooling rates (400 ◦C min−1) to obtain dense pellets with a
mall grain size and t′′/c phases. Table 1 summarizes the different
amples used in this study and the conditions to obtain them.

When we are not referring to a particular sample but to a
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

eries of them, we will use the following convention: Z (for
rO2)-composition-dopant. According to this nomenclature the
rO2–12 mol% CaO series becomes Z12C.
 PRESS
 Ceramic Society xxx (2016) xxx–xxx

P-XRD was performed in a Philips PW 3710 laboratory diffrac-
tometer, equipped with a graphite monochromator, operated at
40 kV and 30 mA  and using Co-K� radiation. The 2� = 30–95◦ range
was measured for all samples with a 0.05◦ step and 180 s/step. The
84–93◦ range (around the 004 reflection) for all samples and the
30–95◦ range for Z12C-1220 and Z9Y-1220 samples were mea-
sured with a 0.02◦ step and 500 s/step. Rietveld refinement was
performed using a Pseudo-Voigt with the Finger-Cox-Jephcoat
asymmetry correction with the GSAS [29]/EXPGUI [30] code. The
density of the pellets, previously sanded to eliminate rough edges,
was calculated from their mass and geometric volume. The mass
was measured with an analytical scale and the volume was deter-
mined by measuring its diameter and thickness with a calliper.

Depolarized Raman spectra were taken using a Horiba Jobin-
Yvon LabRaman HR spectrometer with a laser source operating at
514 nm (Ar excitation line, spot diameter of 5 �m)  with a spec-
tral resolution of 2.5 cm−1. The power was adjusted to minimize
heating at the spot. The dispersed beam was analysed in a 180◦

geometry. 10 scans with a 10s integration time were taken for each
sample and averaged.

The microstructure of the ceramic pellets was studied by scan-
ning electron microscopy (SEM), using a Philips 515 or a FESEM
DSM 982 Gemini scanning electron microscopes. The pellets were
previously sputtered with gold. The average grain size was cal-
culated by measuring the area of at least 200 grains for each
sample and fitting Dg/<Dg> with the Louat distribution, where
Dg = 2 × √

(grain area/�) [31–33].
Electrochemical impedance spectroscopy was conducted in air

between 1 MHz  and 0.1 Hz with a Princeton Applied Research 273A
potenciostat/galvanostat, with an attached frequency response
analyser (SI1255). The current collectors were made from silver
paint. The paint was left to dry at room temperature and then
fired, in air, at 600 ◦C for an hour, with a 10 ◦C min−1 heating and
cooling rate. The spectra were taken between 200 and 850 ◦C and
normalized by their corresponding pellets macroscopic dimensions
and density. EIS fittings were performed with the Zview software
(version 2.9c, Scribner associates), using a (RQ)b(RQ)gb equivalent
circuit, one RQ for the bulk and another for the grain boundary.

3. Results and discussion

3.1. Microstructural characterization

Table 2 reports the average grain size (Dg) and the relative
density, as a percentage of the theoretic one, while Fig. 2 shows
the microstructure and the grain size distribution. All the samples
showed a different degree of porosity, in accordance with their den-
sity. As reported in Ref. [20], phase transitions can be influenced by
the interfacial energy, but as shown in Fig. 2, most of the grains had
an excellent contact with each other and a high coordination num-
ber; the interfacial energy, therefore, should have a similar effect
for all the samples.

3.2. Structural characterization

Although the powders used in this work are compositionally
homogenous and known to support high temperatures (>1400 ◦C)
without degradation [25,47], concerns about the phase purity of
these samples may  arise because of the sintering treatment and
the lack of a distinctive signal for identifying the presence of the
cubic phase.
or c)-phase relationship in dense ZrO2 ceramics, J Eur Ceram Soc

the thermodynamically stable state, two phases should appear: a
lightly doped tetragonal phase (c/a > 1) and a highly doped cubic
one. An analysis of the tetragonal and cubic ZrO2 phases shows

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
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Table  1
Different ZrO2–Y2O3 and ZrO2–CaO pellets used and conditions to prepare them. Soak temp.: sintering temperature and soak time.

Composition (mol%) Code Pressure (MPa) Rate (◦C min−1) Soak temp. (◦C) [time]

ZrO2–2.8% Y2O3 Z3Y 600 5 1600 [2 h]
ZrO2–9% Y2O3 Z9Y-1220 1290 5 1220 [1 h]
ZrO2–9% Y2O3 Z9Y-1250 1290 5 1250 [1 h]
ZrO2–9% Y2O3 Z9Y-1290 1290 5 1290 [1 h]
ZrO2–9% Y2O3 Z9Y-1350 600 5 1350 [2 h]
ZrO2–9% Y2O3 Z9Y-1600 600 5 1600 [2 h]
ZrO2–6% CaO Z6C 600 400 1350 [7 min]
ZrO2–12% CaO Z12C-1220 1290 5 1220 [1 h]
ZrO2–12% CaO Z12C-1290 1290 5 1290 [1 h]
ZrO2–12% CaO Z12C-1320 1290 5 1320 [1 h]
ZrO2–12% CaO Z12C-1350 600 5 1350 [2 h]
ZrO2–12% CaO Z12C-1600 600 5 1600 [2 h]

Table 2
Properties of investigated samples and literature survey of Ea. Composition: ceramic composition. Dg: average grain size. Ea: activation energy for bulk ionic conduction.
Phase: crystallographic phase, when reported. ıtheo%: density as a percentage of the theoretic one. Soak temp.: sintering temperature and soak time. All Ea were calculated
from  data taken below 500 ◦C.

Composition Ceramic Dg (um) Ea (eV) Phase Density (% ıtheo) Soak temp. (◦C) [time] Ref.

Z3Y 0.08–0.16 ∼0.94 t 66–100 1050–1200 [<1 h] [34]
Z3Y 0.05 0.84 t 93–96 1000 vacuum [1 h] + O2 anneal [35]
Z3Y 0.12 ∼0.85 97% t 97 1150 [2 h] [36]
Z3Y 0.4 0.92 t Dense 1400 [2 h] [37]
Z3Y 0.6 0.91 (1) t 94 (2) 1600 [2 h] This work
Z3Y  0.56–0.69 0.92–0.93 n/a >99 1500 [4 h] [38]
Z3Y 0.12–13.3 0.84–0.85 n/a 94–99.9 1175–1600 [2–10 h] [39]
Z3Y 1.9 0.85 t Dense 1500 [4 h] [40]
Z8Y n/a 0.71a t′′/cubic n/a 1650 [4 h] [41]
Z8Y 0.031–0.351 0.96 n/a 93–98 1100–1200 [1 h] (HUP) [23]
Z8Y 0.01–0.061 ∼0.93b t′′/cubic 38–87 800–1050 [1 h] [42]
Z9Y 0.23 0.94 (2) t′′ 83 (2) 1220 [1 h] This work
Z9Y  0.50 0.95 (2) t′′ 87 (2) 1250 [1 h] This work
Z9Y  0.67 1.15 (3) Cubic 90 (2) 1290 [1 h] This work
Z9Y  0.86 1.14 (2) Cubic 92 (2) 1350 [2 h] This work
Z8Y  2.4 1.07 t′′/cubic n/a 1400 [6 h] [24]
Z9Y 3 1.15 (2) Cubic 93 (2) 1600 [2 h] This work
Z8Y  3.1–13.9 1.08–1.13 n/a 92.8–99.2 1500 [4 h] [38]
Z8Y 16 1.05 Cubic dense 1700 [1 h] [40]
Z8Y n/a ∼1.15 t′′/cubic n/a 1300–1500 [2 h] [43]
Z8Y n/a ∼1.16 t′′/cubic 95 1500 [24 h] [44]
Z10Y n/a ∼1.22 Cubic n/a 1300–1500 [2 h] [43]
Z5C >1 ∼1.1b Cubic 93 1600 [3 h] [45]
Z6C 0.65 1.08 (2) t 93 (2) 1350 [7 min] This work
Z12C  0.35 1.07 (3) t′′ 75 (2) 1220 [1 h] This work
Z12C  0.50 1.09 (2) t′′ 79 (2) 1290 [1 h] This work
Z12C  0.79 1.27 (2) Cubic 83 (2) 1320 [1 h] This work
Z12C  1 1.26 (3) Cubic 92 (2) 1350 [2 h] This work
Z12C  1.8 1.28 (2) Cubic 97 (2) 1600 [2 h] This work
Z12C  n/a ∼1.42 t′′/cubic n/a 1300–1500 [2 h] [43]
Z12C n/a 1.20 Cubic n/a 1650 [4 h] [41]
Z15C 2.7 1.32 Cubic 94 1400 [6 h] [24]
Z12–19C 22–55 1.13–1.29 t′′/cubic 56–90 >1550 [>3 h] [46]

t
b
t
t
w
t
n
t
m
f

s
a
f
s

a Not commented on its reference, see Section 3.3.
b Not reported, calculated from figures. HUP: hot uniaxial pressing.

hat satellite peaks belonging to the tetragonal phase should appear
efore and after the 200, 311, 400, and 420 t′′/cubic reflections in
he XRD pattern. The inset in Fig. 3 shows the region corresponding
o the (400) c reflections for the Z12C samples, it is also in this range
here (400) t, (004) t should appear; the insert’s scale is logarithmic

o highlight the eventual presence of low intensity peaks. Clearly,
o extra peaks are present (the only other peak, at ∼88.5◦, is due to
he K�2). No satellite peaks around the 111 reflection, where the

ost intense peaks of the monoclinic phase appear, were detected
or any of the samples, either.

Another possible concern is related to the slow cooling after
intering. Krogstad et al. [48] found that this treatment could yield
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

 phase with no resolvable tetragonality in the Rietveld refinement
or tetragonal samples. But they also stated that, even in slow cooled
amples, there was always some asymmetry in the peaks, showing
the presence of the (400)t and (004)t reflections. A careful analysis
of the (400) reflection profile for our samples provided no evidence
of this (see Fig. 3).

Finally, the samples identified as t′′ might actually be a mixture
of t′′ and cubic phases as there is no distinct Raman mode for the
cubic phase. Rietveld refinement was  performed for the samples
sintered at 1220 ◦C. A good fit was  achieved with one phase (see
Table 3 and Fig. 4). Attempts to add an extra phase resulted in diver-
gent refinements or a fraction of less than 0.1% for the second phase;
fits with the P42/nmc space group resulted in a c/a indistinguishable
from 1 within the error bars.

We thus conclude that the samples used in this study are
or c)-phase relationship in dense ZrO2 ceramics, J Eur Ceram Soc

monophasic. A similar analysis conducted for the Z9Y samples pro-
vided the same results.

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
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Fig. 2. Micrographs (left) and grain size distribution (right) for the ceramic pellets. (a) Z9Y-1250. (b) Z9Y-1290. (c) Z12C-1290. (d) Z12C-1320.

Table 3
Refined lattice and goodness-of-fit parameters for the Z12C-1220 sample.

Sample a (Å) c (Å) c/a Rwp Rp

305 (2

a

Fm3m Z12C-1220 5.1292 (5) – 

P4 /nmc Z12C-1220 3.6277 (4) 5.1
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

2

Only one lattice constant is detected (see Table 3 and Fig. 3) for
ll samples; therefore they presented a fluorite cationic substruc-
– 0.0705 0.0486
) 1.00003 (11) 0.0857 0.0581
or c)-phase relationship in dense ZrO2 ceramics, J Eur Ceram Soc

ture. To determine if they have the t′′-form of the tetragonal phase
or the cubic phase (both structures have c/a = 1), we  have to look for

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
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Fig. 3. Z12C sample series X-ray diffraction data corresponding to the (400) c reflec-
tion  (the presence of two  peaks is due to the Co K�1 and K�2 lines). The broader
range and logarithmic scale in the inset highlights the absence of tetragonal reflec-
tions. This is the range where the (400) t and (004) t reflections should appear if the
tetragonal phase were present. The vertical scale is shifted for clarity.
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ig. 4. Diffraction profile for Z12C-1220, with its corresponding calculated profile.
he difference between the observed and calculated patterns is shown below.

eak reflections related to the displacement of the oxygen atoms.
s the oxygen is a light atom, its reflections are difficult to detect
ith laboratory XRD.

Raman spectroscopy was used to determine the oxygen dis-
lacement; this technique easily distinguishes the t′′-form from the
ubic phase. Fig. 5 plots the Raman spectra for the Z12C sample
eries. Six Raman-active modes at approximately 150, 260, 320,
70, 600 and 640 cm−1 are detected. All of them are assigned to
he tetragonal phase (one A1g, three Eg and two B1g modes), and
heir positions coincide well with those reported by Yashima et al.
49,50] and our own studies in nano-sized powders [15]. As estab-
ished by Yashima et al., the occurrence of the 470 cm−1 band can
e used to monitor the presence of the tetragonal phase [49,50].
ith increasing sintering temperature this band monotonically

osses intensity and disappears for samples treated at temperatures
igher than 1320 ◦C. This change is indicative of a transition from
etragonal to cubic symmetry [15,49,50].

Similar results were obtained for the Z9Y sample series; in this
ase the 470 cm−1 band disappears for samples treated at temper-
tures higher than 1290 ◦C (data not shown).

Consequently, the Raman and XRD studies show that the Z12C-
220 and Z12C-1290 presented the t′′ form of the tetragonal phase
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

hile the Z12C-1320 and Z12C-1350 samples presented the cubic
ne. These samples have an average grain size of 350, 500, 790 and
000 nm (Table 2 and Fig. 2), respectively. This fact establishes the
Fig. 5. Raman spectra for Z12C sample series dense pellets.

critical average grain size for the t′′-form/cubic transition in dense
Z12C ceramics between 500 and 790 nm.  A similar analysis for the
Z9Y series establishes this limit between 500 and 670 nm (Table 2
and Fig. 2).

It is worth mentioning that pure and doped zirconia powders
tend to the high-temperature tetragonal/cubic structures with a
decreasing crystallite size [21,22]. Shukla and Seal [20] shown that
thermal treatments, with the consequent increase in crystallite
size, transform powders to the thermodynamically stable mono-
clinic phase. This happens because in powders, the surface free
energy is a determinant factor in the retention of high tempera-
ture phases [26] and becomes more important while crystallite size
decreases [20].

In ceramics, the situation is different, the grains are large enough
so the surface free energy effect is minimized or negligible, and as
they are in intimate contact with each other the interfacial energy
can have a significant role [20]. For example, for a highly agglom-
erated nanocrystalline ZrO2 powder, in which the surface energies
are modified and can be regarded as interfacial energies, it was
found that the high temperature tetragonal phase is stable at room
temperature up to a critical size of 30–33 nm [51]. Notice that this
size decreases to 10 nm for strain free, single domain crystallites
of near-spherical shape in contact with air at ambient pressure
and temperature [52]. Al2O3-coated ZrO2 nanoparticles exhibit
an increase in both the tetragonal-to-monoclinic phase transfor-
mation temperature (1000 to 1400 ◦C) and the maximum critical
domain-size for the tetragonal phase stabilization at room temper-
ature (∼20 to ∼70 nm)  [53].

Shukla and Seal [20], Garvie [51], Garvie and Goss [52], and Kirch
and Tolbert [53] report about the monoclinic/tetragonal transition,
a more dramatic change in crystal structure with a much larger
volume change of ∼4%, than the tetragonal/cubic one (∼0.1% vol-
ume  change) [48]. A similar mechanism, i.e., a modification of the
interfacial energy of the grains, could explain the stabilization of
the cubic phase in the larger grain ceramics studied in this work.
However, the explanation of this phenomenon is outside the scope
of this paper.

3.3. Bulk electrical properties

Further evidence for the presence of the tetragonal or cubic
phases in the pellets can be obtained by calculating the activa-
tion energy (Ea) for bulk ionic conduction. EIS measurements were
made for all samples. We  used the Z6C and Z3Y and the Z12C-
or c)-phase relationship in dense ZrO2 ceramics, J Eur Ceram Soc

1600 and Z9Y-1600 pellets as phase standards. These samples are
well characterized in dense ceramics and known to present the
tetragonal or the cubic phase, respectively [34–36,43,44,54].

dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048
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We  also conducted a literature survey of reported Ea’s. All Ea’s
eported in Table 2 are from data taken below 500 ◦C, as is our data.
etween 500 ◦C and 600 ◦C, the oxide ion vacancy dissociates from
he dopant [55] and the Ea decreases. For lightly doped tetragonal
amples, we can clearly see in Table 2 that the activation energy is
ower than for more heavily cubic doped samples. This dependence
f the Ea on composition can be rationalized if we  consider that a
olecular dynamics study found that the Ea increases with higher

opant content [56].
The Z8Y sample Ref. [41], presents an anomalously low Ea value.

o ceramic Dg is reported, but with 4 h at 1650 ◦C as the sintering
rocess is doubtful its Dg is below the t′′/c boundary. In addition,
he authors did not discuss its relevance, insofar as such a low Ea
alue is very remarkable for zirconia ionic conduction at low tem-
erature. Specially, since these values are even lower than those
ccepted for tetragonal zirconia, and heavily doped samples have

 higher Ea [56]. For these reasons, these samples were not con-
idered any further. No Dg is reported for Refs. [43,44] samples,
ut with the sintering process utilized, the Dg is surely above the
oundary determined here. The Z8Y samples from [23,42] are nano-
ristalline ceramics with a Dg smaller than 351 nm,  below the t′′/c
oundary determined in this work. No structural characterization

s reported, but, interestingly, they present very similar Ea values
han those of our t′′-samples.

Table 2 presents the bulk Ea for ionic conduction for all the
amples studied here; it is clear that the Ea changes. Furthermore,
his change matches perfectly with the change in crystal symmetry
nd cannot be assigned to an increase in density and/or grain size
reported in Table 2), as studies done in [23,24,39,42] showed that
he Ea was independent of these factors. Although there is some
ispersion in the Ea values reported in Table 2, there is no overlap
etween tetragonal and cubic samples. In addition, the majority of
he cubic samples, presented an Ea value that was above the one
etermined in this work for t′′-samples.

The lower Ea value for Z12C-1220, Z12C-1290, Z9Y-1220 and
9Y-1250 is then closer to the accepted values for the tetragonal
hase, than to those for the cubic one (see Table 2), suggesting that
hese samples did not present the cubic phase.

The change in the bulk ionic conduction Ea is further evidence,
ndependently obtained, that supports the phase transition from
he t′′ form of the tetragonal phase to the cubic one for both series.

. Conclusions

Monophasic ceramic pellets of different average grain size were
btained. A tendency for dense ceramics to stabilize the t′′ phase
or smaller grains, as opposed to the tendency for pure and doped
rO2 powders to stabilize the cubic/tetragonal phases for smaller
rystallite sizes, was observed.

The bulk ionic conduction Ea depended not only on the nature of
he aliovalent dopant, but also on the crystal structure, a fact which
s not thoroughly discussed in the literature, probably due to the
ifficulty of distinguishing between the t′′ and cubic structures in
rO2 based systems.

In this work, the simultaneous utilization of XRD, Raman and
IS was used to determine the crystal structure of Z12C and Z9Y
eramic pellets with different grain sizes. Complementary informa-
ion obtained from each technique was extremely useful to clarify
Please cite this article in press as: I.O. Fábregas, et al., Grain-size/(t′′

(2016), http://dx.doi.org/10.1016/j.jeurceramsoc.2016.01.048

hether the pellets presented the t′′ or cubic structure.
We report for the first time the critical grain size for the t′′/cubic

ransition in ZrO2–12 mol% CaO, between 500 and 790 nm,  and
rO2–9 mol% Y2O3, between 500 and 670 nm,  dense ceramics.
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