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Structural changes of Zr02-Ce02 solid solutions around the monoclinic-tetragonal phase boundary
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High-resolution neutron-diffraction experiments have been performed to study the structural changes
of Zr02 induced by Ce02 doping. The crystal structures of monoclinic [P2, /c, Z =4] and tetragonal
[P42/nmc, Z =2] phases for ZrOz —X mo1% Ce02 (X =0, 2, 5, 8, 10, 12, and 15) have been refined by
the Rietveld analysis of the diffraction patterns measured at 298 K. The unit-cell parameters change an-

isotropically with an increase of Ce02 content X. In the monoclinic phase a and c increase consider-
ably while b shows a rather small increase with increasing X where the suffix m denotes the monoclinic
phase. The angle P decreases with increasing X. The thermal ellipsoids also show large anisotropies,
which correlate strongly with the directions of the movements of oxygen ions during the phase transi-
tion. The unit-cell parameters and the atomic positions discontinuously change during the monoclinic-
tetragonal phase change. The crystal structure of monoclinic phase approaches that of tetragonal phase
with an increase of X: (1) the length of a approaches that of b with increasing X, (2) the angle P de-

creases with X, and (3) all positional parameters of the monoclinic phase approach those of the tetrago-
nal structure.

I. INTRODUCTION

Zirconia ceramics such as Zr02-Ce02, ZrOz-Yz03, and
ZrO2-CaO are attractive materials as structural ceramics
with high toughness, fuel cells, oxygen sensors, and re-
fractories. Their physical and chemical properties relat-
ing to such uses are strongly dependent on the crystal
structures, dopant concentration, temperature, and mi-
crostructures. A temperature-composition phase dia-
gram of the Zr02-Ce02 system is shown in Fig. 1.'

Undoped zirconia (Zr02) has three solid polymorphisms
of monoclinic, tetragonal, and cubic phases at atmospher-
ic pressure. The coordination polyhedra of the po-
lymorphs are schematically shown in Fig. 2. The low-
temperature stable monoclinic phase of Zr02 (space
group P2, /c) (Refs. 7 and 8) martensitically transforms
into the tetragonal phase (space group P42lnmc) (Ref. 9)
at about 1500 K, ' '" and then a phase transition occurs
from this tetragonal phase to a cubic fluorite-type struc-
ture (space group Fm3m) above 2560 K.' Both mono-
clinic and tetragonal phases have distorted fluorite struc-
tures (Fig. 2), and the phase transitions among them are
diffusionless in nature. On the basis of a geometrical
comparison of the monoclinic and tetragonal structures,
Smith and Newkirk proposed possible atomic displace-

ments during the phase transition in undoped Zr02, and
their proposal was later supported by high-temperature
neutron powder diffraction. ' During this diffusionless
phase transition, the oxygen O(1) has an important role,
because the longest shift in the phase change should be
the movement of the O(1) atom attached to the Zr07
group. Its coordination number changes from 3 (mono-
clinic) to 4 (tetragonal) as shown in Fig. 2.

Doping of an oxide such as Ce02, Y203, and CaO into
Zr02 extremely improves its mechanical and electrical
properties such as toughness, strength, thermal-shock
resistance, and ionic conductivity. The toughness of the
ceria-doped zirconia ceramics (Zr02-X mol %%uo

Ce02=Zr, I/, ooCex/, oo02), for example, is considerably
higher than those of undoped or yttria-doped ones (ZrOz
and ZrOz-Y203). ' ' These properties can be correlated
with the stabilization of high-temperature tetragonal and
cubic phases in the lower-temperature region (Fig. 1).
The diffusionless phase changes are described by the
metastable phase boundaries as To™(dashed lines in

Fig. 1),' ' ' ' where the free energy of the tetragonal
phase G, equals that of the monoclinic phase G at a
temperature T~™ . High toughness of the doped zir-
conia is mainly ascribed to the stress-induced tetragonal-
to-monoclinic phase transformation. ' ' Therefore the
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transformation and phase change have been extensively
studied by many researchers. '

Some previous work has studied the unit-cell parame-
ters of the Ce02-doped Zr02 from some peak positions
observed in ordinary x-ray powder diffraction pat-
terns. "' ' ' ' However, these measurements are not high-

Q Oxygen anion

~ Zr, Ce cation

01

02

~b (
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FIG. 2. Schematic cation coordination polyhedra in rnono-
clinic, tetragonal, and cubic zirconias.

FIG. 1. Metastable and stable phase diagrams in the ZrO&-

CeOz system (Refs. 1 and 2). Solid lines are stable boundaries,
and dashed ones for metastable. For a given composition, the
To ' is defined as the temperature where the free energies of
cubic and t" forms are equal. The t" form is a tetragonal phase
where the axial ratio is unity, while the t' form is that whose c
axis value is larger than the a axis one. These diffusionlessly
formed metastable t' and t" are conveniently distinguished from
the diffusionally precipitated t form, although these three forms
have the same crystal structure. The Tf ' denotes the finish-

ing point of the t'-to-t" transformation, which was referred to
Tft c jn Ref. 2.

ly accurate for the monoclinic phase because of the com-
plexity of the powder diffraction patterns. ' An un-
resolved issue is the compositional dependence of the
unit-cell parameters around the monoclinic-tetragonal
phase boundary.

The temperature dependence of the positional parame-
ters of O(1) around the monoclinic-tetragonal transition
point is important, because O(1) shows the longest move-
ment during the transition. ' Results of high-
temperature neutron powder diffraction on undoped
Zr02 (Ref. 10) seem to show that the positional parame-
ters of this oxygen, x[O(1)] and y[O(1)], remain almost
unchanged (apart a little from 0) with an increase of tem-
perature above 1500 K. It is interesting to compare the
monoclinic-tetragonal phase transition induced by CeOz
doping with that under high temperature. However, the
Ce02 compositional dependence of the oxygen position is
not known yet. A second unresolved issue concerns the
atomic positional changes in the Zr02-Ce02 solid solu-
tions.

In the present study, high-resolution neutron
diffraction is utilized both to quantify the oxygen position
and to investigate the structural change with the help of
the relatively large scattering length of oxygen in neutron
diffraction. Rietveld refinements of the high-
resolution diffraction data, ' which have a much higher
resolving power for analyzing the complicated patterns of
the monoclinic phase, are performed in the present study.
We focus our attention on the compositional dependence
of the oxygen positions and the unit-cell parameters
around the monoclinic-tetragonal phase boundary.

II. EXPERIMENTS AND DATA ANALYSIS

A. Sample preparation

The samples used for data collection were all prepared
from commercially available zirconia containing a few
amounts of hafnia that comes from raw materials (hafni-
um dioxide, Hf02, 1.98 wt. %%uo inZr02) . Th estartin gma-
terials were high-purity zirconia [Tosoh Co. Ltd. , Tokyo,
Japan, 99.9%, (97.9 wt. % Zr02+ 1.98 wt. % Hf02),
grade UPZ-200] and ceria (CeOz, Shin-Etsu Chemicals
Co. Ltd. , Tokyo, Japan, 99.9%%uo) powders. They were
manually mixed as methanol slurries or dried powders in
an agate mortar with a pestle for 3 h. The mixed powder
was pressed into pellets (20 mm in diameter and 10—20
mm in height) by hand and then isostatically pressed at
about 200 MPa. The pellets were fired at 1650'C in air
for 5 h in an electric furnace with MoSi2 heaters, where
the heating and cooling rates were 10'C/min. Since the
monoclinic phase forms through a diffusionless phase
transition below To™[arrow in Fig. 1 (Ref. 2)] from the
tetragonal single-phase material ( X in Fig. 1), we can in-
vestigate the crystal structures of compositionally homo-
geneous samples. Sintered products were white, indicat-
ing no oxygen vacancies at room temperatures, which
might occur at high temperatures. Sintered materials
were crushed into powders in an alumina mortar to mea-
sure the powder diffraction.
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B. X-ray-diffraction measurement 54
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X-ray powder diffraction was used to determine the
lattice parameter of the ZrOz-15 mol%%uo Ce02 sample.
The sample was well mixed with an internal Si powder
standard (ao =5.43094 A, 99.999%) for angular cahbra-
tion. The x-ray-diffraction profiles of the mixed samples
were collected with an x-ray diffractometer (MXP
MAC Science Co. Ltd. , Tokyo, Japan) under the follow-
ing experimental conditions: tube generated Cu Ka radi-
ation, curved graphite diffracted-beam monochromator,
goniometer radius = 185 mm, divergence slit = 1', anti-
scatter slit = 1', receiving slit = 0.15 mm, NaI (Tl) scin-
tillation counter, step-scan mode, step width = 0.02' in
20, fixed time = 5 s, and 20 range = 68' —150'. Individu-
al profile fits were performed for the powder data using a
profile-fitting program PRO-FIT. The peaks were fitted
with a Pearson VII type function.
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C. Neutron-di8'raction measurements

The powders were placed in a 10-mm outside diameter
50 mm vanadium holder with a wall thickness of 0.05
mm. Neutron-diffraction data for all samples were col-
lected at 298 K with the high-resolution powder
diffractometer (HRPD} at the JRR-3M of the Japan
Atomic Energy Research Institute. ' ' The HRPD is
an ILL-D28 type diffractometer with a fine collimation
system using 64 detectors placed at every 2.5' of the
diffraction angle. ' A neutron beam was monochroma-
tized by the (311) plane of a Ge monochromator. The
profile data were measured by scanning at intervals of
0.05' in the 2L9 range of 5' —165'. The counting time was
almost 12 or 21.6 min/points (10 or 18 h for a complete
scan). The wavelength of the neutron beam was refined
to be 1.8236 +2 A using the lattice parameter of Zr02-15
mol %%uo CeOz by the method described before.

The structural refinements were performed by a Riet-
veld analysis program RIETAN. ' The peak shape was
assumed to be a modified pseudo-Voigt function with
asymmetry. The background of each profile was approxi-
mated by a six-parameter polynomial in 20", where n is a
value from 0 to 5. The refinements were carried out with
anisotropic atomic thermal parameters P, (Table I).

FIG. 3. Variation of the unit-cell parameters a, b, c
&2a„and c, with the Ce02 content: 0, present work (mono-
clinic phase); 0, present work (tetragonal phase); 6, Tani et al.
(Ref. 4); V, Urabe et al. (Ref. 27); C'; Frey et al. (Ref. 10); X,
Smith and Newkirk (Ref. 8).

consequence, the length of a approaches that of b

The unit-cell volumes of both monoclinic and tetragonal
phases increase with increasing of X as seen in Fig. 5.
These increases in unit-cell volumes are ascribed to the
substitution by the larger-sized Ce + ion (the effective
ionic radius is 0.97 A for eightfold coordination ) for the
smaller host Zr + (0.84 A for eightfold coordination ). '

These data of unit-cell parameters show good agreement
with those in the previous works (Figs. 3—5).

The fracture toughness enhancement EKI& by the
tetragonal-to-monoclinic phase transition in Ce-doped
tetragonal zirconia ceramics with fine grains of submi-
crometer is expressed as

III. RESULTS AND DISCUSSION

The refinements for the ZrO2-X mol%%uo Ce02 solid
solutions were successfully performed by the monoclinic
structure [P2, /c, Z=4 (Refs. 7 and 8)] for X=0,2, 5, 8

by the tetragonal structure [P42/nmc, Z =2 (Ref. 9)] for
Z = 15 and by their mixtures for X= 10 and 12 (Table I).
No other phases were detected for all samples studied.

A. Unit-cell parameters
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The unit-cell parameters of the monoclinic and tetrag-
onal phases, a, c, &2a„and c„ increase and the P
angle decreases with an increase of Ce02 content X (Figs.
3 and 4}. The lattice parameter b increases in the com-
positional range of 0(I( 8 mol k CeQz, but decreases a
little at 10(X(12 with an increase of X (Fig. 3). In

ITIol% Ce02 ln ZrOz

FICx. 4. Variation of the unit-cell parameter P with the
Ce02 content: 0, present work (monoclinic phase); 0, present
work (tetragonal phase); 6, Tani et al. (Ref. 4); V, Urabe et aI.
(Ref. 27); 0, Frey et al. (Ref. 10); X, Smith and Newkirk (Ref.
8).
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where e is the dilatational transformation strain that is
equivalent to the cell volume ratio V /2V„and E, Vf, h,
and v are Young's modulus, the volume fraction of ma-
terial susceptible to transformation, the transformation
zone width, and Poisson's ratio, respectively. The cell
volume ratios V /2V„which are important for the
transformation toughening, are 1.050 and 1.051 in 10 and
12 mo1% CeOz samples. These values are larger than

moI% CeOp in ZrOp

FIG. 5. Variation of the unit-cell volumes with the CeO&
content: o, present work (monoclinic phase); 0, present work
(tetragonal phase); 4, Tani et al. (Ref. 4); '7, Urabe et al. (Ref.
27); Q, Frey et al. (Ref. 10); X, Smith and Newkirk (Ref. 8).

1.03 (Ref. 10) of undoped ZrOz, but comparable to that in
ZrOz-X mol %%uo YO, ~ solid solution [e.g. ,
V /2V, =1.051 (Ref. 21) for X=4]. Thus the transfor-
mation strain e is not responsible for the higher tough-
ness of ZrOz-CeOz than that of YO& 5-doped ZrOz, which
should be mostly ascribed to the difference in the trans-
formation plasticity. ' '

The b shows a small change with increasing of X,
while a and c increase and P~ decreases with X (Figs.
3 and 4). This indicates that the unit-cell parameters of
monoclinic ZrOz vary anisotropically with increasing of
X. These changes are similar to those observed in cases
both of thermal expansion ' ' and doping of YO& 5.

'

Patil and Subbarao suggested that the temperature-
induced anisotropy could be associated with the structure
of ZrOz with a low symmetry and complex bonding with
a considerable amount of covalent character. As will be
described later, we have obtained anisotropy of the
thermal ellipsoid and complex positional changes of oxy-
gen with X, which might also be associated with the an-
isotropy in the unit-cell parameter changes with X.

B. Positional parameters

The compositional dependence of the positional pa-
rameters is shown in Fig. 6, where these parameters are
defined as the differences of atomic coordinates of the
monoclinic phase from those in the tetragonal phase (its
atomic coordinate z, was fixed to be 0.2054 obtained for
ZrOz-15 mol%%uo CeOz). The positional parameter x of the
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FIG. 6. Positional parameters of monoclinic ZrO&-CeO&, given as the difference from their values in the tetragonal phase: (a)
y[O(1)] and x[O(1)]; (b) y(Zr, Ce), z[O(2)], x(Zr, Ce), and y[O(2)]; (c) z(Zr, Ce), x[O(2}],and z[O(1)].
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cations (Zr, Ce), x(Zr, Ce), and y(Zr, Ce) decreases and
z(Zr, Ce) increases with increasing of Ce02 content X
[Figs. 6(b) and 6(c)]. The positional parameters x[O(1)]
and y[O(1)] decrease and z[O(1)] increases considerably
with X [Figs. 6(a) and 6(c)]. The positional parameter
x[O(2)] increases and y[O(2)] decreases with an increase
of X [Figs. 6(c) and 6(b)]. The positional parameter
z[O(2)] remains almost constant, but seems to decrease
with X. Figure 6 indicates precursor phenomena for the
monoclinic-to-tetragonal phase transition induced by
CeOz doping, where the positional parameters of the
monoclinic phase approach 0: those of the tetragonal
phase.

It is interesting to compare the compositional depen-
dence of the atomic positions of the Zr02-Ce02 solid
solutions with the temperature dependence in undoped
Zr02. Around the temperature-induced monoclinic-
tetragonal transition point in undoped Zr02, the atomic
coordinates of the monoclinic phase did not always ap-
proach those of the tetragonal phase according to Frey
and co-workers. ' ' For example, x[O(1)] and y[O(1)]
seem to increase with temperature around the transition
temperature (Fig. 4 in Ref. 10). It is noteworthy that
around the transition composition in Ce02-doped Zr02
all positional parameters approach those of the tetrago-
nal phase (Fig. 6). This suggests that the precursor phe-
nomena observed in oxygen positions in the transition
caused by the Ce02 doping are different from those in the
temperature-induced transition in undoped Zr02, al-
though both seen in the unit-cell parameters are very
similar.

The equivalent isotropic thermal parameters increase
with an increase of Ce02 content as shown in Fig. 7. The
isotropic thermal parameter of O(1), B[O(1)],determined
in the present study, has larger values than B[O(2)] and
B(Zr,Ce) in the whole compositional region examined,
which was also observed in undoped ZrOz. ' The larg-
est thermal parameter B[O(1)] in all ions corresponds to
the largest movement of O(1) during the monoclinic-

tetragonal phase change shown by the dashed lines in
Fig. 8(a). The increase of the disorder in the atomic po-
sitions with increasing of X is similar to that obtained by
an extended x-ray-absorption fine-structure (EXAFS)
study of zirconia-ceria solid solutions. "

Figure 8 shows the variation of the layer of Zr07
groups at x =

—,
' projected on the (100) plane with an in-

crease of the Ce02 content X, where the position of the
central cation is Axed for all compositions. With increas-
ing of X, the oxygen ions approach the ideal positions in
the tetragonal structure. The anisotropies of the thermal
ellipsoids are similar to those for undoped Zr02 at high
temperatures. ' ' It is noteworthy that each O(1) ion
moves with increasing of X in the direction of the major
axis of its thermal ellipsoid. Each oxygen seems not to be
located on the straight line between the ideal position in
the tetragonal structure and that in the monoclinic un-
doped Zr02, but on a curved line shown by the dashed
lines in Fig. 8(c). Complex potentials should exist for ox-
ygen ions in the monoclinic zirconia materials, which
yield various anisotropies for their thermal ellipsoids
(Fig. 8), their complex movements with X, and the aniso-
tropic changes in the unit-cell parameters with X.

This displacive phase transition induced by the Ce02
doping shows a strong first-order character as seen from
the steep changes in the unit-cell parameters at X=10
and 12 (Figs. 3—5). Such sudden changes are observed in
the atomic positions during the phase transition (Figs. 6
and 8). However, the present study has also demonstrat-
ed the following characteristics: (1) The length of a ap-
proaches that of b with an increase of X (Fig. 3), (2) the

p angle decreases with X (Fig. 4), and (3) all positional
parameters of the monoclinic phase approach those of
the tetragonal structure (Fig. 6). Some theoretical studies
using appropriate potentials between ionic species are re-
quired to explain these complex structural changes.

IV. CONCLUDING REMARKS
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FIG. 7. Variation of the equivalent isotropic thermal param-
eters with Ce02 content.

The present study has demonstrated various anisotrop-
ic and complicated aspects in the structural changes.
First, the unit-cell parameters change anisotropically
with an increase of Ce02 content X: b shows a small
change with X, while a and c increase and P de-
creases with X (Figs. 3 and 4) in a similar manner as the
temperature dependence in undoped Zr02. Second, the
thermal ellipsoids also show large anisotropies, which
correlate strongly with the direction of the movement of
each ionic species with X and during the phase transition.

This displacive phase transition induced by the CeO2
doping shows a strong first-order character as seen from
the steep changes in the unit-cell parameters and in the
atomic positions during the phase transition. The present
study has also demonstrated that (1) the length of a ap-
proaches that of b with an increase of X, (2) the P an-
gle decreases with X, and (3) all positional parameters of
the monoclinic phase approach those of the tetragonal
structure.
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FIG. 8. (a) The variation of the layer of Zr07 groups at x =
4 projected on the (100) plane with CeO& content. The variation of one

O(1) and one O(2) (b) with and (c) without thermal ellipsoids. Each point with a number X in (b) and (c) denotes the ellipsoid or the
position of an oxygen in the Zr02-X mol % Ce02 sample. C' indicates the ideal position of oxygen in the tetragonal structure of the
15 mol% Ce02 sample.
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