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Examination of the mechanism of phase stability
of zirconia, alloyed with magnesium and calcium
V.G. ZavodinskKii

The effect of the atoms of magnesium and calcium on the stability of the cubic phase of
zirconia was investigated by the method of the functional of electronic density (taking into
account the gradient correction) and the method of the pseudo-potential. It has been
confirmed that the main reason for the instability of the real cubic zirconia is the insta-
bility of its oxygen sub-lattice in relation to distortion. The substitution of the zirconium
atoms by the atoms of magnesium or calcium, with the simultaneous removal of the
appropriate amount of oxygen, results in the distortion of the oxygen lattice exceeding the
value corresponding to the distortion. This stabilises the cubic phase of zirconia.

Introduction

The zirconium dioxide (ZrO,) is interesting
as a ceramic material, having valuable
optical, electrical, thermal, strength and
other characteristics, and the phase transi-
tion in this material and impunity
stabilisation are the subject of many experi-
mental and theoretical investigations. At
temperatures below 1170°C, the monoclinic
phase (m) of the unalloyed ZrO, is thermo-
dynamically stable. From the temperatures
of 1172 to 2370°C, unalloyed zirconia is te-
tragonal (¢), and at temperatures above
2370°C up to the melting point (2706°C) the
unalloyed zirconia is cubic (¢) [1, 2]. The
cubic phase may be stabilised, i.e. the ¢—>¢
transition temperature maybe reduced by
introducing various additions, such as MgO,
Ca0, Y,0,, etc.

The analysis of the phase diagrams [3-
5) shows that at high temperatures, the
transition of tetragonal zirconia alloyed with
different additions, to the cubic phase, takes
place at approximately the same concen-
tration of the impurity. However, only the
addition of Y,O, makes it possible to pro-
duce the cubic zirconia, stable at room

temperature. The cubic phase ZrO,-CaO is
stable only up to 850°C, and the cubic
zirconia with the addition of MgO dissoci-
ates with the precipitation of tetragonal
ZrO, and MgO at temperatures below
1100°C.

In fact, both the tetragonal and mono-
clinic phases may be represented as deriva-
tives of the cubic phase which has the
structure of fluorite. The tetragonal phase
forms from the cubic phase by specific
rearrangement of the oxygen cubic sub-lat-
tice (in the sub-lattice, one half of the
oxygen atoms is displaced in relation to the
other half) and the elongation of the el-
ementary cell in the direction of displace-
ment of the oxygen atoms. The monoclinic
phase forms from the tetragonal phase by
shear deformation of the entire elementary
cell with some change of the length of the
sides of the cell.

Although the cubic phase is the phase
with the highest temperature, it has the
highest density, and as regards energy it is
only slightly inferior to the tetragonal phase:
by 0.052 eV per unit ZrO, [6].

According to the experiments [7] and
calculations [8], the instability of the cubic
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phase is associated with a tendency of the
oxygen sub-lattice for distortion of the cubic
symmetry along the direction <100>. The
positions of the oxygen atoms Z, along this
direction may be expressed by means of the
distortion parameter d:

zo=(0,25+d)-c,

Here c is the lattice constant along the
direction of distortion, and the value d may
have both positive and negative.

The total energy of the crystal has two
minima as a function of d (one minimum
at the positive value of d, the other one at
the negative value). The central position of
the oxygen atoms (at d = 0) corresponds
to the ideal cubic structure and is not sta-
ble. The experimental value of the equilib-
rium value of d 18 0.065, the theoretical
value 0.052. As shown in [1], the distor-
tion of the oxygen sublattice is character-
istic not only of the tetragonal phase of the
zirconia but also of the cubic phase. The
cubic structure becomes stable only at high
temperatures when the oxygen atoms$ jump
from one minimum to the other one, and
the cubic symmetry is realised in the mean.

There has been a number of investiga-
tions [9-14] in which attention has been
given to the reasons for the stability of the
cubic zirconia, alloyed with the impurities
such as Y, Mg, Ca. The majority of the
authors assume that the main reason for the
stabilisation is the local increase of the
strength of the 7Zr-O chemical bond as a
result of the re-distribution of the electronic
density in the vicinity of the 1on of the
impurity atom. The authors of [14] also
discussed the role of oxygen vacancies, the
interaction of defects. and the electronic
structure of the impurity atom. However,
no direct relationship was investigated be-
tween the presence of impurities and the
tendency for phase rearrangemsant.

In this work, investigations were carried
out into only the stabilisation of the cubic
zirconia by magnesium and calcium because
the case of yttrium is far more complicated.

In the introduction of trivalent yttrium, one
oxygen atom for every two yttrium atoms
is removed from the zirconia. This 1s ac-
companied by the difficulties associated
with the consideration of the correlation be-
tween the distribution of the atoms of yt-
trium and oxygen vacancies which require
separate examination.

'The method and details of calculations

Calculations were carried out using
FHI96MD program [15] based on the
theory of the functional of electronic den-
sity [16, 171, the method of the pseudo-
potential and the basis of flat waves. To
calculate the volume and correlation energy
we use the gradient approximation in the
form proposed by the authors of [18] (PW
91). The pseudo—potentials were constructed
using the Truller-Martins method [19] us-
ing the FHI9SPP program [20]; they were
calculated for the absence of ghost states
and verified for the capacity to reproduce

the main lattice characteristics of bulk ma- .

terials (lattice constant and elasticity modu-
lus).

The energy of truncation of the set of
the flat waves was assumed to be equal to
44 rydberg, the minimum cell of the cubic
zirconia was the cell Zr,0, whose form 18
indicated in the figures, and the supercell
was represented by the minimum cell taken
from three measurements containing a to-

® 7r
« O

Fig. 1. The distribution of the zirconium and oxygen atoms
in the cell of cubic zirconia. The arrows indicate the
direction of displacement of the oxygen atoms from the ideal
cubic positions in distortion.
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tal of 32 zirconium atoms and 64 oxygen
atoms (Zr,,0.). The very large supercell
combined with the high truncation energy
required restriction for the single k-point (in
particular, the gamma point) in the Brillouin
zone for the determination of the total
energy. This is fully acceptable for non-
metallic materials. In operation with the
minimum cell, containing 4 zirconium atoms
and 8 oxygen atoms, two special points
were used: (0.25; 0.25; 0.25) and (0.25;
0.25; 0.75) with the weight of 0.25 and
0.75, respectively. The accuracy of calcu-
lating the total energy was 0.0001 eV for
the unit of ZrO,, i.e. the error was consid-
erably smaller than the difference of the
energies of the cubic and tetragonal phases
(0.05 eV).

Using the Murnagam equation of state
[21]:

Em'(V) = E(V0)+_BTB'__—]3><

5
X[B-(l_&)+(&j -l},
Vv Vv

where E _ is the total energy, V is the vol-
ume of the cell, V, is the equilibrium value
of the volume of the cell, E(V, a)— is the
equilibrium value of energy, B' is the de-
rivative of B in respect of pressure, we
determine the equilibrium constants of the
lattice (a) and the volume moduli of elas-
ticity (B) for the cubic phases ZrO,, MgO
and CaO. The results are presented in
Table 1 in comparison with the experimen-
tal data.

As indicated by the data in Table 1, the
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calculated values are in fully satisfactory
agreement with the experimental data, i.e.
the pseudo-potential determined in this work
described quite adequately of the energetics
of interaction of the atoms of Zr, Mg and
Ca with the oxygen atoms and may be used
for examining the system ZrO,-MgO and
Zr0,-CaO.

The experimental results and
discussion

The distortion of oxygen atoms in pure
cubic zirconia

The stability of the lattice of cubic zirconia
in relation to the displacement of the oxy-
gen atoms from the ideal cubic positions
was investigated on the ZrAO8 cell. Initially,
all the atoms of the cell were placed in the
ideal cubic positions with the theoretical
equilibrium lattice constant a = 0.522 nm
and, subsequently, the total energy and the
forces, acting on the atoms were calcu-
lated. In this case, only the boundary at-
oms of the cell (zirconium) were fixed, and
the oxygen atoms were regarded as free.
It appears that the oxygen atoms do not
move spontaneously from the ideal cubic
positions, the forces on the atoms are equal
to zero, and the lattice is quasi-stable. The
attempt to vary the geometry of the lattice
from cubic tetragonal (elongation in one
direction and compression into other direc-
tions) increased the total energy.

In this work, it was the required to ex-
amine in detail the distortion of the oxygen
sublattices. The pure zirconium because the

Table 1 The calculated and experimental values of the lattice constant and elasticity parameters for the size of Zr, Mg

and Ca
Zr0, MgO CaO
Parameter - : :
Calculated IExperlment Calculated |Experiment | Calculated | Experiment
a,nm 0.522 0.509 [14] 0.424 0.421[23] - 0.488 0.480 [27]
B, GPa 215420 194 [24] 160110 162 [25] 11510 111 [26]
B’ ) 39 4.5

The experimental value a = 0.509 nm for the cubic zirconia was obtained in [14] by measurements at high temperatures
and interpolation to 0 K. The value B= 194 GPa in [24] was obtained in examination of the cubic zirconia stabilised by yttrium

and by interpolation to the zero content of yttrium.
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main task was examination of the mecha-
nism of stabilisation of cubic zirconia by
impurities. We were interested only in the
final state in which the oxygen sublattice
is after deviation from the cubic symme-
try. Therefore, we specified small
displacements of one (arbitrary) oxygen
atom (by 0.0001 nm) and it was shown that
this results in the increased displacement
of half of the oxygen atoms in one direc-
tion and of the other half in. the opposite
direction resulting in the distortion of the
oxygen lattice in the direction <100> and
in the formation of non-zero forces on the
atoms of the zirconium sub-lattice. The cal-
culated value of the equilibrium distortion
d for the cubic zirconia was 0.045 which
is close to the value of 0.04 obtained in
[22] for the cubic phase. The mean dis-
placement of the oxygen atoms Wwas$
0.012 nm.

In order to confirm that the approach
used in this work describes efficiently the
transition from the cubic tetragonal phases,
we changed the form of the cell stretching
it in one direction (in the direction of oxy-
gen distortion) and compressing in other two
directions, fixing every time its boundaries
(i.e. fixing the zirconium atoms). It appears
that the cell becomes equilibrium at the
calculation ratio of c/a = 1.02 which is very
close to the value of 1.026, characteristic
of the tetragonal phase, i.e. the transition
from the cubic to tetragonal symmetry takes
place without any barriers and, for this
purpose, any smaller initial disordering of
the oxygen sublattice is suitable. However,
the stability of the cubic phase at high
temperatures is determined by the presence
of vibrations of the oxygen sub-lattices
(from one distortion minimum to another)
which take place in relation to the mean,
cubic positions. The zirconium atoms which
are heavier do not manage to track fast col-
lective oscillations of the oxygen atoms and
carry out thermal oscillations in relation to
the cubic positions. With a decrease of
temperature, the oxygen sublattice stops in
one of the distortion minima. and the zirco-

nium atoms react to this distortion, and the
cubic lattice is rearranged into tetragonal.
It was shown in [22] that the energy of
activation of the collective vibrations of the
oxygen sublattices is in good agreement
with the temperature of transition from the
tetragonal to cubic phase.

The instability of the oxygen sublattices
of cubic zirconia in relation to the small
displacement of the oxygen atoms was
verified on the Zr,,0,, supercell (with one
k-point). The effect was the same as in
the lattice of Zr,O, (with two k-points): the
displacement of one oxygen atom results in
the collective effect of the paired shift of
the oxygen atoms with the value of distor-
tion d approximately 0.05 with the simulta-
neous formation of non-zero forces on the
zirconium atoms.

The atomic structure of stabilised
zirconia

The Zr,,0, supercell was used for the
examination of the effect of the impurities
Mg, Ca and Y on the atomic structure of
the cubic phase ZrO,. The zirconium ions
in zirconia have the charge +4, the magne-
sium and calcium atoms the charge +2 and,
therefore, to examine the charge equilib-
rium, together with the introduction of one
atom of Mg and Ca we removed one OXy-
gen atom from the nearest neighbourhood
of the impurity atom. In this case, the at-
oms of the impurity were distributed in such
a manner that they were located approxi-
mately uniformly in the supercell, but with-
out any ordering. Special attention was
given to the fact that the adjacent atoms
of Mg and Ca do not have common bind-
ing oxygen atoms. Of course, one atom
cannot be distributed uniformly or without
ordering. Therefore, the atom was placed
in the centre of the supercell. The concept
‘approximately uniformly but without order-
ing’ relates to the cases in which the
number of the impurity atoms in the
supercell is greater than 1. In this case,
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when taking into account the translation of
the supercell, the atoms of the impurities
are distributed at approximately the same
distance in all three measurements, but in
this case there was no artificial symmetry
of the distribution of the atoms inside the
supercell. Thus, we examine the configu-
rations Zr3]M1063, Zr3OM2062 and
erMAO60 (M is Mg or Ca), corresponding
to the molar concentrations of MgQO and
CaO equal to 3.125, 6.25 and 12.5%, re-
spectively. Examination of the high concen-
trations of the impurity is complicated by
the closed distribution of the period the
atoms and oxygen vacancies in relation to
each other resulting in the need for special
examination of the effect of interaction of
these atoms and is outside the framework
of the present work.

The effect of the impurity on the atomic
“structure of the cubic zirconia is manifested
in the relaxation of the lattice in the vicin-
ity of the impurity atoms and oxygen va-
cancies with the cubic symmetry retained.
Calculations show that the impurity atoms
more from the ideal sites of the lattice, and
are repulsed from the closest oxygen va-
cancies. The zirconium atoms, in the im-
mediate vicinity of the oxygen vacancy, are
also repulsed from the vacancy. The dis-
placement is maximum for Mg and mini-
mum for Y and depends only slightly on the
concentration of the impurity. The values
of the displacement of the impurity atoms
from the ideal positions are presented in
Table 2. The displacement of the zirconium
atoms is approximately the same in all
cases, and equals 0.015 nm.

Table 3 gives the data on the displace-
ment of the oxygen atoms. The oxygen
atoms, close to the oxygen vacancies, are

Table 2 The mean displacement of the impurity atoms (nm)
in stabilised cubic zirconia

Examination of the mechanism of phase stability of zirconia

Displacement of impurity atoms,

Molar content of addition, am

%

Mg Ca
3.125 0.025 0.022
6.25 0.026 0.023
125 0.028 0.024

Table 3 The displacement of the atoms of oxygen (nm) in
the stabilised cubic ZrO,

Zr02-MgO ZI'Oz'C30
Molar'c.omem Mean Percentof { Mean Percent of
of addition, % | displace- | displaced | displace- | displaced
ment, nm atoms ment, nm atoms
3.125 0.020 3 0.020 3
6.25 0.022 8 0.022 8
12.5 0.024 17 0.024 17

attracted to the vacancy. The number of
the oxygen atoms, whose displacement is
greater than 0.012 nm, corresponding to the
value of the distortion of the oxygen
sublattices, required for the transformation
of the cubic phase the tetragonal, is ap-
proximately proportional to the impurity
concentration. The mean value of the dis-
placement depends only slightly on the
concentration and type of the impurity.

These results are in correlation with the
fact according to which the transition of
tetragonal zirconia, alloyed with different
and additions, at high temperatures to the
cubic phase takes place approximately of
the same impurity concentration [3-5]. We
believe that the mechanism of stabilisation
of the cubic zirconia, determined by the
suppression of the tendency of the oxygen
sublattices were distortion, could also be
formally retained in the case of love tem-
peratures: at list, at high concentrations of
the stabilising additions. The instability of
the cubic phases ZrO2-MgO and ZrO_ -
CaO is associated, in our view, with a
different reason, namely: with the large
discrepancy of the lattice constant of ZrO,,
MgO and CaO. In the case of MgO, the
mismatch with the cubic lattice is 18.1%,
in the case of CaO it is 6.4%, showing the
high mechanical stresses in the eutectoid
separation of the phases, resulting in the
cracking of the crystal. In addition to this,
are the cells of MgO and CaO are char-
acterised by a completely different consti-
tution (type NaCl) in comparison with the
cell of the cubic zirconia (type CaF)) which
complicates their contact with the main
crystal.
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Conclusions

Calculations carried out on the basis of the
first principles show that the small displace-
ment of even a single oxygen atom from
its position in the ideal cubic lattice of the
zirconium dioxide results in the increase of
the displacement of the atom and of all
other atoms of oxygen along the given di-
rection. This results in the formation of non-
zero forces applied to the atoms of the
zirconium sublattices, leading to the elon-
gation of the cell and the transition to the

“tetragonal phase. If the part of the ions of

Zr** is substituted by the ions with a
smaller charge, the excess atoms of oxy-
gen leave the crystal and of the remaining
ionised atoms of oxygen are displaced from
their cubic positions. The resultant disor-
dered cubic sublattices is stable and does
not interfere with the lattice of the anions
characterised in the mean by cubic sym-
metry. However, for the complete the re-
alisation of the stabilising effect of a spe-
cific addition it is necessary to ensure that
the geometrical parameters of the lattices
of the oxide of the given impurity and cubic
zirconia are similar.
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