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Effect of oxygen vacancies on transformation of
zirconia at low temperatures
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The effect of oxygen vacancy on the stability of phase structures and phase transformation

of zirconia at low temperatures was studied using an electrochemical technique. It is

suggested that the decrease of oxygen vacancies decreases the stability of metastable

tetragonal zirconia and promotes its transformation to the monoclinic phase.
1. Introduction
Although it is known that oxygen vacancies or defect
clusters are associated with the structural stability of
zirconia at high temperatures [1—5], little is known
about the effect of the anion vacancy on the trans-
formation of zirconia at low temperatures.

The tetragonal to monoclinic phase transformation
of zirconia is usually considered to be typically mar-
tensitic which is diffusionless and displacive. As vari-
ous workers discovered the degradation phenomenon
in zirconia ceramics [6—8], ideas about the low-tem-
perature phase transformation began to change. After
investigation of the isothermal propagation of zirco-
nia, Nakanishi and Shigematsu [9, 10] proposed the
concept of ‘‘bainite-like transformation’’, which had
been found in metals, and they believed that the high
diffusibility of oxygen vacancies controlled the propa-
gation rate of the shear transformation in locally dis-
torted tetragonal lattice. Unfortunately, they did not
provide the evidence of the vacancies effect.

Some workers [11—13] studied the relationship be-
tween the non-stoichiometry and the mechanical
properties of certain oxide ceramics; Kaiming Liang
et al. [14, 15] found that zirconia ceramics can under-
go the tetragonal to monoclinic phase transformation
in a high-strength electric field at room temperature,
and they considered this phenomenon might contrib-
ute to the electronic defects produced in the electric
field. However, it is difficult to testify to this idea.

To date, no strong evidence of the involvement of
the oxygen vacancies in the isothermal transformation
of zirconia has been presented. In the present work,
the electric field technique has again been used to
study the role of the oxygen vacancies in the phase
transformation of zirconia.

2. Experimental procedure
ZrO

2
containing 3 mol% Y

2
O

3
specimens were pro-

vided by China Building Materials Academy. The
specimens were sintered at 1550 °C in air for 2h and
then cold pressed. The pellets were 30 mm in diameter
0022—2461 ( 1997 Chapman & Hall
and 1 mm thick. The samples were ground using SiC-
grit papers 120—400, degreased by acetone, cleaned
using alcohol, and dried in hot air. Specimens were
placed into a specially designed apparatus (see Fig. 1),
placed in a furnace and heated. Both the electrodes
were made of 1Cr18Ni9Ti stainless steel. When the
required temperature was reached, a voltage was ap-
plied. After a certain period, the specimen was pulled
out and cooled in air without removing the voltage.
The phase composition near the two surfaces of the
specimen was analysed by X-ray diffraction (XRD)
before and after the experiment, using the following
equation
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is the volume fraction of monoclinic phase,
»
#@5

is the total volume percentage of tetragonal and
cubic phases, I

i
(h k l) is the diffractive X-ray intensity,

of the (h k l ) plane of the i phase.
By comparing the phase change near the two surfa-

ces of the specimen with and without an electric field,
the role of the oxygen vacancies in the transformation
can be investigated.

3. Results and discussion
3.1. Promotion by an electric field of the

transformation of zirconia
Two samples with almost the same original phase
compositions were chosen for testing in a 300 Vcm~1

electric field; both were heated to 200 °C for different
periods. The phase changes near the anode and the
cathode surfaces of each sample are shown in Fig. 2,
and the difference in phase change between the two
sides is shown in Fig. 3. From these results, it can be
seen that (1) isothermal phase transformation from the
tetragonal to monoclinic phase can take place with or
without an electric field, but the electric field remark-
ably influences this transformation: (2) the kinetics in
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Figure 1 Apparatus for the electric-field induced transformation
study. 1, Power source; 2, anode; 3, furnace; 4, specimen; 5, cathode.

Figure 2 Kinetics of transformation in an electric field, for ZrO
2
-

3 mol% Y
2
O

3
at 200 °C: (—s—, ---7---) anode, (—d—, ---d---)

cathode, at (—s——, —d—) 300 Vcm~1, and (---7---, ---d---)
0 Vcm~1.

the electric field obeys a parabolic law, indicating that
there might be some diffusion process involved in the
transformation; (3) when an electric field exists, the
transformed monoclinic phase content near the anode
surface is much higher than that near the cathode
surface, and the difference again obeys the parabolic
law; without the electric field, the transformed mono-
clinic phase difference between the two sides remains
constant. This might be associated with the behaviour
of oxygen vacancies in the electric field, because the
charged oxygen vacancies can migrate, redistribute
and reorder in the sample owing to the electric polar-
ization, non-stoichiometry and charge neutrality. This
results in an increased concentration of oxygen va-
cancy near the cathode side surface, while it decreases
near the anode side surface, compared with the orig-
inal states. More oxygen vacancies near the cathode
side surface increase the stability of the tetragonal
phase and less oxygen vacancies near the anode side
surface decrease the stability of the tetragonal phase,
in accordance with the case where more stabilizer
content can produce more oxygen vacancies and in-
crease the stability of the high-temperature phases.
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Figure 3 The difference in the transformed phase between the elec-
trodes, for 3 mol% Y

2
O

3
—ZrO

2
: (s) 300 Vcm~1, (d) 0 V cm~1, at

200 °C.

Whatever the behaviour of the oxygen vacancy, it can
be confirmed that migration, precipitation and reor-
dering of the oxygen vacancies are involved in the
transformation process.

3.2. Influence of temperature at constant
electric field strength

The influence of temperature at constant electric field
strength is shown in Table I. There is a specific tem-
perature range in which electric field promotes the
phase transformation, i.e. 200—400 °C above or below
which no obvious effect was found. This might be
related to the different behaviour of oxygen vacancies
at different temperatures. Below 200 °C, oxygen va-
cancies migrate with difficulty and the electric field
cannot separate them from the two specimen surfaces,
so it has little effect on the transformation. Above
500 °C, oxygen vacancy migration is quite easy, and
heat treatment can cause the oxygen vacancies to
distribute uniformly in the specimen; thus no obvious
difference is expected at high temperatures with or
without an electric field.

3.3. Role of oxygen vacancies in
low-temperature transformation
of zirconia

According to Ruh and Gariett [1], Rauh and Garg
[3], and Hillert [4], the oxygen vacancies in zirconia
can lower the phase transition temperatures and
enlarge the cubic and tetragonal phase areas in
the Zr—ZrO

2
(see Fig. 4) binary phase diagram, so

that the high-temperature phases are unstable at low
temperatures. If conditions are sufficient, the
metastable phases must undergo transformation at
low temperatures.

According to the above results the kinetics of
the transformation in an electric field is parabolic,



TABLE I Influence of temperature on the tPm transition of 3 mol% Y
2
O

3
—ZrO

2
in an electric field, E"300 Vcm~1

t »
.
(%)!

(h)
100 °C 150 °C 200 °C 250 °C 300 °C 350 °C 400 °C 450 °C 500 °C

a c * a c * a c * a c * a c * a c * a c * a c * a c *

0 1.0 0.0 1.0 0 0.5 0.5 2.0 0.8 1.2 0.4 0 0.4 0.0 0.0 0.0 0.8 0.5 0.3 0 0 0 0 0 0 0 0 0
1 1.0 0.0 1.0 0 1.3 1.3 11 5.5 5.5 2.7 1.0 1.7 5.5 2.8 2.7 3.1 2.0 1.1 0 0 0 0 0 0 0 0 0
4 — — — 0 1.4 1.4 16 8.6 7.4 3.8 2.1 1.7 10 4.7 5.3 5.6 3.9 1.7 0 0 0 0 0 0 0 0 0

!a, c represent the monoclinic phase content at the anode and cathode surface, respectively; * is the difference.
Figure 4 The Zr—ZrO
2
, phase diagram after [3].

indicating that there was a diffusion process involved
in the transition. As in the electric field, only the
oxygen vacancies can jump, migrate, redistribute, and
make the concentrations near the two surfaces differ-
ent (see Fig. 5), so the kinetic parabolic law might be
reflected in the diffusion behaviour of the oxygen
vacancies, and the obvious transformed phase differ-
ence might be due to the different oxygen vacancies
content near the two surfaces.

When an electric field is applied, the oxygen va-
cancies migrate from the anode side to the cathode
side. The concentration of oxygen vacancies near the
anode side decreases, while at the cathode side it
increases. According to the Zr—ZrO

2
phase diagram,

the decrease in the oxygen vacancies, causes increasing
instability of the high-temperature phases at the same
temperature. Therefore, some metastable tetragonal
phase near the anode side transformed directly to the
monoclinic phase at the experimental temperature in
the electric field. Otherwise, the increase in the oxygen
Figure 5 Behaviour of oxygen vacancies in the electric field.

vacancies near the cathode side might be able to
increase the stability of the high-temperature phases at
low temperature. However, it also decreased the M

4
point at the same time, so some metastable tetragonal
phase still underwent isothermal phase transforma-
tion, despite the amounts being less than that of the
anode.

Although the above explanation may be incorrect,
and there is still much work to do, one point which
can be confirmed is that the oxygen vacancies play an
important role in the transformation process of zirco-
nia, and that they strongly affect the stability of the
metastable phase at low temperatures.

4. Conclusion
Oxygen vacancies do have an influence on the stability
of the metastable phase structures of zirconia, and
play an important role in the isothermal phase trans-
formation at low temperatures.
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