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Abstract

For a wide range of stabilizer concentrations in yttria stabilized cubic zirconia (YSZ), Zr di�usion data extracted from published

creep data and dislocation loop shrinkage data are discussed together with published Zr tracer di�usion data and our own data on
Zr tracer di�usion in order to identify the most probable point defect responsible for Zr di�usion. From this evaluation, complex
defects can be ruled out, as the single vacancy, VZr

40 , ®ts best. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Lower valence cations like Y3+ or Ca2+ on Zr4+ sites
introduce oxygen vacancies in zirconia and enlarge the
stability range of the cubic phase in the concentration±
temperature space down to low temperatures.1 This fea-
ture makes it an oxygen ion conductor of prime interest
for technical applications in solid oxide fuel cells. While
oxygen transport has been intensively studied,2 informa-
tion on cation di�usion is fairly scarce. On the other
hand, in the oxides with ¯uorite structure the slow cation
di�usion governs di�usion creep and long-term ageing of
the electrical (anionic) conductivity.3 For yttria stabi-
lized cubic zirconia (YSZ) there are only four data sets
available on zirconium di�usion which were obtained via
quite di�erent experimental approaches:

. Interdi�usion experiments: Oishi et al.4 deter-
mined zirconium di�usivities from zirconium±haf-
nium counter di�usion pro®les in 16 mol% yttria
containing YSZ±YSZ(+ hafnia) couples.

. Tracer di�usion: Solmon et al.5 and Solmon6

measured 96Zr tracer di�usion in YSZ doped with
9.5, 11 and 18 mol% Y2O3, respectively.

. Dislocation loop annealing: Chien and Heuer7

derived zirconium di�usivities from the variation
of dislocation loop radii with time as measured by
transmission electron microscopy (TEM) for two
di�erent stabilizer contents (9.4 and 18 mol%
Y2O3, respectively).

. From creep measurements Dimos and Kohlstedt8

and GoÂ mez-GarcõÂ a et al.9 determined ``e�ective
cation lattice di�usivities''.

In Table 1, the pertinent information is summarized
for comparison. Fig. 1 shows the temperature depen-
dence of the zirconium di�usivity with the atomic frac-
tion of yttrium ions (on the cation sublattice) as a
parameter. As can be seen from this diagram there are
striking di�erences as to the variation of the zirconium
di�usivity with stabilizer content, whereas the di�erences
of the activation energies are less pronounced (see also
Table 1) for the di�erent authors. We therefore carried
out a systematic study of the dependence of the zirconium
tracer di�usion on the yttria content within a fairly wide
range of stabilizer concentration (8. . .32 mol% Y2O3).
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In addition to the self-di�usion experiments, there is a
wide range of di�usion experiments using di�erent
foreign cations in YSZ which will be mentioned for
comparison:

. Manganese di�usion in YSZ with 10 mol% Y2O3:
Kilner and co-workers11 found rather high activa-
tion enthalpies for migration (7.3 eV). The authors
explained their observations assuming that the

oxidation state of the cations might have been
changed during the di�usion experiment. The dif-
fusion coe�cients are higher by a factor of 10 than
the self-di�usion data for Zr.

. Ti-di�usion in stabilized zirconia:12 Kowalski et al.
investigated the di�usion of titanium which has
the same oxidation state as Zr, and hence no extra-
vacancies should be formed in YSZ. The authors
mentioned that their values are in good agreement

Table 1

Experimental values of the zirconium tracer di�usivities obtained by di�erent methods and the parameter m and DH (see text)a

[Y2O3] [Y0Zr] D0 (cm
2 sÿ1) DH (eV) Temperature

range (�C)
Method m

This work
See also
Kilo et al.10

0.08
0.103
0.124
0.156
0.186
0.24
0.32

0.148
0.187
0.221
0.270
0.313
0.387
0.484

0.033
0.062
0.0083
0.094
0.021
0.0041
0.013

4.5�0.2
4.6�0.2
4.4�0.2
4.8�0.2
4.6�0.5
4.5�0.4
4.6�0.3

1125±1460
1125±1460
1125±1460
1125±1460
1125±1460
1125±1460
1125±1460

96Zr/SIMS
tracer di�usion

(@ln DZr/@ln [Y0Zr])T
=ÿ1.95�0.20

Solmon5

See also
Solmon et al. 6

0.095
0.11
0.177

0.173
0.198
0.301

0.33
0.12
0.066

4.95�0.05
4.8�0.2
4.93�0.05

1300±1700
1300±1700
1300±1700

96Zr/SIMS
tracer di�usion

(@ln DZr/@ln [Y0Zr])T
=ÿ2.6�0.2

GoÂ mez-GarcõÂ a et al.9 0.094
0.12
0.15
0.18
0.21

0.172
0.214
0.261
0.305
0.347

±
±
±
±
±

6.1�0.3
5.6�0.5
5.5�0.7
6.0�0.7
5.8�0.5

51500
51500
51500
51500
51500

Creep (@ln DZr/@ln [Y0Zr])T
= (1+[Y2O3])
.(@ln "

:
/@ln [Y2O3])T

=ÿ(1.094 ... 1.2).3.2...
�ÿ3.5 ...ÿ3.8

Chien and Heuer7 0.094
0.18

0.172
0.305

1.4
0.96

5.3�0.1
5.3�0.1

1100±1275
1100±1300

Dislocation loop
shrinkage

(@ln DZr/@ln [Y0Zr])T
=ÿ4.7�0.4

Dimos and Kohlstedt8 0.20 0.33 3.103 5.85 1400±1600 Creep ±

a "
:
, stationary creep rate at constant strain.

Fig. 1. Comparison of recent experimental data on cation di�usion in yttria stabilized zirconia (cf. Table 1).
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with data of Oishi et al.,4 but did not discuss the
obtained results in more detail.

. La-, Sr-, and Ni-di�usion in stabilized zirconia:13

The di�usivities of these elements were checked in
single crystalline YSZ. It was observed that the
activation enthalpy of di�usion was lower for Sr2+

(4.2 eV) than for La3+ (5.0 eV).
. Calcium di�usion in stabilized zirconia containing

10 mol% Y2O3: Recently, Nowotny and co-work-
ers14 presented some data concerning the di�usion
of Ca in polycrystalline YSZ. They found a fairly
low activation enthalpy (about 4 eV) and surpris-
ingly high di�usivities, several orders of magnitude
higher than expected by extrapolating the scarce
self-di�usion data. According to the authors, this
might be in¯uenced by the varying chemical
potential gradient.

Finally, for comparison also some relevant data con-
cerning the di�usion in related oxide systems should be
mentioned. An overview of data and proposed
mechanisms of di�usion in ¯uorite systems gives:15

. Chen and Chen16 measured the grain boundary
mobilities in ceria doped with di�erent trivalent
cations (Sc, Yb, Y, Gd, La). Therefrom, they deter-
mined grain boundary di�usion coe�cients. The
peculiarity of this system in comparison to YSZ is
that the cubic ¯uorite phase is stable down to room
temperature even in undoped pure CeO2; the whole
stabilizer concentration range is accessible without
changes in the crystal structure. Consequently, the
study emphasizes the low dopant concentration
range 0.1 to 1.0% for which the authors proposed an
interstitial mechanism for cation di�usion. In
another publication,17 the authors investigated the
grain boundary mobility in Y2O3, also doped with a
wide range of cations similar to Ref. 16. They sug-
gested also that an interstitial mechanism should be
predominant for the cation mobility and estimated a
migration enthalpy of about 5 eV.

. Matzke18,19 investigated the cation di�usion in the
systems ThO2, ThO2±UO2�d, and UO2�d. The lat-
ter system is also cubic ¯uorite without stabiliza-
tion, and with respect to the mechanism of cation
di�usion it is especially interesting that both over-
and under-stoichiometric uranium oxide are acces-
sible. Matzke proposed a vacancy mechanism for
stoichiometric and over-stoichiometric UO2+OÃ ,
while for under-stoichiometric UO2-OÃ , an inter-
stitial mechanism should govern the self-di�usion
of the cation. The activation enthalpies for cation
di�usion are signi®cantly di�erent, 2.8 eV in
UO2+d, and 6.5 eV in UO2-d

A major problem with ceria and urania is that they
are generally easily reducible or oxidizible, so great care

has to be taken in order to avoid any changes of the
oxidation state during the di�usion experiment.

2. Point defect relations

In this section, the point defect equilibria are pre-
sented which lead to the working equations used in this
paper to evaluate the available data. The relation
between the point defect concentration and the experi-
mentally determined tracer di�usivity Di is based on the
well established equation (1):

Di � cdefect=ci� ��Ddefect �f �1�

where D and c are di�usivities and concentrations,
respectively. The subscript ``i'' refers to the (di�using)
species of interest, e.g. zirconium ions, whereas the sub-
script ``defect'' stands for the responsible defect, e.g.
vacancies. The correlation factor f depends on the crys-
tal structure and on the di�usion mechanism. While for
a vacancy mechanism the contribution of the crystal
structure is well known (f�0.653 for the ¯uorite lattice),
the concentration dependence cannot easily be taken
into account.20 As will be seen from the relations devel-
oped below, a detailed knowledge of the ®ne structure is
not necessary in order to elucidate the main features of
the underlying cation transport processes.
Using KroÈ ger±Vink notation the incorporation of

yttria into zirconia and the related Schottky and Fren-
kel equilibria can be formulated (see below). The quan-
tities [i] denote appropriately de®ned atomic fractions of
the species i under consideration on the two sublattices.
The quantities K(T) are the ``practical'' mass action law
constants for the respective reactions. The very few
activity measurements of the two constituent binary
oxide components in YSZ (Belov et al.21,22 and RoÂ g et
al.23) and in calcia stabilized cubic zirconia (CSZ) (RoÂ g
et al.24) seem to indicate that such solutions can be
treated as ``ideal'' to regular solutions. This statement
does, of course, not shed direct light on the interaction
thermodynamics of the cation point defects. For prac-
tical purposes, however, we do not commit a big error
in considering the activity coe�cients in the point defect
equilibria as constant and in including them in the
``practical'' K(T) terms.

� Incorporation of yttria

2ZrxZr �Ox
O �Y2O3 ! 2Y0Zr � V2�

O � 2ZrO2 �2a�

KI � Y0Zr� �2 V2�
O

� � � exp ÿ�GI=kBT� � �2b�

� Schottky equilibrium:

Zr sites occupied by ZrxZr ions:
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ZrxZr � 2Ox
O ! V40

Zr � 2V2�
O � ZrO2 �3a�

KS;Zr � V40
Zr

� � � V2�
O

� �2� exp ÿ�GS;Zr=kBT
ÿ � �3b�

Zr sites occupied by Y0Zr ions:

2Y0Zr � 3Ox
O ! 2V40

Zr � 3V2�
O �Y2O3 �4a�

KS;Y � V0Zr

� �2� V2�
O

� �3� exp �GS;Y=kBT
ÿ � �4b�

� Frenkel equilibrium

Zr sites occupied by ZrxZr ions:

ZrxZr ! V40
Zr � Zr4�i �5a�

KF;Zr � V40
Zr

� � � Zr4�i
� � � exp ÿ�GF;Zr=kBT

ÿ � �5b�

Zr sites occupied by Y0Zr ions:

Y0Zr ! V40
Zr �Y3�

i �6a�

KF;Y � V40
Zr

� � � Y3�
i

� � � exp ÿ�GF;Y=kBT
ÿ � �6b�

� Electroneutrality condition

The overall electroneutrality condition (ENC), (7a),
expressed with total concentrations if g in cmÿ3, can be
written in a simpli®ed form because of the dominating
concentration of free, i.e. unbound, majority defects:

2 V2�
O

� 	� 4 Zr4�i
� 	� 3 Y3�

i

� 	� �Y0ZrV
2�
O��

� 	 � 2 V2�
O

� 	
! 2 V40

ZrV
2�
O

� 	20� Y0Zr

� 	� 4 V0Zr

� 	� 2 O20
i

� 	 � Y0Zr

� 	
�7a�

Expressed as atomic fractions on the two respective
sublattices, Eq. (7a) yields

V2�
O

� � � Y0Zr

� �
=4 �7b�

which will be used in future.
Because of the high concentration of the majority

point defects V2�
O and Y0Zr, defect complexes are highly

probable to be formed. As suggested by Chien and
Heuer7 on the basis of their calculations, Zr4�Zr inter-
stitials do not contribute to Zr migration, neither as an
isolated defect nor as part of a complex defect. On the
contrary, two cation vacancy containing complexes
labelled A1 and A2 in the following might play a role:

� Complex A1

V40
Zr � V2�

O ! V40
ZrV

2�
O

ÿ �20 �8a�

KA1;Zr � V40
ZrV

2�
O

ÿ �20h i
= V40

Zr

� � � V2�
O

� �ÿ �
� exp ÿ�GA1=kBT� �

�8b�

KA1;Zr � V40
ZrV

2�
O

ÿ �20h i
� V2�

O

� �
=KS;Zr

from Eq: �8b� with Eq: �3b�� �
�8c�

KA1;Zr � V40
ZrV

2�
O

ÿ �20h i
� Y

0
Zr

� �
= 4�KS;Zr

ÿ �
from Eq: �8c�with Eq: �7b�� �

�8d�

KA1;Y � V40
ZrV

2�
O

ÿ �20h i
� Y

0
Zr

� �1=2
= 2�K1=2

S;Y

� �
from Eq: �8c� with Eqs: �4b� and �7b�� �

�8e�

� Complex A2

V40
Zr � 2V2�

O ! V40
Zr2V2�

O

ÿ �x �9a�

KA2;Zr � V40
Zr2V2�

O

ÿ �xh i
=KS;Zr

from Eq: �9a�with Eq: �3b�� �
�9b�

KA2;Y � 2� V40
Zr2V2�

O

ÿ �xh i
= Y

0
Zr

� �1=2
K1=2

S;Y

� �
from Eq: �9a�with Eqs �4b� and �7b�� �

�9c�

Neglecting correlation e�ects, a tracer di�usivity can
be expressed as the product of the defect concentration
and an exponential term containing the migration
enthalpy of di�usion, �Hm;defect, where the second right
bottom subscript indicates the defect via which di�usion
occurs. Starting with the least probable case the follow-
ing relation between the di�usivity of Zr and the molar
fraction of the dopant Y

0
Zr

� �
can be derived.

� Interstitial mechanism

With KS,Zr, KF,Zr and ENC from Eqs. (3b), (5b) and
(7b), respectively, we get:

DZr;i � DZr / Zr4�i
� �

exp ÿ�Hm;i=kBT
ÿ � �10a�

/ V40
Zr

� �ÿ1
KF;Zr exp ÿ�Hm;i=kBT

ÿ � �10b�

/ Y
0
Zr

� �2
KF;Zr=16KS;Zr

ÿ �
exp ÿ�Hm;i=kBT

ÿ � �10c�

/ Y
0
Zr

� �2
exp ÿ �Hm;i ��HF;Zr ÿ�HS;Zr

ÿ �
kBT

ÿ �
�10d�

Using Eq. (4b) instead of Eq. (3b) we arrive at the
following expression
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DZr;i � DZr / Y
0
Zr

� �3=2
exp ÿ��Hm;i ��HF;Zr

ÿ
ÿ�HS;Y=2

�
=kBT�

�10e�

� Vacancy mechanism

With KS,Zr and ENC from Eqs. (3b) and (7b) we get:

DZr;V � DZr / V40
Zr

� �
exp ÿ�Hm;V=kBT

ÿ � �11a�

/ V2�
O

� �ÿ2
KS;Zr exp ÿ�Hm;V=kBT

ÿ � �11b�

/ Y
0
Zr

� �ÿ2
exp ÿ �Hm;V ��HS;Zr

ÿ �
=kBT

ÿ � �11c�

With KY,Zr and ENC from Eqs. (4b) and (7b) follows:

DZr;V � DZr / V2�
O

� �ÿ3=2
K1=2

S;Y exp ÿ�Hm;V=kBT
ÿ � �11d�

/ Y
0
Zr

� �ÿ3=2
exp ÿ �Hm;V ��HS;Y=2

ÿ �
kBT

ÿ � �11e�

� Di�usion via A1 complex V40
ZrV

2�
O

ÿ �20
With KS,Zr, KA1 and ENC from Eqs. (3b), (8d) and

(7b) follows:

DZr;A1;Zr � DZr / V40
ZrV

2�
O

ÿ �20h i
exp ÿ�Hm;A1;Zr=kBT

ÿ �
�12a�

/ Y
0
Zr

� �ÿ1�4�KS;Zr �KA1;Zr �exp ÿ�Hm;A1;Zr=kBT
ÿ � �12b�

/ Y
0
Zr

� �ÿ1� exp ÿ �Hm;A1;Zr ��HS;Zr ��HA1;Zr

ÿ �
=kBT

ÿ �
�12c�

With KS,Y from Eq. (4b) instead of Eq. (3b) we get:

DZr;A1;Y � DZr / Y
0
Zr

� �ÿ1=2
exp ÿ �Hm;A1;Y ��HS;Y=2

ÿÿ
��HA1;Y

�
=kBT

�
�12d�

� Di�usion via A2 complex V40
Zr2V2�

O

ÿ �x
With KS,Zr, KA2 and ENC from Eqs. (3b), (9b) and

(7b) follows:

DZr;A2;Zr � DZr / V40
Zr2V2�

O

ÿ �xh i
exp ÿ�Hm;A2;Zr=kBT

ÿ �
�13a�

/ KS;Zr �KA2;Zr �exp ÿ�Hm;A2;Zr=kBT
ÿ � �13b�

/ exp ÿ �Hm;A2;Zr ��HS;Zr ��HA2;Zr

ÿ �
=kBT

ÿ �
6� f Y

0
Zr

� �ÿ �
�13c�

In order to rationalize the experimental observations
in Table 1 we de®ne the quantities

@1n DZr=@ ln Y
0
Zr

� � �: m �14�

ÿkB �@1n DZr=@ 1=T� � �: DH �15�

which permits to identify the Zr di�usion mechanism, as
can be inferred from Table 2. For the data compilation
given in Table 1 the following relations were used in
order to get all the data in the same format:

m :� @ ln DZr=@ ln Y
0
Zr

� � � @ ln DZr=@ ln Y2O3� �� �
@1n Y

0
Zr

� �
=@ ln Y2O3� �ÿ �

� @1n DZr=@1n Y2O3� �� �� 1� Y2O3� �� �
�16�

because

Y
0
Zr

� � � 2 Y2O3� �= 1� Y2O3� �� � �17�

which is equivalent to the concentration variable x in
the relation Zr1ÿxYxO2ÿx/2.

3. Experimental procedure

3.1. Samples

Y2O3±ZrO2 single crystal samples were obtained from
Zirmat Corporation, North Billerica, USA. Samples
with nominal stabilizer concentrations of 10, 12, 15, 18,
24, and 32 mol% Y2O3 were investigated. The compo-
sitions were checked by standard chemical analysis at
the Max-Planck-Institut fuÈ r Metallforschung, Stuttgart.
Particle induced X-ray emission spectroscopy (PIXE)

Table 2

m and DH values as de®ned by Eqs. (14) and (15) for typical defects

likely to assure Zr di�usion (see text)

Defect m DH From Eq.

Zri
4� 2 �Hm,i+�HF,Zrÿ�HS,Zr (10d)

Zri
4� 1.5 �Hm,i+�HF,Zrÿ�HS,Y/2 (10e)

VZr
40 ÿ2 �Hm,V+�HS,Zr (11c)

VZr
40 ÿ1.5 �Hm,V+�HS,Y/2 (11e)

(VZr
40 VO

2�)2
0 ÿ1 �Hm,A1,Zr+�HS,Zr+�HA1,Zr (12c)

(VZr
40 VO

2�)2
0 ÿ0.5 �Hm,A1,Y+�HS,Y/2+�HA1,Y (12d)

(VZr
40 2VO

2�)x 0 �Hm,A2,Zr+�HS,Zr+�HA2,Zr (13c)

M. Kilo et al. / Journal of the European Ceramic Society 20 (2000) 2069±2077 2073



was used to determine cation impurities showing pre-
dominantly alkali and alkaline earth metals with alto-
gether less than 0.1%. The composition of the
investigated samples is given in Table 3, including the
atomic fraction of yttrium ions on the sublattice, [YZr

0],
which is proportional to the (formal) total concentra-
tion of oxygen vacancies [see Eq. (7b)], but is not line-
arly proportional to the yttria content, [Y2O3] [see Eq.
(17)]. Furthermore, a high purity polycrystalline sample
containing 8 mol% yttria was also investigated. This
material has been fabricated by Professor Schubert's
group at Technische UniversitaÈ t Berlin in a binder-free
route from a powder manufactured by Tosoh Corpora-
tion, Japan. Uniaxial compaction (pressure 20 MPa) at
room temperature was followed by isostatic compaction
(300 MPa) prior to sintering at 1680 �C for 2 h in air.
The heating and cooling rates were 1 and 3 K/min,
respectively.

3.2. Preparation

The samples were cut into slabs of ca. 10�10�1 mm3

size and polished with an alumina suspension (``Final'',
particle size: 500 nm). Thereafter, the specimens were
annealed for 2 days at 1460 �C in air.

3.3. Isotopic labelling

96Zr was implanted from zirconium chloride having
natural isotopic abundance. The metal was ionized, the
isotope separated and a dose of 6.1015 ions/cm2 was
implanted using a primary energy of 150 keV. The
observed implantation depth was 36 nm. Furthermore,
96Zr was obtained from Chemotrade GmbH, DuÈ ssel-
dorf, Germany, as zirconium dioxide, containing 59.6%
96Zr (natural isotopic abundance: 2.8%). The oxide was
dissolved in HF, evaporated, dissolved again in HNO3,
and diluted with ethanol. Small amounts of this solution
(also containing a respective amount of Y(NO3)3) were
dropped repeatedly onto the substrates and dried at 100
�C. In this way, thin ®lms of less than 50 nm nominal
thickness were obtained having no chemical gradient.

3.4. SIMS experiments

For the SIMS depth pro®le analysis a VG SIMS-Lab
was used. Cs+ or Ar+ primary ions, respectively, with
an energy of 8 keV were scanned over a sample area of
about 1�1 mm2. Singly charged secondary ions
(cations) were detected. An electronic gating of 30% in
each direction was applied to reduce crater rim e�ects.
To avoid sample charging a ¯ood gun was used. To
convert sputter time into eroded depth the crater depth
was measured using a pro®lometer (Tencor). The SIMS
technique has an ultimate depth resolution of several
nm, which is signi®cantly better than for standard
radiotracer sectioning techniques. Therefore, lower dif-
fusion temperatures are accessible and erroneous con-
fusion of self di�usion and grain-boundary di�usion as
observed earlier in UO2

18,19 can be easily avoided.
Furthermore, for selected experiments repeated at dif-
ferent annealing times no time dependency of the cation
di�usion coe�cient was observed. In a previous study
on the di�usion of foreign cations,13 di�usion along
dislocations and in the bulk was observed which could
be easily separated according to standard recipes.25 It
came out that the latter contributes signi®cantly to the
measured SIMS signal only at high penetration depth.
In this study similar experimental conditions were
applied. Applying the quoted evaluation procedure25 to
the experimentally determined penetration pro®les
clearly shows that transport along dislocations can be
neglected.
Therefore, bulk tracer di�usivities D are calculated by

®tting the appropriate solution of Fick's second law26 to
the tracer isotope concentration pro®le. Eq. (18)
describes the pro®les to a fully satisfactory precision
(see also Fig. 2):

c x; t� � ÿ c0 � 0:5 � cs ÿ c0� �� erf x� h� �=2 Dt� �0:5ÿ �ÿ
ÿerf xÿ h� �=2 Dt� �0:5ÿ �� �18�

where c0 and cs are the natural abundance and the initial
concentration of the tracer isotope, respectively, h is the
thickness of the tracer layer, x is the depth and t the
di�usion time. All tracer di�usivities obtained were
analysed as to their temperature and concentration
dependence as described in Section 2. As an example for
the concentration dependency, we refer to Fig. 3. The
obtained data (D0;�H) are given in Table 1 as well as
the resulting mean value of the concentration parameter
m (=ÿ1.95�0.2).

4. Discussion

In Section 2, the point defect chemistry based rela-
tions necessary to interpret the experiments in Table 1

Table 3

Composition of the investigated yttria stabilized zirconia samples

Sample label x(Y2O3)

(mol%)

x(Y)

(mol%)

Checked

Y8 7.8 14.5 a

Y10 10.2 18.5 a

Y12 12.4 22.1 a

Y15 15.6 27.0 a

Y18 18.6 31.4 b

Y24 24.0 38.7 b

Y32 32.1 48.5 a

a Checked by chemical analysis.
b Checked by PIXE.
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have been developed. The resulting working Eq. (14)
and the m values calculated from the data are given in
the right-hand column of Table 1. Whereas for our own
work and the data published by Chien and Heuer,7

Solmon et al.5 and Solmon6 the procedure is straight-
forward (including a recalculation of Solmon's data
from her raw data6), we had to take the concentration
dependence of the creep rate from GoÂ mez-GarcõÂ a et al.9

as the authors did not calculate di�usivities themselves
and only globally discussed the relation between creep
rate and cation di�usion. As can be seen by comparing
Table 2 and the experimental m values of ÿ1.95�0.2,
the migration of cations via interstitials or via a com-
plex defect can be discarded. The tracer di�usion based
work (Solmon5,6 and our own results) indicate a simple
vacancy mechanism via free vacancies, VZr

40 , excluding

Fig. 2. 96Zr depth pro®le of the sample ZrO2(18.6 mol% Y2O3) after di�usion at 1350�C for 270 h.

Fig. 3. Concentration dependence of the zirconium tracer di�usion at the indicated temperatures. Squares: our data; circles: results of Solmon.6 The

respective values of the parameter m are shown (see text).
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the vacancy complexes (VZr
40 VO

2�)2
0
and (VZr

40 2VO
2�)x which

were proposed by Chien and Heuer7 from estimations
of point defect concentrations based on computer
simulation values for binding enthalpies.27 In any case,
the high absolute value for the parameter m for the dis-
location loop shrinkage data (ÿ4.7�0.4) and the creep
data (ÿ3.5 . . .ÿ3.8) cannot be explained by taking any
point defect complexes into account, as defect complex
formation would lead to considerably lower absolute
values of m.
According to Table 1, the experimental values of the

activation enthalpy DH, which were determined
through three di�erent experimental techniques, are
centred around 5 eV with a spread of less than 1 eV (see
also the data collected by JimeÂ nez-Melendo et al.28 in
their recent comprehensive article on superplastic ¯ow
in ®ne-grained tetragonal YSZ materials). This is far
less than any value which could be calculated with the
aid of the expressions given in Table 2 on the basis of
computer simulation data of Mackrodt and Woodrow27

or Dwivedi and Cormack.29 As an example, we take Eq.
(11c) in Table 2 which would yield �H=(11.6+8.5) eV
�20 eV if the calculated values were used (see Tables II
and V in Ref. 27 for lattice defect energies for the
Schottky triple defect and for migration enthalpies).
From a pragmatic point of view, it is di�cult to envi-

sage the independent experimental veri®cation of a
Schottky formation enthalpy of more than about 3 to 4
eV. Moreover, in analogy to cation di�usion in other
oxide structures (see overview of Catlow et al.,30 Table
VII for a-Fe2O3, a-Cr2O3 and a-Al2O3) realistic values
for the cation vacancy migration enthalpy �Hm,V

should be between 2 and 3 eV. On the other hand, Chen
and Chen16 claimed for CeO2 that cation di�usion
occurs via an interstitial mechanism, similar to
Matzke,18 who proposed the same mechanism for the
UO2 system. Both authors gave for the ¯uorite systems
values of 5 eV for the migration enthalpies in doped
¯uorites. It should be noted that they only investigated
samples with dopant levels or non-stoichiometry of vir-
tually 0±3%. In contrast to these systems whose prop-
erties might be partly in¯uenced by intrinsic defects, the
investigated YSZ is extrinsic over the whole concentra-
tion range. It might be also interesting to note that we
recently observed in CSZ doped with 10 to 17 mol%
CaO similar values of the activation enthalpies for
cation transport31 (5. . .5.5 eV).
As to the major discrepancies between the experi-

mental values and the calculated values of the activation
enthalpies, we propose a recalculation of the theoretical
values, since recently big progress in computer model-
ling of solids has been achieved.
It is di�cult to explain the minor di�erence between

the enthalpy data obtained from direct di�usion mea-
surements, which are about 1 eV lower as compared to
the data extracted from creep and dislocation loop

shrinking experiments. One reason might be an appre-
ciable di�erence between the di�usivity of zirconium
and of yttrium if the latter one were the rate determin-
ing species. On the other hand, such a di�erence should
lead to kinetic demixing which was not observed as yet.8

Furthermore, by a very indirect way, Solmon5,6 con-
cluded that yttrium di�usion is at best four times faster
than zirconium di�usion.

5. Conclusions

Based on a joint evaluation of tracer di�usion data,
dislocation loop shrinkage data and creep data it is
concluded that Zr self-di�usion in YSZ most probably
occurs via a single vacancy mechanism, i.e. via the point
defect VZr

40 . While there is substantial agreement between
our data and the published values of the activation
enthalpies there is no agreement between the experi-
mental values and published calculated data for the
activation enthalpies.
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