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Cation self-diffusion of 44Ca, 88Y, and 96Zr in single-crystalline
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Laboratoire de Physique des Mate´riaux, École des Mines de Nancy, Parc de Saurupt,
F-54042 Nancy Cedex, France

M. Schroeder and M. Martin
Institut für Physikalische Chemie, RWTH Aachen, Templergraben 59, D-52062 Aachen, Germany

~Received 16 June 2003; accepted 2 October 2003!

Self-diffusion of calcium, yttrium, and zirconium in single-crystalline YSZ and CSZ~YSZ:
yttria-stabilized zirconia; containing 10 to 32 mol % Y2O3; CSZ: calcia-stabilized zirconia;
containing 11 and 17 mol % CaO! was measured at temperatures between 960 and 1700 °C. For
zirconium and calcium diffusion, the stable isotopes44Ca and96Zr were used as tracers and the
samples were analyzed with secondary ion mass spectrometry. In the case of yttrium diffusion, the
radioactive tracer88Y was used and an abrasive sectioning technique was applied. Zirconium bulk
diffusion is slower than yttrium and calcium bulk diffusion, and there is a nearly linear correlation
of diffusion coefficient with cation radius. In YSZ, zirconium and yttrium bulk diffusivity are
maximum for a stabilizer content of 10–11 mol %, while in CSZ both calcium and zirconium tracer
diffusion are independent of the calcium content. The activation enthalpy of yttrium stabilizer bulk
diffusion ~4.2 eV! is, as in CSZ, slightly smaller than for zirconium bulk diffusion~4.5 eV!. The
yttrium dislocation pipe diffusivity is five to six orders of magnitude faster than the bulk diffusivity,
and its activation enthalpy~3.5 eV! is also smaller than that of the bulk diffusion. From the
activation enthalpy and from the concentration dependence of the cation bulk diffusion, it is
concluded that the cation diffusion occurs either via free vacancies (VZr

48 in YSZ! or via bound
vacancies (@VZr

4822VO
2•#x in CSZ!. © 2003 American Institute of Physics.
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I. INTRODUCTION

Stabilized zirconia exhibits very high oxygen ion co
ductivity and is therefore used as electrolyte material in h
temperature applications. While there is a considera
amount of data available on the oxygen transport~see, e.g.,
Refs. 1 and 2!, only little is known about the host and stab
lizer cation transport in stabilized zirconia.3,4 The very slow
cation diffusion plays a crucial role in the understanding
key processes such as aging effects observed in the ox
conductivity,1,2 and of high-temperature mechanical behav
~internal friction,5 creep6!. Particularly, nothing is known
about the self-diffusion of yttrium in yttrium-stabilized zir
conia~YSZ!. Only two sets of data have been obtained un
now, which resulted essentially from interdiffusion expe
ments monitoring effectively the chemical diffusion: Sak
et al.7 published measurements on chemical diffusion in Y
containing different yttria contents, and Solmonet al. inves-
tigated the cation transport from the bulk into a thin Zr-ri
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layer using secondary ion mass spectrometry~SIMS!.3 Both
groups deduced indirectly that the yttrium transport must
faster than the transport of zirconium.

Cation diffusion in stabilized zirconias has recently a
tracted some interest by studying the diffusion of impur
cations into the material. In our own work, we investigat
the diffusion of lanthanides, and found that the bulk diffusi
coefficient (Dbulk) is higher than that of zirconium, and in
creases with ionic radius of the lanthanides.8 Activation en-
thalpies are in the range from 4.5 to 5.5 eV. Matsuda, B
and co-workers investigated the diffusion of Mg21 and Ca21

in YSZ and gave values for bulk, dislocation, and gra
boundary diffusion coefficients.9,10 Their values of bulk and
grain boundary diffusion coefficients in YSZ are very high
comparison to the other available literature data, and t
found very low activation enthalpies for the grain bounda
diffusion @1.25 and 1.9 eV forDGB~Mg) and DGB~Ca), re-
spectively#. Kowalski et al. also looked at the diffusion o
Ca21 and Ti41 in YSZ and measured both bulk and gra
boundary diffusion coefficients.11 They found distinct differ-
ences for the grain boundary diffusion of small cations a
big cations: The activation enthalpy for Ti41 bulk diffusion
7 © 2003 American Institute of Physics
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is much higher than for grain boundary diffusion~5.2 versus
3.5 eV!, while this is reversed for Ca21 diffusion ~3.45 ver-
sus 3.8 eV!. Waller et al. looked at the diffusion of Mn31 in
YSZ and found a much higher activation enthalpy for t
grain boundary diffusion than for bulk diffusion.12

The cation diffusion in calcia-stabilized zirconia~CSZ!
is even less experimentally investigated.13–16 The available
data suggest slightly larger diffusion coefficients but simi
activation enthalpies in comparison to YSZ. Mo¨bius et al.13

reported to have observed very high bulk diffusion coe
cients, but it is more likely that they measured the gr
boundary diffusion and misinterpreted it as bulk diffusio
Rhodes and Carter14 evaluated the bulk and the grain boun
ary diffusion in CSZ and observed that for both cations
grain boundary diffusion coefficients (DGB) are higher by a
factor of 104 to 105 ~between 1800 and 2150 °C! as com-
pared to the corresponding bulk diffusion coefficien
(Dbulk). They estimated activation enthalpies for the bu
diffusion ~Ca: 4.3 eV; Zr: 4.0 eV!, but not for the grain
boundary diffusion. In a recent attempt, we measured
diffusion of lanthanides in single-crystalline CSZ15 and
found a behavior qualitatively similar to lanthanide trac
diffusion in YSZ; that is, the diffusion coefficients were in
creasing with increasing ionic radius of the diffusing e
ment, but the activation enthalpies were higher than in Y
~5 to 6 eV!, probably due to cation vacancy association.

In an earlier study we measured the bulk diffusion
CSZ, but were not able to investigate the grain bound
diffusion in that material due to experimental limitations16

Usually, stable isotope diffusion experiments are perform
and the diffusion profiles are analyzed with SIMS. Th
method is fast and has a better spatial resolution than
diotracer experiments, but in the case of self-diffusion
periments, it is limited by the natural abundance of the r
stable tracers used. Since the commonly used isotopes o
and Zr have a relatively high natural abundan
(44Ca:2.08%;96Zr:2.78%), it is difficult to detect the dislo
cation or grain boundary self-diffusion of these elements
stabilized zirconia using SIMS. On the other hand, the
diotracer method has the unique advantage that the na
abundance of radiotracers is principally zero, allowing
investigations of the dislocation or grain boundary se
diffusion. Its drawback is that the depth resolution is usua
worse than for SIMS, allowing only measurements at hig
temperatures.

In this article, we present yttrium tracer diffusion expe
ments~in the temperature range from 1400 to 1676 °C! yield-
ing both bulk and dislocation diffusion coefficients in YS
These results are compared with Zr self-diffusion data
YSZ and with Zr and Ca self-diffusion data for CSZ.

II. EXPERIMENTAL DETAILS

A. Sample preparation and stable tracer experiments

YSZ single crystals~obtained from Zirmat Corp., West
ford, MA, and Swarovski AG, Austria! containing 10 to 32
mol % Y2O3 were cut into slabs of 53531 mm3 and pol-
ished. The stable isotope96Zr ~2.78% natural abundance!
was implanted with an energy of 150 keV and a dose
Downloaded 31 Mar 2004 to 163.10.1.31. Redistribution subject to AIP
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631015Zr1/cm2 using natural zirconium metal as a sourc
After implantation, the samples were heated for appropr
times at temperatures between 1070 and 1700 °C. Simila
44Ca ~2.09% natural abundance! and 96Zr were implanted
into CSZ containing 11.4 and 16.8 mol % CaO~obtained
from Hrand Djevahirdjian S.A., Monthey/Switzerland; lat
referred to as CSZ-11 and CSZ-17, respectively!. In this sys-
tem, the Ca tracer diffusion was investigated in the tempe
ture range from 960 to 1700 °C. The relative concentratio
of the respective isotopes were monitored as a function
depth using SIMS. For further details on the experimen
procedure, see Refs. 4 and 16.

B. Radiotracer experiments

For 88Y diffusion, the isotope88Y ( t1/25106.6 d; elec-
tron capture~EC).99%/b10.21%; E51.84 MeV) was ap-
plied from aqueous solution onto samples of YSZ contain
10.2, 11.1, 18.6, and 24.0 mol % Y2O3 ~later referred to as
YSZ-10, YSZ-11, YSZ-18, and YSZ-24, respectively!, dried
and heated at 1400 to 1676 °C in air. After cooling dow
two procedures according to the residual activity meth
have been applied in order to obtain the depth profile: In
first case, the sample height was monitored using a mech
cal profiler, its residual radioactivity was measured~Ge:Li
detector/multichannel analyzer, line at 1.84 MeV!, and a
small amount of the sample was removed by repeated
ishing with SiC papers of 4000 down to 800 in.22 grit size.
In the second case, the sample was weighed~Sartorius SC2!
and its radioactivity was measured~NaI detector/
multichannel INEL analyzer! before the next layer of the
sample was removed~diamond polishing, 0.1 to 3mm par-
ticle size!. The weight loss was converted into depth usi
the density of YSZ~6.0 g cm23!. These procedures were re
peated roughly 30 to 40 times and finally penetration profi
like that given in Fig. 1 were obtained. For more details
the radiotracer sectioning technique, see Refs. 17 and 1

In Fig. 1, two regions can be distinguished. The ste
falloff of the activity very close to the surface can be a

FIG. 1. Penetration profile@plotted according to Eq.~2!# for 88Y in YSZ
containing 11.1 mol % Y2O3 after heating for 72 h at 1598 °C. Also show
are the results of fits according to Eqs.~1! and~2! in the near-surface region
and at large penetration depths.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



pt
g-
if-
io
n

-

n
c
a

lk

S

ai
to
-

on

y a
an-

he

nflu-

in
eV,
the
d

co-
e

or
a-

ies

e
e

the
an

on
and

4 n in

7549J. Appl. Phys., Vol. 94, No. 12, 15 December 2003 Kilo et al.
signed to the bulk diffusion process. At a penetration de
beyond 20mm6/5 ~'12 mm!, the decrease is less fast, su
gesting dislocation pipe diffusion. In order to calculate d
fusion coefficients, appropriate solutions of Fick’s equat
were applied. For calculating the bulk diffusion coefficie
Dbulk , Eq. ~1! ~taken from Ref. 19, p. 86! was used:

Dc~x,t !

c~0,t !
5expS 2x2

4Dbulkt
D . ~1!

For calculating the dislocation diffusion coefficientDDL , Eq.
~2! was used~assuming a dislocation network:20!

d3DDL51.322S Dbulk

t D 1/2

l25/3

with l[2
]@ ln~c2c`!#

]x6/5
. ~2!

Here Dc(x,t)5c(x,t)2c` , wherec` is the natural abun-
dance of the tracer isotope (c`50 in the case of88Y), x is
the penetration depth, andt the diffusion time. The disloca
tion width d was assumed to be 3 Å.

III. RESULTS AND DISCUSSION

A. Yttrium tracer diffusion in YSZ

Yttrium bulk and dislocation diffusivities are given i
Fig. 2. It can be seen that the dislocation diffusion is mu
faster and that it has a slightly lower activation enthalpy th
the bulk diffusion~3.5 instead of 4.2 eV!. It should be noted
that the dislocation diffusion of yttrium is faster than the bu
diffusion by a factor of 106. Extrapolating our results to
2000 °C, the difference betweenDbulk andDDL should be the
same as found by Rhodes and Carter for polycrystalline C
around 2000 °C;14 that is, a factor of 105. Unfortunately, at
the moment, no data concerning Zr dislocation or gr
boundary diffusion in YSZ are available for comparison
our results. Walleret al. looked at the diffusion of manga
nese in YSZ~Mn assumed to be originally Mn31), and found

FIG. 2. 88Y bulk and dislocation diffusion in YSZ containing 11, 18, and 2
mol % Y2O3 .
Downloaded 31 Mar 2004 to 163.10.1.31. Redistribution subject to AIP
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a higher activation enthalpy for the grain boundary diffusi
of this element than for bulk diffusion,12 which is in contrast
to our present findings. The authors explained this effect b
change of the oxidation state of manganese during the
nealing and that the diffusivities should be a function of t
oxidation state. Since the oxidation state of yttrium (Y31)
can be assumed to be stable, there should be no such i
ence in our experiments. Normally, one findsDbulk,DDL

,DGB, andDH(Dbulk).DH(DDL).DH(DGB),21 meaning
that the cation self-diffusion of yttrium in grain boundaries
YSZ should have activation enthalpies lower than 3.5
while being at least six orders in magnitude faster than
bulk self-diffusion ~in the temperature range investigate
here!.

B. Bulk diffusion in YSZ

The temperature dependencies of the bulk diffusion
efficients of Zr, Y, and Sc~scandium is considered to b
similar to yttrium, taken from Ref. 8! in YSZ are shown in
Fig. 3. It can be seen that the Zr diffusion is faster f
YSZ-10 than for YSZ-32, which indicates a diffusion mech
nism for Zr diffusion involving free vacancies VZr

48, as pro-
posed earlier.4 This trend was also found for Y diffusion
above and therefore, the diffusion via complex vacanc
@e.g., formed according to Eq.~3!# is not very likely:

VZr
4812VO

2• ——→ @VZr
482VO

2•#x. ~3!

Furthermore, the diffusion of the lower charged cations Sc31

and Y31 is also faster than the Zr diffusion in YSZ: Th
diffusion coefficient of Y is about four times higher than th
corresponding value for Zr~between 1400 and 1676 °C!. The
Sc diffusivity is only twice that of Zr. Solmonet al.3 ob-
served that in YSZ, the stabilizer ions moved faster than
host cations by a factor of 2.5, which is slightly smaller th
the value observed here, probably due to the fact that Solm
measured chemical diffusion. The activation enthalpies
pre-exponential factors are summarized in Table I.

FIG. 3. Temperature dependence of the Y, Sc, and Zr bulk tracer diffusio
YSZ. The results of the Arrhenius fits are summarized in Table I.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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TABLE I. Ionic radii of cations in YSZ and CSZ in octahedral coordination~coordination number CN58, from Ref. 22!, relative cation diffusion coefficient,
normalized to the corresponding Zr diffusion coefficients~averaged over the temperature range of measurement!, activation enthalpieszI /r I

2 ~being propor-
tional to the ionic ‘‘field strength’’!, and cation mass.

Ion I

Octahedral
ion radius
r I @pm#

Normal.
diffusion

coefficient

Activation
enthalpyDH

@eV#

Pre-exponential
factor

D0 @cm2 s21#
Temperature
range@°C#

zI /r I
2

@pm22#

Atomic
mass
@amu#

Zr41 84 1 YSZ: 4.5 YSZ: 0.041 1070–1700 5.73 1024 91.2
CSZ: 5.3 CSZ: 25 1120–1700

Sc31 ~YSZ! 87 1.8 4.9 1.7 1270–1700 4.03 1024 45.0
Y31 ~YSZ! 101.9 4.3 4.2 0.024 1400–1676 2.93 1024 88.9
Ca21 ~CSZ! 112 5.5 5.1 45 960–1700 1.63 1024 40.1
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C. Bulk diffusion in CSZ

Bulk diffusion coefficients obtained in CSZ are shown
Fig. 4. Here, Ca and Zr exhibited an Arrhenius behavior w
practically identical activation enthalpies~5.14 and 5.29 eV!,
but Ca is faster than Zr by a factor of 5.5~averaged over the
measurement range!. There is no evidence for a stabilize
concentration dependency of the cation diffusion~neither Zr
nor Ca! in the range of 11 to 17 mol % CaO. Using simp
defect chemistry, this finding was previously attributed to
cation transport process occurring via neutral vacancy c
plexes of the type@VZr

4822VO
2•#x,16 which nevertheless can

not be observed experimentally. The activation enthalpy
diffusion of cations out of such complexes should theref
include an additional enthalpy of formation term. It shou
be noted that the cation~calcium! bulk diffusion obeys a
linear Arrhenius behavior down to the lowest measurem
temperature of 960 °C, where the bulk diffusion coefficien
as low as 10220cm2 s21, so that anneal times of nearly on
year had to be used in order to see any diffusion effect in
SIMS depth profile.

D. Comparison of bulk diffusion data

In order to understand the order of the cation diffusi
ties, some potentially interesting properties of the cations
summarized in Table I and shown in Fig. 6. Assuming th

FIG. 4. 44Ca and96Zr bulk diffusion in CSZ. Results of two joint fits of Ca
and Zr diffusivities for both samples are also shown.
Downloaded 31 Mar 2004 to 163.10.1.31. Redistribution subject to AIP
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in stabilized zirconia, cations and oxygen vacancies are
ally distributed within the cubic lattice, one might expect th
the difference in cation diffusivities be only affected by th
mass difference of the ions.19 In stabilized zirconia, the
‘‘light’’ elements Ca and Sc show different behaviors wi
respect to each other, as well as to the ‘‘heavy’’ element
and Zr. Thus, the masses of the cations are not solely res
sible for the difference in the diffusion coefficients. An in
fluence of the cation charge only can be ruled out as w
since the fastest ion~calcium! has the highest negative ex
cess charge on a zirconium site. Therefore, this nega
electrical field around CaZr

28 would repel the similarly nega
tively charged cation vacancy VZr

48 and should therefore de
crease the cation diffusivity.

The size mismatch between Zr41 and the stabilizer ions
decreases in the order Ca21.Y31.Sc31. The difference
between the diffusion coefficients of zirconium and the oth
cations decreases in the same direction~see also Fig. 6!. This
suggests that the substitution of one ion by another of dif
ent size might cause a mechanical stress in the materia
hancing cation diffusion. Kirkaldyet al.23 have observed this
effect when investigating the interdiffusion in binary alloy
They claimed that large atoms enhanced the diffusion
producing and collecting vacancies in their local neighb

FIG. 5. Selected bulk and dislocation or grain boundary cation diffusion
CSZ and YSZ. Data are taken from: Carter~Ref. 14!, Möbius ~Ref. 15!, and
our previous work~Refs. 4 and 16!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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hood. This should lead to a significant enhancement of
attempt frequency of diffusive jumps and consequently of
diffusion coefficient. It can be expected that this explanat
holds true to some extent for ionic materials as well. Furth
more, there seems to be an inverse correlation of the io
field strength, which is proportional to the charge of the m
grating ion divided by the square of its radius, and the re
tive cation diffusion coefficients: The higher the charge d
sity ~the ‘‘harder’’ the cation!, the lower the cation diffusion
coefficients. Which of the discussed effects are actually
sponsible for the difference in cation diffusion coefficients
not yet clear. Combining the results of Kowalskiet al.11 for
the bulk diffusion of the smaller Ti41 with our data on Zr41

diffusion, one finds that the Ti41 diffusion is enhanced by a
factor of 30 over the Zr41 diffusion. As yet, it remains un-
clear whether the diffusion of smaller ions in YSZ occu
according to another diffusion mechanism than the diffus
of bigger ions or if the difference is simply due to expe
mental limitations.

Another aspect is how the different cation diffusion c
efficients may influence kinetic demixing phenomena. T
effect can occur when a system containing at least two
ferent cations is exposed to any kind of external force:
electrical field,24 an oxygen partial pressure gradient,25 or a
mechanical stress gradient.26 Then, demixing towards the
formation of pure oxides occurs according to the relat
mobilities of the cations. It has been previously propos
that under the working conditions of a YSZ-based solid o
ide fuel cells~SOFC!, significant demixing should occur du
to the different oxygen partial pressures for the case that
ratio of two cation diffusion coefficients is greater than 4/325

If the oxygen partial pressures vary by a factor of 107 and the
diffusivities differ by a factor of 2, the equilibrium concen
tration of the fastest cation at the high-pO2 side is three
times higher than at the low-pO2 side of the YSZ electrolyte
This effect was confirmed experimentally in YSZ that w
exposed to an external electrical field,24 but the effect is only
very small~less than 500 ppm variation in yttria content!.

According to our experimental work reported here, w
would expect kinetic demixing to occur in the SOFC, sin
we have found that yttrium moves four times faster th
zirconium in the YSZ bulk. Using transmission electron m
croscopy on well-defined bicrystals, Leiet al.27 were also
able to show that yttrium segregates to the boundary betw
the two YSZ crystals, suggesting that the element is likely
segregate at grain boundaries, which can be understood u
the results obtained here. Nevertheless, the currently
cussed operation temperatures of the SOFC~800 up to
950 °C! are very low in comparison to the cation diffusio
measurement temperatures used here. Therefore, any ch
cal decomposition of the material should happen relativ
slowly; even at 950 °C, the bulk diffusion coefficients of e
ther Zr or Y would be lower than 10219cm2 s21, and at
800 °C, the cation diffusion would be furthermore much d
creased.
Downloaded 31 Mar 2004 to 163.10.1.31. Redistribution subject to AIP
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E. Comparison of dislocation and grain boundary
diffusion data

Bulk and grain boundary diffusion data are compared
literature values in Fig. 5. In CSZ, Rhodes and Carter14 have
measured the bulk and grain boundary diffusion of the t
constituent cations in the temperature range 1700 to 2150
They estimated the grain boundary diffusion coefficient to
104– 105 times faster than the bulk diffusion, and calcium
roughly 10 times faster than Zr. The activation enthalpies
grain boundary diffusion should be not too different from t
bulk value. In another work, Mo¨bius et al.13 investigated
scandia- and calcia-stabilized zirconia~ScSZ!. Their calcium
grain boundary diffusion coefficients~despite originally
claimed to be bulk diffusion coefficients! are about 105 times
higher than the bulk diffusion coefficients measured
Rhodes and Carter. However, it is remarkable that their
conium grain boundary diffusion coefficients are well belo
the calcium grain boundary diffusion coefficients~about
three orders of magnitude!, also with a lower activation en
thalpy of the calcium grain boundary diffusion. The bu
diffusion coefficients of Ca and Zr, as mentioned earlier,
much less different from each other. If the results in Ref.
were correct, different diffusion mechanisms for the two c
ions would exist in the grain boundary. The dislocation d
fusivities measured by us are relatively high in comparis
to the bulk diffusivities observed, but unfortunately, there a
no data as yet on dislocation pipe diffusion of zirconium
single-crystalline YSZ available that would allow a compa
son to our results.

In a previous work, we studied the grain boundary d
fusion of Mn in YSZ and found that the grain bounda
diffusion is also faster than the bulk diffusion.28 Surprisingly,
as also previously observed by Walleret al.,12 the activation
enthalpy for grain boundary migration is higher than for bu
diffusion. These results were explained as changes in
oxidation state of manganese during the experiment. Ano
possible explanation might be the formation of second
intergranular phases. Recent stable tracer investigation o
Zr self-diffusion in polycrystalline ScSZ resulted in bo
bulk and grain boundary diffusion coefficients of Zr havin

FIG. 6. Comparison of relative cation diffusion coefficients in YSZ a
CSZ. Data are taken from Table I. The line is drawn as a guide only.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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different activation enthalpies @DH(Dbulk)55.0 eV,
DH~DGB!53.9 eV, Dbulk/DGB51026– 1027].29 According
to Kowalski, the grain boundary diffusion of Ti41 ~0.74 Å,
and therefore even smaller than Zr41) and Ca21 into YSZ
show significantly different behavior, it is much faster f
Ca21. For Mg21 and Ca21, which are chemically similar
and have lower charges but have significantly different io
radii ~0.89 and 1.12 Å!, Bak et al.10 found a very big differ-
ence for the bulk and grain boundary diffusion into YSZ.
seems, at least according to the recent results on tracer
fusion in YSZ, that cation grain boundary diffusion might b
dominated by charge effects while, according to our res
on self-diffusion in YSZ and CSZ, the cation bulk diffusio
is mainly ruled by ionic size effects. Similar results were a
obtained when performing model calculations on the cat
migration in perfect ZrO2 , where it was shown that the m
gration energy of diffusion is a function of both the ion
radius and ionic charge.30 To support this finding, further
experimental work using direct methods like stable and
diotracer diffusion is necessary.

IV. CONCLUSIONS

Yttrium tracer diffusion in YSZ was measured direct
by using the radiotracer88Y, and both bulk and dislocation
diffusivities were obtained from the resulting profiles. T
following results are deduced.

~1! Yttrium self-diffusion is four times faster than Zr sel
diffusion. The activation enthalpy~4.2 eV for YSZ con-
taining 11 mol % Y2O3) is slightly lower than the re-
spective value of the zirconium diffusion.

~2! In the investigated temperature range~1400–1676 °C!
dislocation pipe diffusion of yttrium in YSZ is about si
orders of magnitude faster than bulk diffusion and ha
lower activation enthalpy~3.5 eV for YSZ containing 11
mol % Y2O3). Extrapolating this behavior, dislocatio
pipe diffusion will become even more dominant at lo
temperatures.

~3! The yttrium bulk diffusion coefficient decreases with i
creasing yttrium content, similar to the observation ma
for zirconium self-diffusion, indicating that cation tran
port occurs via single vacancies.

~4! Both for YSZ and CSZ, the diffusion coefficient of zi
conium has the lowest values, being therefore rate de
mining for effects such as mechanical creep. The diff
ence in cation diffusion coefficient is tentative
assigned to be proportional to the ionic radius of t
migrating ion.
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