
Journal of the European Ceramic Society 25 (2005) 1591–1595

96Zr diffusion in polycrystalline scandia stabilized zirconia
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Abstract

Diffusion of the stable tracer isotope96Zr in 12 mol% polycrystalline scandia stabilized zirconia was studied in air in the temperature range
from 1200 to 1600◦C. Secondary ion mass spectroscopy (SIMS) was used to record the tracer diffusion profiles. The activation enthalpies for
bulk and grain boundary diffusion were determined to be (5.0± 0.4) eV and (3.9± 0.5) eV, respectively, with the latter being six to seven
orders in magnitude faster than the first. Using XRD, it was proved that the diffusion occurs only in the cubic phase.
© 2004 Elsevier Ltd. All rights reserved.
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. Introduction

Pure zirconium dioxide (ZrO2) has three polymorph
hases: monoclinic (room temperature), tetragonal (above
170◦C) and cubic phase (above 2370◦C). The addition of
liovalent ions to ZrO2 fully or partially stabilizes the high

emperature phases at low temperatures and creates anion va-
ancies resulting in an increased oxygen conductivity making
he material useful as sensors and solid electrolytes in solid
xide fuel cells (SOFC). ZrO2 stabilized with 10–12 mol%
c2O3 (ScSZ) has the highest oxygen conductivity1 of all
irconias doped with lower valent cation; its conductivity is
bout three times higher than that of Y2O3 stabilized zirconia
YSZ) with the same dopant level. Since the price of scan-
ium dropped recently significantly, the system Sc2O3–ZrO2
ained increased attraction for investigating its applicability

n technological devices.
The phase diagram of the Sc2O3–ZrO2 system is more

omplex than of other pseudo-binary M2O3–ZrO2 sys-
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tems. In contrast to other zirconia-based systems, in
scandia–zirconia system also the presence of rhomb
dral phases are reported. In the concentration range w
the highest oxygen conductivity is observed (10–12 m
Sc2O3), the rhombohedral�-phase is stable at temperatu
below 500 and 600◦C. Some authors indicated the occ
rence of a loss of ionic conductivity in scandia stabilized
conia (ScSZ) coinciding with the phase transition betw
the cubic and the�-phase.2 The maximum of the phase tra
sition between the�-phase and the cubic phase was
termined to be at a stabiliser content of 12 mol% Sc2O3
and a temperature of 600◦C.3–8 There is still controvers
about the nature of the phase transition1,5 and on hysteres
effects.2,7,8

Both for YSZ and ScSZ, the ionic conductivity decrea
for long annealing times.1 As the degradation process is
rectly related with the mobility of the cations in the latti
the knowledge of diffusion data for the cations will allow
better understanding of the degradation process as wel
mechanical properties like the diffusion creep at high tem
atures. Until now, there are no direct data available on c
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diffusion in scandia stabilized zirconia in the literature. For
ceramic scandia-stabilised zirconia, there is one old work on
creep giving an activation enthalpy of 3.9 eV and a “creep”
exponent ofn = 1.48.9
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In the present study, the diffusion of the rare stable isotope
96Zr in ceramic ScSZ containing 12 mol% Sc2O3 was inves-
tigated using secondary ion mass spectroscopy (SIMS). From
the depth profiles, both bulk diffusivities and grain boundary
diffusivities could be determined.

2. Experimental

The polycrystalline ScSZ material (12 mol% Sc2O3 ac-
cording to an X-ray fluorescence analysis) was purchased
from KERAFOL in the form of thin foils (180�m). The
chemical composition of the powders used to produce the
foils indicates that the accumulated impurity level of Fe2O3,
CaO, SiO2, etc. is less than 0.3%. The density (determined by
the Archimedes method) was higher than 98% of the theoret-
ical density. The foils were gas proof; no open porosity was
found. The samples were cut, ground and polished down to
1�m diamond grain size. XRD analysis indicated the pres-
ence of only beta phase.

A nitric solution of96ZrO2/Sc2O3 with the proper concen-
tration of scandium was deposited on the polished surface and
was allowed to dry at 50◦C in air giving a thin tracer layer
enriched in96Zr of about 20 nm thickness. The layer could
be considered to be homogeneous on comparing with the di-
mension of the investigated region. The coated samples were
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ments, the samples diffused at higher temperature were pre-
heated at 1600◦C for 17 h to achieve stable grains size.

SIMS experiments were performed using a VG-SIMS-
Lab at the Ecole des Mines in Nancy, France. An Ar+ pri-
mary ion beam (8 keV, 150 nA) was scanned over an area of
300�m × 300�m. Singly charged positive secondary ions
were detected. An electronic gating of 30% in each direction
was applied to reduce crater edge effects. The depth of the
crater, measured using a profilometer, was used to convert
sputter time into depth. The depth inaccuracy resulting from
the roughness of the crater bottom was in no case more than
10%.

Diffusional profiles were determined by measuring the
signal intensities of six isotopes,46Sc,90Zr, 91Zr, 92Zr, 94Zr,
96Zr, on sputtering. As the analysis area (approximately
100�m× 100�m) was large compared to the grain size (ap-
proximately 10–30�m) these intensities were proportional
to the mean concentration ¯c of the isotopes monitored at a
given depth.

Bulk diffusivitiesD were calculated from the experimen-
tal results on fitting the following solution (Eq. (1)) of Fick’s
second law to the “bulk part” of the tracer isotope concentra-
tion profile, i.e. the part of the depth profile, which is close
to the surface:10
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eated for 2 h at 800◦C before performing the diffusion a
eals in order to decompose remaining nitrates. The sam
ere heated at 1600, 1500, 1468, 1378, 1286 and 1216◦C in
ir. The heating time was increased as the diffusion tem
ture was decreased.

After annealing, the changes in the crystallographic s
ure of the samples were investigated using X-ray diffrac
XRD) on a Siemens D5000 powder diffractometer (Co�
adiation, step width of 0.02◦, fixed time of 5 s). The regio
f 55–65◦, where the most noticeable differences betw

he cubic and the�-phase occur, was used to identify the
hases. The thermal stabilities of the observed phases

nvestigated with high temperature X-ray diffraction betw
oom temperature and 1200◦C.

Stability of grain size was followed using SEM. Since
revious experiments, grain growth was observed at h

emperatures (>1500◦C) during the diffusion anneal expe

able 1
xperimental conditions and results of the diffusion experiments

(◦C) t (h) d (�m) Dbulk (cm2 s−1)

216 498 8 9.9× 10−17

286 223 10 2.0× 10−16

378 63.5 10 2.8× 10−15

8.1× 10−15

468 24.5 12 1.1× 10−14

500 20 30 2.7× 10−14

600 1.93 30 3.8× 10−13

he grain widthδ was assumed to be 10−7 cm.
(Dt)1/2 (10−5 cm) d/10 (10−5 cm) DGB (cm2 s−1)

1.33 8 4.5× 10−10

8.2× 10−10

1.26 10 3.0× 10−9

2.54 10 4.8× 10−8

8.9× 10−9

5.35 12 1.2× 10−7

4.45 30 2.8× 10−8

5.06 30 4.5× 10−7

(̄z, t) =
(πDt)1/2

exp −
4Dt

(1)

here,M is the quantity of diffusant per unit area atz = 0, z
s the depth coordinate andt is the diffusion time.

The grain boundary diffusivityDGB was determined a
ording to Suzuoka’s theory using the following equatio11

GBδ = 1.308

(
D

t

)1/2[
−∂ ln c̄

∂z6/5

]−5/3

(2)

here,δ is the grain boundary thickness, taken to be 10Å.
Table 1gives an overview over the characteristic para

ers, which define the diffusion regime (in the so-called
ated Grain Boundary Model) and the obtained diffusion
fficients. We appliedEq. (2)for the calculation of the gra
oundary diffusivity from the tail of the profile, which mea

hat grain boundary transport occurred in the so calle
egime (10δ < (Dt)1/2 < d/10), whered is the grain size.
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3. Results and discussion

Fig. 1 shows the SIMS profile obtained on a sample an-
nealed at 1378◦C for 63.5 h. A typical96Zr diffusion profile
is shown with the part dominated by the bulk diffusion close
to the surface (region A) and the part dominated by grain
boundary diffusion at higher sample depth values (region B).
Solid lines are the fitted curves usingEqs. (1) and (2), respec-
tively. For region B it is possible to get a reliable fit according
to Eq. (2)despite the fact that the natural abundance of the
stable isotope96Zr (2.78%) is rather high and therefore the
dynamic range of the tail is relatively low. Close to the sur-
face, the signal intensity of96Zr is slightly reduced due to the
establishment of the sputter equilibrium at the beginning of
the sputter process.

XRD experiments performed at room temperature before
and after the diffusion experiments indicated that the while
the samples originally all were in the�-phase, the�-phase
was observed for the samples treated at 1215, 1286 and
1378◦C and the cubic phase for the sample heated above
1468◦C (Fig. 2). High temperature XRD experiments per-
formed up to 1400◦C indicate that all samples transform to
the cubic below the temperatures were the diffusion experi-
ments were performed. This means that in all cases the diffu-
sion takes place in the cubic phase. On cooling the samples,
t t
c

rom
t
F
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i

F l
l parts
a

Fig. 2. X-ray diffraction patterns of selected diffusion annealed samples.
Shown are also the 2θ values indicative for the rhombohedral and cubic
phases.

sion and�HGB = (3.9± 0.5) eV for grain boundary diffusion,
with preexponential factors of 5.1 and 1.5× 104 cm2 s−1. The
value for the activation enthalpy of grain boundary diffusion
is in excellent agreement with the old creep data reported by
Evans.9

On comparing the diffusivities obtained for the ScSZ ma-
terial with earlier results on CSZ (11 mol%)12 and YSZ
(10 mol%)13 with similar dopant content, it is found that in
the whole investigated temperature range, the zirconium dif-
fusivity in ScSZ is higher than in the other zirconia materials.
This higher diffusion coefficient could be the cause for the
easier ordering effects observed in the ScSZ as to the other
stabilized zirconia (seeFig. 4).

Kowalski et al.14,15 investigated the diffusion of Ca and
Ti in YSZ. These authors argue that for ions with ionic radii
close to the ionic radius of Zr, the ratioq between the activa-
tion enthalpy for grain boundary diffusion and the activation
enthalpy for bulk diffusion (q = �HGB/�HBulk) is almost the
same and less than 1 (q = 0.67± 0.12 for Ti andq = 1.10
he retransformation from the cubic to the�-phase was no
omplete in all cases for kinetic reasons.

The diffusion coefficients, calculated for each regime f
he experimental data usingEqs. (1) and (2), are shown in
ig. 3as a function of temperature in an Arrhenius plot.

The activation enthalpies obtained from fitting the ex
mental results were�HBulk = (5.0± 0.4) eV for bulk diffu-

ig. 1. 96Zr depth profile for a sample annealed at 1378◦C for 63.5 h. Ful
ines are the results of fitting the bulk and the grain boundary diffusion
ccording toEqs. (1) and (2)(see inserts).
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Fig. 3. Temperature dependency of96Zr tracer diffusivities. Symbols corre-
spond to bulk diffusion ( ), and grain boundary diffusion (), respectively.

± 0.22 for Ca). More recently, Bak et al.16 found on investi-
gating the Mg diffusion in YSZ that the activation enthalpies
for the bulk diffusion and grain boundary diffusion are 4.05
and 1.26 eV, respectively, giving a ratio ofq = 0.31. Our re-
sult for 96Zr tracer diffusion gives an enthalpy ratio ofq =
0.76± 0.16, which is lower than 1 within experimental er-
ror. Fig. 5gives an overview of known q values as a function
of the diffusant radiusr.17 As can be seen, no simple linear
correlation can be established between�HGB/�HBulk and
the ionic radius of the diffusing species, except that mostly
all q values are lower than one with the exception of the Mn
values. Regarding this atom, some studies indicated that the
oxidation state of manganese in YSZ is a mixture of 2+ and
3+18 implying a change on the ionic radius.

F ne),
1

Fig. 5. Activation enthalpy ratioq of grain boundary diffusion and bulk
diffusion as a function of the ionic radius of the diffusant. For the couples
diffusant/stabilizer element the following data were used, with Y correspond-
ing to YSZ, Ca to CSZ and Mg to MgSZ: Mn2+/Y (Mn3+/Y): reference 18;
Ti/Y: reference 15; Ca/Y: reference 14; Hf/Y: reference 15 and references
therein; Hf/Ca: reference 15 and references therein; Hf/Mg: reference 15 and
references therein; Y/Y: reference 22; Zr/Sc: this work; Mg/Y: reference 16.
The ionic radii were taken from reference 16 for a coordination number (CN)
of 8, except for Mn3+ where only CN = 6 exists.22

Furthermore, Kowalski et al. pointed out that differences
in the composition and/or structure of the grain boundaries
could influence the cation transport across them making this
process dependent on the composition of the individual sam-
ples. The observed differences for theqvalue for Mn diffusion
could be either due to the change in the valence state or due
to inhomogeneities in the grain boundary of the manganese-
containing samples.

The preexponential factor in the Arrhenius expression for
the diffusivity can be related to the activation entropy of dif-
fusion as follows:

D0 = λ2η exp

(
Sf + Sm

kB

)
(3)

where,λ is the jump distance,η is the vibration frequency
andSf andSm are the formation and migration entropies for
cation vacancies, respectively. Takingλ = 0.392 nm in ZrO2
andη = 1013 s−1,19 an entropy factor of 6kB can be calcu-
lated from the bulk experimental value forD0 for the sum
of the two entropy contributions. Comparing this value with
the available literature data,20 a zirconium migration via free
vacancies can be assumed as was also proposed earlier for
the similar YSZ system.21
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ig. 4. Comparison of the Zr diffusivities in 11 mol% YSZ (dashed li
1 mol% CSZ (dotted line) and ScSZ (points and solid line).
. Conclusions

The zirconium bulk and grain boundary diffusivities
ScSZ containing 12 mol% Sc2O3 were successfully de
termined using the stable isotope96Zr. It was shown fo
the first time that also with the not extremely rare sta



M.A. Taylor et al. / Journal of the European Ceramic Society 25 (2005) 1591–1595 1595

isotope96Zr (2.78% abundance), grain boundary diffusion
coefficients can be obtained. The bulk diffusion is by six to
seven orders of magnitude slower than the grain boundary
diffusion.

• Activation enthalpies for bulk diffusion and for grain
boundary diffusion were determined to be (5.0± 0.4) eV
and (3.9± 0.5) eV, respectively.

• The entropy derived from theD0 value of the bulk diffusion
(6 kB) suggested that the diffusion process proceeded via
free vacancies as in the YSZ system.

• The diffusion of zirconium in ScSZ is higher than in other
stabilised zirconias containing the same amount of sta-
biliser.

• The activation enthalpy for zirconium grain boundary dif-
fusion is lower than for zirconium bulk diffusion, which is
in-line with previous investigations.
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