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Abstract

Polycrystalline ZrO2-8mol%Y2O3 was investigated by combining several experimental techniques on identical materials sintered
out of the same high purity powder. The mechanical loss spectrum (damping and elastic modulus) was measured in a large fre-
quency and temperature range (10ÿ2Hz±1.5kHz; ÿ150 to 1400�C). Damping due to point defect relaxation at low temperature and
to viscoelastic relaxation at high temperature was revealed. The creep resistance was investigated with four-point bending tests

(stress and temperature ranges: 20±75MPa, 1100±1290�C), indicating Nabarro-Herring creep as the main rate-controlling
mechanism. Both viscoelastic deformation and creep seem to be controlled by cation di�usion. Measurements of the 96Zr tracer
di�usivity by secondary ion mass spectrometry at 1125±1460�C yielded an activation enthalpy of 460 kJ/mol. Close values were

obtained for creep (440 kJ/mol) and viscoelastic relaxation (530 kJ/mol). Finally, the ionic DC-conductivity of these electrolytes
was measured with high accuracy in the range 300±1250�C. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Because of its high oxygen conductivity, stabilized
zirconia is of technological interest for fuel cells.1,2

Especially ZrO2-8mol%Y2O3 is a preferred candidate
for the solid electrolyte.3 As the electrical conductivity
relies on the di�usion of oxygen vacancies, such cells
operate at high temperatures (typically 1000�C). How-
ever, already at these temperatures, cation di�usion
becomes of importance.4±6 This results in degradation of
both the mechanical properties (creep)7 and the elec-
trical properties (ageing),3,8 the mechanisms of which
are not yet fully understood. Recent investigations on
the zirconium tracer di�usivity in single crystals indicate
that cation di�usion takes place via cation vacancies.
Nevertheless, the kind of vacancies and their formation

mechanism are not yet clear.6 Even the complex phase
equilibria in these materials having compositions near
the cubic/cubic+tetragonal phase boundary are not
unambiguously established9±11 and metastable phase
diagrams are often used.12 As to the creep properties of
high-purity polycrystalline ZrO2-8mol%Y2O3, little
information is available. Most of the reported investi-
gations on creep of yttria-stabilized cubic polycrystal-
line zirconia refer to impure, porous, partially stabilized
or higher doped materials.13±20 Moreover, the high-
temperature damping properties of these materials are
poorly known, mainly due to technical di�culties in
measuring mechanical loss spectra at high temperature.
Finally, any investigation of the above properties is
limited by the in¯uence of microstructural parameters
(impurities, grain size and morphology, phase parti-
tioning) and thermal history.
In order to overcome such uncertainties, we per-

formed all measurements on well characterized, iden-
tical materials, sintered out of the same high purity
powder. The mechanical and electrical properties were
investigated by a combination of experimental techni-
ques: mechanical spectroscopy, four-point bending
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creep tests, cation tracer di�usion measurements using
secondary ion mass spectrometry (SIMS) and four-elec-
trode DC-conductivity measurements (Fig. 1).

2. Experimental procedure

2.1. Materials processing and characterization methods

One single batch (No Z804152P) of commercial high
purity binder-free ZrO2-8mol%Y2O3 powder was used
(TZ-8Y, Tosoh Corp., Japan). The dopant and impurity
contents determined by Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES) analysis are
given in Table 1 (producer's speci®cations). The pow-
ders were compacted at room temperature ®rst uni-
axially (20 MPa) and then isostatically (300 MPa). They
were subsequently sintered at 1600�C for 2 h in air; the
heating and cooling rates were 1 and 3 K/min respec-
tively. Some materials sintered at 1480 and 1420�C were
also produced. A more detailed description of the
materials processing and characteristics is given else-
where.21

Grain size determination of the sintered materials was
carried out by image analysis of scanning electron
microscopy (SEM) micrographs obtained on polished,
thermally etched surfaces. Samples were diamond-cut
out of the sintered slabs. A few samples were further
annealed in air.

X-ray analysis was performed with a Siemens D5000
di�ractometer equipped with a position sensitive detector
and with a Siemens D500, both using CuK� radiation.
The conditions were: acceleration voltage 40 kV, current
50 mA, step size 0.02±0.05 deg, sampling time 5±20 s.
Transmission electron microscopy (TEM) observa-

tions were carried out with a JEOL-2000FX instrument
with EDX facility and with a Zeiss EM 912 Omega
instrument with energy ®ltering, operated at 200 and
120 kV, respectively, using a double-tilt sample holder.
Samples were prepared by grinding, dimpling and ion
milling and subsequently coated with carbon, to avoid
charging. Selected Area Di�raction (SAD) and dark
®eld imaging were used to investigate tetragonal phase
contrast.
Raman spectroscopy measurements were performed in

a Bruker IFS88 instrument, combined with a FRA106

Fig. 1. Overview of the experimental techniques used and measuring conditions.

Table 1

Dopant and impurity content of the TZ-8Y powders (measured by ICP-OES) and of the sintered body (measured by XRF)

Dopant/impurity content Y2O3 Al2O3 SiO2 Fe2O3 Na2O

Powder [wt%] 13.380 0.005 0.004 0.006 0.078

[mol%] 7.8

Sintered body [mol%] 8.6
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Raman accessory. The 1076 nm line of a Nd:YAG laser
was used for excitation. Usually 100 scans were accu-
mulated to obtain a good signal/noise ratio. Spectra
were recorded in re¯ection from the polished sample
surfaces. The samples were previously annealed in air
for: 100 days/1150�C, 7 days/1460�C and 12 h/1700�C.

2.2. Mechanical spectroscopy

Mechanical spectroscopy consists in measuring the
fractional dissipation of energy per vibration cycle due
to the motion of structural defects25, as a function of
frequency or temperature. The present investigations
explored di�erent temperature and frequency ranges by
using three di�erent apparatuses brie¯y presented in the
following (for details see the cited references). Samples
of typically 43�5�0.6±1.2 mm3 size were cut from the
sintered slabs. The measurements were carried out in a
10mbar He atmosphere or in vacuum, during heating.
(a) Free-decay inverted torsion pendulum (range: 1±20

Hz, ÿ150 to 700�C):22 A sample is mounted vertically,
one end being gripped and the other excited to free tor-
sional vibrations. The logarithmic decrement W of the
decaying vibration amplitude and the frequency f are
recorded. From these, the internal friction (damping),
which represents the inverse quality factor Qÿ1, or loss
tangent, can be calculated from the logarithmic decre-
ment, #, using the formula:

Qÿ1 � #
�
�1ÿ #

2�
� . . .� �1�

The second term in Eq. (1) corrects for the anharmoni-
city of the damped oscillations. The dynamical (i.e. fre-
quency-dependent) torsion modulus G is proportional
to f2, G/f2. Its absolute value can be determined by
comparing with a specimen of known modulus (same
inertia of the pendulum).
(b) Resonant bar apparatus (range: 1±3kHz, 0±900�C):23

A sample is mounted horizontally and excited to free-
free ¯exural oscillations.Qÿ1 and the dynamical Young's
modulus E/f2 are obtained similarly as under (a).
(c) Forced-vibration inverted torsion apparatus (range:

10ÿ4ÿ10 Hz, 0±1400�C):24 Similar as in (a), but without
inertia and with imposed constant frequency. Two sig-
nals are compared by the frequency generator-analyzer
unit, corresponding to the applied torque and to the
angle of deformation. From the phase lag � and the
amplitude ratio, the mechanical loss tan��Qÿ1 and the
relative variation of G are obtained.
Two types of relaxation phenomena which are fre-

quently encountered by mechanical spectroscopy and
which are of relevance for the present paper are brie¯y
presented:
(i) Anelastic relaxation. The mechanical loss shows a

(Debye) peak for which the internal friction is given by:

Qÿ1 � �
!�

1� !2�2
: �2�

where � � 2Qÿ1max is the relaxation strength (depending
on the defect concentration), ! � 2�f is the cyclic fre-
quency of vibration and � is the relaxation time. In
parallel, the dynamical elastic modulus shows a decrease.
Often � follows Arrhenius-type behaviour:

� � �1 exp�HMS=kT� �3�

where �ÿ11 is the attempt frequency, HMS is the activa-
tion enthalpy of the underlying mechanism of mechan-
ical loss and k is the Boltzmann factor. HMS can be
determined from the shift of the peak with freqency.
(ii) Viscoelastic relaxation. The mechanical loss shows

a monotonic increase (``background'') with tempera-
ture, while the dynamical elastic modulus decreases
steadily in parallel. According to the model by Schoeck
et al.,26 the high-temperature damping background can
often be described by the following phenomenological
relation:

tan� � 1

�!��� �4�

where and 1/� is a broadening factor due, e.g. to a dis-
tribution of relaxation times. For thermally activated
relaxation [Eq. (3)] and !=2�f it follows:

tan� � A

f�
exp�ÿ�HMS=kT� �4a�

where A is a constant.

2.3. Four-point bending creep tests

The constant load creep tests were carried out in a
four-point bending apparatus (type 422 E 4, Netzsch-
GeraÈ tebau GmbH, Germany). The displacement was
measured using a linear voltage di�erential transducer
in contact with the sample and the resulting deforma-
tion was calculated on-line. Samples of 45�5�4 mm3

were cut from the sintered slabs and the edges were
rounded o�. The specimens were mounted under a
minimal load of 4 N and heated to the test temperature
at 5 K/min. After thermal equilibration of 30 min, one
creep test per sample was performed, lasting 20 h. The
stress and temperature range was 20±75 MPa and 1100±
1290�C respectively.21

The steady-state creep rate (E
:
) data were evaluated

with the usual equation:7

�
: � A0

�n

dp
exp�ÿHcreep=kT� �5�
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where A0 is a constant, � the applied stress, n the stress
exponent, d the grain size, p the grain size parameter,
and Hcreep the activation enthalpy.

2.4. Cation di�usion experiments

Samples of 10�10�1 mm3 size were cut and polished
with the alumina suspension ``Final'' (particle size 500
nm). In order to heal near-surface defects induced dur-
ing polishing, the samples were preannealed for 2 days
at about 1460�C in air and rapidly cooled. For the
cation di�usion experiments, a thin layer (20 nm) of
ZrO2 containing 59.6% 96Zr (natural isotopic abun-
dance: 2.8%) was applied onto the surface. Di�usion
occured by annealing at temperatures between 1125 and
1460�C in air, followed by rapid cooling.
The di�usion pro®les were obtained through the

depth pro®le analysis method, using a VG SIMS-Lab at
the Ecole des Mines, Nancy, France. An Ar+ primary
ion beam with an energy of 8 keV was used for excita-
tion and a ¯ood gun was necessary to reduce sample
charging. The ion beam was scanned over a sample area
of <0.5�0.5 mm2. Singly charged secondary ions
(cations) were detected. An electronic gating of 30% in
each direction was applied to reduce crater e�ects. To
convert sputter time into eroded depth the crater depth
was measured using a pro®lometer. More details are
given elsewhere.6

Tracer di�usivities D were determined by ®tting the
appropriate solution of Fick's second law27 to the tracer
isotope concentration pro®le:

c�x; t� ÿ c0 � 0:5�cs ÿ c0� � �erf��x� l�=2�Dt�0:5�

ÿ erf��xÿ l�=2�Dt�0:5�� �6�

where c0 and cs are the natural and the initial con-
centration of the tracer isotope, respectively, l is the
initial thickness of the tracer layer and t is the di�usion
time.

2.5. Electrical resistivity measurements

The ionic DC-conductivity was measured using the
four-probe technique in the temperature range 250±
1250�C. Conductivity samples (typically 5�5�22 mm3)
were diamond cut. The two small faces (current elec-
trodes) were coated with platinum paste and spring
loaded between slides of platinum mesh, in order to
enable su�cient oxygen ¯ow. The voltage electrodes
had the form of platinum wire loops wrapped around
the sample at two equipotential planes at 8mm distance,
with platinum paste ensuring good electrical contact.
Positive and negative polarity was set for each current
value.

3. Results

3.1. Microstructure

The sintering behaviour of the powders was followed
by dilatometry, showing nearly complete densi®cation
already at �1400�C. To obtain di�erent grain sizes,
three sintering temperatures were selected (1420, 1480
and 1600�C). All the sintered materials reached almost
full density (�>99% theoretical density). Only a small
amount of pores was detected by SEM, decreasing with
sintering temperature. Therefore, mainly the material
sintered at 1600�C was investigated. A typical micro-
graph is shown in Fig. 2 (grain size 6.8 mm). Materials
with grain sizes 3.9 and 2.4 mm were used for creep tests
only. X-ray ¯uorescence (XRF) analysis yielded a
dopant concentration of 8.6mol%Y2O3 (Table 1).

Fig. 2. SEM-micrograph of the investigated ZrO2-8mol% Y2O3

material. Grain size d=6.8 mm.

Fig. 3. X-ray spectra of the sintered material. In all cases only cubic

(¯uorite) re¯ections are present.
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X-ray spectra show all the re¯ections of the cubic
¯uorite structure (Fig. 3). No evidence of tetragonal
phase was found, i.e. no splitting of the higher order
re¯ections was observed.
Bright ®eld TEM observations showed that the mate-

rial contains very little visible second phase in the form
of spherical inclusions inside the grains or pockets at
grain boundaries [Fig. 4(a)]. EDX measurements on
several such inclusions revealed the presence of Si, sug-
gesting that they are amorphous. EDX measurements of

the Zr/Y ratio on several grains yielded values between
8 and 9mol%Y2O3, consistent with those from chemical
analysis (Table 1).
TEM-SAD patterns showed re¯ections of the (112)-

type, forbidden in the cubic ¯uorite phase and char-
acteristic of the tetragonal phase [Fig. 4(c)]. Moreover,
strong di�use scattering was observed [Fig. 4(c, d)]. A
dark-®eld image of a cubic grain slightly tilted from the
[111] zone axis, obtained using a tetragonal (112) re¯ection,
shows a faint contrast on a nanometric scale [Fig. 4(b)].

Fig. 4. (a) Bright ®eld electron micrograph of a triple junction in an area containing an untypically high density of glassy phase inclusions and pores.

The arrowed inclusions were con®rmed by EDX to contain Si. (b) Dark ®eld image of a [111]-oriented grain using a tetragonal (112) re¯ection. (c)

Selected area di�raction pattern of a [111]-oriented grain showing tetragonal re¯ections (marked t), double re¯ection spots (marked d) and di�use

scattering. (d) Selected area di�raction pattern of a grain slightly tilted o� the [100] zone axis, showing strong di�use scattering.
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Raman spectroscopy measurements performed on
samples annealed at 1150�C showed re¯ections of both
the cubic and the tetragonal phase, while for those
annealed at 1460 and 1700�C only the cubic phase was
observed (Fig. 5).

3.2. Mechanical spectroscopy

The typical spectrum is shown in Fig. 6, measured
with forced vibrations at 0.1Hz. It shows two main
components: (a) at low temperature (0±500�C), a double
mechanical loss maximum (composed of two sub-
maxima designated I and IB) together with a transition
in the dynamical torsion modulus and (b), at high tem-
perature (>900�C), a monotonic increase of the

mechanical loss accompanied by a decrease of the
modulus. Both are thermally activated relaxation phe-
nomena, since they shift with the vibration frequency.

(i) Double maximum. The double maximum was
investigated in a large frequency range (0.01 Hz±1.5
kHz). Fig. 7(a and b) shows two examples of measure-
ments using the free decay of oscillations in the tor-
sional and ¯exural modes, respectively. From the shift
of the peak positions with frequency, the activation
parameters can be calculated. One so obtains the acti-
vation enthalpy and attempt frequency values of,
respectively, 135�20 kJ/mol (1.4�0.2 eV), 1018 sÿ1

for maximum I and 260�20 kJ/mol (2.7�0.2 eV),
1025 sÿ1 for maximum IB. The maxima are larger than
simple Debye maxima [Eq. (2)] by a factor of about 4.

Fig. 5. Raman spectra after ageing (i) 100 days at 1150�C, (ii) 7 days

at 1460�C and (iii) 12 h at 1700�C. Features of both the cubic and

tetragonal (t) phase appear in (i), while only those of the cubic phase

are visible in (ii) and (iii).

Fig. 6. Typical spectrum (mechanical loss tan� and dynamical torsion

modulus G) as a function of temperature, measured with forced

vibrations at the frequency 0.1 Hz.

Fig. 7. (a) Low temperature damping Qÿ1 and dynamical torsion

modulus G, measured using free decaying torsial vibrations at the fre-

quency of about 3 Hz. The dotted curve shows the spectrum after

annealing 484 h at 810�C. (b) Low temperature damping Qÿ1 and

dynamical Young's modulus E, measured using free-free ¯exural

vibrations at the frequency of about 1.5 kHz.
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After annealing for 484 h at 810�C, the satellite max-
imum IB is reduced signi®cantly while maximum IB
remains almost una�ected.

(ii) Modulus. Absolute values of the dynamical elastic
moduli G and E are given in Fig. 7(a and b) for the
torsion and ¯exural modes. These were obtained by
multiplying the square of the measured self-vibration
frequency by the appropriate geometrical factors.22,23 In
the case of the measurements under imposed vibrations,
the measured relative values of the dynamical modulus
can thus also be converted into absolute ones (Fig. 6).
At room temperature, G�65 GPa and E=200 GPa. At
intermediate temperature (500±800�C), one notices an
increase of the modulus.

(iii) High-temperature part. The monotonic increase
of mechanical loss above 900�C (Fig. 6) can be descri-
bed by Eq. (4). E�ectively, on a logarithmic vs inverse
temperature representation [Fig. 8(a)], straight lines are
obtained. These can be superimposed by shift along the
1/T axis, thus producing a linear master spectrum [Fig.
8(b)], typical for viscoelastic deformation. From the
shift of the linear segments, an activation enthalpy value
(5.7 eV) can be obtained using an Arrhenius diagram
[Fig. 8(c)].28 Double linear regression on all data of Fig.
8(a) to ®t the logarithm of Eq. (4) yields �=0.3 and
HMS=530 kJ/mol (5.5 eV).

3.3. Creep

A typical creep curve is shown in Fig. 9. After the
transient regime (primary creep), steady-state (second-
ary creep) is reached. The steady-state creep rate can be
analyzed by the usual phenomenological equation [Eq.
(5)]. E�ectively, in Fig. 10(a and b), straight lines are
obtained for both logE

:
vs 1/T and logE

:
vs log�. For the

material with grain size 6.8 mm, the slopes yield the

Fig. 8. (a) Shift with measurement frequency of the high-temperature

damping. (b) Master spectrum of the high-temperature damping

background, obtained by superposing the spectra shown in Fig. 7(a)

after shifting them along the 1/T axis. (c) Arrhenius diagram reporting

the di�erences of logf vs the shift along 1000/T necessary to superpose

the spectra of Fig. 8(b). The slope of the ®tted line yields HMS=550

kJ/mol (5.7 eV).

Fig. 9. Typical creep curve (deformation as a function of time),

showing the primary (transient) and secondary (steady state) creep

stages (T=1290�C, 75 MPa).
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values of n=1.1�0.1 and Hcreep=440�60 kJ/mol
(4.6�0.6 eV), respectively, for the stress exponent and
for the activation enthalpy at 75 MPa. Creep tests on
materials made of the same powder but di�ering only
with respect to the grain size con®rmed slightly lower
values of the activation enthalpy [Fig. 10(a)].21 By
applying multiple linear regression to the whole set of
availabe data to ®t the logarithm of Eq. (5), one obtains
the values of n�1, H=370 kJ/mol (3.8 eV) and a grain
size parameter of p�2.5.

3.4. Cation di�usion

A typical cation concentration pro®le (96Zr tracer
fraction c as a function of the depth x) is reported in
Fig. 11. As is shown, it can be ®tted quite well by Eq.
(6), indicating that only one mechanism of di�usion
exists. For the whole temperature range investigated, an
Arrhenius-like behaviour is found (Fig. 12). The 96Zr

tracer di�usivity was found to be DZr=0.22
exp(ÿ460�20 kJmolÿ1/kT) cm2 sÿ1. This implies fairly
large values of the entropy of motion (�5 kB).

3.5. Electrical resistivity

The DC-conductivity is shown in Fig. 13 in an
Arrhenius representation. A gradual decrease of slope is
observed in the investigated temperature range, corre-
sponding to activation enthalpy values HDC ranging
between 110 and 70 kJ/mol (1.14ÿ0.72 eV) at low and
high temperatures, respectively. The temperature
dependence of the activation enthalpy is obtained by
local derivation of the �T vs 1/T curve. Above 800�C,
the derived curve is not smooth, indicating anomalous
temperature change of the conductivity. After annealing

Fig. 11. Experimental and ®tted [according to Eq. (6)] 96Zr depth

pro®le after annealing 14.2 h at 1428�C.

Fig. 10. (a) Temperature dependence of the steady state creep rate at

75 MPa for three grain sizes. Activation enthalpies 400±440 kJ/mol

(4.2±4.6 eV). (b) Stress dependence of the steady-state creep rate at

three temperatures. Mean stress exponent: n=1.1.

Fig. 12. Temperature dependence of the zirconium tracer di�usivity.

The Arrhenius ®t yields an activation energy of 460 kJ/mol (4.8 eV).
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for 484 h at 810�C, the conductivity decreased to about
75% of its initial value.

4. Discussion

The yttria content of this material is near the mini-
mum required for full stabilization of the cubic
phase29,30 and precipitation of tetragonal or pseudo-
cubic phase can occur at temperatures about 1000�C
which are of interest as well for technological applica-
tions as for the present measurements. E�ectively,
although X-ray di�raction shows only cubic re¯ections
(Fig. 3), TEM-SAD revealed forbidden re¯ections in
several grains [Fig. 4(c)], characteristic of the tetragonal
phase. This could be due to the formation of small tet-
ragonal precipitates during cooling following sintering,
which would, however, be of nanometric size [Fig. 4(b)].
The present results are thereby similar to those reported on
materials of same composition.29,31 No domain contrast of
t0-phase was obtained, again in accordance to what is
expected for a material containing >7.5mol% Y2O3.

31

The microstructural changes accompanying thermal
treatments of this type of materials are still unclear.
Neither the relevant part of the equilibrium phase dia-
gram has been unambiguously established,12 nor has
there been su�cient proof as to the identity of ordered
microdomains. In the present case, the Raman spectrum
of samples annealed for 100 days at 1150�C shows fea-
tures both arising from the cubic and the tetragonal
phase, thereby con®rming that at this temperature the
cubic phase is not stable, while after annealing at 1460
and 1700�C only the cubic phase is observed, in agree-
ment with the phase diagram given by Stubican.10

However, the kinetics of precipitation of tetragonal

phase are slow and in the time scale (hours) of the pre-
sent experiments (mechanical loss, creep, conductivity)
the material can be considered as cubic.
Di�use electron scattering was observed [Fig. 4(c and d)]

which is a typical feature of the di�raction patterns of sev-
eral cubic zirconias.32±35 The origin of this phenomenon
has not yet been established: it could be due to ordered
microdomains or to local ordering of oxygen vacancies.
The damping properties of this material are char-

acterized by a double anelastic relaxation maximum at
low temperatures (<600�C), followed by a range of low
damping and then, at high temperature (>900�C), a
steady increase of damping of viscoelastic type. Max-
imum I is equivalent to the maximum I observed in all
zirconia materials, tetragonal36,37 as well as cubic.38,39 It
has been attributed to the reorientation of elastic
dipoles �Y0ZrV

::
O�: formed between dopant cations and

oxygen vacancies. Its activation enthalpy of about 135
kJ/mol (1.4 eV) is consistent with the dependence of the
activation enthalpy values determined for maximum I
as a function of yttrium content.39 As for the satellite
maximum (IB), it does not seem to follow the scheme
obtained for the satellite maxima (termed IA else-
where)38,39 obtained for fully stabilized cubic zirconia
single crystals with higher yttria concentration. One
obvious reason for this behaviour could be the presence
of grain boundaries. However, such a maximum does
not occur at all in tetragonal zirconia polycrystals (2Y-
TZP, 3Y-TZP),37 which contain a much higher propor-
tion of grain boundaries. Moreover, the present mate-
rial is rather pure (Table 1) compared to some of the
TZP materials mentioned. Another possible explanation
for this maximum could be the presence of small tetra-
gonal precipitates or ordered microdomains, creating
damping interfaces. Indeed, a satellite maximum was
observed in ZrO2-4mol%Y2O3

37 which, moreover, grew
after thermal treatments susceptible to allow precipita-
tion and growth of tetragonal phase in these partially
stabilized materials. After annealing for 484 h at 810�C,
the satellite maximum IB markedly decreases, thus
manifesting an evolution of the microstructure. Similar
behaviour was reported recently40 where this phenom-
enon is attributed to the local ordering of oxygen
vacancies during ageing. More detailed investigations of
the relaxation properties of the satellite maximum are
under way in order to identify the underlying mechanism.
The ionic conductivity of this material is in close

agreement with a similar material studied by Ciacchi et
al.3 The continuous change in slope between low and
high temperature (Fig. 13), corresponding to a change
of activation enthalpy from 110 kJ/mol (1.1 eV) to 70
kJ/mol (0.7 eV), is in accordance with the oxygen
vacancy-association model.1 The low temperature value
is, however, signi®cantly lower than that for dipole
reorientation obtained for mechanical loss (see max-
imum I, 1.4 eV). Above 800�C, the conductivity shows

Fig. 13. Temperature dependence of the DC-conductivity and di�er-

entiated curve (apparent activation enthalpy HDC). HDC gradually

decreases from 110 to 70 kJ/mol (1.1±0.7 eV).
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anomalous behaviour, which appears more clearly on
the derived curve (activation enthalpy). With higher
dopant content, such e�ects are even more pronounced
and are pointing to an order-disorder transition.41,42

E�ectively, after annealing for 484 h at 810�C, the con-
ductivity drops to about 75% of its initial value, in close
agreement with Kondoh et al.43 who attributed this
aging e�ect to short range ordering of oxygen vacancies.
The obtained value for the dynamical Young's mod-

ulus (200 GPa at low temperature) agrees well with the
elastic Young's modulus calculated from single crystal
elastic constants (�233 GPa).44 The slightly lower value
could be due to di�erences in density between nearly
fully dense sintered materials and a single crystal, as
suggests the increase of modulus in the intermediate
temperature range.
The high temperature viscoelastic damping depends

on cation motion, as is suggested by the associated high
activation enthalpy of 530 kJ/mol (5.5 eV). This value is
a little higher than the 96Zr tracer di�usion activation
energy of 460 kJ/mol (4.8 eV). Viscoelastic damping
could, e.g. arise from the glide/climb motion of intra-
granular dislocations or from grain boundary sliding. In
the latter case, the activation enthalpy should be equal
to that for grain-boundary cation di�usion. For the
present material, however, no reliable data exist on
grain boundary di�usion. As to the broadening factor
of a=0.3 obtained for the viscoelastic damping back-
ground, it is of the same order as found for other cera-
mic materials.28,45,46

The obtained creep exponent of n�1 is typical for
di�usional creep. The grain size parameter of p=2.5 lies
between the values for Nabarro-Herring creep (p=2,
creep controlled by intragrain di�usion47,48) and Coble
creep (p=3, creep controlled by intergranular di�u-
sion49). However, if the materials parameters are inser-
ted into these two models, a much better agreement is
found for the Nabarro-Herring model. The experi-
mental creep rate at 1200�C, 75 MPa is 5.8.10ÿ9 sÿ1,
which is very close to the value of 1.3.10ÿ9 sÿ1 predicted
by the Nabarro-Herring model, while the Coble model
predicts a much slower rate (2.7.10ÿ16 sÿ1). Never-
theless, other grain boundary sliding models can lead to
comparable predicted creep rate values. Extensive SEM
studies on crept samples would be needed to obtain
further information as to the creep mechanism. As for
the activation enthalpy, the values obtained at 75MPa for
the investigated grade are 440 kJ/mol, i.e. close to the one
for intragranular cation di�usion (460 kJ/mol). Compar-
able creep behaviour of cubic polycrystalline zirconia has
been reported, where di�usional creep also seems to pre-
vail. In some cases13 similar and in others16±18 higher
values of the creep activation enthalpy were reported.
The measured 96Zr tracer di�usion activation energy

of 460 kJ/mol (4.8 eV) agrees well with the values
reported in the literature.4,6,50 Because the investigated

material has a grain size which is much larger than the
di�usion length, no evidence of grain boundary con-
tribution to the di�usion pro®les was found. The values
obtained are therefore believed to be representative of
the grain interior. There is no signi®cant in¯uence of the
preparation conditions on the zirconium tracer di�u-
sion. The large values of the entropy of motion (»5 kB)
are at present inexplicable along classical guidelines.
According to the current models,51 this entropy should
not be higher than 3 kB.

5. Conclusions

In the present investigation, identical ZrO2-
8mol%Y2O3 polycrystals were characterized as to their
microstructure, mechanical properties, cation di�usion
and ionic conductivity by using various complementary
experimental techniques in the framework of a joint
research programme.
The obtained microstructural features are in agree-

ment with those reported for similarly doped materials
and the materials are highly pure. At low temperature,
two mechanical relaxation processes take place, the ®rst
one attributed to the reorientation of elastic dipoles
�Y0ZrVO

::�: and the second one related to ageing. The
DC-conductivity of these materials is as expected from
literature. Moreover, well resolved measurements of the
temperature dependence of the conductivity revealed
anomalous behaviour above 800�C, indicating the
occurence of the order±disorder transition.
At high-temperature, the investigated mechanical

properties (viscoelastic damping, creep resistance) are
both controlled by cation di�usion, as suggested by the
activation enthalpy values obtained by mechanical
spectroscopy, creep tests and di�usion experiments.
High temperature damping was measured for the ®rst time
in these materials and shows a viscoelastic-type increase
of damping above 1000�C, revealing the onset of non-
recoverable defect motion. This is e�ectively followed
by creep at higher stress and temperature. The obtained
creep parameters of n�1 and p�2.5 indicate Nabarro-
Herring creep as the rate-controlling mechanism.
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