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Abstract

When zirconia is used as electrolyte material in intermediate temperature solid oxide fuel cells, the influence of impurities on conductivity
becomes more significant than at high temperature. It is, therefore, important to understand the effect of impurities and if possible remove
them. SiO2 is an impurity known to be present in zirconia and to have a negative effect on conductivity. Since the early 1980s, several groups
have reported Al2O3 to act as a scavenger of SiO2 in zirconia. However, conflicting results have been obtained. Both increases and decreases in
grain boundary conductivity have been found along with a decrease in grain interior conductivity. The effect of Al2O3 seems to be dependent
on the ratio between Al2O3 and SiO2 in the material, and on the concentration and the distribution of Al2O3 in zirconia. Here, the results
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escribed in literature are reviewed and compared with new results obtained on Sc0.16Y0.04Zr0.80O1.9 and Tosoh TZ8Y. The samples we
nvestigated with respect to conductivity (impedance spectroscopy) and microstructure (scanning and transmission electron mic
rder not only to find a trend but also to understand the mechanism of Al2O3 addition.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Alumina is added to stabilised zirconia for several rea-
ons; as a sintering aid,1 as a scavenger of Si,2,3 to improve
trength4 of stabilised zirconia and to lower the thermal
xpansion coefficient.5 This has resulted in several papers
n the effect of alumina addition. In the present paper, the

ocus will be on the effects of alumina as a scavenger, i.e.
he effects on conductivity. The results reported in literature
re reviewed. An explanation for the contradiction between

hese results is proposed and verified by new experimen-
al results obtained on Sc0.16Y0.04Zr0.80O2−δ and Tosoh
Z8Y.

Since the early 1980s2 it has been reported that adding
lumina to stabilised zirconia has a positive effect on con-
uctivity. However, conflicting results have been obtained
n alumina doped yttria stabilised zirconia. Both increases2

nd decreases6,7 in grain boundary conductivity have been

∗ Corresponding author. Tel.: +45 4677 5847; fax: +45 4677 5758.
E-mail address: dorthe.lybye@risoe.dk (D. Lybye).

reported along with a decrease8 and increase9 in bulk con-
ductivity due to alumina addition. A direct comparison
these literature data is very difficult since material and pro
parameters such as sintering temperature and time, po
supplier, powder preparation, amount of dopants and am
of Al2O3 added differ from each other. The sintering tem
ature varies between 1350◦C10 and 1700◦C.11 The sintering
time varies between 2 h12 and 30 h.10 Powder comes from
different suppliers or is made in the laboratory resultin
different content of Si and other impurities. The amount
type of impurities in the powder are essential when the
is to understand the formation and behaviour of the g
boundary glass phases found in yttria stabilised zirconia

Adding alumina to zirconia influences both bulk and g
boundary conductivity. The former is depending on alum
solubility in zirconia and the latter is mainly depending
how alumina changes the grain boundary impurity pha
Firstly, alumina is only sparingly soluble in stabilised
conia. The solubility is approx. 0.6 mol% Al when sinte
at 1500◦C for 24 h.8 At 1300◦C, the solubility of Al has
decreased to 0.1 mol%.6 The low solubility, however, seem
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.06.009



600 D. Lybye, Y.-L. Liu / Journal of the European Ceramic Society 26 (2006) 599–604

to be an advantage. When alumina is added to zirconia, the
decrease in bulk conductivity can be ascribed to the solu-
tion of Al in the lattice. The ionic radius of aluminium
(rAl3+ = 0.535 at CN = 6)13 is much smaller than the radius
of the zirconium ions (rZr4+ = 0.84 at CN = 8).13 This causes
local stresses in the lattice, traps vacancies and reduces con-
ductivity of the bulk. The ionic size mismatch is also the
reason for the low solubility. Secondly, there is agreement in
literature that Al acts as a scavenger for Si impurities having
a positive effect on conductivity. Therefore, the net effect of
alumina on the conductivity has to be understood as a com-
bined effect. From this point of view the reported decreases in
conductivity are likely to be caused by too high amounts of Al
added compared to the amount necessary to scavenge a given
amount of Si. In this case Al acts as an impurity like other
undissolvable ions and accumulates in the grain boundaries.

In the present work, the effects of alumina added with
respect to the amount of impurities (Si, Na, Ca, K,. . .)
in stabilised zirconia have been studied. In this study the
materials (Sc0.16Y0.04Zr0.80O2−δ and Tosoh TZ8Y) and the
processing parameters are well controlled and therefore, the
results are more relevant and comparable. The samples are
investigated with respect to conductivity (impedance spec-
troscopy) and microstructure (scanning and transmission
electron microscopy) in order not only to find a trend but
also to understand the mechanism of AlO addition. In this
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1000◦C for 1
2 h. In the case of ScYSZ, the conductivity was

measured first in air then in 9% hydrogen with 3% H2O
and then in air again as a function of time at 1000◦C. For
the TZ8Y samples, the conductivity was only measured at
1000◦C in air as a function of time. The conductivity was
measured by impedance spectroscopy using a computer con-
trolled Solartron 1260 impedance analyser. The impedance
spectra were analysed using EQUIVCRT.14 The conductivity
of undoped ScYSZ has also been measured by the van der
Pauw-method15 on a tape cast sample. van der Pauw mea-
surements where only performed in air.

Samples of ScYSZ and ScYSZ with 2 at.% Al have been
investigated in the transmission electron microscope (TEM).
The TEMs used are JEOL 3000F and 2000FX both equipped
with EDS facilities. The spacial resolution for EDS is a few
nm in 3000F and a few tens of nm in 2000FX. Scanning elec-
tron microscopy (SEM) has been used to supplement TEM to
obtain a more general picture concerning the amount, mor-
phology and distribution of the impurity phase.

3. Results and discussion

3.1. GDMS and XRD
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2 3
ork a low amount of alumina (0–2 at.% Al) is added w
omparison to literature is made.

. Experimental

Samples of Sc0.16Y0.04Zr0.80O2−δ, Viking Chemicals
ScYSZ) with 0, 0.5, 1 and 2 at.% Al have been prep
s well as samples of Tosoh TZ8Y with 0, 0.5 and 2 at.%
he impurity level of the zirconia raw materials has been m
ured by glow discharge mass spectrometry (GDMS) use
nalysis of trace and ultra-trace element constituents of
anic samples. By GDMS powder is atomised by sputteri

ow-pressure DC plasma and the ionised atoms are extr
nto a mass spectrometer for separation and detection.

Aluminium was added as boehmite, AlO(OH), Cata
, and wet ball milled into the zirconia powder for 24
he powders without additions were ball milled accordin

n order not to differ in nominal grain size or amount
mpurities introduced by ball milling. The powders w
hen dried and pressed isostatically into pellets. Pellet
onductivity measurements were sintered at 1500◦C for
h placed on TZ8Y tape. The pellets were cut to

2 mm× 9 mm× 8 mm) and ground to have parallel sid
he samples of ScYSZ were brittle and before cutting
ere imbedded in epoxy. The ground pellets were inv
ated by X-ray diffraction in a STOE STADIP P diffractom

er using Cu K�. Before measuring the conductivity, Pt-pa
as applied as electrodes and the samples heat-trea
 t

The zirconia raw materials were analysed for 25 trace
ents. The results of the analysis of 13 elements are s

n Table 1. These are the elements where differences ap
etween TZ8Y and ScYSZ. The main glass forming elem
re marked with bold, note that ScYSZ is more impure
Z8Y and has a much higher content of magnesium, si
nd calcium. The Si content in ScYSZ is 380 ppm c
ared to 9 ppm for TZ8Y. 380 ppm corresponds to app
.04 wt.% Si, which is a low amount compared to the gen

rend in literature data, where amounts as 0.3 mol% Si16 and
ven as high as 1 wt.% Si are found.10 Though in many case
he initial amount of Si has not been determined.8,17,18

XRD of all the prepared samples showed no signs of im
ity peaks or extra peaks at all.

able 1
esults of the GDMS analysis

lement Tosoh TZ8Y ScYSZ

i 1.4 0.15
a 370 370
g 2.2 310
l 11 12
i 9.0 380

1.3 22
a 4.1 80
r 3.9 10
n 0.74 1.5
e 23 51
i 0.18 8.8
f ∼1.7 wt.% ∼1.5 wt.%
b 0.20 0.29

ll amounts are in weight ppm, when nothing else is stated.
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Fig. 1. Conductivity of ScYSZ with different amounts of Al measured at
1000◦C. The long arrows mark the change from oxidising to reducing atmo-
sphere in atmosphere. The short arrows mark the change back to oxidising
atmosphere again.

3.2. Conductivity

The conductivity of the samples measured at 1000◦C as a
function of time is shown inFig. 1for ScYSZ and inFig. 2for
TZ8Y. The arrows inFig. 1mark the changes in atmosphere
as described above.

As seen inFig. 1, the conductivity measured by van der
Pauw is constantly decreasing over time. The conductivity
measured by impedance spectroscopy on a pellet decreases
with the same slope as the van der Pauw measurements
during the first measurement in air. The bar shaped pellet
responds to reducing conditions applied after 90 h showing
a decrease in conductivity. However, when exposed to oxi-
dising atmosphere again, the conductivity reaches the same
level as before reduction, resulting in no degradation in total.
The conductivity in air of the pellet is higher than the con-
ductivity of the tape. Reducing atmosphere seems to have a
positive effect on the stabilisation of ScYSZ. It is not expected
that stabilised zirconia responds to reduction. Yttria stabilised
zirconia is stable down to an oxygen partial pressure below
10−25 atm at 1000◦C having a constant conductivity.19,20 In
9% H2 in N2 bubbled through water at 12◦C as used here,

F d
w

Fig. 3. Impedance spectra of 2 at.% Al-doped ScYSZ (filled symbols) and
undoped ScYSZ (open symbols) at 360◦C in air. Both grain boundary and
bulk (high frequencies) contribution to the resistivity are seen.

the oxygen partial pressure does not go below 10−20 atm. It is
earlier seen that transition metal impurities in TZ8Y will rear-
range during reduction having a significant influence on the
conductivity.21 Here impurities that could respond to reduc-
tion such as iron, nickel and chromium are present.

The conductivity of ScYSZ with 2 at.% Al is significantly
higher than the conductivity of the other compositions. In
order to investigate why this difference occur, the conduc-
tivity has been measured by impedance spectroscopy as a
function of temperature on flat, pellet shaped samples of equal
dimensions both on 2 at.% Al-doped and undoped ScYSZ.
Fig. 3 shows the impedance spectra at 368◦C. Values for
the conductivity found by fitting these impedance spectra are
given in Table 2. At this temperature both bulk and grain
boundary contributions to the resistivity are seen. The bulk
resistivity of the 2 at.% Al-doped sample is higher than the
bulk resistivity of the undoped sample. This suggests that
Al can be dissolved in small amounts in ScYSZ, but causes
lattice tensions and trapping of vacancies due to the smaller
ionic radius reducing the conductivity. However, the grain
boundary resistivity of the undoped sample is much higher
than the grain boundary resistivity of the 2 at.% Al-doped
sample resulting in a higher total conductivity of the 2 at.%
Al-doped sample.

In the case of TZ8Y, the optimum amount of dopant
i ll
d SZ,
t erved
i ith
a n of
t all
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2
ig. 2. Conductivity at 1000◦C as a function of time of TZ8Y with an

ithout Al addition.
s 0.5 at.% Al seeFig. 2. However, the conductivity sti
egrades over time as normally seen for TZ8Y. For ScY

he degradation is low and even zero degradation is obs
n the case of 2 at.% Al. The conductivity of TZ8Y w
nd without Al has also been investigated as a functio

emperature. The conductivity of 0.5 at.% Al TZ8Y is at
emperatures higher.

able 2
ulk and grain boundary conductivity at 368◦C for ScYSZ and 2 at.% A
oped ScYSZ

ample σbulk (S/cm) σgb (S/cm) σtotal (S/cm)

ndoped ScYSZ 2.41E−05 8.79E−06 6.44E−06
at.% Al-doped ScYSZ 1.93E−05 1.31E−04 1.69E−04



602 D. Lybye, Y.-L. Liu / Journal of the European Ceramic Society 26 (2006) 599–604

Fig. 4. SEM pictures showing the microstructure of (a) 2 at.% Al-doped ScYSZ and (b) undoped ScYSZ. The theoretical density of the samples is >98% hence
the dark spots are inclusions not porosity. The dark spots surrounded by bright lines are generally holes left by inclusions that are pulled out from the material
during preparation.

The difference in optimum Al-content between TZ8Y and
ScYSZ is consistent with the GDMS results showing that
ScYSZ contains more impurities and especially more Si that
TZ8Y. It is, therefore, expected that less Al is required for
scavenging in TZ8Y. The increase in Al-content does not
correspond one to one with the difference in Si-content. There
is about 40 times more Si in ScYSZ than in TZ8Y, but only
four times more aluminium is needed for scavenging. When
comparing to literature data on Tosoh TZ8Y it is found that
1.2 at.%8 and 1 at.%17are optimal for scavenging of Si, which
is close to the amount found here considering the different
sample processing parameters.

3.3. SEM and TEM

Generally two types of impurity-containing (SiO2, Na2O,
Al2O3, MgO, K2O, CaO) inclusions are present in stabilized
zirconia. Some of the impurities are collected in round-
shaped crystalline particles present within grains and on grain
boundaries. The other type is an amorphous phase present as
films (seen as lines in micrographs) along grain boundaries
and in triple points. The latter type is a grain boundary (GB)
glass phase and is known to influence grain boundary conduc-
tivity of stabilized zirconia.22,23 The presence of two types
of inclusions in Al doped stabilised zirconia is reported in
l ples,
b ina,
a
E both
c even
i

es
t ith
r and
c the
f lus-
t

t.%
A have
n seen

that the grains in 2 at.% Al ScYSZ are larger. The impurity
inclusions are larger as well indicating that the impurities
are gathered in larger but fewer areas. The length of the GB
glass film per unit area measured on SEM micrographs (LA in
Table 4) decreases by almost 50% in 2 at.% Al ScYSZ. These
microstructural changes correlate well with the decrease of
grain boundary resistivity in 2 at.% Al ScYSZ mentioned
above.

One of the explanations is that the decrease of the length
of the GB glass film in 2 at.% Al ScYSZ is related to a
change of the morphology of the glass film as shown by TEM
micrographs inFig. 6. The GB glass phase in the case of
ScYSZ-2 at.% Al is thicker and shorter. The measured aspect
ratio of the GB glass phase (length/maximum thickness) is
around 5 for 2 at.% Al ScYSZ and 10 for undoped ScYSZ (see

F rent
t oints,
f

iterature.22,24This pattern is also seen in the present sam
oth in ScYSZ and TZ8Y undoped and doped with alum
s revealed by SEM inFig. 4(a) and (b) and by TEM inFig. 5.
DS analysis shows that the chemical composition of
rystalline and amorphous phases varies in a large range
n the same sample (seeTable 3).

SEM and TEM also show that doping with Al chang
he microstructures of ScYSZ and TZ8Y significantly w
espect to the distribution, morphology, relative amount
hemical composition of the two types of inclusions. In
ollowing the results obtained from ScYSZ are used to il
rate these changes.

Fig. 4(a) and (b) show the typical microstructure of 2 a
l ScYSZ and undoped ScYSZ. Although the samples
ot been etched to accentuate the grain boundaries it is
ig. 5. TEM picture of grain in undoped ScYSZ illustrating the two diffe
ypes of inclusions, the round crystalline particles and the glassy triple p
ound in the materials.
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Table 3
The chemical constituents of both grain boundary glass phases and crystalline round inclusions in ScYSZ and 2 at.% Al-doped ScYSZ

Sample GB glass film (Zr < 10 at.%) Crystalline round particle ParticleAf (%)

ScYSZ Si–Al–Na–Mg Zr–Si–Ca 2.6
Si–Al–Na–Mg–Ca (Si∼ 90, Al 1–2) Zr–Si–Al–Na–Mg (Zr-rich, Al < 1, Si < 1)

ScYSZ + 2 at.% Al Si–Al (Na) Al–Si–Na 3.1
(Si∼ 70, Al 20–30) Al–Si–Mg

Al–Si–Na–Mg
Al–Si–Na–Mg–K–Ca (Al 10–80 at.%, Si 1–11 at.%)

The area fraction of crystalline articles,Af , is also given.

Table 4
Results of the EDS analysis of the grain boundary glass phase in two of the ScYSZ samples

Sample Grain boundary glass film (mol%) LA of GB glass (�m/�m2) Aspect ratio of GB glass

ScYSZ SiO2 95.9, Na2O 0.2, Al2O3 0.5, MgO 2.1, CaO 1.3 (by TEM) 0.011 10.3
SiO2 92.8, Na2O 2.8, Al2O3 2.3, MgO 2.0 (by SEM)

ScYSZ + 2 at.% Al SiO2 73.3, Na2O 0.9, Al2O3 25.8 (by TEM) (too small for SEM) 0.006 4.6

The measured length of GB glass phase per unit areaLA, the aspect ratio between length and thickness of the glass phase, and the estimated grain size of the
matrix are also given.

Table 4). This indicates a lower wettability of the glass phase
to the grain boundaries of ScYSZ at the sintering temperature
as result of Al doping. This difference in glass property may
well be related to the variations in chemical composition,
which are given also inTable 4. The GB glass of 2 at.% Al
ScYSZ contains much more Al and much less Si than that in
undoped ScYSZ. It has been reported that addition of Al2O3
in a SiO2–Na2O glass increases the surface tension as well
as the viscosity25 of the glass at certain temperatures.

Another reason for the decrease of the GB glass film in
the 2 at.% Al ScYSZ is the scavenging effects of alumina.2

By analyzing a relatively large number of the two types of
impurity inclusions in SEM, it is seen that Al doping not only
changes the composition of the GB glass as discussed above

but also changes remarkably the composition of the round-
shaped crystalline particles (seeTable 3). In the undoped
ScYSZ a majority of the round particles are the Zr-rich type,
which has very low capacity of capturing impurities, i.e. the
content of impurities such as Si, Al, Na,. . . in these particles
is generally less that 1 at.% each. This is in agreement with
the observation of Guo and Yuan.24 In 2 at.% Al ScYSZ Al-
rich particles, which have much higher capacity of capturing
impurities than Zr-rich ones, replace a substantial number of
Zr-rich particles. The Si content in the Al-rich particles can be
as high as 11 at.%. Moreover, it is measured that the fraction
of the round particles is increased in the 2 at.% Al ScYSZ
(seeTable 3). Thus compared to undoped ScYSZ more Si
is fixed in the crystalline particles in 2 at.% Al ScYSZ and

nd (b) tures.
Fig. 6. TEM pictures of grain boundary glass films in (a) ScYSZ a
 ScYSZ with 2 at.% Al. Note, the scale is not the same for the two pic
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the amount of Si that is left for forming GB glass phase is
reduced. The same trend is seen by Butler and Drennan2 and
by Guo and Tang.12

4. Conclusion

The reason for the contradicting results in literature about
the effects of alumina doping on the conductivity of stabilized
zirconia is better understood and verified by new experi-
mental results obtained on Sc0.16Y0.04Zr0.80O2−δ and Tosoh
TZ8Y.

Adding alumina to stabilized zirconia decreases slightly
the bulk conductivity, and its influence on the grain bound-
ary conductivity can be positive or negative depending on
the amount of alumina addition relative to the amount of
impurities (Si, Na, Ca, Mg, K,. . .) present in the material.
To increase the overall conductivity an optimum addition of
alumina is essential.

SEM, TEM and EDS were used to investigate the ben-
eficial effects of alumina addition to the grain boundary
conductivity. Alumina not only “scavenges” impurities into
crystalline particles and reduces the amount of grain bound-
ary glass phase, but also changes the chemical composition
and reduces the wettability of the grain boundary glass phase.
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