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Statistical design of experiments for evaluation
of Y-Zr-Ti oxides as anode materials in solid

oxide fuel cells
F. Tietz, 1. Arul Raj and D. Stover

Mixed conducting anode materials for solid oxide fuel
cells are desirable in order to extend the electron
transfer reaction zone for fuel gas conversion and to
minimise the nickel content for achieving a redox
stable anode. Partial substitution by titania in ytiria
stabilised zirconia (YSZ) is known to increase the
electronic conductivity in reducing atmospheres. Nine
different compositions were selected from the quasi
ternary phase diagram according to principles used in
statistical design of experiments covering the whole
stoichiometric regime relevant for ionic applications.
The dc electrical conductivity values increase strongly
with high Ti contents under reducing (Ar—4%%H>)
conditions, whereas they decrease continuously with
increasing Ti content under oxidising conditions (air).
The results clearly show that the chosen screening
process for materials selection can considerably reduce
the number of samples. For solid oxide fuel cell anodes,
the compositions in the YO,s—ZrO,TiO, system
should be restricted to low Ti contents. BCTI0426
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INTRODUCTION

Alternative functional materials for the operation of
solid oxide fuel cells (SOFCs) in the temperature
range 650-800°C have been investigated by several
research groups in recent years.'™' The focus of this
international effort lies very much on the improvement of
several critical functional characteristics of the ceramic
components and their performance endurance within the
cell. Several new fast oxide ion conducting solid electro-
lytes,>*!12'%  cathode materials,"'®'""*"'7 contact layer
materials for the cathode/steel interface®?® and new
composite anode materials?’ >’ have been investigated for
this purpose.

The requirements posed by an efficient SOFC anode
material are many and hence the search for alternative
materials is complex. State of the art Ni/YSZ anodes are
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less expensive and Ni is known to exhibit high catalytic
activity for the anodic hydrogen oxidation reaction. Hence
this anode material is widely used in SOFCs with hydrogen
as fuel. The loading of Ni is chosen to be around 40 vol.-%
of solids in order to promote the percolation electronic
conduction in the butk anode substrate. However, higher
Ni loading brings in thermal mismatch between the Ni/YSZ
anode and the 8 mol-% yttria stabilised zirconia (8YSZ)
electrolyte. Moreover, if the anode fuel does not contain
sufficient amounts of steam, Ni in the anode acts as a
catalyst to promote competitive catalytic cracking of
hydrocarbons. The deposition of carbon onto the NVYSZ
cermet anode demonstrates that direct electrochemical
oxidation of dry methane is not technically feasible in
SOFCs.?%% Therefore several ceramic materials have been
investigated as anode materials but without significant
success, because the pure ceramics did not act as
catalysts.®>? Just recently a study has demonstrated
ceramic anodes based on (La,Sr)TiO4/(Ce,La)O, compo-
sites with remarkably low overpotentials, which might be

* applicable in SOFCs in the future.*

As in (La,Sr)TiO5 materials,**™* electronic conductivity
in the Y-Zr-Ti-O (YZT) system arises from the partial
reduction of Ti** ions to Ti**.*® Although about two
dozen papers on YZT ceramics are available, little has been
published on the systematic dependence of electrical
properties on stoichiometry.**?>3*! QOnly the work of
Colomer et al*®*! resulted in a mapping of conductivities
by extended variation of Y and Ti contents. An attempt
was therefore made in the present study to characterise the
relevant stoichiometric region in the YO, s-ZrO,-TiO,
phase diagram by means of statistical design of experiments
using only nine different powder compositions and to prove
this method as a tool for sophisticated but rapid materials
selection.

EXPERIMENTAL PROCEDURES

Materials selection

In the YZT system the most relevant compositions for ionic
applications range from about 8 to 20 at.-%YO,.s for
achieving high ionic conductivity and from 0 to about
20 at.-%TiO, to stay within the single phase region of the
cubic fluorite structure.*'*> To avoid the preparation of
several solid solutions with multiple compositions, a
statistical design of experiments approach was used, the
so called ‘central composite design’. In this design only nine
different compositions were chosen by variation of the
yttria and titania contents as shown in Table | and Fig. 1.
Typically such designs give results with high statistical
confidence.**™ It was therefore expected that these
nine compositions would constitute a true represent-
ation of all available compositions arising out of the
chosen regime of the phase diagram. Table | also shows
how the compositions, i. e. the Y and Ti contents, are
transferred to orthogonal coordinates for subsequent
statistical evaluation.
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1 Part of ternary phase diagram showing region of single
phase cubic fluorite (solid line)*> and Zr rich phase
regions (dashed lines) as determined in Ref. 41: posi-
tion of nine YZT powders indicated by numbered
squares

Powder synthesis

Powders with the planned nominal composition were
prepared by a coprecipitation technique as reported
previously *® The respective nitrate salts of Zr and Y for
the preparation of 50 g of each powder were weighed and
dissolved in double distilled water to produce a clear
solution. The necessary quantity of hydrochloric aqueous
TiCly containing solution (1 mL of TiCl; solution con-
tained 57-5 mg of Ti) was added in drops to this clear
solution with continuous stirring. Brisk effervescence and
yellowish fumes of nitrogen oxides appeared during stirring
owing to the oxidation of Ti**.ions. The whole mixture was
stirred for 1 h to ensure homogeneity. An aqueous
ammonia solution was slowly added to the solution with
continuous stirring in order to precipitate all metal cations
as hydroxides. The pH of the contents was maintained at
9-5. The precipitate was stirred for | h and then allowed to
settle. After filtration and washing until the precipitate was
completely free from chloride ions, it was subsequently
dried overnight in an air oven at 110°C. The remaining
solid was crushed well in an agate mortar and the powder
was subjected to calcination at 700°C for 5 h in air,
resulting in weight loss of 10-15-5%. Finally, the powders
were ball milled using zirconia balls for 24 h.

The calcined powders were chemically analysed by
inductively coupled atomic emission spectroscopy under
argon plasma (ICP-OES) to ascertain whether the observed
elemental composition of the oxides was consistent with the
nominal elemental composition.
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Sample preparation

To prepare circular pellets (8 mm diameter) and rectan-
gular bars (40 mm length, 4 mm width, 5 mm height) from
the powders, one to two drops of 2% solution of polyvinyl
alcohol dissolved in distilled water were added as binder to
about 0-6 or 2-0 g of powder, respectively. The homo-
geneous mixture of the powder and binder was uniaxially
pressed at 300 MPa to produce circular pellets and
400 MPa for rectangular bars. The circular pellets were
subjected to various programmed sintering conditions with
a view to investigating their volume shrinkage and to
determining densification behaviour as a function of
sintering temperature in air. The sintering procedure
involved heating at a rate of 180 K h™' to final tempera-
ture, Sh dwell time and normal cooling to room
temperature. The final temperatures used were 1300, 1400
and 1500°C. A second set of pellets was also sintered at
1300°C for 36 h. The resulting changes in the geometrical
dimensions of the pellets were measured before and after
sintering. The rectangular bars fabricated from the powders
were sintered at 1500°C for 5 h in air.

For X-ray diffraction (XRD), parts of the circular pellets
sintered at 1300°C for 36 h and the rectangular bars
sintered at 1500°C for 5 h were crushed into powder. The
two sintering temperatures are representative for investigat-
ing the evolution of crystalline phases in the selected
compositions as a function of temperature.’® The experi-
ments were performed at room temperature using a
Siemens D5000 diffractometer and Cu K, radiation.

DC electrical conductivity and microstructural
characterisation

For four probe dc conductivity measurements, four silver
wires were wrapped around the sintered rectangular bars at
symmetrically equal distances from the ends. Intimate
contact was realised by using conducting silver paste
(Demetron Leitsilber 200). In order to resolve electronic
and ionic contributions of the total electrical conductivity,
the first temperature dependent measurement between 300
and 900°C was carried out in air, giving the ionic
conductivity of the material. A second measurement was
carried out in Ar-4%H, after equilibrating the samples at
900°C for 24 h. DC measurements do not give a deep
fundamental understanding of the system under investiga-
tion, but they nevertheless help to evaluate it. A funda-
mental study was beyond the scope of the present work,
and therefore no impedance spectroscopy or more sophis-
ticated methods such as Hebb—Wagner polarisation mea-
surements were carried out to distinguish more precisely
between ionic and electronic conductivity.

After the conductivity measurements, the rectangular
bars were cut at one edge and the cross-sectional surfaces
were then polished in order to investigate sample micro-
structure. Microstructural parameters such as porosity,
average grain size and pore size distribution were used to

Table 1 Nominal powder compositions and orthogonalised coordinates resulting in central composite design:
Xy= (t‘y —0-1 65)/0'055, XTi ‘__(cTi'— 0'1)/0‘05

No. Nominal composition Y content ¢y, at.-% Ti content ¢y, at.-% Xy X7

| Y0.1652r0.735Ti0.102_x 0:165 0-10 0 0

2 Yo.llzro.g,;Tio.osoz_x 0-11 0-05 —] =1

3 Y0.222r0.73Ti0.0502_x 0-22 0-05 1 =]

4 YO.“ZrO.74Ti0.|502_x 0-11 015 -1 1

5 Y0.222r0.63Ti0.]502_x 0-22 0-15 1 1

6 Y0.243Zr0.657Tio,102_,( 0-243 0-10 \/2 0

7 Y 0.0872%0.13Tig102—« 0-087 0-10 -2 0

8 Y0.1652r0A664T4l0,|7|02_x 0-165 0-171 0 \/2

9 Yo.165Z70.306 Ti0.02902—x 0-165 0-029 0 -2
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correct the measured effective conductivity data and to
calculate the specific conductivity, applying the formula®®4’

" =0°[(1—pp/po)+pp/PoR]/(pp/p’R . . . . (D)

where ¢° is the specific and ¢° the effectively measured

conductivity of the YZT ceramic, pp the density of the
porous material and pg the density of the pore free matrix,
and R either the particle size ratio dyoe/dyzy Or the ratio of
the corresponding intercept lengths lpore/lyz'r,47 which are
parameters that may be obtained from the microstructural
analysis. According to ASTM standard E112-63, particle
size (pore diameter) is related to the intercept lengths for
equiaxed but irregularly shaped objects by

d=113E = = « & : i : i v oz o2 o2 0w o= (2

Digital images of the cross-sections of the densified bars
were generated using a microscope (Axiomat, Zeiss)
equipped with a high resolution digital camera (Siemens
K300) and imaging system (KS400, Kontron Electronics).
Average grain size and average pore size values were
measured from five different regions of each sample and at
least 10 000 objects were counted for each sample to give
reliable statistics. With this system an optical resolution of
250 nm was achieved and the images were digitised into
pixels with 256 different scales of grey. Further details on
the digital processing and quantitative image analysis
procedures are described elsewhere.*®

RESULTS AND DISCUSSION

Chemical analysis and X-ray diffraction

The analytical chemical compositions of the powders are
presented in Table 2. In most cases the differences observed
between the analytical and nominal compositions (Table 1)
are within the limits of the experimental analytical accuracy
of 3 wt-% per atomic species. Only the Ti contents of two
powders (nos. 2 and 8) showed significant deviations, of 10

and 6-4% respectively, compared to the nominal composi-
tion. All powders were pure white in colour after synthesis.

The crystalline phases formed after sintering at 1300 and
1500°C are listed in Table 2. Whereas only the four
powders with the highest Y content crystallised in the
cubic phase at 1300°C, all powders with >15 at.-%Y were
cubically crystallised after sintering at 1500°C (except no. 8,
with the highest Ti content of 17%). Powder no. 2, with an
intermediate Y content and low Ti content, showed
additional small reflections of tetragonal and monoclinic
phases, whereas powders nos. 4 (intermediate Y content
but high Ti content) and 7 (low Y content and intermediate
Ti content) showed significant amounts of tetragonal and
monoclinic phase. Finally, powder no. 8 (intermediate Y
content and very high Ti content) showed tetragonal and
monoclinic reflections after sintering at 1300°C, but only
minor peaks of tetragonal structure beside the cubic
reflections after sintering at 1500°C. In summary, these
results are in good agreement with the experimentally
established*'** and theoretically predicted® phase dia-
grams, as shown in Fig. 1 by the inserted lines, although
powder nos. 2, 4 and 7 should only consist of cubic and
tetragonal phase. The appearance of monoclinic phase is
due either to the short sintering time (and thus higher
inhomogeneity) of the samples compared with the long
annealing time for the phase diagram studies,*'*** or to the
slow cooling of the samples in the furnace.

The lattice parameters and relative amounts of observed
crystalline phases were determined in order to calculate the
theoretical density of each powder. In the case of a phase
mixture, a Rietveld analysis of the intensity profiles was
performed to determine at least the amount of monoclinic
phase. The resulting theoretical densities (Table 1) differed
only slightly from the density taking into account only the
cubic lattice parameter. The largest deviation of 2-4% was
found for powder no. 7, containing the highest amount of
monoclinic phase.

Table 2 Analytical powder compositions, crystalline phases observed by XRD after sintering at 1300 and 1500°C, crys-
tallographic data after sintering at 1500°C and resulting theoretical density of YZT oxides

Crystalline phases  Crystalline phases  Lattice parameters
after sintering after sintering at after sintering at Phase content, Theoretical density,
No. Analytical composition at 1300°C 1500°C 1500°C, pm Yo gem™?
1 Y0.1632r0.740Ti0.09702—x c+t C ac=51 18(2) 100 (C) 642
2 Y0107Z210.847T10.04502-x  c+t+m c+t+m a.=512-2(2) 81 (c+t) 6-12
a,=359-2(2),
c=517-4(4)
am=530-8(7), 19 (m)
bn=517-2(1-4),
cm=515-2(8),
B=98-9(1)
3 Y0.2|3Zr0,735Ti0.04702>x C C ac=5136(2) 100 (C) 6-13
4 Y0.1092r0.746Ti0.l4502_x c+t+m c+t+m Clc=51 13(3) 90 (C+t) 661
a,=357-6(2),
¢,=519-0(4)
an=531-6(7), 10 (m)
b=512-6(1-4),
cm=511-7(8),
£=98-5(1)
5 Y0.1|gzro.6]5Tig.14702_x C c ac=51 14(2) 100 (C) 6-60
6 Yo218Zr0666 Tl009602-x € c a.=512-7(2) 100 (c) 6-34
7 Yo0.084Z70.819T10.09702—x  c+t+m c+t+m a.=511-7(2) 46 (c+1) 6-31
a,=358:9(3),
c=517-1(6)
am=531-5(7), 54 (m)
bm=515-9(1-4),
cm=513(8),
£=98-8(1)
8 Yo.165Z506751p.16002-x  C+t+m c+t a.=510-7(2) 68 (¢) 6-76
a,=357-3(2), 32 (1)
¢, =518-4(4)
9 Yo,lggzro.glsTio.ogdoz-x Cc [ ac=513l(2) 100 (C) 6-09
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2 Relative densities of circular pellets after sintering with
sample symbols grouped according to chemical compo-
sition: full, open and crossed symbols correspond to
powders with intermediate, low and high Y content
respectively; squares, circles and triangles refer to pow-
ders with intermediate, high and low Ti content respec-
tively (cf. Fig. 1)

Sintering behaviour and microstructural investigations

In Table 3 the density values of the circular pellets after
sintering at 1300-1500°C are listed as a function of
sintering temperature, duration and composition. All
density values are related to the theoretical densities given
in Table 2.

From Fig. 2, especially for sintering at 1500°C, it
becomes evident that the densification behaviour can be
classified into three groups: the highest relative densities
were achieved with the powders having low Y content (83-
89%), next came powders with 16-5 at.-%Y (79-81%), and
last were the powders with high Y ‘content (73-78%). Direct
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correlation of Ti content with sintering behaviour was not
observed. However, for all sintering temperatures powder
no. 6 (high Y content, intermediate Ti content) consistently
shows the lowest relative density (Fig. 2), and the influence
of Ti content seems to be coupled with Y content.

The density of the bars sintered at 1500°C and measured
by image analysis is often close to the value of the pellets.
The results of the quantitative image analysis are listed in
Tables 3 and 4. Owing to the high sintering temperature,
grain coarsening and extended grain boundaries occurred,
leading to the large particle diameters given in Table 4. In
most cases the pore sizes are 3 to 6 times smaller than the
particle sizes, indicating the formation of a well connected
ceramic matrix after sintering.

Electrical conductivity

The validity of equation (1) for calculating specific con-
ductivity was checked using the data obtained for the
material with lowest Ti content, Yq.165Zr0.806Ti0.02007 -«
Assuming that the content of 3 at.-%Ti has no significant
influence on conductivity in air,’*?° the values determined
from equation (1) should be similar to those for 8 or
9 mol-%YSZ. At 800°C, conductivities of 0-025-0-04 S cm’!
have been reported.”®' Applying equation (1) using the
microstructural data listed in Table 4 and the relative
density determined by image analysis (Table 3) resulted in a
conductivity of 0-0318 S em™' for this compound, which is
in very close agreement with the published data. Therefore
calculation of specific conductivity seems to result in
reliable values, and these are compiled in Table 5 together
with the corresponding activation energies and the pre-
exponential factors according to the formula

oT=kexp(—E,/RT) . . . . . . . . . .3

Electrical conductivity in air
The dependence of electrical conductivity in air, corrected
for porosity by applying equation (3), on the composition

Table 3 Densification data obtained on circular pellets fabricated from Y-Zr-Ti oxide powders after sintering for 5 h:
relative final density of bars measured by quantitative image analysis

Sintering temp.,

Relative initial density

Relative final density Relative final density

No. Nominal composition °C of pellets pf |, % of pellets pf , % of bars pf, ¢, %
l Yo.]Gszro.n-}Tio.)Og_x 1300 397 727

1400 392 752

1500 40-3 80-9 84.1+25
2 Y(].;|Zro.g4Tio.0502_x 1300 40-5 82-5

1400 399 86-1

1500 40-3 89-9 75:5+28
3 Y()szr()q}Ti().osoz_x 1300 417 70-1 o =

1400 433 77-4

1500 427 78-4 654+36
4 Y().)12I’0.74T‘i0,]502.x 1300 349 T2:5

1400 352, 791

1500 34.7 830 857+23
5 Y0.232r0.63Tif,.|503_x 1300 362 719

1400 344 74-6

1500 352 757 83-6+1-9
6 Y0.243Zr0.657Ti0.‘03_x 1300 43.7 654

1400 40-0 697

1500 44-4 728 Fla242:1
7 Y0.087Zr0.3|3Ti0.|02._x 1300 44-0 829

1400 389 863

1500 44-5 869 85-0+3:2
8 Y0.1652F0.664Ti0.17|02_x 1300 342 757

1400 334 760

1500 336 79-9 79-6+0-9
9 Y(H(,SZFQ 306Ti0,()3902_x 1300 429 740

1400 439 786

1500 43-4 796 80-9+2:0
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air

a

E(c.)/kJ mol’

15 15

3 Electrical conductivity at 800°C measured in air after
correction for porosity, and corresponding activation
energies E,: for conversion of orthogonalised Y and Ti
contents xy and xy; inte compositional concentrations
see Table 1

of the YZT ceramics is shown in Fig. 3. The highest
conductivity is achieved with the ceramic containing the
lowest Ti content and 16-5 at.-%Y. At the same Ti level the
conductivity decreases towards lower and higher Y
contents. This is very well known from the pure Y-Zr-O
system>? owing to the decrease of oxygen vacancies and the
correlation effects of vacancies, respectively.’>** With
increasing Ti content conductivity decreases monotonically
by one order of magnitude and becomes nearly independent
of Y content.

The absolute values as well as the degree of decrease with
increasing Ti content are in excellent agreement with
previous studies.*®**' Among the former investigations,
only Colomer et al*®' systematically investigated the
influence of both TiO; and Y,0- contents on conductivity

in the Y-Ti—Zr-O system. In the considered compositional
range for TiO, they also found a decrease in conductivity of
one order of magnitude, and the dependence on Y,O;
content was more pronounced (variation in conductivity by
a factor of 5) than in this investigation (factor of 2). This
difference might be a result of the different experimental
temperatures used: in Ref. 41 all data are presented for
500°C, whereas here conductivity was measured at 800°C, a
temperature that is more relevant for SOFC operation.

The activation energies determined from the Arrhenius
plots agree well with those of YSZ materials, and the slight
increase in activation energy with increasing Y content was
also reproduced.>** In contrast, and surprisingly, the
activation energies did not show any significant link with Ti
content.*>*® This means that the decrease in conductivity
(in air) with increasing Ti content is due to a decrease in
carrier concentration, i.e. oxygen vacancies, but not to a
decrease in mobility. This in turn suggests that an
increasing part of the oxygen lattice is trapped by or fixed
to the Ti ions and cannot participate in the transport
process, whereas the influence of decreasing lattice para-
meters (Table 2) with increasing Ti content does not seem
to be strong.

Electrical conductivity in Ar-H,
The results of conductivity measurements in reducing
atmosphere ( poztIO'18 bar at 800°C) are summarised in
Fig. 4. It is well known that under reducing conditions Ti®*
ions are formed and n type electronic conductivity is
obtained,?#?%:3436-4042 The apsolute level of the conductiv-
ity values in Fig. 4 is therefore slightly increased compared
with Fig. 3. However, certain features of the plot in Fig. 4
must be emphasised. First, the samples with low Ti content
are still predominantly ionic in conductivity and the local
maximum conductivity is again found to be in the range 16—
20 at.-%Y. Second, with increasing Ti content the total
conductivity decreases until concentrations of about
10 at.-%Ti are reached. Below this Ti content the total
conductivity is still strongly affected by the ionic contribu-
tion. Third, at higher Ti concentrations the conductivity
becomes predominantly electronic, as can be seen from the
strong increase towards the corner with high Ti and high Y
concentrations. Here the maximum conductivity is about
42 mS cm !, ie. the electronic conductivity is 10 times
higher than the ionic conductivity. Fourth, most striking is
the fact that such high conductivities were not obtained for
similar Ti contents and low Y concentrations. This
observation has not been reported before, presumably
because partially stabilised zirconia materials are no longer
tetragonal but form a mixture of cubic, tetragonal and
monoclinic phases (Table 2). As a guide to the eye, the
phase boundary between pure cubic and the originally
given two phase region according to Ref. 41 is inserted in
Fig. 4. When the cubic phase boundary is exceeded,
electronic conductivity is strongly reduced.

As long as the ionic conductivity is the dominant
contribution to the mixed conductivity in Ar—H,, the

Table 4 Average grain size and pore size of rectangular bars used for electrical conductivity measurements

No. Nominal composition Average grain size, pm Average pore size, Lm
1 Yo-165Z0-735 Tig.1 02—« 129 243
2 YO-l |ZI‘0.34Ti0.()502_x 10-6 55
3 Y0.222r0.73Ti0.0502_x 10-6 35
4 Y0.| 1Zr0.74Ti0.1502-x 182 32
5 Y0.222[0.63Ti0. 1 502—x 16:0 31
6 Y0.243Zr0.557Ti0.102_x 143 9-8
7 Yo.087Zr0-813T0.(O2-« 23-6 45
8 Y0.|552r0.(,64Ti0.17102_x 13-9 35
9 Yo-165Zr0.806 Ti0-02002-x 9:3 22
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4 Electrical conductivity at 800°C measured in Ar—4%H,
after correction for porosity, and corresponding activa-
tion energies E,: for better presentation activation
energy plot was rotated by about 180°; for conversion
of orthogonalised Y and Ti contents xy and xv; into
compositional concentrations see Table 1

activation energies remain in the range 90-110 kJ mol ™.
Only in the compositional region where high electronic
conductivity was recorded did the activation energies
decrease to values of around 60 kJ mol™! (Table 2,
Fig. 4), indicating that the apparent conduction mechanism
has changed from ion to polaron hopping.®

STATISTICAL EVALUATION

The measured conductivity data were examined statistically
using the Statgraphics Plus software package, version 4.1.
In this program, the experimental parameters, i.e. xy and
x1; in the YZT ceramics (Table 1), are termed factors A and
B. For the input data sheet a multileve] factorial design was
chosen rather than the classical approach for screening
experiments, since the latter input version only leads to
linear fits whereas the multilevel factorial evaluation also
includes second order effects and coupled interactions
between the experimental parameters (AA, AB, BB). In all
investigated cases a 95% confidence limit was set for the
mean response. Only a descriptive summary is given here
for the variables investigated: the mathematical back-
ground of how to obtain diagrams is beyond the scope of
the present paper and can be found in textbooks, for
example Refs. 4345,

In Fig. 5 the statistical results of the conductivity
measurements in air are summarised. The upper graphs
are the so called Pareto charts of the factors influencing the
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conductivity and activation energy data. The values shown
are the effects of the individual factors divided by the
standard errors. Those bars which are larger than the
standard error (vertical line) have a significant impact on
the determuned values, as for instance Ti content on
conductivity. When second order effects were considered
for E, no factor reached the level of significance and no
clear dependence of any factor was found in the Pareto
chart. Thus all interactions (AA, AB, BB) were omitted for
further evaluation of E,.

The plots in the middle of Fig. 5 show the main
effects for the two experimental factors. On the left
the dependence of conductivity on xy shows a slight
maximum and the dependence on xt; shows a steady
decrease, as already mentioned (cf. Fig. 3, top). On the
right the dependence of E, on both xy and xy; shows
an increase with increasing amounts of Y and Ti but
with a smaller slope for Ti. The image at the foot of Fig. 5
shows how the experimental parameters xy and x; interact
with each other. When xy is varied from low to high
values this has a different impact on the conductivity for
high and low Ti concentrations. At small xt; the
conductivity increases, whereas at large xr; the conductivity
decreases slightly.

The equations fitting the model to the conductivity and
corresponding £, values are

08002 = 126 X 1072 +4-99 x 10~ *xy —9-89 x 10~ > x;
— 151 x 10 ?xy2 —2:33 x 10 3 xy X7
+33x10%x, - - - - - - - )
and
E.(08000ir) =103:25+320xy +2:18xy . . . . (5

The R statistic indicates that the model as fitted explains
95-2 and 60-2% of the variability in ogpgair and F4(0500,2ir),
respectively.

Statistical assessment of the conductivities measured
in Ar-H, and of the resulting activation energies reveals
that the standardised effect of the coupled factor AA
was <0-01 and can therefore be neglected. Nevertheless,
in the case of the conductivity values all the factors
were found to be below the level of significant impact
(see lefthand Pareto chart in Fig. 6). This means that
the model (or equation) used cannot reproduce the
complex isothermal shape shown in Fig. 4. This is
not surprising since the model takes into account only
quadratic terms in the equation, but the profile in
Fig. 4 1s more complicated and certainly contains at
least cubic terms. As a consequence, the plots of the
main effects and interactions between the variables
(Fig. 6, left) give only simple and tentative dependences,
and the equation fitted to the conductivity in reducing
atmosphere

0800.Ar—H, = 1:32x 1072 4+4:54 x 10 3 xy +1-38 x 10 3 xyy
+548x 10 3 xyxri +740x 10 xp2 (6

is not a good approximation of the measured conductiv-
ities, a fact which is also indicated by the low R* value of
61.9%.

In contrast the determined activation energies can be
fitted very well, since the Ti content and also the coupled
terms BB and AB, i.e. all terms in which xv; is involved, are
of considerable significance (see righthand Pareto chart in
Fig. 6). The influence of the experimental parameters is well
described by the model (small and strong decrease in E,
with increasing xy and xp;, respectively). The plot of
interactions (Fig. 6, bottom) explains why at low xy; the
value of E, is not changed (Fig. 4): here the interaction
between xy and xy; is positive and compensates the

British Ceramic Transactions 2004 Vol. 103 No. 5
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negative trend for the pure dependence on xy. At high xr;,
however, the interaction between xy and xt; supports the
pure decreasing dependence of E, on xt;. The E, values are
fitted well by the equation

Ea(O'EOO,Ar~H1): 103-31 —5'33Xy = 12'30XT1 —1 1'41XyXTi
T ()

and the R statistic indicates that the model was able to fit
91-6% of the variability in E,(0500,Ar-H2)-

In summary, the statistical design of experiments for
compositional optimisation and the statistical assessment
of the results can give more insight into the observed
dependences, especially when more than two parameters
are changed and when coupled effects become important
(as shown here for E,(og00,ar-1,)). As long as the variable
changes without an inflection point, the models can fit the
experimental data very well. However, the computer based
statistical analysis reaches its limits as soon as complex
dependences are obtained experimentally, as here for the
conductivity values shown in Fig. 4. The available models
and equations are then either too simple or require more
experimental data.

For a technological approach to materials selection, the
statistical design of experiments can give a rapid overview
of the materials properties in the chosen compositional
region. This has been clearly demonstrated for electrical
conductivity in air, for which a similar three-dimensional
shape was reproduced to that produced by Colomer et al.*!
The difference between the two investigations is that in the
present case only nine different compositions were investi-
gated instead of 43 samples.
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APPLICABILITY OF YZT CERAMICS IN SOFCS
To improve the electrochemical performance of SOFC
anodes, it is necessary to combine materials with the highest
ionic and electronic conductivity. Thus the state of the art
anode material is a composite of YSZ and Ni metal. A
mixed conducting ceramic certainly will not have an
electronic conductivity like Ni, but it should show at least
50-100 S cm ™! at SOFC operating conditions to avoid high
ohmic losses. Such conductivity values are difficult to
achieve with » type materials but some examples can be
found.*** The more critical parameter is the ionic
conductivity, which should remain at a high level as known
for solid oxide electrolytes.

In the present study, however, the electronic conductivity
of the YZT ceramics is too low to substitute for metallic Ni.
Additionally, the ionic conductivity decreases with increas-
ing electronic conductivity. This means that the slowest
conduction path in the SOFC becomes even slower. This
has been demonstrated very recently by testing an SOFC
with N¥/YZT anode.>® The comparison with a conventional
SOFC shows that the power density is much lower for the
cell with NVYZT anode. Therefore YZT ceramics seem to
be promising materials for SOFCs only when the Ti content
is low.

CONCLUSIONS

Oxides of Y-Zr-Ti can be conveniently synthesised by the
coprecipitation technique. The densification behaviour of
the powders depends very much on the Y content but not
on the Ti content. The conductivities and activation
energies measured in air agree very well with previous
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Table 5 Electrical dc conductivity of YZT oxides measured in air and Ar—4%H,, corresponding activation energies E,

between 500 and 900°C and pre-exponential factors k

Temp., ¢ in air, o in Ar4%H,,  E,ain logk ,ir Eq ar-Hy logk ar-n,
No. Nominal composition  °C mScem™' mScem™! kImol™'  (Sem™ K™Y KkKimol™'  (Sem 'K™YH
1 Yo.165Z10.735 Tip. 102« 900 303 334 98:2+0-9 5-90+0-05 100-5+£1-1  6:054+0-06
800 12:6 14-0
700 4-4 4-6
2 Yo.11Z70.84Tig.0502—« 900 46-2 372 96-6+0-8 6-05+0-04 1042421 632+0-11
800 20-2 16-1
700 73 58
3 YouZronTisosOsy 900 715 62-4 1060408 6664004  1058+16 6594008
800 306 262
700 99 87
4 YouZrowTio1sOsx 900 12:1 235 1000417 5974008 1027423 6024011
800 4-8 9-8
700 1-8 32
5 Yo2ZroeiTio1s0rx 900 14-7 767 1055422 5914011 587409  4-46+006
800 55 41-6
700 [z 209
6 YoaZroesiTio1Osx 900 159 19-9 1091412 6134006 1040409 5994005
800 63 81
700 2:0 2:7
7 YoosrZiogsTionOsoe 900 246 266 1016410  6:00+005 1041408 615+0-04
800 10-5 111
700 3-6 36
8  YouesZroessTio1710sx 900 13-4 533 1113425 5664020 628428 4474016
800 4-8 25-8
700 1-5 119
9 YoresZosocTinosOrx 900 70-0 58-0 1009412 6434007 979410 6184005
800 31-8 243
700 11.0 88
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studies carried out on single series of solid solutions. The
higher conductivities measured in Ar-H, reflect the mixed
conductivity of the materials. High electronic contributions
were detected for materials with ¢1;=0-15 and ¢y=0-2,
whereas a smaller Y content leads to a decrease in
conductivity and the formation of three zirconia phases.

The statistical assessment and fitting of the experimental
data revealed good agreement with the conductivity
measurements in air. For the conductivity measurements
in reducing atmosphere the fitting was limited owing to the
complex dependence of the experimental data. Instead, the
corresponding activation energies were analysed satisfacto-
rily and the values obtained from the measurements in
Ar-H, yielded a significant coupled influence of both
compositional parameters.

Statistical design of experiments is a very useful tool for
rapid materials selection, and even more complex systems
may be statistically analysed than those discussed here.
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