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Abstract

Functionally graded materials (FGMs) are promising candidates for the fabrication of technological components, not only as

structural devices, but also in electrochemical ones, such as solid oxide fuel cells (SOFC), or high-e�ciency hybrid direct energy
conversion systems. In the present work FGMs were prepared by the sequential slip casting technique, starting with an yttria tet-
ragonal zirconia polycrystalline layer and increasing subsequently the amount of Al2O3 in the following layers. Electrochemical

impedance spectroscopy (EIS) analysis was used to evaluate the electrical characteristics of these materials and to compare with
those of the monolithic compacts. In general, it was observed that the FGM conductivity is ruled by the conductivity of the layer
which contains the highest amount of alumina blocking particles. By EIS no electrical interfaces between adjoining layers were

detected and, accordingly, no speci®c electric ohmic losses were observed. The conductivity of the FGMs is close to that calculated
using the normalized thicknesses and the alumina volume fractions of the layers after measuring the conductivity of the monolithic
materials with the same composition to what correspond to that of the ®nal layer in the FGM. These results suggest that the gra-
dient structure can be used to control the oxygen vacancy motion, and then applied in electrochemical devices. # 2000 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Functionally graded materials (FGMs) are materials
in which certain properties change continuously from
one surface to the other. The preparation of FGMs has
been performed by a wide number of techniques related
to both ceramics and metal processing and have been
widely discussed in the international meetings on this
subject1,2,3 and summarized in some papers4 and
books.5 The main requirement for these techniques is to
achieve any desired composition pro®le to face the
designed properties in the material.
After the pioneer works on FGMs for structural

applications as thermal barrier coatings and stress relief
materials, more uses have been worked out, mostly
focused on electronic and functional applications. The
FGM concept has been used to produce actuator devices
where the graded materials behave better than bimorph

actuators in thermal resistance, peeling resistance and
reliability6 due to the absence of bonding agents. It also
allows the fabrication of materials with elliptic move-
ment.7 Another electrical application of FGMs is the
design of a high-e�ciency hybrid direct energy conver-
sion system (HYDECS) using direct heat for electricity
convertor materials, which may provide a conversion
e�ciency above 40% from a nuclear or solar source
with a heat sink temperature of 300 K.8,9 In the solid
oxide fuel cells (SOFC) ®eld the FGM concept has been
proposed for the development of materials with lower
thermal stresses10 and systems in which the reactivity and
ohmic losses between cathode and solid electrolyte11,12

could be eliminated.
Emerging technologies are demanding new materials,

composites or not, with electrical multifunction proper-
ties, enhancing other structural performances, such as
mechanical and thermal expansion matching. Ceramic
FGMs satisfy this requirement. Despite of these emer-
ging applications, not many studies have been presented
in the literature regarding to the electrical properties of
those FGMs.13
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It has been demonstrated that electrochemical impe-
dance spectroscopy (EIS)14 is an accurate, non-destructive
technique for the characterization of bulk materials, and
other unspeci®c phases, as secondary phases, porosity,
cracks, etc.15±17 New equations have been established
which allow a more quantitative analysis of the impe-
dance/admittance diagrams. Using this tool some elec-
trical properties of zirconia/alumina composites can be
examined. For instance, in yttria-stabilized zirconia
(YSZ) the research have been mostly focused on small
additions of a secondary phase in order to improve the
mechanical properties of the solid electrolyte.18,19 In all
cases, a regular increase in the grain boundary resis-
tance has been observed. It is generally interpreted in
terms of a grain boundary surface increase with
increasing alumina additions. The experimental results
that have been previously reported18,20 have convin-
cingly shown that microstructure blockers (alumina
particles, cracks, pores, etc.) generate blocking e�ects
which relax at variable frequencies depending on their
average dimension parallel to the currentline direction.
In the present work, layered FGMs have been

obtained by sequential slip casting which allows the
fabrication of controlled composition and thickness of
each layer.6 Several layered FGMs have been made by
this technique in the system Al2O3/ZrO2 and their elec-
trical characteristics have been studied using EIS.

2. Experimental procedure

The starting powders were high purity (99.99%)
commercial Al2O3 and yttria tetragonal zirconia poly-
crystalline (Y-TZP). Table 1 shows the main character-
istics of these two powders.
From these powders, pure Al2O3 and Y-TZP slips

were prepared to solid content of 70 wt.%. The pH of

the alumina slurry was adjusted to 4, while the pH of
the zirconia slip was not changed because direct mixing
in water provided a pH value of 5.6 where the viscosity
was low enough for the casting process. Those slurries
were ball milled in an alumina jar mill using alumina
balls. In order to prepare the mixture compositions, the
stable pure material slurries were blended in the proper
ratios to obtain six intermediate slurries named 15A,
30A, 45A, 55A, 70A and 85A, the numbers meaning the
concentration of alumina (in wt.%) in the mixture. No
subsequent pH adjustments were made in the mix-
tures.21 The pure zirconia (Y-TZP) and alumina slurries
were labeled 0A and 100A, respectively.

Table 1

Characteristics of the starting powders

Purity

(wt.%)

Density

(g/cm3)

D50

(mm)

Ss
(m2/g)

Al2O3 (Condea, HPA 0.5) 99.99 3.88 0.3 9.5

Y-TZP (Tosoh, TZ-3YS) 99.98 5.81 0.4 6.7

Table 2

De®nition of layers sequence in the prepared functionally graded

materials (FGMs)

Material Layers sequence

FGM-100 0A/15A/30A/45A/55A/70A/85A/100A

FGM-85 0A/15A/30A/45A/55A/70A/85A

FGM-70 0A/15A/30A/45A/55A/70A

FGM-55 0A/15A/30A/45A/55A

FGM-45 0A/15A/30A/45A

Fig. 1. General SEM micrographs of functionally graded materials

(FGMs) with (a) seven and (b) four layers. (Numbers 1, 2, 3, 4, 5, 6

and 7 correspond with 0A, 15A, 30A, 45A, 55A, 70A and 85A,

respectively).
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The slips were sequentially cast onto plaster of Paris
molds in order to prepare the FGMs containing eight
layers of compositions varying from Y-TZP to Al2O3.
The 0A wall thickness formation rate was used to cal-
culate the casting time of each slurry for the preparation
of the materials with layers of 200±300 mm thickness
each. In all cases the starting layer in the laminated
FGM was the 0A composition. Five di�erent layered
structures were designed from the starting FGM with
eight layers by suppressing one layer in each case up to
the fabrication of a FGM with only four layers varying
from 0A to 45A. Table 2 shows the internal composition
for the ®ve cast FGMs. Materials with less amount of lay-
ers could not be obtained since they broke during removal
from the casting mold because of their low thickness.
Other than the di�erent FGMs, also monolithic com-

posite materials of Al2O3/Y-TZP with compositions of
100A, 85A, 70A, 55A, 45A, 30A, 15A and 0A were
prepared. These monolithic compacts were cast in
cylindrical shaped molds of 7 mm diameter.
Green materials were sintered in air at 1550�C for 2 h

with a heating/cooling rate of 5�C/min. The sintered

FGMs were cut in squared specimens of 10 mm width
and the monolithics were cut in 1 mm slides. Sintered
samples were polished using diamond paste down to 1 mm
and thermally etched at 1450�C (1 h) for microstructural
observations by scanning electron microscopy (SEM).
As electrodes, high conductivity platinum paste was

applied onto both sides of the sample, parallel to the
layers. It was heat-treated at 900�C for 10 min. The
impedance spectroscopy analysis EIS was used to char-
acterize all materials investigated, in the frequency
range of 10±106 Hz, and at temperatures from 300 to
1000�C, in air, by using an impedance analyzer
HP4192A. A two-electrode assembly located in a hot-
sample holder with temperature control was used. The
impedance spectra were mathematically analyzed using
commercial software EQUIVCRT.22

3. Results

3.1. Microstructural characterization

Fig. 1 shows a general view of the graded materials
with four and seven layers. Table 3 shows the ®nal
thickness of each layer as directly measured on the
micrographs for all studied graded materials. As can be
observed, the thickness of the ®rst layer (Y-TZP) is
higher in all cases, as a consequence of the sigmoidal
casting kinetics. At the beginning of the process, the

Table 3

Measured thickness of each layer in each functionally graded materials

(FGMs)

Sample Layer's thickness (mm) Total (mm)

0A 15A 30A 45A 55A 70A 85A 100A

FGM-100 346 224 328 259 259 233 233 233 2.1

FGM-85 522 306 340 295 295 295 295 2.35

FGM-70 493 288 300 298 298 298 1.98

FGM-55 540 300 300 300 300 1.74

FGM-45 500 290 305 295 1.39

Fig. 2. SEM microstructure of the interface between layers of pure

tetragonal zirconia polycrystalline (TZP) (0A) and 15A in the eight-

layers functionally graded materials (FGM).

Fig. 3. Impedance spectrum of monolithic sample 0A [pure tetragonal

zirconia polycrystalline (TZP)] at 300 and 600�C.
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error in time measurements, mainly due to the ®lling
and pouring out of the mold, generates large errors in
the thickness. After this ®rst step, the other layers show
more uniform thickness ranging between 200 and 300
mm as predicted. Isolated black dots are observed in
the micrographs, corresponding to small agglomerated
regions (5±10 mm) of alumina where no second phase
was presented. Because of its low quantity and small size,
these agglomerated regions were considered not to have
in¯uence on the overall electrical properties.
Fig. 2 shows the 0A/15A interface in the FGM with

eight layers. No delamination was observed in any case
and the interfaces between adjoining layers are very
narrow (less than one micron) and well de®ned. The
density was closer to the theoretical and only remaining
porosity could be observed in the layers with high alu-
mina content for both the monolithics and the graded
materials. The dispersion and homogeneity of the pha-
ses is very high as a result of a colloidal method. The
grain size of alumina was measured over the SEM
micrograph. It was observed that pure alumina layer
has a mean size of 4 mm; the layer called 85A has a grain
size of 2 mm and the other layers have a homogeneous
mean size of 0.5 mm approximately for the alumina

grains. In the 15A layer the grain size distribution of
alumina was narrower.

3.2. Electrical EIS measurements on FGM materials

The general electrochemical cell for all the EIS mea-
surements is:

air;Pt==XXX==Pt; air

where XXX can be a monolithic material or a layered
FGM. For example, in the FGM-100 the electro-
chemical cell is:

air;Pt==0A=15A=30A=45A=55A=70A=85A=100A==Pt; air

Electrical measurements were performed in parallel
for the monolithic compacts and the FGMs for com-
parison purposes.
Fig. 3 shows the impedance spectrum of the sample

0A (pure-TZP material), at 300�C in which two clear
arcs are seen. All the data are normalized to a geome-
trical factor equal to 1. The high frequency arc corre-
sponds to the bulk conductivity contribution, and the

Fig. 4. Impedance spectra of monolithic materials of composition (a) 100A and (b) 85A, and of functionally graded materials (FGMs) whose last

layer have compositions (c) 100A and (d) 85A.
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intermediate frequency arc is ascribed to grain boundary
conduction contribution. When temperature is raised up
to 600�C, the bulk contribution to the relaxation process
disappears, and the Pt/TZP electrode interface is then
registered. At temperatures higher than 600�C only a
small semicircle appears, fully associated to that inter-
face. This pure Zr(Y)O2 layer is present in all the FGM
materials, being the thickest one. The higher thickness
of this layer in all cases will not interfere with the results
due to the very high conductivity of this composition at
the studied temperatures.
Fig. 4 shows the impedance spectra of monolithic

materials with compositions 100A (Fig. 4(a)) and 85A
(Fig. 4(b)) and the spectra of the FGMs whose ®nal
layer have compositions 100A (Fig. 4(c)) and 85A (Fig.
4(d)). The monolithic alumina behaves as an insulator,
as expected. In the sample FGM-100, the presence of an
insulating layer 100A blocks all the mobile ions and the
impedance spectrum at temperatures as high as 750�C,
shows that the conductivity is 1.0�10ÿ8 S/cm. There-

fore, the FGM-100 is still considered as an insulator in
the perpendicular direction to the layers. A surprising
observation from these spectra is that the conductivity
of monolithic alumina is higher than that of the FGM
with only a thin layer of 100A, contrary to the expected
behavior.
In the case of sample FGM-85, the insulating layer

100A was suppressed and the impedance spectrum
shows a semicircle almost clear from 300�C. The con-
ductivity of this sample at 750�C is 1.0�10ÿ5 S/cm, just
three orders of magnitude higher to that of FGM-100
(1.0�10ÿ8). On the other hand, the conductivity of the
FGM-85 is also three orders of magnitude higher than
that of the monolithic 85A (8.4�10ÿ8 S/cm). The dif-
ferent behavior found for these samples must be related
to their di�erent total concentration of alumina in the
whole material, being around 90 vol.% in the mono-
lithic versus 45 vol.% in the FGM.
The FGM-70, was prepared by suppressing the 100A

and the 85A layers. Fig. 5 shows the impedance spectrum

Fig. 5. Impedance spectra of monolithic materials with composition ((a), (c) and (e)) 70A and of ((b), (d) and (f)) functionally graded materials

(FGM)-70 at di�erent temperatures.
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of both monolithic of 70A (Figs. 5(a), (c) and (e)) and
FGM-70 (Figs. 5(b), (d) and (f)) at di�erent tempera-
tures. At 300�C two overlapped arcs can be detected in
the FGM-70 while the spectra of the 70A monolithic
sample can be deconvoluted in two di�erent arcs. The
high frequency small arc can be associated to the bulk
oxygen vacancy conduction of the TZP phase, since the
measured conductivity is 1.1�10ÿ6 S/cm. The pure-TZP
bulk conductivity is around eight times higher. This sug-
gests that the bulk conductivity is modi®ed by the alu-
mina blocking e�ect, in the same way that was reported
by Kleitz and Steil.17 The low frequency semicircle seems
to be related to the overall blocking e�ect of the micro-
structure defects: regular grain boundaries of Y-TZP and
alumina inclusions. The depression angle in this region is

rather high (o=14�). At 600�C the small arcs disappear
and the second arcs also shift up (o=18�). The con-
ductivity of the FGM-70 is also large 1.8�10ÿ4 S/cm in
relation to that of monolithic 70A. In this case the total
alumina concentration is around 38 vol.% in the FGM
and near 80 vol.% in the monolithic 70A. A slight
deformation appears at this temperature, near the high
frequency which must be related to the blocking e�ect
caused by microstructural defect.23 At higher tempera-
ture (750�C) this arc deformation completely disappears
suggesting that the Pt/FGM-70 interface is mainly
responsible for this frequency displacement. Similar
observations were found for the monolithic material.
FGM-55 is obtained when layers 100A, 85A and 70A

are suppressed. Fig. 6 plots the impedance spectra at

Fig. 6. Impedance spectra of monolithic materials with composition ((a), (c) and (e)) 55A and of ((b), (d) and (f)) functionally graded materials

(FGM)-55 at di�erent temperatures.
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di�erent temperatures for the monolithic 55A material
(Fig. 6(a), (c) and (e)) and for the FGM-55 (Fig. 6(b),
(d) and (f)). The spectra obtained for FGM-45 in which
four layers were eliminated can be observed in Fig. 7(a),
(b) and (c), corresponding to measurements performed
at 300, 600 and 750�C.
Both FGM composites present quite similar spectra

with the same arc shape and morphology at the same
temperature. Slight deviations in the total conductivity
values are appreciated, but always in the same range. At
300�C two arcs are observed, and the total conductivities
are 4.3�10ÿ7 and 5.0�10ÿ7 S/cm for FGM-55 and
FGM-45, respectively. These values are slightly higher
than those of the monolithic A55 (Fig. 6(a); 3.6�10ÿ7 S/
cm). At 600�C the small bulk arc disappears and only the
grain boundary arc, which governs the conduction pro-
cess, is observed. The conductivity values are 5.5�10ÿ4
and 4.3�10ÿ4 S/cm for FGM-55 and FGM-45, respec-
tively. At 750�C only a small arc corresponding to elec-
trode/material interface can be detected.

Fig. 8 plots the log of total conductivity as a function
of reciprocal temperature. The FGMs have higher con-
ductivity in all cases than the related monolithic mate-
rials, except in the case of the sample FGM-100, whose
conductivity is slightly lower than that of 100A sample.
The activation energies of samples FGM-70 and -55 and
the corresponding monolithics (70A and 55A) are about
1.20 eV, which is the value mostly accepted for pure
TZP materials.

4. Discussion

It is generally accepted that the addition of ®nely
divided alumina particles causes a marked reduction in
the chemical di�usivity and, consequently, a decrease in
the electrical conductivity.18 The classical theory of
conduction and di�usion in binary mixtures of two
compatible phases18 can be expressed, for a non-con-
ducting spherical secondary phase (i.e. Al2O3), as:

�d � 1ÿ f� ��0= 1� 0:5f� �; �1�

where f is the volume fraction of particles, �0 is the
conductivity of the matrix phase, and �d is the con-
ductivity of the global composite material.
As can be observed, this theory ®ts properly some of

the results reported in the literature,20 in which the
electrical conductivity response ®ts well for systems
where the microstructural geometry consists of a matrix
of either TZP or PSZ (partially stabilized zirconia) and
a secondary phase of ®nely divided alumina particles
located at the grain boundaries between the matrix
grains. Therefore, Eq. (1) must only be applied in a
monolithic material and in each isolated layer into the
laminated. In the case of lamellar systems, as those pre-
pared in this work, the FGM microstructural geometry
is obtained by the superposition of the parallel layers
that have di�erent distributions of the two phases. We
assume that in each of the layers there is a homogeneous
distribution of the two phases so that the ®ne secondary
phase is also located at the grain boundaries between
the matrix grains. The problem at this point concerns
the actual composition of each FGM and the possibility
to compare them with the corresponding monolithic
materials, i.e. the aim is to determine if the total con-
ductivity in the FGMs is governed either by the com-
position of the last layer (layer with higher alumina
content) or by the average composition in the whole
FGM. These considerations may allow us to discern
which of the two discussed geometries is operating in
the conduction process.
Fig. 9 plots the log of total conductivity de®ned as the

reciprocal of the total resistivity (the sum of both bulk
and blocking contributions), for (a) all monolithics and
(b) FGMs at 750�C. Similar trends are observed for

Fig. 7. Impedance spectra of functionally graded materials (FGM)-45

at di�erent temperatures.
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lower temperatures. Curve ``a'' represents the measured
total conductivity of the monolithics for di�erent Al2O3

concentrations. Curve ``b'' plots the measured total
conductivity of the FGM samples as a function of the
Al2O3 content in the last layer. It can be seen that con-
ductivity slightly decreases as a function of alumina
concentration up to concentrations of 78 vol.% of
alumina (70 wt.%), where a dramatic slope change is
observed. The curves can be represented as two inter-
cepting straight lines, whose intersection corresponds to
the alumina percolation limit, as reported elsewhere.25

So, in both cases, monolithics and FGMs, the same
electrical pattern is registered, thus suggesting that
FGMs have a layered structure in which the barrier

blocking nature of this kind of interface is not actually
predominating from an electrical point of view. Hence,
the oxygen vacancy motion is limited only by the
blocking e�ect of alumina particles, following exactly
the same trend as a monolithic composite material. In
addition to the experimental measurements, the e�ective
medium theory (EMT) was considered for calculating
the total resistivity of FGM's. For these calculations,
the following equation24 was used:

�d � �fi�i �2�

being fi the Al2O3 vol. fraction in each layer i, and �i the
corresponding resistivity, determined considering the
thickness of each layer and its resistivity as measured in
the monolithics. The result of this calculation is also
plotted in Fig. 9 (curve c). Calculated results are in good
agreement with the experimental measurements (Fig.
9(b)), so that the EMT can be applied to these compo-
site materials. Table 4 reports the total speci®c resistiv-
ity measured in monolithics and FGMs as well as the
resistivity calculated for FGMs using the Eq. (1) (con-
sidering the FGM as a monolithic Y-TZP matrix with
all the Al2O3 homogeously dispersed) and Eq. (2).
The slight di�erences between the calculated and

measured total conductivities for the FGMs below 80
vol.% Al2O3 suggest again that the interfaces have no
in¯uence on the total electrical response of this kind of
material with graded structure. If any electrical interphase
exists between layers, the experimental conductivity of the
material will decrease much signi®cantly, which is not the
case. So it can be concluded that in these layered

Fig. 8. Plot of the log of total conductivity as a function of reciprocal temperature, comparing some monolithics with the associated functionally

graded materials (FGMs).

Fig. 9. Log of conductivity as a function of alumina volume fraction

for the monolithics, and calculated and experimental values for the

functionally graded materials (FGMs) at 750�C. Fit lines have been

calculated using the points above and below 80 vol.%.

1618 A.J. SaÂnchez-Herencia et al. / Journal of the European Ceramic Society 20 (2000) 1611±1620



FGMs, mechanical and compositional interphases exist,
but no electrical interfaces can be detected. It is also
remarkable that the global composition of the FGM
having a 90 vol.% of A in the last layer, corresponds
only to a total alumina content in the whole FGM
compact of 45 vol.%. But if the conductivity of a
monolithic with 45.% vol is compared with the con-
ductivity of the FGM with seven layers the di�erence is
of three orders of magnitude even when both materials
have the same global composition.

5. Conclusions

Laminated ceramics with tailored microarchitecture
can be designed and prepared by a relatively easy
forming method such as sequential slip casting, in which
an accurate control of both the composition and the
thickness of each layer can be achieved. In such a way,
tailor-made FGMs can be designed to modify the elec-
trical response of a monolithic material. In the present
work, laminated FGMs of tetragonal zirconia with
increasing additions of Al2O3 have been studied and
compared to monolithic biphasic materials
Most of the observations reported here converge to

the conclusion that in the examined FGMs and mono-
lithics, two regimes characterize the alumina blocking
process. Up to 80 vol.% alumina a sort of ideal beha-
vior prevails. The composition 80% corresponds to the
percolation limit. Above 80 vol.% Al2O3 a drift from

this behavior sets in and pushes the percolation limit up
to about 90%.
In the FGMs there are microstructural interfaces.

Usually, reported laminates exhibit a blocking phenom-
enon corresponding to a thin sheet between layers. In our
graded materials it seems that, below the percolation
limit, there are no signi®cant electrical interfaces phe-
nomena. When the last layer is alumina, the conduction
is governed by this very resistive layer. But as last layer
is a layer with at least 15% of ZrO2-Y2O3 the conduction
mechanism is governed by the graded distribution of the
alumina in the FGM. For laminates graded materials
with higher zirconia concentrations in the last layer this
assestment is also observed.
The FGM concept can be used for devices in which

the control of the oxygen vacancy movement is desir-
able, and after selecting the optimum components, can
also be applied in SOFC, since the introduction of
intermediate layers allows the reduction of the expansion
coe�cient mismatching between the electrode/electrolyte
components.
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