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Abstract

The formation of ZrO2:8 mol% Y2O3 solid solution was studied by electrochemical impedance spectroscopy and X-ray

diffraction analysis. The basic idea, starting from monoclinic zirconia and cubic yttria, was to follow the high-temperature

substitution of Y3+ ions for Zr4+ ions in the zirconia matrix by determining the zirconia cubic phase content owing to X-ray

diffraction and also the intragranular (bulk) electrical resistivity due to the increase of the concentration of oxygen ion

vacancies. The cubic phase volume fraction and the bulk resistivity of the ZrO2+Y2O3 polycrystalline specimens were found to

depend on the square root of the time the specimen is kept at temperatures in the studied range: 1350–1450 jC. These results
suggest a diffusion-controlled process during solid solution formation, allowing for the evaluation, by the impedance

spectroscopy technique, of the thermal activation energy for diffusion of the slowest species (Zr4+), in good agreement with the

determination by other techniques. D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zirconia-based solid electrolytes are used as elec-

trochemical transducers in a series of devices like

oxygen sensors, oxygen pumps and fuel cells [1].

Oxygen sensors find major applications in the steel

making process (for the evaluation of the oxygen

content in steel at high temperatures, f1600 jC) and

in the automotive industry (for the detection of by-

products of the combustion process in car engines and

for providing a feedback signal to the fuel injection

system for fuel economy and decrease of environ-

mental pollution) [2]. Oxygen pumps are used to

provide known amounts of oxygen in closed systems

and may be used for measuring the dependence of the

electrical conductivity on the partial pressure of oxy-

gen, and for thermogravimetric and X-ray analyses

under controlled oxygen atmospheres [3,4]. Fuel cells

can produce environmental clean electrical energy

during conversion of oxygen and hydrogen to water

[5]. All these applications rely on the fact that
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zirconia-based solid electrolytes are oxide ion con-

ducting materials in a wide range of temperature and

oxygen partial pressure. The defects responsible for

the ionic conduction are oxygen-ion vacancies pro-

duced in zirconia by partial substitution of aliovalent

(2+ or 3+) ions for zirconium ions. In particular, the 8

mol% Y2O3 substitution for ZrO2, leads to a compo-

sition close to the lower limit for the stabilization of

the zirconium oxide in the cubic structural phase with

the highest value of electrical conductivity [6] in

comparison to that of the tetragonal and monoclinic

polymorphs of zirconia. This reaction can be

described according to the Kroger–Vink notation [7]:

2ZrxZr þ Ox
O þ Y2O3 ! 2YZrVþ VSS

O þ 2ZrO2

Two things might be considered here. First, ZrO2:8

mol% Y2O3 is the most important zirconia-based solid

electrolyte for its electrical performance. Second, the

stabilization of zirconia is the main phenomenon

behind its electrical properties.

Mass transport in ceramics is important for their

fabrication, functional properties and long term stabil-

ity. Mass transport controls sintering rates, solid state

reactions and grain growth [8]. Mass transport occurs

via diffusion of chemical species. It is a fundamental

process occurring in solid materials during process-

ing—when atoms or ions exchange atomic sites—as

well as in several applications of functional electrical

ceramics when charge transfer across the solid occurs

by ion migration. Diffusion is known to control mass

transport mechanisms during sintering, grain growth,

phase transitions and electrical conduction. The main

experimental techniques for studying the diffusion of

atomic species in solids are the radioactive tracer

technique, electron microprobe analysis, imaging

SIMS and autoradiography [8]. These techniques

require depth profile measurements. In stabilized

zirconium oxides, the oxygen ion has the highest

mobility and its diffusion coefficient at 1000 jC is

about six orders of magnitude higher than the diffu-

sion coefficient of the cationic species [9]. The dif-

fusion of the slower cations is the rate controlling step

during important processes like rearrangement of

atoms and structural homogenization, sintering

kinetics, grain growth and phase stabilization

[10,11]. Even though yttria-stabilized cubic zirconia

(YSZ) is one of the most studied solid electrolytes due

to the diversity of actual applications in industrial

devices, there is not much available data on diffusion

parameters [12].

The diffusion process as a function of temperature

and time is quantitatively studied using Fick’s second

law

DC
Dt

¼ Dj2C

where CuC(r, t) is the concentration of the diffusing

species at a diffusing depth r at time t and D is the

chemical diffusion coefficient. That equation may be

solved using suitable initial and boundary conditions

depending on the particular system under study. The

solutions of that equation indicate a dependence of the

concentration of diffusing species on the square root

of time [13,14]. The diffusion coefficient may be

evaluated by determining the slope of the straight line

that correlates the logarithm of concentration and r/t1/2

[14].

A sintered polycrystalline solid electrolyte is com-

posed basically of grains and internal surfaces like

grain boundaries and pores. Impedance spectroscopy

is a technique that allows for the determination of the

individual contributions from grains (intragranular)

and internal surfaces (intergranular) to the conductiv-

ity of a solid electrolyte [15–17].

There are many phenomena depending on mass

transport that could be monitored to obtain a diffusion

coefficient. Impedance spectroscopy has already been

used to determine diffusion coefficients in a variety of

electrochemical systems, including membranes, thin

oxide films and alloys [17].

The main purpose of this paper is to study through

impedance spectroscopy measurements the thermally

assisted solid solution of zirconia+yttria polycrystal-

line specimens.

2. Experimental

Zirconium oxide (Fluka 99%) and yttrium oxide

(99.9%) were used. These starting powders were dried

at 100 jC for 1 h and stored in a dessicator. After

weighing (Mettler AB 204) 50 g in the ZrO2:8 mol%

Y2O3 molar proportion, the mixed powders were

attrition milled (Szegvasi attritor system) inside a
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zirconia container with zirconia balls as milling

medium. The milling conditions for a dispersion of

40 vol.% of mixed oxides in isopropyl alcohol were

400 rpm during 3 h. The milled suspension was dried

at 90 jC in a roto-evaporator at 100 rpm. The

resulting powder was deagglomerated in an agate

mortar for 5 min. Green pellets of approximately

600 mg were prepared by uniaxial pressing in a

stainless steel die at 100 MPa. Each ZrO2+8 mol%

Y2O3 pellet was placed inside an alumina boat with a

zirconium oxide powder bed and covered with the

same zirconium oxide powder for homogeneous dis-

tribution of heat. Each boat was inserted in an alumina

tube placed inside a resistive tubular furnace (Lind-

berg model 54433) for heat treatments at 1350, 1400

and 1450 jC for several times. The heating rate was 5

jC/min and the cooling rate was that of the furnace

switched off.

Structural phase characterization was performed at

room temperature by X-ray diffraction measurements

with a Bruker-AXS D8 Advance diffractometer. The

flat surfaces of the pellets were positioned in a sample

holder for a Bragg–Brentano h–2h configuration.

The measurement conditions were: Cuka radiation at

40 kV–40 mA, 18–86j 2h range, 0.05j 2h step and

10 s of counting time per step.

Impedance spectroscopy measurements were car-

ried out with a Hewlett Packard 4192A Impedance

Analyzer connected to a series 900 model 362 HP

controller. A special software was used to collect,

store and analyze the (ZW, Z) data [18]. The analysis of
a (ZW, ZV) diagram consists in the deconvolution, in

the frequency domain, of the impedance responses

due to the intergranular and intragranular contribu-

tions, which are usually composed of overlapping

semicircles. Pellets for impedance spectroscopy meas-

urements had their parallel surfaces polished with

sandpaper and ultrasonically cleaned with isopropyl

alcohol. Silver electrodes were prepared by painting

with colloidal silver and curing at 400 jC for 15 min

for removal of the organic binder. The specimens

(three at a time) were spring-loaded inside a sample

chamber made of inconel 600 alloy and sintered high-

alumina pieces. The sample chamber, with platinum

(discs and wire) electrodes was inserted in a vertical

tubular furnace for measurements in the 300–600 jC
temperature range. Using a proportional–integral–

differential control, the temperature control was better

than 0.5 jC. The temperature of the specimens inside

the sample chamber was monitored with a NBS

calibrated chromel–alumel thermocouple with its

sensing tip located at the closest equal distance from

the three specimens. Another chromel–alumel with its

sensing tip inserted in a dewar flask with liquid

nitrogen provided a stable reference temperature. As

no diffusional processes are expected to occur at

temperatures chosen for impedance spectroscopy

measurements, these measurements were performed

after 30 min at each temperature. A further experi-

mental precaution on the determination of the temper-

ature of the specimens inside the sample chamber was

taken by always placing in the sample chamber a

sintered ZrO2+8 mol% Y2O3 specimen with known

(previously measured) impedance versus temperature

profile. This procedure was found to give better

temperature determination than simply by determining

the electromotive force of the chromel–alumel ther-

mocouple. The impedance spectroscopy diagrams

were collected in the 5 Hz–13 MHz frequency range

with input voltages in the 0.1–0.5 V range. The (ZW,
ZV) data consisted of 16 values per frequency decade

and 5 s of time delay per collected frequency data.

3. Results and discussion

Fig. 1 shows the distribution of particle sizes of the

zirconium oxide and yttrium oxide powders used in

this work. In the same figure, the distribution of

Fig. 1. Cumulative distribution of particle size of ZrO2, Y2O3 and

ZrO2+8 mol% Y2O3 mixture after attrition milling.
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particle sizes of the ZrO2+8 mol% Y2O3 mixture after

attrition milling is also shown. The average particle

sizes of ZrO2, Y2O3 and the milled mixture were

determined as 11.6, 2.4 and 1.2 Am, respectively. A

reduction of the average particle size was achieved by

attrition milling enabling better packing of the mixture

for a better particle–particle interaction for the inter-

diffusion of the yttrium and zirconium ions. Green

density of specimens was f3.3 g/cm3, which corre-

sponds tof55% of the theoretical density for ZrO2+8

mol% Y2O3.

Fig. 2 shows X-ray diffraction patterns of pressed

ZrO2+8 mol% Y2O3 (attrition milled powders) pellets

after heat treatments at 1350 jC for times from 6 min

up to 10 h. For heating times up to 2 h, three structural

phases are detected: monoclinic zirconia, cubic zirco-

nia and cubic yttria. For increased heating times, the

zirconia cubic phase content increases while the

zirconia monoclinic phase and the yttria cubic phase

contents decrease, as expected. This means that as the

stabilization process of zirconia proceeds, yttrium ions

are supplied to the zirconia matrix for solid solution

formation, i.e., for the partial stabilization of zirconia

in the cubic phase. Fig. 3 shows, in the 27.5–32 2h
range, details of some of the X-ray diffraction patterns

depicted in Fig. 2. Even though the main diffraction

lines due to yttrium oxide are not detected after

heating times longer than 2 h, we consider that the

yttria is still present as a second phase in the mixture.

This assertion is based on the continuous increase of

the main cubic zirconia diffraction lines for heating

times longer than 2 h.

The determination of the relative cubic phase con-

tent (vc) and monoclinic phase content (vm=1�vc) was

done according to the following equation [19]:

vm ¼ 1:306Xm=ð1þ 0:306XmÞ

where

Xm ¼ A=½Aþ Icð111Þ�

and

A ¼ Imð�111Þ þ Imð111Þ

Im,c(hkl) stands for the X-ray diffraction intensity

of the corresponding (hkl) plane.

In Fig. 4, the cubic phase content vc is plotted as a

function of the time the specimen is heated at 1350 jC

Fig. 2. X-ray diffraction patterns of ZrO2+8 mol% Y2O3 pressed

(attrition milled) ceramic pellets heat treated at 1350 jC for different

times (0.1–10.0 h, bottom to top).

Fig. 3. X-ray diffraction patterns (2h range: 27.5–32j) of ZrO2+8

mol% Y2O3 pressed ceramic pellets heat treated at 1350 jC for 0.1,

0.5, 1.0, 5.0 and 10.0 h.
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(top x-axis). The remarkable feature of this result is

found when vc is plotted as a function of the square

root of the heating time (bottom x-axis). From 0.2 to 5

h, a linear dependence is found, an evidence that a

diffusion process is responsible for the cubic phase

formation at the expenses of the zirconia monoclinic

and cubic yttria phases. The deviation in the linear

dependence for times shorter than 0.2 h, i.e., a cubic

phase content higher than expected, is probably due to

the extra cubic phase formation by simply heating up

the specimen to 1350 jC. The deviation found for

times longer than 5 h at 1350 jC might be due to

particle size effects: an external shell of the zirconia

particles reaching the saturation solid solution (cubic

phase) formation at that temperature would inhibit the

yttrium ions to further diffuse into the core of the

particles and, consequently, inhibit the cubic phase

formation. Further experimental work is necessary to

check this assumption. It should be noticed that

diffusion processes based on the t1/2 dependence of

concentration of moving species in solids have already

been reported on a series of compounds [20,21].

Unless otherwise reported, all impedance measure-

ments of the specimens heated at 1350, 1400 and

1450 jC described in this paper were measured at 470

jC. That temperature is high enough for detecting

both intergranular and intragranular contributions to

the conductivity due to O2� ion migration—that is,

the specimen is in the electrolytic region—and low

enough to keep constant the phase content achieved at

the heating temperature (Tz1350 jC).
Fig. 5a, b and c shows impedance diagrams (the

imaginary part of the impedance as a function of the

real part of the impedance), also called Nyquist plots,

of ZrO2+8 mol% Y2O3 pressed pellets after heating to

1350 jC (Fig. 5a), 1400 jC (Fig. 5b) and 1450 jC
(Fig. 5c) for 0.2, 0.5, 1.0, 2.0 and 5.0 h. Specimens

Fig. 5. Impedance diagrams of ZrO2+8 mol% Y2O3 pressed pellets

after heat treatments at (a) 1350, (b) 1400 and (c) 1450 jC for

different times. Diagrams obtained at 470 jC. Numbers substituting

symbols denote the logarithm of frequency.

Fig. 4. Dependence of the cubic phase content on the time of heat

treatment at 1350 jC of ZrO2+8 mol% Y2O3 pressed ceramic

pellets. The linear dependence is on the square root of time.
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prepared with heating times different than those

shown in Fig. 5 had the impedance diagrams also

measured and the data follow the same trend. These

results are not shown in Fig. 5 for the sake of clarity.

The impedance diagrams show that both imaginary

and real components decrease with increasing the time

at any of the investigated temperatures. The decrease

of the real part of the impedance, which corresponds

to a decrease of the electrical resistance of the speci-

mens, is due to the stabilization of the cubic phase or

to the increase of the volume fraction of the oxygen

ion conducting (cubic) phase. The analysis of the

diagrams were made considering a one semicircle

model for samples heated at 1350 and 1400 jC for

times t<0.5 h. For times longer than these, two se-

micircles were resolved. It is important to point out

that the diagrams corresponding to samples heated at

1350 jC for 0.5VtV1 h are not so evident to resolve.

It is necessary at least a two components model to

describe those diagrams, but a three components

model, considering a semicircle due to monoclinic

zirconia blocking of charge carriers at intermediate

frequencies (f105 Hz), could be considered. This

three components model has already been reported

[22] but, in the present study, both further investiga-

tion and more experimental data are necessary to

assure this behavior and such an interpretation would

be beyond the scope. Since the main conclusions in

Fig. 6. Impedance diagrams of ZrO2+8 mol% Y2O3 pressed pellets after heat treatments during (a) 1.0 and (b) 5.0 h at different temperatures.

Diagrams obtained at 470 jC. Numbers substituting symbols denote the logarithm of frequency.
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this work are based on a series of samples with

various heating times and temperatures which resulted

in well-resolved diagrams using a two components

model, this model was adopted to fit all diagrams of

specimens heated for times t > 0.5 h. The high-fre-

quency semicircle is due to the intragranular ionic

conduction in stabilized zirconia because this is the

only conducting phase present in the specimen (cf. the

X-ray diffraction results, Fig. 2). It could not be due to

any contribution of the conductivity of the monoclinic

phase because the conductivity of the monoclinic

zirconia is known to be much lower than that of cubic

zirconia [23]. The low frequency semicircle is clearly

due to blocking of charge carriers at interfaces and

second phases in the non-fully sintered ZrO2+Y2O3

ceramic pellets. These interfaces are nonconducting

regions like grain boundaries or pores; the second

phases are the insulating yttria and the monoclinic

zirconia. Several studies on the use of the impedance

spectroscopy technique to the study of sintering of

zirconia–yttria ceramics have been reported [24–33].

The isothermal sintering in the last stage of the

sintering process leads to pore elimination as a con-

sequence of the increase of the average grain size [28].

It has already been shown that for zirconia–yttria

specimens the intragranular (bulk) resistivity does not

change with sintering time in the last stage of sintering

[33]. That means that the decrease in the intragranular

resistivity (high-frequency region in Fig. 5) is a

consequence of the stabilization of zirconia and not

due to grain growth.

Fig. 6 shows the impedance diagrams measured

after heat treating the specimens at three different

temperatures for two fixed times: 1.0 h (Fig. 6a) and

5.0 h (Fig. 6b). Here, the temperature evolution of the

total electrical resistance of the specimens can be

seen, suggesting a strong temperature dependence of

the resistivity, an Arrhenius type, for example, as

described below.

The intragranular (HF) and the intergranular (LF)

resistivity values were determined after deconvolution

of the impedance diagrams measured at 470 jC in

specimens heat treated at different temperatures and

times.

Fig. 7 shows values of the intergranular and intra-

granular resistivities as a function of the square root of

the time the ZrO2+8 mol% Y2O3 specimens are heat

treated at 1350 jC (Fig. 7a), 1400 jC (Fig. 7b) and

Fig. 7. Dependence of the intragranular (HF) and intergranular (LF)

resistivity on the reciprocal of the square root of the time of heat

treatment at (a) 1350, (b) 1400 and (c) 1450 jCofZrO2+8mol%Y2O3

pressed pellets. Impedance spectroscopy data measured at 470 jC.
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1450 jC (Fig. 7c). A linear dependence is found for

data taken from the impedance diagrams measured at

470 jC (Fig. 7a) and at 560 jC (Fig. 7b). These

results are similar to the ones shown in Fig. 4 for the

cubic phase content. The first conclusion is that the

increase of the conductivity depends directly on the

increase of the cubic phase content. Moreover, it can

be seen that the intragranular (HF) data and only these

data show a linear dependence, suggesting a diffusion

process takes place in the bulk of the specimens.

The blocking factor aR and the frequency factor af
were determined from the impedance diagrams. The

blocking factor is defined as the ratio of the intergra-

nular electrical resistance to the total electrical resist-

ance and is proportional to the density of blocked

charge carriers. The frequency factor is defined as the

ratio of the relaxation frequency determined at the

apex of the intergranular semicircle to that of the

intergranular semicircle. It has already been shown

that the blocking factor is proportional to the inter-

granular average blocking surface (i.e., to the inter-

granular surface). The frequency factor, on the other

hand, has been shown to be proportional to the

intergranular average distance [34,35]. Their product

is then considered to be proportional to the intergra-

nular volume [34]. These parameters are expressed as:

aR ¼ RLF

RHF þ RLF

; af ¼
f0 LF

f0 HF

:

The product aRaf has already been used to describe

pore elimination and grain growth processes in zirco-

nia-based materials [25,33]. In the present study, only

qualitative variations of the product aRaf are taken

into account.

Fig. 8 shows the aRaf product as a function of the

reciprocal of the square root of the time of heat

treating ZrO2+8 mol% Y2O3 pressed pellets at 1350,

1400 and 1450 jC. The value of the aRaf product, i.e.,
the volume fraction of the blockers (pores and insu-

lating phases) decreases for increasing times of heat

treatments. A linear dependence is found for the

reciprocal of the square root of time. This is an

indication that the blocking parameters can also be

used for following the solid solution formation in

zirconia–yttria solid electrolytes. The advantage of

using these parameters is that they do not depend on

the geometrical factor of the specimens [36].

The thermal activation energies were determined

from Arrhenius plots of the intergranular and intra-

granular resistivities. The values are approximately 1

eV, a typical value for the activation energy of oxygen

ions in zirconia solid electrolytes. The intergranular

activation energy is 10% larger than the intragranular

activation energy, as expected for zirconia [36].

Fig. 9 shows the intragranular electrical resistivity

data of ZrO2+8 mol% Y2O3 pressed pellets as a

function of the reciprocal heat treatment temperature

for three temperatures: 1350, 1400 and 1450 jC. Even
though data were collected for isothermal treatments at

these temperatures for several periods of time, the

figure shows only data for 5-h treatments, for sake of

clarity. Similar behavior was found for specimens heat

treated at these temperatures for different periods of

time.

The impedance spectroscopy measurements were

performed at 370, 420, 470 and 515 jC. Even though

the analysis takes into account only three temper-

atures, the intragranular resistivity shows a linear

dependence with the reciprocal of the absolute tem-

perature, a clear indication that an Arrhenius-type

thermally activated process takes place during solid

solution formation. The determination of the thermal

activation energy was determined as 4.6F0.3 eV, in

good agreement with the value recently reported for

the zirconium ion diffusion in single crystalline [12]

Fig. 8. Dependence of the aRaf product (aR is the blocking factor, af
is the frequency factor) on the reciprocal of the square root of time

of heat treatment of ZrO2+8 mol% Y2O3 pressed pellets. Temper-

atures of heat treatment: 1350, 1400 and 1450 jC. See text for

details.
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and polycrystalline [9] ZrO2:8 mol% Y2O3 speci-

mens: 4.5F0.2 and 4.8 eV, respectively. These two

reported values were determined by the radioactive

tracer technique. Values determined by other techni-

ques are also in that range (Cf. Table 1 in Ref. [12]). It

is known that the oxygen ion is the species with

higher mobility in zirconia–yttria, controlling the

electrolytic processes in this solid electrolyte material.

For an effective mass transport required for densifi-

cation and solid solution formation, all species must

take part in the diffusion processes. This is the reason

for the whole rates of sintering and solid solution

processes are controlled by the diffusion of the slow-

est species, zirconium ions in the zirconia–yttria

system [37]. The measurement of the intragranular

resistivity by impedance spectroscopy in mixtures of

zirconia and yttria powders isothermally treated at

different temperatures and times is a way to determine

the thermal activation energy for diffusion of the

zirconium ion.

4. Conclusions

The formation of the solid solution of zirconium

oxide and yttrium oxide was successfully evaluated by

impedance spectroscopy measurements on pellets

annealed at different temperatures and times. The

results were analyzed using the amplitudes of the

main diffraction lines of the fluorite structure of

zirconia–yttria and the parameters evaluated from

the impedance diagrams: intergranular and intragra-

nular resistivities, blocking factor and frequency fac-

tor. A good correlation was found between the

intragranular (bulk) resistivity and the square root of

the time for interdiffusing Y3+ and Zr4+, allowing for

the determination of the thermal activation energy for

diffusion of the slowest species (Zr4+ ions).

Depth profiling, consisting on the determination of

the concentration of the diffusant species as a function

of position following one-dimensional diffusion from

a planar source, is known to give the most reliable

data for the evaluation of diffusion coefficients.

Experiments, using the sectioning technique followed

by the indirect determination of the diffusant concen-

tration by X-ray diffraction and impedance spectro-

scopy are under way.
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