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Introduction

The high oxygen ion conductivity of the yttria-stabilized

zirconia (YSZ) system is well known. The conductivity at

1000 �C increases with YO1.5 addition to around 15–

18 mol.% YO1.5, when the dopant content is just sufficient

to fully stabilize the cubic fluorite phase. Further yttria

additions result in a decrease in the conductivity [1, 2].

There are several contributory factors suggested to explain

the conductivity decrease: formation of defect clusters

reducing oxygen vacancy mobility [3–5], hindrance of

oxygen ion motion due to the increasing presence of ‘large’

yttrium ions [6–8], and the increasing presence of a grain

boundary phase [9]. Support for the influence of defect

clusters is the observation that the activation enthalpy for

oxygen ion conduction decreases at high temperatures

(decreasing by *0.2 eV above *650 �C for 15 mol.%

YO1.5) [4, 10, 11]. This has been correlated with the

breaking-up of short-range order [11].

Although there is a wide compositional range of cubic

stability, only a few studies have experimentally investi-

gated yttria contents above 33 mol.% YO1.5 [12–15]. In

these studies the activation enthalpy was observed to

increase with yttria content until *33 mol.% YO1.5 where

the activation enthalpy ‘saturated’ to a value of *1.3 eV.

The authors are unaware of any comment made so far on

this saturation effect and it is thus the focus of this letter,

allowing an insight into the different contributions to the

conductivity decline.

Powders containing between 21 and 53 mol.% YO1.5

were prepared via roll-milling 8 mol.% Y2O3-stabilized

zirconia powder (TZ-8Y, Tosoh Corporation) with addi-

tional yttria powder (99.99% purity, Sigma–Aldrich) in

ethanol for 24 h. These powders were subsequently cal-

cined at 900 �C for 4 h, pressed into cuboids or pellets and

then sintered at 1500 �C for 48 h in air. Platinum elec-

trodes (Platinum Ink 6926, Metalor) were applied to the

faces of the samples for the conductivity measurements.

All samples were confirmed to possess the cubic fluorite

structure via X-ray diffraction and Raman spectroscopy

and had relative densities of over 95%. Both ac impedance

and 4-point dc measurements were made using a Solartron

1260 frequency response analyser coupled with a Solartron

1287 potentiostat.

When possible, the conductivity of each of the samples

was measured by the 4-point dc method between *480

and 1000 �C (Fig. 1). The variation of conductivity with

composition agrees with previous work, decreasing with an

increasing yttria content.

The variation of conductivity, r, with temperature, T, is

given in an Arrhenius form by:

ln rT ¼ DH�

kBT
þ ln A; ð1Þ

where DH* is the activation enthalpy, kB the Boltzmann

constant and A is known as the pre-exponential factor.

Using the gradients in Fig. 1 along with (1) it is possible to

determine the activation enthalpy for each sample.

As previously stated, it is known that the Arrhenius plots

display a temperature-dependent gradient for low yttria

contents. Temperature-dependent gradients have previ-

ously been observed up to *38 mol.% YO1.5 [16]. All the

samples measured here display such a temperature-depen-

dent gradient. This is illustrated by the highest yttria
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content sample tested, 53 mol.% YO1.5 (Fig. 2). Although

two linear fits have been used to analyse the data, it must be

emphasized that this does not necessarily indicate that there

are two distinct regions of behaviour with an intermediate

transition temperature. Such analysis, using two linear fits,

has been common in the past [4, 10, 11], but recent work

has clearly illustrated the activation enthalpy continuously

changing with temperature [16].

Activation enthalpies for all samples were calculated in

the lowest temperature range where data were obtained for

all samples, between 610 and 675 �C, as well as the highest

temperature region measured, between 890 and 1000 �C

(Fig. 3). The difference between the low temperature and

high temperature activation enthalpies is remarkably con-

stant, varying between 0.12 and 0.18 eV. As the activation

enthalpy decrease has been correlated with the removal of

short-range order in the low yttria content samples, it can

be suggested that these higher yttria content samples are

undergoing a similar dissociation of defect clusters [11].

This results in the similar reduction in activation enthalpy.

The activation enthalpy for oxygen ion motion is com-

posed of two contributions; a migrational enthalpy, DHm,

and an association enthalpy, DHa [17]:

DH� ¼ DHm þ DHa: ð2Þ

The migrational enthalpy represents the energy barrier

between adjacent oxygen ion sites while the association

enthalpy accounts for such interactions that introduce

short-range ordering (such as between the relatively

negatively charged dopant cation and positively charged

oxygen vacancy as well as the lattice relaxation

accommodating the differently sized dopant). These

interactions must be overcome to mobilize oxygen ions

and vacancies for conduction. Variation in either the

migrational enthalpy, association enthalpy or both may

account for the compositional variation in the activation

enthalpy observed here.

Lee and Navrotsky [18, 19] have recently reported

enthalpy of formation data for the YSZ system that will aid

the interpretation of the relative contributions of the dif-

ferent enthalpies in (2). From these data it is possible to

calculate the enthalpy of mixing, DHmix, which is the

deviation from a linear variation between the end-members

(Fig. 4). The end-members are the enthalpy for the tran-

sition between the stable low-temperature monoclinic

phase of zirconia and cubic fluorite zirconia, DHZrO2
m!c; and

the transition of the stable low-temperature C-type cubic

yttria to cubic fluorite yttria, DHYO1:5

C!c : The negative

Fig. 1 The variation of total conductivity, measured by the 4-point

dc method, with temperature for a range of samples within the cubic

phase-field of the YSZ system

Fig. 2 Detail of the total conductivity variation, measured by the

4-point dc method, with temperature for the 53 mol.% YO1.5 sample.

Two separate linear fits are used for the high- and low-temperature

regions

Fig. 3 Variation of the activation enthalpies with yttria content

within the cubic region of the YSZ system
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deviation from the linear line suggests favourable interac-

tions. Such interactions are responsible for the association

enthalpy term in (2).

In order to understand how the variation in the enthalpy

of mixing is affecting the interactions experienced by each

oxygen vacancy, the data are normalized relative to the

number of oxygen vacancies present (Fig. 5). This shows

that additional oxygen vacancies experience a similar

amount of interactions below *30 mol.% YO1.5, repre-

sented by a relatively constant enthalpy of mixing per

oxygen vacancy with increasing yttria content. Thus it can

be inferred that the association enthalpy term in (2) is

constant below *30 mol.% YO1.5. The activation enthalpy

variation in this composition range must be entirely due to

an increasing migrational enthalpy with yttria content.

An increase in migrational enthalpy would be expected

with increasing yttria content as it results in an increasing

presence of larger yttrium ions, sterically hindering the

motion of oxygen ions (the zirconium and yttrium ions

have ionic radii of 0.84 and 1.019 Å, respectively [20]).

Thus the activation enthalpy is initially increasing with

yttria content due to the increased likelihood of a mobile

oxygen ion having to pass a large yttrium ion. This

observation of a ‘blocking effect’ is in agreement with

computer simulations [6–8]. In particular it corroborates

the conclusions of a recent analytical model of YSZ con-

ductivity by Martin [21]. Martin found that the variation in

conductivity with dopant content was best modelled by a

constant favourable enthalpy of association coupled with

an increasing amount of blocking caused by the increasing

proportion of large yttrium ions. This is exactly what has

been experimentally observed here for samples with yttria

contents below *30 mol.% YO1.5.

Beyond *30 mol.% YO1.5, the enthalpy of mixing per

oxygen vacancy becomes less exothermic, suggesting

fewer favourable interactions (possibly due to the

increasing presence of yttrium ions and oxygen vacancies

beginning to interact repulsively, coupled with increasing

amounts of strain). This indicates that the association

enthalpy contribution in (2) is becoming less with further

yttria additions. The migrational enthalpy term will keep

increasing due to the increasing presence of relatively large

yttrium ions. An increasing DHm and a decreasing DHa

result in the almost constant activation enthalpy observed

in this composition range.

A further increase in the activation enthalpy is observed

for the 53 mol.% YO1.5 sample. As the association

enthalpy is continuing to decrease this must be due to a

greater increase in the migrational enthalpy as more than

half the cation sites are now occupied by large yttrium ions.

Overall the activation enthalpy variation with yttria

content has been explained in terms of the migrational and

association enthalpy contributions. At low yttria contents

(below *30 mol.% YO1.5) the activation enthalpy

increases due to an increasing migrational enthalpy term,

caused by the increasing presence of large yttrium ions.

The association enthalpy is constant in this region as each

defect cluster is relatively isolated, the additional oxygen

vacancies created on yttria addition are thus in similar

environments and are similarly ‘associated’. At high yttria

contents (beyond *30 mol.% YO1.5) the defect clusters

are no longer isolated and begin to interact, becoming

destabilized and reducing the association enthalpy. The

migrational enthalpy keeps increasing resulting in the sat-

uration of the activation enthalpy observed.

As the activation enthalpy is the dominant factor

affecting the measured conductivity value [22], this anal-

ysis suggests that the sudden conductivity decrease beyond

Fig. 4 Enthalpy of formation data for the YSZ system from [18, 19].

The deviation from the linear ‘ideal solution’ line represents the

enthalpy of mixing

Fig. 5 Variation in the enthalpy of mixing, normalized to the number

of oxygen vacancies present, in the YSZ system
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the yttria content required for cubic stabilization is caused

by an increasing amount of large yttrium ions in the zir-

conia matrix. It is not caused by an increasing amount of

defect cluster formation. For completeness the suggestion

that the conductivity decreases due to the increasing pres-

ence of a grain boundary phase was investigated by

impedance spectroscopy. No such additional contribution

to the conductivity at higher yttria contents was observed.
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