
Relationship between effective ionic radii, structure
and electro-mechanical properties of zirconia stabilized
with rare earth oxides M2O3 (M 5 Yb, Y, Sm)
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Abstract Zirconia stabilized with various concentrations

of rare earth oxides of Yb, Sm and Y with different

effective ionic radii ratio between the dopant and host

cations was studied. In particular, structure, phase com-

position, compositional range for existence of cubic solid

solutions and their phase transformations, stabilization

degree of high-temperature phases and the crystal chem-

istry and type of solid solutions were investigated. These

findings were related to the measured material character-

istics, namely the electrical conductivity, microhardness

and effective elastic modulus, to elucidate various effects

important for practical applications, such as an increase of

electrical conductivity due to the pyrochlore phase occur-

rence or an increase of microhardness arising from the

effect of dynamic strain ageing.

Introduction

Zirconias stabilized with rare earth oxides, such as

ZrO2 ? Yb2O3 (YbSZ), ZrO2 ? Sm2O3 (SmSZ) and

ZrO2 ? Y2O3 (YSZ), are attractive because of high-tem-

perature applications such as the electrolyte materials in the

solid oxide fuel cells (SOFCs), the operating temperature

of which is usually about 1000 �C. SOFCs have received

much recent attention as the next generation of alternative

energy sources. In particular, the current efforts are devo-

ted to the reduction of SOFC costs by downsizing fuel cell

systems and lowering the operation temperature which also

brings long-term durability. One way of lowering the

operating temperature is to use an alternative electrolyte,

the oxygen ion conductivity of which is higher than that of

the usually used yttria-stabilized zirconia (YSZ). However,

a high conductivity of the material itself does not assure its

potential as an alternative electrolyte for the intermediate

temperature solid oxide fuel cells (IT-SOFCs). The mate-

rial must also fulfil other requirements including the gas-

penetration resistance, reactivity, thermal shock resistance,

compatibility with the electrode and interconnection

materials, etc. The IT-SOFC operates from about 500 �C to

800 �C under the atmospheric or pressurized conditions

depending on the specific cell configuration and system

design. Besides it, zirconia-based systems are also known

to have good mechanical properties, e.g. high hardness

needed for planar SOFCs.
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As it is known, some physical properties of the systems

with the fluorite (F)-type structure, such as electrical con-

ductivity, change with the ratio between effective ionic

radii of dopant and host cations, rd/rh, as well as with the

charge of migrating ions, the doped cation-oxygen vacancy

complexes [1–4]. For instance, the systems containing

dopants with similar ionic radii in comparison to their

respective host cations have the highest conductivities

[5–7]. The critical cation radius, which causes neither

expansion nor shrinkage of the fluorite structure, should

maximize the ionic conductivity [8]. Some information

about the effect of the critical cation radius on mechanical

properties can be found in [9]. A similar influence of the

cation radii was observed also in ternary systems [3, 9].

The purpose of this paper is to study changes of

electrical conductivity and some chosen mechanical char-

acteristics of zirconia systems stabilized with the oxides of

rare earths (Yb3?, Sm3?) which accompany the changes of

their structure and phase composition resulting from the

changes of effective ionic radii ratio between the dopant

and host cations, rd/rh. These materials are promising

candidates for the utilization in IT-SOFCs and planar

SOFCs instead of zirconia–yttria (YSZ) system.

Experimental

All three systems under study, ZrO2 ? Yb2O3, ZrO2 ?

Y2O3 and ZrO2 ? Sm2O3, were prepared by the same

method, directional solidification of the melt using direct rf

melting in a cold container (the skull technique) [10].

Lattice parameters and phase compositions of all three

systems were obtained using Rietveld analysis of the

powder X-ray diffraction (XRD) data. AC conductivity

was measured using a frequency–response analyser.

Impedance diagrams were analysed by the method of

electrical equivalent circuit. Microhardness and effective

elastic modulus were investigated by the classical Vickers

indentation method as well as using the depth sensing

indentation (DSI) technique with the exception of the

ZrO2 ? Y2O3 system. The details of preparation and

measurements of ZrO2 ? Yb2O3, ZrO2 ? Y2O3 and

ZrO2 ? Sm2O3 individual systems are described in [11],

[12] and [13], respectively.

Results and discussion

Growth of zirconia-based crystals and ionic radii

of stabilizing rare earth cations

Phase relations in the ZrO2 ? M2O3 (M3? = Y, La–Lu)

systems depend on their molar composition and dimensions

of host Zr4? and dopant M3? cations. The ‘‘dimension

factor’’ of rare earth cations as well as the host cation Zr4?

is known to be of significant importance. It affects both the

region of the existence of the cubic solid solutions and the

ordering processes resulting in the compound formation

[14–17]. As it was earlier observed, the growth of zirconia

crystals stabilized with rare earth oxides of large ionic radii

(Pr, Nd and Ce) leads to a significant decrease of the crystal

size [18, 19] and also to phase inhomogeneity of the

crystals. Difficulties of the growth are associated with a

close proximity of temperatures of the phase transforma-

tions to melting temperature of the crystals that affects the

crystallization processes [18–23].

In the present study, ZrO2-based crystalline solid solu-

tions stabilized with Sm, Y and Yb oxides have been grown

by directional crystallization of the melt at 10 mm/h. In

contrast to Pr, Nd and Ce stabilizing oxides, the use of Sm

oxide did not lead to the decrease of the crystal sizes over

1–20 mol% concentration range, whereas in the case of

Y and Yb oxides this range is even somewhat wider:

1–25 mol%. Concentration ranges of the stabilizing oxides,

those which provide the growth of light-transparent cubic

solid solution crystals, differ for Sm, Y and Yb oxides: a

significant optical dispersion associated with the occur-

rence of a second phase was observed in zirconia with

7–8 mol% Sm2O3 whereas nothing like this was observed

when ZrO2 was stabilized with the same amounts of Y and

Yb oxides.

Crystal chemistry and type of solid solution

Structural stability of solid solutions is determined via

compositional changes of their cubic lattice parameter. The

lattice parameter of the ZrO2 ? M2O3 systems can be

estimated by taking into account the genetic relationship

between the structural types (F), (P), and (C) belonging to

the space groups Fm3m, Fd3m and Ia3, respectively [24].

As an example, the fluorite (F)-type structure is shown in

Fig. 1.

It is known [24] that oxide compounds form a large

group of phases with crystal chemical similarity. Phases of

different compositions and stoichiometries are built on a

common structural principle and can be represented by a

generalized chemical formula.

Changes of symmetry, lattice parameters and coordina-

tion numbers of cations are observed at the transition from

(F)-type to (P)- or (C)-type structures. However, all

structural types of this series are related genetically. In

particular, the (P)-type structure for solid solutions can be

derived from the (F)-type one by ordered substitution of

cations VIIIM3? for VIIIZr4? and by elimination of anions
IVO2-. Here, the cationic sublattice retains the most dense

cubic packing of F-type, the coordination IVO2- remains
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and the anionic deficiency leads only to the distortion of

oxygen polyhedra [24]. Supposing that there is a direct

contact between the cations (Wyckoff position 4a:000) and

anions (Wyckoff positions 8c:1/4 1/4 1/4) in the Fm3m

structure type, one can derive a general formula that

describes the influence of the cationic substitutions and the

presence of anionic vacancies, V2�
O , on the acal parameter

in the fluorite-like vacant phase of the (VIIIM3?)x

(VIIIZr4?)1-x(
IVO2-)2-x/2 (V2�

O )x/2 type [24]. In the present

study M = Yb, Y and Sm.

The defect reactions associated with the incorporation of

M2O3 into the zirconia host structure can be written (using

Kröger-Vink notation) as follows:

M2O3 ! 2M0Zr þ V��O þ 3Ox
O; ð1Þ

2M2O3 ! 3M0Zr þM���i þ 6Ox
O; ð2Þ

where M0Zr is a negatively charged substitutional defect and

M���i is a positively charged interstitial defect. The Reaction

(1) represents the formation of oxygen vacancies V��O , and

Reaction (2) represents the formation of cation interstitials.

The presence of substitutional and interstitial cations

M0Zr and M���i as well as anion vacancies V��O affects the

dependence of the unit cell parameter acal on the compo-

sition and ionic radius r (an interstitial-substitutional mixed

solid solution model) according to the relation [24–26]

acal ¼
4

1� yð Þ
ffiffiffi

3
p r M3þ;Zr4þ� �

eff
þ 1� yð Þr O2�� �

eff

� �

;

ð3Þ

where effective ionic radius reff in (4a) position is

r M3þ; Zr4þ� �

eff
¼ xr VIIIM3þ� �

þ 1� xð Þr VIIIZr4þ� �

: ð4Þ

The effective anionic radius in (8c) position, r(O2-)eff,

depends on the number of anionic vacancies per one

oxygen atom (1 - x/4) and can be written as

r O2�� �

eff
¼ r IVO2�� �

1� x� 2y

4 1� yð Þ

� �1
3

: ð5Þ

The expression (x - 2y)/4(1 - y) represents the

vacancy concentration per oxygen atom caused by the

cationic substitution diminished by the portion of M3?

cations in interstitial positions; 1/(1 - y) is the

normalization factor and the values of x in the Eqs. 4 and

5 are estimated from the molar composition of systems.

The effective ionic radii, reff, correspond to the incorporated

cations (e.g. Yb3?, Y3? and Sm3?) and to the host

oxygen anion (O2-). In our case, r(M3?) is the cation

radius of r(Yb3?) = 0.0985 nm, r(Y3?) = 0.1019 nm and

r(Sm3?) = 0.1079 nm; r(Zr4?) = 0.084 nm; r(O2-) =

0.138 nm [27]. In general, the formation of solid solution

MxZr1-xO2-x/2 in the one-phase field proceeds via a

substitution of M3? for Zr4? in the special positions of

the Fm3m space group (Fig. 1). The electroneutrality of

substitutional solid solutions (y = 0) [24–26] is maintained

by the formation of anion vacancies in the oxygen positions.

Both lattice parameters, aobs and acal, are a little different

and almost linearly increase with an increase of the dopant

amount in all three systems considered in the present study

with the exception of the systems with the highest dopant

amount used where a slightly steeper increase of aobs is

observable (Table 1). Some agreement between the

observed and calculated lattice parameters, aobs and acal,

seems to be achievable in the case of higher dopant

concentrations introduced into the host zirconia lattice

when a smaller or larger part of M3? cations (depending on

the ionic radius and amount) enters simultaneously the

interstitial positions as it can be concluded from Fig. 2 for

the case of Y3? and Sm3?.

For the pure interstitial model (y = x/4), the values

of acal deviate significantly from the aobs values for all

three systems considered (Table 2). A comparison of

the observed (aobs) and calculated (acal) unit cell param-

eters confirms the existence of the substitutional

(fluorite-type) solid solution MxZr1-xO2-x/2 for all three

systems (Figs. 2, 3) with the exception of the solid

solutions with the highest M3? cation concentrations

(Tables 1, 2).

In the case of mixed-type solid solution, the concen-

trations of substitutional and interstitial cations as well

as the concentration of anion vacancies can be calculated

from Eqs. 3–5, putting equality between the observed

(aobs) and calculated (acal) unit cell parameters.

Fig. 1 Structural model of the fluorite-type oxide doped with cations

of lower valency; a vacancy occurs in the nearest neighbour position

to the dopant cation
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In general, all dopant cations (stabilizers) differing in

size from the host Zr4? one will distort the host lattice to

some extent and influence the migration of oxygen ions

through the lattice and thus the electrical conductivity too.

The dopants Yb3?, Y3? and Sm3? have different sizes and

they are bigger than the host cation Zr4?. Therefore the

extent of lattice distortion, in this case the lattice expan-

sion, will be proportional to the size of dopant cation, i.e.

the smallest distortion will be in the case of Yb3?, the ionic

radius of which is nearest to that of Zr4?. In agreement

with that mentioned above and literature data for the (F)-

type oxides [28, 29], the unit cell parameters observed,

aobs, at our investigations [11–13] increase linearly with

increase of the effective ionic radius, reff, of doping cations

Yb3?, Y3? and Sm3? (Figs. 3, 4), and influence the

Table 1 Comparison of observed and calculated unit cell parameters,

aobs and acal, for various types of cubic solid solution MxZr1-xO2-x/2

(M = Yb, Y, Sm) according to pure substitutional model, y = 0

[24–26] and effective ionic radii [27]

MxZr1–xO2–x/2 reff

(nm)

C (mol% M2O3) aobs

(nm)

acal (nm)

Yb0.200Zr0.800O1.900 0.0985 11.10 0.51347 0.51398

Yb0.243Zr0.757O1.879 13.80 0.51387 0.51428

Y0.168Zr0.832O1.916 0.1019 9.20 0.51453 0.51499

Y0.200Zr0.800O1.900 11.10a 0.51515a 0.51555

Y0.219Zr0.781O1.890 12.30 0.51562 0.51583

Y0.243Zr0.757O1.879 13.80a 0.51599a 0.51624

Y0.280Zr0.720O1.860 16.30 0.51666 0.51665

Y0.504Zr0.496O1.748 33.70 0.52216 0.51948

Sm0.172Zr0.828O1.914 0.1079 9.40 0.51663 0.51749

Sm0.182Zr0.818O1.909 10.00 0.51771 0.51777

Sm0.200Zr0.800O1.900 11.10a 0.51749a 0.51832

Sm0.243Zr0.757O1.879 13.80a 0.51812a 0.51970

Sm0.244Zr0.756O1.878 13.90 0.51787 0.51970

Sm0.314Zr0.686O1.843 18.60 0.51949 0.52134

Sm0.601Zr0.399O1.699 43.00 1.059 1.05810

(0.52905)

a Values interpolated from the aobs versus C dependences

Fig. 2 Observed, aobs, and calculated, asubst, lattice parameters as

functions of composition x for the ZrO2 ? Yb2O3, ZrO2 ? Y2O3 and

ZrO2 ? Sm2O3 solid solutions (pure substitutional model, y = 0)

Table 2 Comparison of observed and calculated unit cell parameters,

aobs and acalc, for various types of cubic solid solutions MxZr1-xO2-x/2

(M = Yb, Y, Sm) according to pure interstitial model, y = x/4 [25]

and effective ionic radii [27]

MxZr1-xO2-x/2 reff

(nm)

C (mol% M2O3) aobs

(nm)

acal (nm)

Yb0.200Zr0.800O1.900 0.0985 11.10 0.51347 0.52713

Yb0.243Zr0.757O1.879 13.80 0.51387 0.53097

Y0.168Zr0.832O1.916 0.1019 9.20 0.51453 0.52543

Y0.200Zr0.800O1.900 11.10a 0.51515a 0.52878

Y0.219Zr0.781O1.890 12.30 0.51562 0.53048

Y0.243Zr0.757O1.879 13.80a 0.51599a 0.53306

Y0.280Zr0.720O1.860 16.30 0.51666 0.53569

Y0.504Zr0.496O1.748 33.70 0.52216 0.55625

Sm0.172Zr0.828O1.914 0.1079 9.40 0.51663 0.52872

Sm0.182Zr0.818O1.909 10.00 0.51771 0.52971

Sm0.200Zr0.800O1.900 11.10a 0.51749a 0.53170

Sm0.243Zr0.757O1.879 13.80a 0.51812a 0.53676

Sm0.244Zr0.756O1.878 13.90 0.51787 0.53676

Sm0.314Zr0.686O1.843 18.60 0.51949 0.54301

Sm0.601Zr0.399O1.699 43.00 1.059 1.15282

(0.57641)

a Values interpolated from the aobs versus C dependences

Fig. 3 Observed, aobs, and calculated, asubst and ainterstic, lattice

parameters for pure substitutional (y = 0) and interstitial (y = x/4)

models, respectively, as functions of the composition x for the

ZrO2 ? Sm2O3 solid solutions

J Mater Sci (2009) 44:234–243 237
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migration of oxygen ions through the lattice and thus the

electrical conductivity of the system (see section ‘‘Elec-

trical conductivity’’). The case of Sc3? cation (e.g. [30]),

the ionic radius of which is 0.083 nm and thus very close to

that of Zr4?, 0.084 nm is well renown. In this case, the

lattice distortion due to different ionic radii of dopant and

host cations practically does not exist and electrical con-

ductivity of ZrO2–Sc2O3 system is the highest one among

the ZrO2-based systems. In spite of this fact, this system is

not utilized in the SOFCs due to its high cost and problems

with ageing [30]. The other situation was found to be in the

case of ZrO2–Sm2O3 system, doped with a high amount of

samaria, 43 mol%.

As seen from Tables 1, 2 and Figs. 2, 3, the sample with

the highest samaria amount of 43 mol%, exhibits the

ordered defect fluorite (F)-type structure with the compo-

sition Sm2Zr2O7 (pure pyrochlore phase) and with the

lattice parameter aobs = 1.059 nm [13]. This fact is in full

agreement with the condition for the ionic radii ratio

between dopant and host cations, rd/rh [ 1.26 [1, 15, 28,

29, 31], namely r(Sm3?)/r(Zr4?)=1.29, and for the electron

structure [31] to observe the pyrochlore phase. The con-

ditions are not satisfied for the highest yttria amount of

33.70 mol% (r(Y3?)/r(Zr4?)=1.21) where the disordered

defect fluorite (F)-type structure with the lattice parameter

aobs = 0.52216 nm [12] is observed. Similarly, the YbSZ

system with r(Yb3?)/(Zr4?)=1.17 does not exhibit the

occurrence of the pyrochlore phase [11]. The pure

pyrochlore-type structure of the system influences its

properties (see sections ‘‘Electrical conductivity’’ and

‘‘Mechanical characteristics’’). However, as it is possible to

find in the literature e.g. Mandal et al. [32–35], an

agreement between theoretical modelling reported in the

references of this present paper [1, 15, 28, 29, 31] or in

[36], according to which some of the materials were pre-

dicted to exist in the pyrochlore lattice, and the reality

confirmed by a careful XRD, Raman spectroscopic studies,

etc. does not exist always. In some cases only a disordered

pyrochlore structure, which has a tendency to attain the

pyrochlore structure and probably might become a pure

pyrochlore under some suitable thermodynamical condi-

tions can be present. Pyrochlore structure of material

influences its properties, e.g. electrical conductivity. The

structure–electrical conductivity relationship is very

important for the materials with fluorite-related structure,

including the pyrochlore one, due to the strong dependence

of oxygen ion conductivity on the existing phases and their

structure (see section ‘‘Electrical conductivity’’).

Electrical conductivity

The electrical conductivity, r, of all three ZrO2 ? Yb3?,

ZrO2 ? Y3? and ZrO2 ? Sm3? solid solutions, investi-

gated and discussed together with their corresponding

phase compositions in our earlier papers [11–13], has a

similar behaviour in terms of its dependence on the struc-

ture and phase composition (Fig. 5). As it is shown in our

earlier studies [11–13], the highest electrical conductivity

was observed for the cubic (c) phase composition in all

three investigated systems. It is commonly accepted that a

solid solution is formed easily by the addition of a cation

with an ionic radius similar to that of the host cation.

Among the M3? rare earth cations used in the present

study, Yb3? (0.0985 nm) has the nearest radius to that of

Zr4? (0.084 nm). The ionic radii of the next two dopants

Y3? and Sm3? are larger, being 0.1019 nm and 0.1079 nm,

respectively. For all three dopants, the ionic conductivity,

r, decreases as the dopant radius increases. The ionic

conductivity of SmSZ is &60% lower than that of YSZ

which itself is &50% lower than that of YbSZ (inset in

Fig. 5). This fact indicates that lattice distortion by the

substitution of Yb3? for Zr4? does not affect severely the

migration of oxygen ions in contrast to similar substitutions

of Y3? and Sm3?. The decreasing lattice distortion with

decreasing ionic radius of the M3? cation would imply that

the maximum conductivity is shifted to higher defect

concentrations. However, such a trend is impeded by the

necessity to stabilize the fluorite phase. If ZrO2 itself has

the (F)-type structure, higher conductivities may be

observed at lower defect concentrations. Unfortunately, for

the comparison of electrical conductivities of the three

investigated systems (from the inset of Fig. 5) fully iden-

tical concentrations of Yb, Y and Sm dopants (3.30, 3.24

and 4.00 mol%, respectively) were not used. However, it

does not change anything on the fact that in the fluorite

Fig. 4 Observed, aobs, and calculated, asubst, lattice parameters for

the pure substitutional model as functions of the effective ionic

radius, reff, for ZrO2 doped with 11.10 and 13.80 mol% Yb2O3, Y2O3

and Sm2O3

238 J Mater Sci (2009) 44:234–243
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phase composition region the electrical conductivity is

rYb [rY [ rSm [11–13] and in the pyrochlore phase

composition region it is rYb \ rY \rSm, which is in full

agreement with the literature data of, e.g., Yamamura et al.

[1] .

The behaviour and values of the activation energies, Ea,

of all three systems are in good agreement with their

conductivity behaviour (Fig. 6.), i.e. Ea increases with

increasing dopant ionic radius. Enhanced ionic conductiv-

ity, r, observed just for the ZrO2 ? Yb3? system suggests

that the lattice distortion and ionic radii ratio play an

important role in the electrical conductivity behaviour as

follows also from the literature data for these systems (e.g.

[5]).

The system with the highest samaria amount of

43 mol% is exceptional among the investigated systems. In

general, electrical conductivity of M2O3 ? ZrO2 systems

with higher amounts of M2O3 dopant decreases with

increasing dopant level due to the decrease of free oxygen

vacancy concentration in the anion sublattice of the solid

solutions (in our case MxZr1-xO2-x/2). This fact can be

explained by increased interactions between the dopant

cations and oxygen vacancies resulting in complex defects

of low mobility at low temperatures. Similar phenomena

explain the conductivity variations in numerous fluorite,

perovskite and pyrochlore systems [37]. A deviation from

such a conductivity behaviour was observed in the present

study just for the largest samaria amount of 43 mol%

(Sm2Zr2O7) with the pure pyrochlore structure [13]. As it

was noticed in section ‘‘Crystal chemistry and type of solid

solution’’, electrical conductivity mechanism in a pure

pyrochlore is closely connected with its special structure.

Pyrochlore structure is a superstructure of defect fluorite

structure with exactly twice the lattice parameter [38], in

agreement with our studies in [13]. Pure pyrochlore and

ideal defect fluorite structures are different because the

pyrochlore structure has an additional ordering on both

cation and anion sublattices and some of the oxygen ion

positions are slightly displaced from their fluorite positions.

The oxygen vacancies occur randomly throughout the

anion sublattice in the fluorite structure, while being

ordered over particular sites (8b) in the pyrochlore struc-

ture (see e.g. Fig. 4 in [38]). Structural disorder occurs in

the pyrochlore compounds when the superstructure order-

ing, which is different from the fluorite one, is partially

lost. In the (P)-type structure of Ln2Zr2O7 due to the spe-

cial arrangement of Sm3?, Zr4? and O2- ions as well as

vacant positions [38], the (P)-type oxides can be intrinsic

anion conductors without the dopant-vacancy interactions

(e.g. [1, 39]). Disorder of the cation sublattice is relatively

less important for the conductivity than that of the anion

one, because it has only modest effect on the vacancy

mobility. The anions move more easily through the ordered

pathways of the pyrochlore structure (cation tetrahedron

plane around the 48f oxygen sites) than in the disordered

fluorite structure. However, the anion disorder can change

the free oxygen vacancy concentration and thus the ionic

Fig. 5 Electrical conductivity, r, isotherms as functions of the

dopant concentration, C, for the ZrO2 ? Yb2O3 (.), ZrO2 ? Y2O3

(j) and ZrO2 ? Sm2O3 (m) solid solutions taken at temperature

500 �C which is interesting as an operating temperature of IT-SOFCs

(inset: dependence of electrical conductivity, r, on the temperature, T,

for ZrO2 ? 3.30 mol% Yb2O3 (.), ZrO2 ? 3.24 mol% Y2O3 (j)

and ZrO2 ? 4.00 mol% Sm2O3 (m) solid solutions)

Fig. 6 Activation energy, Ea, as a function of the dopant concentra-

tion, C, for the ZrO2 ? Yb2O3 (.), ZrO2 ? Y2O3 (j) and

ZrO2 ? Sm2O3 (m) solid solutions (inset: dependence of the

activation energy, Ea, on the effective ionic radius, reff, for Yb3?,

Y3? and Sm3? doping cations)
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conductivity by a few orders of magnitude. In such a way,

the observed increased conductivity of ZrO2 ? 43 mol%

Sm2O3 (Sm2Zr2O7) system (Fig. 5) could arise from a

reduced oxygen vacancy-dopant cation association stem-

ming from a more open lattice structure due to a special

ordering of the cubic phase in agreement with the known

influence of pure pyrochlore structure on the electrical

conductivity of material (see e. g. papers of Tuller et al.

such as [38]). Arrhenius activation energy, Ea, and pre-

exponential factor (a measure of the number of mobile

ions), r0, of materials with the pure pyrochlore structure

are smaller than those of other single cubic phase compo-

sitions but with lower amounts of Sm2O3 due to this special

structure of the cubic phase. The concentration behaviour

of the activation energy, Ea, and pre-exponential factor, r0,

of SmSZ is in good agreement with literature data (see e.g.

[13]).

Mechanical characteristics

Similar compositional dependences on the effective ionic

radii, reff, as in section ‘‘Electrical conductivity’’, for the

three systems under study ZrO2 ? M2O3 (M = Yb, Y and

Sm), were found also for the microhardness, H, and elastic

modulus, YHU. A gradual lattice distortion with an

increasing content of the stabilizing oxides of different

ionic radii (rYb3? \ rY3? \ rSm3?) can be seen in the

behaviour of both types of microhardness to have been

measured (Figs. 7, 8). Vickers microhardness, HV, was

measured by the classical quasi-static technique based on

the residual indentation caused by plastic deformation:

HV ¼ 2cos 22� L=d2
� �

;

where L is a load applied on the indenter and d is the

indentation diagonal. As an alternative, the plastic

microhardness, HUpl, was measured by the DSI technique

from the instantaneous depth:

HUpl ¼ Lmax=26:43 � h2
r ;

where hr is the intercept of the unloading curve slope with

the indentation depth axis at L = 0 and 26.43 is a geo-

metrical factor. Both HV and HUpl increase with increasing

amount of M2O3 (Yb2O3, Y2O3 and Sm2O3) in the mixed

phase composition region, their maximum value being

shifted towards higher M2O3 amounts in agreement with

the increasing effective ionic radius, reff (Fig. 7—inset).

However, the behaviour of microhardness HV as well as

HUpl of all three systems is different in the single cubic

phase composition region (Fig. 8). In the case of Y2O3

dopant, the microhardness of YSZ system is almost inde-

pendent of the Y2O3 amounts used, the data dispersion

being attributed to the surface roughness. A significant

increase of the microhardness at two largest Yb2O3

amounts can be explained by the effect of dynamic strain

ageing [40, 41]. In such a case, the diffusion of Yb3?

cations to the dislocations and their consequent pinning and

hardening of solid solutions are more evident than it is in

the case of larger zirconia stabilizers such as Y3? and

Sm3? cations where a similar behaviour is expected. The

microhardness decrease at the largest Sm2O3 amount in the

Fig. 7 Vicker’s microhardness, HV, as a function of the dopant

concentration, C, for the ZrO2 ? Yb2O3 (.), ZrO2 ? Y2O3 (j) and

ZrO2 ? Sm2O3 (m) solid solutions (inset: shift of the maximum

Vickers microhardness, CHVmax, towards higher dopant concentra-

tions depending on the effective ionic radius, reff, of Yb3?, Y3? and

Sm3? doping cations)

Fig. 8 Comparison of Vickers microhardness, HV, (.) and plastic

microhardness, HUpl, (r) as functions of the dopant concentration, C,

for the ZrO2 ? Yb2O3 and Vickers microhardness, HV, (j) for

ZrO2 ? Y2O3 solid solutions (inset: ZrO2 ? Sm2O3 solid solutions,

HV (m) and HUpl (D))
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pyrochlore phase (Fig. 8—inset) can be ascribed to the

special ordering of the cubic structure at the transition from

the disordered single cubic (F) to the ordered single cubic

(P) phase. The low value of the (P) phase microhardness is

in full agreement with the large brittleness of this sample

which could be easily destroyed into many small pieces.

Generally, the hardening of solid solutions results from an

interaction between dislocations and solute atoms, the

mechanisms of this interaction being various [42–44].

Mechanical properties, including the elastic modulus,

are influenced by the lattice vacancies and lattice param-

eter. The effect of oxygen vacancy concentration on the

elastic modulus, YHU, of oxides with the fluorite (F)-type

structure can be found, for instance, in [45] where it was

measured using the nanoindentation test technique at room

temperature as in the present study. It is well known that

the substitution of a lower valence cation M3? for Zr4?

through doping leads to the formation of oxygen vacancies

in the lattice. Similarly, the oxygen vacancies are intro-

duced at low oxygen partial pressures, pO2
, into the MO2

oxides with the fluorite (F)-type structure where charge

neutrality is restored by the electrons localized on the host

cation to form Ce3? defects in the case of ceria. Another

situation can occur in zirconia-based systems such as YSZ.

Elastic modulus of YSZ remains unchanged within oxygen

partial pressure in the interval pO2
= 0.21–5 9 10-25 atm

and temperatures up to 800 �C due to a negligible deviation

from the stoichiometry [45]. Experimental results have

confirmed the theoretical prediction [46] that the elastic

modulus decreases with increasing oxygen vacancy con-

centration as well as with increase of the lattice parameters

due to the defect introduction. The main source of various

mechanical effects in materials is due to stresses arising

from the lattice-mismatch driven expansion/contraction

among the components [47]. The expansion of the lattice

due to the presence of defects weakens the attractive forces

between the ions. In both cases, the oxygen vacancy and

the accompanying presence of lower valent cations result

in an average bond length [45] which causes a reduction of

the elastic modulus as proposed in [46].

In the present study, the influence of ionic radii ratio,

rd/rh, between the dopant and host cations of zirconia-

based substitutional solid solutions on the elastic modulus

is compared. The dopant cations Yb3? and Sm3? have

different effective ionic radii reff and thus different effects

on the deformation of the ZrO2 host lattice. Consequently,

the value of lattice parameter (at equal dopant concentra-

tions and equal oxygen vacancy concentrations necessary

for charge neutrality) is the main factor controlling the

elastic modulus.

The effective elastic modulus, YHU, was determined

from the loading-unloading hysteresis [11, 13], namely

from the unloading part of the load-penetration curve:

YHU ¼
1

4 tan a=2ð Þhr

dL=dhðhmaxÞ
ffiffi

p
p � 1�m2

Dia

EDia

;

where YHU = E/(1 - m2) is a so-called indentation modu-

lus or effective elastic modulus (E is the Young’s modulus

and m is the Poisson’s ratio), dL/dh(hmax) is the slope of the

unloading curve at the maximum indentation depth, hmax is

the maximum indentation depth at the given maximum

load Lmax and index Dia refers to the indenter material

diamond.

The effective elastic modulus YHU as a function of load

L applied on the indenter for ZrO2 ? 13.80 mol% Yb2O3

and ZrO2 ? 14.00 mol% Sm2O3 with the single cubic

phase composition is shown in Fig. 9. It can be seen that

the influence of the lattice parameter, a, on the effective

elastic modulus, YHU, is evident mainly at L [*100 mN

where the measurements are performed at larger depths.

This happens in spite of the fact that the indentation in this

load region causes the formation of cracks after the

unloading period [13], which becomes evident from the

decrease of YHU and from the increase of the data

dispersion, in particular for the ZrO2 ? Sm2O3 system.

The value of YHU for this system is lower than that for

ZrO2 ? Yb2O3 in agreement with the values of the

corresponding lattice parameters, (ZrO2 ? Yb2O3) =

0.513877 nm and (ZrO2 ? Sm2O3) = 0.517873 nm. The

values of YHU obtained for both systems by the indentation

at small depths L \*100 mN can be affected by the

quality of sample surfaces after their mechanical polishing.

A more complicated situation emerges for both systems

in the case of the mixed phase compositions (Fig. 9) where

Fig. 9 Effective elastic modulus, YHU, as a function of the load, L,

applied on the indenter for ZrO2 solid solutions stabilized with

13.80 mol% Yb2O3 (.) and 14.00 mol% Sm2O3 (m)
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the values of YHU obtained at larger depths can be influ-

enced also by fracture formation and phase transformation.

Summary

Structure, phase composition, electrical conductivity,

microhardness and effective elastic modulus of zirconia-

based solid solutions stabilized by the oxides of rare earths

(Yb, Sm, Y) were studied. In particular, their dependence

on the effective ionic radii ratio between the dopant and

host cations, rd/rh, was addressed with the following

conclusions:

• stabilization of zirconia-based crystalline solid solu-

tions with rare earth oxides depends on the dimension

factor of the dopant rare earth cations, such as Yb3?,

Sm3? and Y3?, as well as the host cation Zr4?; width of

the compositional window where cubic solid solutions

occur and phase transformations close to the crystalli-

zation temperature affect crystallization from the melt

and phase homogeneity

• besides other factors, the stabilization degree of the

zirconia-based high-temperature phases depends

strongly on the cationic and anionic radii ratio, rc/ra

(a possibility to form the cubic fluorite-type structure)

• a stability study in terms of the compositional changes

of the lattice parameters of the cubic phases shows:

– almost all solid solutions under study are substitu-

tional ones with the disordered defect (fluorite-type)

structure as concluded from a comparison of the

lattice parameters observed, aobs, and calculated,

acal, for the pure substitutional and interstitial

models

– full agreement between the lattice parameters

observed, aobs, and calculated, acal, in the case of

higher dopant concentrations could be obtained

only when a smaller or larger part of the dopant

cations M3? (depending on the ionic radius and

amount) enters simultaneously the interstitial

positions

– an unusual value of the lattice parameter was found

for the solid solution ZrO2 ? 43 mol% Sm2O3

(large dopant amount) with the ordered defect

fluorite (F)-type structure and Sm2Zr2O7 composi-

tion (pure pyrochlore (P) phase), the lattice

parameter of which is two times larger than that

for the same system with a lower amount of

samaria; this fact is in agreement with the condition

for the ionic radii ratio to form a pyrochlore (P)

phase, rd/rh [ 1.26 (r(Sm3?)/r(Zr4?) = 1.29)

– substitution of the dopant cation M3? (e.g. Yb, Y,

Sm) for the host cation Zr4? with a smaller

effective ionic radius results in the lattice distortion

affecting the migration of oxygen ions through the

lattice and thus electrical conductivity

• structure and phase composition control the behaviour

of the electrical conductivity of all three solid solutions

ZrO2 ? M2O3 (M = Yb, Y, Sm) via the effective ionic

radii ratio between the dopant and host cations, rd/rh, in

particular:

– electrical conductivity, r, increases with the

decrease of the effective ionic radius reff of the

dopant, i.e. r(SmSZ) \ r(YSZ) \ r(YbSZ)

– activation energy, Ea, decreases in agreement with

the increase of the electrical conductivity, i.e.

Ea(SmSZ) [ Ea(YSZ) [ Ea(YbSZ)

– enhanced electrical conductivity of the solid solu-

tion with a large dopant amount ZrO2 ? 43 mol%

Sm2O3 can be attributed to the single cubic ordered

defect fluorite-type structure with the Sm2Zr2O7

composition (pure pyrochlore (P)-type structure);

the values of the activation energy, Ea, similarly as

the pre-exponential factor, r0, of this composition

are smaller than those of the same systems with

smaller dopant amounts and the single cubic

disordered defect fluorite-type structure

• values of the Vickers microhardness, HV, plastic

microhardness, HUpl, and effective elastic modulus,

YHU, of all three systems are affected by the effective

ionic radius, reff, of the dopant cations M3?

(M3? = Yb3?, Y3?, Sm3?); in particular:

– the behaviour of the microhardness (both HV and

HUpl) is different in the mixed phase and single

cubic compositional regions; in the former region,

the microhardness increases with the dopant

amount M2O3 (M = Yb, Y and Sm) and its

maximum value shifts towards larger M2O3

amounts in agreement with the increasing effective

ionic radius of the dopant cations, reff; in the latter

region, the hardness of YSZ solid solutions is rather

independent of the Y2O3 amount; a significant

enhancement of the microhardness observed in

YbSZ can be explained by the effect of dynamic

strain ageing. Here, the diffusion of M3? dopant

cations to the dislocations and their following

pinning as well as the hardening of solid solutions

are more distinct than for Y3? and Sm3? dopants

with larger effective ionic radii, reff

– the decrease of microhardness observed for

ZrO2 ? 43 mol% Sm2O3 solid solution with the

pyrochlore (P)-type structure (Sm2Zr2O7) can be

attributed to the special ordering of the single cubic

structure; the small microhardness value of the
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pyrochlore (P) phase is in full agreement with its

large brittleness observed

• the effective elastic modulus, YHU, of the oxide systems

with the fluorite-type structure is influenced by the

amount of oxygen vacancies and the value of lattice

parameter. At equal amount of the oxygen vacancies in

ZrO2 ? Yb2O3 and ZrO2 ? Sm2O3, the enhanced

value of the lattice parameter in the latter system is

the main factor reducing its elastic modulus, YHU.
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