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IONIC MECHANISM OF CHARGE H,”}ZMEOWH
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L. INTRODUCTION

and partial pressure of Oxygen provided that the oxide is in a thermodynamic
it is possible to identify the

above mentioned variables. Such a combination u i

ments wm.ao:m:vc lattice parameters, EMS, transport numbers, and electrical
conductivity. ) ‘
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both conductivity types (their domination) depends basically on temperature and
partial oxygen pressure. Generally speaking, both types of solid solutions are at low
temperatures and low pressures primarily ionic conductors.

When stabilizing the cubic fluorite structure of Z1O, (Fig. 1) by substitution of
some aliovalent oxides (such as e.g., CaO, MgO, Y,0; and some oxides of rare
earths), oxygen anionic vacancies are formed, thus highly increasing electric
conductivity [1—7]. ,

ThO,; has a CaF,-like cubic structure up to the melting point (3300 °C). Solid
solutions of thoria with some cubic oxides (CaO, Y.0;) are characterized by a filled
cation sublattice and anion vacancies as in the case of stabilized zirconia.

The ionic contribution to the character of solid solutions based on zirconia and
thoria forms the contents of this work. A theoretical model for the ionic mechanism
of charge transport is given, and it is compared with experimental results of electric
conductivity, dielectric and mechanical losses.

II. THEORETICAL MODEL FOR CHARGE TRANSPORT MECHANISM
IN STABILIZED ZIRCONIA AND THORIA

The extraordinary attention devoted to solid solutions of thoria has provided
a general agreement with the assumption that the Ooxygen vacancy is the dominant
defect whilst ionic conductivity exists at lower pressures of oxygen (at pressures
>0.1 Pa a significant hole conductivity appears) [6]. T

In stabilized zirconia no proof of the electron contribution to conductivity at an
oxygen partial pressure above 5 Pa was observed [4]; it was demonstrated by
polarization [8] and transport number [9] measurements. Furthermore, diffusion
measurements in calcium stabilized zirconia indicate that selfdiffusion of cations is
at least 10° times smaller than that of oxygen anions [10]. Thus it is reasonable to
assume that under suitable conditions the conductivity of stabilized zirconia is
caused by the mobility of oxygen ion vacancies only.

Such vacancies can be considered as ionic defects with an effective charge of 2e.
Conductivity results from the hopping of oxygen ions to neighbouring equivalent
positions. The activation energy for this process, U, is related to the height of the
barrier which the ions have to overcome while hopping. The mobility of the
vacancy can be deduced from the statistical theory [11] as

4m6TCE o (LU 0

where a the anion-anion distance equal to one half of the lattice parameter a, for
the cubic fluorite-like structure, and v denotes the vibrational frequency of an
Oxygen vacancy in its potential well given as v, exp (AS/k) . AS is the activation
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entropy for the migration of the anion vacancy and v, is usually considered to be
.30 Uwcwo frequency. The numerical factor is due to the fact that a vacancy can

The only cation defects present in thoria (zirconia) are stabilized by a bivalent

oxide, MO — (T, WGON, are M7, (M) ions. They cause the formation of an anion
Oxygen vacancy, [32*, at each bivalent jon, The conductivity ¢ in the impurity

ooua:ncon range (i.e. the contribution of intrinsic defects can be neglected) can be
written as

QﬂHNmZqu exp Almv 3)

(e — charge of an electron, N — number of Th**(Zr**) ions in lom’, Y — total

When taking ~.=:~ account association, i.e. the fact that at sufficiently low
temperatures vacancies preferably stay in the vicinity of cation defects, by applying

gwﬂﬁa.f_um.,f - [ m..u.ﬁc Dw& (4)
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_.the following formula for conductivity is obtained :

T30 e (G [ Ly (1)

(K — concentration of acting matter, W — association energy of oxygen anion

vacancies with M=z, cation defects). Within the Tange of validity of Eq. 3)
conductivity will be proportional to the concentration of impurities, i.e. the
concentration of free vacancies. At sufficiently low temperatures, where the value

of free vacancies concentration can be practically considered as Zero, one may
approximately write

1c+:~=\v. ©

0T =2eNB(KY)" exp A T

IL.2. Stabilization by a trivalent oxide

In thoria (zirconia) stabilized by a trivalent oxide, M.0, — (Th, Zr)0,, Mn(Mz)
cation defects are present. They cause the formation of one ionic vacancy, [12*, per
two doping trivalent cations. The vacancies can associate with cation defects into
complexes. In such a case there is a theoretical possibility of the occurrence of
processes described by the following statistical equilibria:

Mpuay+ 002" - ~§~;.E§Dw+_+ [1] 0
M)+ D5 = [2Mipn 2] 1. (®)

When applying the mass action law to the processes (7) and (8) the following
€quations are obtained

H:.HJ\' 'I@ .
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where the symbols have the following meaning: x, — concentration of free
cationic defects Mszo, Xv — concentration of free anionic vacancies, x,
— concentration of [Mrg,(32*] complexes, x,; — concentration of [2Mz 2,y (12%]
complexes, K, and K, are constants for association energies of the complexes.
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Furthermore the following €quations are to be fulfilled :

v\”..ﬂ?- +.N._+.H=

Y =xm (13)

Range II: The process of neutraj [2M3,

compared to the pro - +1+ .
Aelics process of charged [My, .32 I" complex formation (xu=0). This

= 1
V=X txy, xy=2y, +x,,

2

XpXy
P meng-ey-B,

where @, is the left-hand side of Eq. (9). This gives

1
N0 0= Gy s 20 (14)

@s337] complex formation is negligible:

The above mentioned theoretical models for the ionic mechanism of charge
transport in stabilized ZrO, and ThO, are supported by experimental data of
electric conductivity and dielectric and mechanical losses.

. A COMPARISON OF THEORETICAL MODELS
WITH EXPERIMENTAL DATA

The role of impurities is very important but it is difficult to define it precisely. For
instance, the ionic conductivity dominates at lower temperatures (i.e. below
650 °C), the electron conductivity is substantial at higher temperatures, both types
of conductivity always occur and they are to be treated separately. The separation
of conductivity types is usually performed by means of transport numbers [13].
From now on, we shall congider the ionic part of the charge transport only.

The range of temperatures above which impurities influence the structure of
defects can sometimes be determined using the plots log 0T vs 1/T, where two or
three intersecting lines are present (according to the complexity of the association
process). The complexity of the association process follows also from the measure-
ments of dielectric losses, where it is demonstrated by a greater number of
relaxation peaks. An analysis of the peaks (their location, height, relation to the
applied frequency) helps to get some ideas of the charge transport mechanism and
the important factors characterizing the mechanism.

The following experimental results correspond to calcium stabilized zirconia
(CSZ) and solid solutions of thoria with calcium and yttrium oxides. A qualitative
analysis of the presented data is performed.

IIL.1. ZrO,+ Ca0, ThO,+Ca0

In the study of the ionic mechanism of charge transport it is important to know,
besides other things, how impurities are built-in. When Zr** (Th**) ions are
replaced by Ca* ones, the charge neutrality can be obtained by one of the .
following structural schemes: i) the cationic sublattice is filled completely by
Zr** (Th**) and Ca?* ions so that the corresponding amount of anionic vacancies is
created; ii) the anionic sublattice is completed and excessive cations set in
interstitial positions. . .

In order to distinguish between these two models, densities are calculated using
the known lattice parameters. These densities are compared with experimental
values. On the basis of these data it was concluded that in the case of calcium
(acting as stabilizer of zirconia) the incorporation at high concentrations (=20
mole %) is substitutional (model i) at all temperatures [2]. However, at lower
concentrations (~ 10 Mole %) the substitutional incorporation is combined with
the interstitial one (model i), with the substitutional mechanism dominating at
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._oioq 8:52353 (T<10000 °C) but at high temperatures only interstitial
incorporation of calcium in ZrQ, remaining [14].

The .wo:a solutions of ThO, + CaO have filled the cationic sublattice and anion
vacancies occur in the whole temperature and concentration ranges (model 1)[5].
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Fig. 1. Fluorite-like CaF, structure,

When replacing Zr*+ (Th**) by calcium ions the number of oxygen ions reduces

free vacancies with the concentration given (in this range) by the amount of
impurities only — in our case by the calcium contents. In the region of low
temperatures and low concentrations value ranges from 0.40 to 0.51 eV at
ZrO, + Ca0 [15, 16] and 0.73 to 0.92 eV at ThO, + Ca0 [17, 18]. On the other
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Fig. 2. A schematical illustration of the course of

the concentration of defects as a function of

temperature. Association of cationic vacancies

with a substitutionally incorporated cation (con-
centration c¢) is assurned.

-
f

hand, a lower absolute value of o and a higher activation €nergy in range II are
connected with the motion of vacancies and formation of complexes. The neutral
complexes do not contribute to conductivity ; however, their formation causes
a drop in the concentration of free vacancies demonstrated by the decrease of the
conductivity absolute value and the appearence of range II in the curve of
log 0T vs 1/T.

The “ordering” of cations and vacancies in the Zr0,+Ca0 system below
1273 K was also observed by Carter and Roth [19] by the neutron diffraction.

The process of association, i.e. formation of complexes, will cause in the
dielectric losses in the curve of the dissipation factor tan & vs T (or tan 8 vs f) an
appropriate relaxation maximum. Similarly as in the investigation of the mechani-
cal relaxation in these systems (Fig. 3) Wachtman [20] assumed on the basis of
a theoretical treatment of the relaxation modes characteristic electrical and
mechanical relaxation times, Measurements confirmed that the maximum of
internal friction in 98.5 ThO, + 1.5 CaO appears at the double value of frequency
of that corresponding to the maximum of the dissipation factor (tan 4) and, at the
same temperature (515 K). Wachtman also calculated the activation energy for
the motion of a vacancy around the Ca** position, 0.93 €V, in a rough agreement
with the values obtained from electric conductivity measurements [21—24]. In
pure ThO, no such relaxation maxima have been observed.

-~.N. N-.CN + <N0uu ;AUN + <Ncu

Yttrium is incorporated in both maternal materials (ZrO, and ThO,) substitu-
tionally in the whole range of temperature and concentration. The corresponding

195



X :
. 10
14 S
OAN - oo Q %8s ,_.r,ON:.m Ca0 =
o —
O heating 13 -1
- ° & o woaling . OM 10
° foea = 13%0 &Nﬂ fv,L 8s
0.08 |- ° ° -] =
o 5 2 ._O.u 10
o
- ° | .mu 11
-] m 5
0.04 & 12
15
f= 129 Qa_uu\unn a 514 K 20 mole .N.
0.00 10" 0,210,
14 18 22 BNTA.; 6 8 10 0 o
T T [K]

Fig. 3. The results of internal friction and absolute

temperature (including cmn_@d::& in pure

ThO, and in 98.5 ThO,—1.5 Ca0 as functions of
inverse temperature [20].

Fig. 4.Cconductivity versus inverse temperature
in polycrystalline yttrium-stabilized zirconia mea-
sured in air [26].

0.98 to 1.04.eV in ThO, +Y,0, [25].

The presence of various kinds of complexes should according to the theoretical
model be ao::.u:mﬂaﬁa m tand vs T (or tand vs f) curves by the appropriate
::::.uﬁ om. maxima. However, no measurements of this type have been known 50
far either in ZrO,+Y,0, or in ThO, + Y,0,.
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IV. CONCLUSION

The presented theoretical and experimental data can be summarized as follows :
1. According to our theoretical model, in the case of doping zirconia and thoria by
bivalent impurities, the cationic defects and anion vacancies can associate in the
form of neutral complexes [MZ%,,,,(32*]. This model is supposed by a qualitative
analysis of the electric conductivity and mechanical relaxation measurements. 3.

When doping zirconia and thoria by trivalent impurities, the cationic defects and

anion vacancies may associate in the form of charged {Mry,z,02*]* and neutral

[2M%20 03] complexes. 4. This model is supposed by electrical conductivity
measurements. '

REFERENCES

[1] Vest, R. V, Tallan, N. M.: J. Amer Ceram. Soc. 48 (1965), 472.

[2) Kroger, F. A.: J. Amer. Ceram. Soc. 49 (1966), 215.

[3] Kumar, A., Rajdev, D, Douglass, D. L.: Amer. Ceram. Soc. 55 (1972), 439.

[4] Casselton, R. E. W.: Phys. Stat. Sol. (a) 2 (1970), 571.

(5] Subbarao, E. C, Sutter, P. H., Hrizo. J.: J. Amer. Ceram. Soc. 48 (1965), 443.

[6] Wimmer, J. M., Bidwell, L. R., Tallan, N. M.: }. Amer. Ceram. Soc. 50 (1967), 198.

[7] Lasker, M. F., Rapp, R. A.: Z. Phys. Chemie. Neue Folge 49 (1966), 198.

[8] Strickler, D. W, Carlson, W. G.: J. Amer. Ceram. Soc. 47 (1964), 122.

[9] Bray, D. T, Merten, U.: J. Electrochem. Soc. 111 (1964), 447.

[10] Rhodes, W. H,, Carter, R. E.: J. Amer. Ceram. Soc. 49 (1966), 224.

(11] Lidiard, A. B.: Phys. Rev. 94 (1954), 29.

[12] Lidiard, A. B.: Handbuch der Physik, 20 (1957), 246.

(13] Takahashi, T.: Physics of Electrolytes. Vol. 2. Ed. by J. Haladikom, 1972.

{14] Diness, A. M., Roy, R.: Solid State Comm. 3 (1965), 123.

{15} Carter, R. E., Roth, W. L., General Rep. No 63-RL-3479 M, 1963 in [10].

[16] Kingery, W.D., Pappis, J., Doty,M.E., Hill,D., C.: J. Amer. Ceram Soc. 42 (1959), 393,

[17] Tien, T. Y., Subbarao, E. C., J. Chem. Phys. 39 (1963), 10041.

(18] Dixon, J.M., La Grange, L. D.,Merten, U., Miller, C.E., Porter, J. T.: J. Electrochem.
Soc. 110 (1963), 276. .

[19] Carter, R.E.,Roth, W.L.: Electromotive Force Measurements in High Temperature Systems.
Alcock. London, 1968.

[20]) Wachtman, J. B. Jr.: Phys. Rev. 131 (1963), 517.
[21] Menrotra, A. K., Maiti, H. S,, Subbarao, E. C.: Mat. Res. Bull. 8 (1973), 899.

[22] George, A. M., Karkhanavala, M. D.: Indian I. Pure and App. Phys. 11 (1973), 904,
{23] Voléenkova, Z. S, Palgujev, S. F.: Trans. Inst. Electrochem. [ (1961), 104,

[24} Ullmann, H.: Z. Chem. 9 (1969), 39.

[25] Casselton, R. E. W.: Phys. Stat. Sol. (a) 3 (1970), K 255.

[26]) Casselton, R. E. W., Thorp, J. 8., Wright, D. A.: Brit. Ceram. Soc, 19 (1970), 265.

Received August 17", 1977

197




