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Ionic conductivity measurements were performed on polycrystalline CaF2, BaF2 and 
those dispersed with AI203 particles. The ionic conductivity of both CaF2 and BaF2 
increased by about 1 to 2 orders of magnitude by dispersion of AI203 particles, while 
X-ray diffraction measurements showed there were no other phases present other than 
fluoride and A1203. The conductivity of the dispersed system strongly depended on the 
particle size and the concentration of AI203, which suggested the high ionic-conductivity 
layers were formed at the interface between the ionic conductor matrix and the A1203 
particles. The effective thickness and electrical conductivity of the interface layer at 
500 ~ C were calculated, using a simple mixing model, to be 0.3 to ~ 0.6/Jm and ~ 10 -3 S 
cm -1, respectively. 

1. Introduction 
Liang [1, 2] found that LiI dispersed with A1203 
particles has larger Li + conductivity than the 
nominally pure LiI, which was supposed to be due 
to the formation of the high ionic-conductivity 
layers surrounding A1203 particles. This type of 
conductor is different from conventional ones in 
that heterogeneous interfaces are utilized to give 
rise to high ionic conductivity. Stoneham et al. 
[3] interpeted morphologically the existence 
of the interface layer by an effective medium 
model [4]. Pack et al. [5] pointed out that water 
played an important role for ionic conduction 
through the interface. 

Jow and Wagner [6], and Shahi and Wagner [7] 
reported similar effects of the A1203 dispersion 
in CuC1 and AgI, respectively. They proposed the 
model that the defect concentration and hence 
the conductivity in the vicinity of the dispersoid 
(A1203) were different from those of the bulk of 
the matrix (conductor) due to the charged double 
layer formed at the dispersoid/matrix interface. 

This model could semiquantitatively explain the 
increase in conductivity with an increasing amount 
of dispersed A1203. However, the amount of 
A1203 to give a maximum conductivity, its 
particle size dependence and the thickness of a 
high conductivity layer still remain to be clarified 
and theoretically explained. 

Both CaF2 and BaF 2 are typical F- ion con- 
ductors with the fluorite structure. The mechan- 
ism of ion diffusion in the compounds with 
fluorite structure has been clarified in more 
detail than in other ionic conductors [8-10]. 
The purposes of the present investigation are (i) to 
confirm the possibility of acceleration of ionic 
conduction in the anionic conductors by dispersion 
of A1203 particles and (ii) to estimate the effec- 
tive thickness and the conductivity of the inter- 
face layer in terms of a simple matrix-particle 
mixing model. 

2. Experimental procedure 
As starting materials, CaF2 (99.99%, Rare Metallic 
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Figure i The X-ray diffrac- 
tion patterns for (a) pre- 
heated and (b) post-heated 
50CaF~ -50A1~ 03 . 
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Co., Ltd), Ba(NOa)2 (99.9%, Hikotaro Shuzui 
Co., Ltd), NH4F (99.9%, Kanto Chemical Co., 
Inc.) and A1203 (99.9%) of different reported 
particle sizes (0.06, 0.3, 8#m, Marumoto Kogyo 
Co., Ltd) were employed. Alumina particles 
usually were aggregated to form larger secondary 
particles in the sample preparation process, so that 
the average particle size was measured by the sedi- 
mentation method. The measurement showed that 
0.3 and 8#m A1203 particles aggregated into 
secondary particles of 2.6 and 8.2/1m, respect- 
ively. The samples for measurements were pre- 
pared by the methods mentioned below. 

to that given in Section 2.1, and sintered at 
800 ~ C for 4 h in vacuum. 

2.3. X-ray diffraction and microstructure 
observation 

X-ray diffraction patterns of the pre-heated and 
post-heated samples were measured at room 
temperature using CuKa radiation and a nickel 
filter (Rotaflex RU-200, Rigaku Denki Corp.). 

The microstructure of the polished surface 
coated with carbon by vacuum evaporation and 
characteristic X-ray images of the elements were 
observed in the EPMA system (Hitachi, X-650) 

2.1. CaF2-AI203 
The starting powders of CaF2 and A1203 were 
vacuum dried at 400 and 600 ~ C, respectively for 
at least 4h  prior to use. Appropriate amounts of 
CaF2 and A1203 were dispersed in acetone and 
intimately mixed in an agate mortar until the 
acetone evaporated completely. The obtained 
powder was pelletized under a pressure of 200 to 
300MPa in a steel die and sintered at 900 ~ C for 
4 h in vacuum. 

2.4. Electrical conductivity 
The two polished faces of the sintered sample 
were coated with sputtered Pt -Pd films which 
were used as blocking electrodes. The impedance 
was measured by an impedance analyser 
(HP-4192A) at 300 to 600~C in dry N2. The 
impedance of the sample which was obtained 
by excluding the impedance resulting from the 
blocking electrodes, was adopted from the com- 
plex impedance plots obtained at 5 Hz to 10 MHz. 

�9 2.2. BaF:-AI203 
The aqueous solution of NH4F was poured into 
that of Ba(NO3)2 containing dispersed alumina 
particles, so that the precipitates of BaF2 could 
surround the Al203 particles. The mixture of 
BaF2 and A12Oa was dried at 120~ for 12h 
in an oven and vacuum dried at 500 ~ C for 4h. 
The powders were pelletized by a method similar 

3. Results and discussion 
3.1. Enhancement of ionic conduction and 

the formation of the interface layer 
As is shown in Fig, 1, no difference can be seen 
in the X-ray diffraction patterns between pre- 
heated and post-heated mixtures of CaF 2 and 
A1203, indicating that the heat treatment merely 
affected densification of the mixture without 
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an accompanying chemical reaction or solid 
solution formation, as long as the heating temp- 
erature was below 1000 ~ C. This was also the case 
for the BaF 2 and A12Oa mixture. However, the 
samples heated above 1000 ~ C contained CaA1204 
or BaA1204 and other unknown phases as their 
reaction products. 

A scanning electron micrograph of the micro- 
structure of 80CaF2-20A1203 sintered at 900 ~ C 
and characteristic X-ray images of the same area 
are shown in Fig. 2. It is seen that the aluminium- 
rich phases are dispersed in a matrix of a calcium- 
rich phase. These microstructural observations 
along with the above X-ray diffraction analysis 
were thought to confirm that the dispersed A12Oa 

particles were surrounded by the CaF 2 matrix 
with no other X-ray detectable phases. 

The composition and the particle size depen- 
dences of the electrical conductivity for the 
CaF2-AI~O3 system obtained at 500~ are 
shown in Fig. 3. The electrical conductivity 
increases initially, goes through a maximum, and 
then decreases with increasing content of the 
dispersed A1203 in all cases, with the A1203 
concentration giving the maximum conductivity 
increases with an increase in the starting particle 
size of A1203. 

Explanation for the composition and particle 
size dependences of the conductivity may be 
possible when one assumes that certain highly 
ionic conductive interfaces between the conductor 
matrix and AlzO3 particles are formed. This 
concept was already proposed for the A1203 

dispersed system of LiI [1], CuCl [6] and AgI [7]. 
According to Jow and Wagner [6], the interface 
region may possess different concentrations of lat- 
tice defects than in the interior of the matrix 
phase far from the interface and can hence be 
regarded as a space charge region having certain 
effective thickness. Thus the interface region 
with effective thickness will be called the "inter- 
face layer" hereafter. If  the thickness of the 
interface layer is independent of the particle size 
of A1203, the total volume of the interface layers 
is larger in a sample with finer A1203 particles 
at some fixed composition and thus gives rise 
to a higher ionic conductivity. As shown in Fig. 3 

Figure 2 scanning electron micrograph for 80CaF~- 
20A120~ (a) and the X-ray images of the same area for 
(b) CaKc~ and (c) A1Ka. 8 #m AI~O 3 was used in this 
sample. 
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Figure 3 Composition and A120 ~ particle size depen- 
dences of the electrical conductivity at 500 ~ C for the 
system CaF2-A1203. Q - 0.06 ~m AI~O~; e -  0.3 #m 
AI:O 3 ; zx _ 8 ~m AI~O 3 . 
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the conductivity of 95CaF2-5A1203 increases with 
decreasing A1203 particle size, which supports this 
assumption. 

In so far as the concentration of  A1203 is low 
and all the particles are completely surrounded by 
the matrix conductor phase as shown in Fig. 4a, 
the total conductivity of the system would increase 
with increasing concentration of  A1203. When 
the total volume of  the interface layers formed 
becomes the largest or the interface layers are 
most effectively linked together as shown in 
Fig. 4b, the sample would show maximum con- 
ductivity. As the concentration of Al~O3 further 
increases, the number of  A1203 particles which 
are not completely covered by the interface 
layers would become smaller as shown in Fig. 4c 
and the total conductivity would decrease. These 
considerations could qualitatively explain the 
composition dependence of  the conductivity 
shown in Fig. 3. They also give us a clue towards 
elucidating the dependence o f  maximum con- 
ductivity on the particle size of  AlzO3 ; the amount 
of  the matrix phase to form interface layers must 
be larger for finer AlzO3 particles due to their 
larger specific surface area, which would lead to 
the tendency that the concentration of A1203 to 
give maximum conductivity increases with increas- 
ing particle size as was experimentally confirmed. 

Fig. 5 shows the variation of the conductivity 
(at 500 ~ C) of the 80CaF2-20A1203 as a function 
of  the calcining temperature, showing that the 
interface layers are most effectively formed at 
900~  in vacuum and also that the reaction 

Figure 4 A model for explaining the particle size and 
composition dependences of the conductivity. (a) A 
small amount of AI203 particles separately dispersed 
in the matrix; (b) Interface layers contacting and forming 
highly conductive paths. (c) Large quantity of additional 
AlzO 3 and the existence of the AI~O 3 particles not 
surrounded by the interface layer. ~ - matrixi III - 
particle; re-interface 

I  lll 
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Figure 5 Electrical conductivity at 500 ~ C for the system 
80CaF2-20A1203 (0.3 #m A1203 used) obtained by 
varying the calcining temperature, o - calcined in vacuum; 
�9 - calcined in ak. 

products formed above 1000~ do not con- 
tribute to the enhancement of ionic conduction. 

3.2. Estimation of the thickness and the 
conductivity of an interface layer 

Jow and Wagner [6] theoretically treated the 
enhancement of ionic conduction by A1203 
dispersion in the system CuC1-A1203. They 
adopted the assumption that a pure ionic crystal 
in thermal equilibrium possessed a space charge 
region adjacent to the surface formed due to the 
difference in free energies of formation among 
different defect species [11-13]. They extended 
this assumption to the interface between a con- 
ductor matrix and an A1203 particle, in which 
the excess conductivity due to the addition of 
A1203 was expressed as 

2xo ~- Z. elaiAxn~X(1/rl)[Vv/(1 -- Vv)] (1) 
l 

where e is the electronic charge, ~t i the mobility 
of the ith defect species and An i is the average 
excess defect concentration in the space charge 
region with an effective thickness X, and rl and 
Vv are the average radius and the volume fraction 
of A1203 particles, respectively. Equation 1 is 
only applicable to the system where r~ is small 
enough when compared to the average distance 

of the two nearest A1203 particles. At a definite 
temperature, the excess conductivity, Ao, is 
proportional to ( 1 / r O [ V v / ( 1 -  Vv)]. The excess 
conductivity should be inversely proportional to 
the alumina particle size, if the particles are 
approximately spherical and of uniform size. This 
has been verified for the system LiI-A1203, 
CuC1-A1203 and AgI-A1203. The thickness, 
X, of a space charge layer is 

r 2 ] - 1 / 2  �9 2 ] - 1 / 2  / 8he )1 [8rre@T ] ni( ~176 ) X = Le--k--fn,~(oo = (2) 

where e is the static dielectric constant. The 
symbols, nv(oo) and ni(~176 are the equilibrium defect 
concentrations of vacancies and interstitial ions in 
the interior of the matrix conductor phase. The 
calculated thickness for the system CuC1-A1203 
was reported to be 150rim [14]. For the system 
BaF2-A1203, the proportional relationship 
between the conductivity and (1/rl)IVy/(1 -- Vv)] 
was recognized in the composition range where 
enhancement of ionic conduction was observed. 
However, X could not be calculated because of the 
impossibility of the estimation of e and nv(oo). 

Stoneham et al. [3] extended Landauer's effec- 
tive medium model [4] for the system LiI-A1203, 
successfully explaining the composition depen- 
dence of the conductivity. 

In this work, the conductivity and the thickness 
of the highly conductive interface layer formed 
between BaF2 and A1203 were calculated using 
another method. To obtain adequate results, 
the sample had to be prepared to satisfy the 
condition of the ideal model as shown in Fig. 6. 
The model consists of the spherical dispersoid 
(A1203) and matrix phase (BaF2) without pores 
and the dispersoid is surrounded by the interface 
layer with high ionic conductivity. To realize this 
condition, the particle must have ideal wettability 
to the matrix. However, an ideal dispersion of 
A1203 particles could not be attained, since the 
reaction between BaF2 and A1203 took place 
above the melting point of BaF2 (1368 ~ C). In 
order to prepare the system close to the ideal 
condition, the method mentioned in Section 2.2 
was applied. In the CaF2-A1203 system, the 
precipitates were not filtered successfully because 
they were too fine. 

Maxwell [15] proposed the equation for the 
total conductivity of the system as shown in Fig. 6: 

~1 + 2o2 + 2v2(oi - -o2)  
o = o, (3) 

o1 + 2o2 - -  v~ (o l  - -  o2) 
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Figure 6 The ideal dispersion model to which Maxwell's '~ 
equation is applicable. The particles are surrounded by ~ 10-5~__/ 
the matrix phase with no pores. 

I 

o 
where o, is the conductivity of a particle, o2 is 
the conductivity of a matrix and v2 is the volume 
fraction of the matrix. In the present calculation, 
the conductivity of BaF 2 single crystal, 10 -6 S 1 0 - 6  L_.. 
crn -1, was used for 02 and v2 was approximated ~ I [ 
as the volume fraction of BaF2 at the starting 
composition. The measured total conductivity and 
the calculated conductivity of a particle are shown 
in Fig. 7. The conductivity of a particle, a, ,  seems 
to be too high when compared with that of a 
pure alumina particle and hence it should be 
considered that al is composed of the conductivity 
of an interface layer and that of an alumina 
particle, the model of which is shown in Fig. 8. 

The conductivity of the particle shown in 
Fig. 8 can be calculated by the following equation 
[16]: 

R~(a a + 2 % ) +  2R](Ob --Oa) 
aeff = ab .R~ (a a + 2ab) + R~ (o" b -- aa) (4) 

where aeff is the total conductivity of the particle 
which corresponds to al in Equation 3 and the 
other parameters have the meanings as shown in 
Fig. 8. As already mentioned, the alumina powders 
aggregated into larger secondary particles, such 
that the half of the secondary particle size was 
put into Rx in Equation 4. It was considered 
that the conductivity of the interface layer, 
%,  was large enough to neglect that of A1203, 
%. Consequently, the relation between the thick- 
ness (R2 - - R I )  and the conductivity of an inter- 
face layer were calculated by Equation 4 and 
are shown in Fig. 9. If both conductivity and 
thickness are independent of the composition and 
the particle size of A1203, the crossing point of 

i00 80 60 
BaF 2 content (mol%) 

Figure 7 The electrical conductivity of the system 
BaF2-AI20 s and the calculated conductivity of the 
particles at 500 ~ C. � 9  calculated conductivity of the 
particle with 8 ~m AI~O s ; a - calculated conductivity 
of the particle with 0.3 ~m A1203; � 9  measured con- 
ductivity with 8 #m AlcOa; e -  measured conductivity 
with 0.3 ~m A1203 . 

the dashed and solid curves would give the thick- 
ness and the conductivity of the interface layer 
in the BaF2-A1203 system. From Fig. 9, it is 
estimated that the thickness is 0.3 to ~ 0.6/2m 
and the conductivity is about 10-sS cm -1 at 
500 ~ C. The conductivity of an interface layer 
is ~ 3 orders of magnitude larger than that of a 

matrix 

~ ~  A1203 

~ - ~  i n t e r f a c e  

Figure 8 A model %r the A120 ~ partic~ covered with 
an interface hyer. 
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bulk single crystal BaF2, while its thickness is 
comparable to that obtained for the CuC1-A1203 
system. 

4. Summary 
Enhancement of  the ionic conductivi ty by the 
dispersion of  A1203 particles was confirmed in the 
systems CaF2-A120 3 and BaF2-A1203.  The 
interface layer between the conductor  matr ix  
and the insulator particles contributes to this 
phenomenon and the existence o f  the interface 
layer was explained on the basis of  the particle 
size and composi t ion dependences of  the con- 
ductivity.  The conductivi ty and the thickness of  
the interface layer were est imated by using the 
simple mixing model:  the conductivity of  the 
particle surrounded by the interface layer in the 
matr ix phase was calculated by Maxwell 's equation 
and the relation between the conductivi ty and 
the thickness of  the interface layer was obtained 
by  the T iku -Kr6ge r  equation. Based on the 
assumption that the conductivity and the thick- 
ness of  the interface layer were independent  of  
both  A12Oa particle size and composi t ion,  they 
were estimated to be "~ 10 -3 S cm -1 and 0.3 to 
0.6/ lm,  respectively, at 500 ~ C. 
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the conductivity and the thick- 
ness of the interface layer. 
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