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Electrical transport in two-phase mixtures 

V B TARE 
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Abstract. There is considerable interest in the electrical transport in two-phase systems 
because of their possible technological applications. This paper describes the recent data 
obtained on the effect of different types of dispersoids on two types of matrixes, via_, NiO, a 
predominantly p-type semiconductor and AgI, a predominantly ionic conductor. It has been 
shown that the total electrical conduetivities of these composites depend strongly on the nature 
of the dispersoid as well as the matrix. In both the cases, however, an interfacial region has been 
shown to play a significant role. 
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1. Introduction 

The traditional approach of  calculating the electrical conductivity of two-phase 
mixtures by taking the weighted average of  the bulk conductivity of  each phase does not 
take into account the changes in the charged particles due to the presence of  an 
electrical double layer at the interface between these phases. Wagner (1972) first 
considered this possibility and postulated that the total electrical conductivity can be 
markedly affected because of  the presence o f  the interfacial double layer. Subsequent 
investigations substantiated the deviation from the classical approach in a large number 
of systems, some of which have found interesting commercial applications. Liang 
(1973) reported that by the dispersion of  AI2Os in LiI the ionic conductivity increased 
by orders of magnitude. This composite was thus found to be suitable for high current 
density solid state batteries. In seemingly unrelated experiments Wright et al (1975) 
reported that the presence of  A1203 in the chromia scales found on nickel-chromium 
alloys markedly reduce the oxidation rates of the alloy. 

In spite of these scattered observations and their possible interesting applications, 
there do not appear to be systematic investigations and satisfactory explanations of  the 
observed behaviour. The present paper summarises the latest contributions on this 
topic with possible explanations. 

Depending upon their conductivity, solids are classified as metals, semiconductors 
and insulators. Semiconductors are further classified as n-type, p-type and ionic 
conductors. Various combinations of  dispersoids and matrixes are possible. The 
examples of  dispersion in two typical matrixes are described below, viz., 
(i) dispersion in a semiconducting nickel oxide matrix; 
(ii) dispersion in predominantly ionically conducting AgI matrix. 

2. Dispersion in a semiconduet ing  N i O  matr ix  

2.1 Ni3S2 in NiO 

Nickel sulphide (Ni3S2) is known to be a metallic conductor (Yagi and Wagner 1982). 
Solubility of sulphur in NiO is reported to be 10 -2 to 10 -3 % (Pope and Birks 198I). 
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Electrical conductivity as a function of the composition of NiO-Ni3 $2 mixtures at 

Specific conductivity as a function of Ni3S2 concentration is shown in figure 1at 600~ 
For samples of NiO heated in sulphur vapour for several days the conductivity is found 
to decrease only slightly and is also shown in this figure. Significant decrease in 
conductivity is observed for samples containing 5 mol % Ni3S2. Above this concen- 
tration conductivity again increases with increase in concentration of Ni3S2 upto 
20 tool % Ni3S2 above which the variation in conductivity with increase in concen- 
tration of Ni3S2 is small. Below 20~o Ni3S2 in NiO the composites behave like a 
semiconductor with predominantly n-type conductivity above 5 ~ Ni3S2 and p-type 
below 5 ~  Ni3S2 in NiO. 

The activation energy for conduction estimated from thetemperature dependence of 
conductivity is found to increase with increase in concentration of Ni3S2, attain a 
maximum at 5 tool ~ Ni3S2 and then decrease again with the increase in concentration 
of Ni3S2. 

Microscopic examination of the composites showed that particle size of Ni3S2 varies 
from 10 to 100/an while that of NiO is approximately 5/~m. Above 20 mol ~, Ni3 $2 the 
interconnecting network of Ni3S 2 is clearly observed (Tare and Wagner 1983a). 

2.2 N i  in NiO 

Nickel oxide in equilibrium with Ni is nearly a stoichiometric compound with very 
small number of point defects (Tretyakov and Rapp 1969). The electrical conductivity 
of samples containing varying concentrations of  Ni is shown in figure 2 at 727~ 
Mixtures containing more than 20 tool ~ nickel exhibit very high metallic type 
conductivity. Mixture containing less than 20mol ~ Ni, however, behave like 
semiconductors. The addition of I tool ~ Ni decreases the conductivity. However, on 
increasing the concentration of Ni above about 1 ~,  the conductivity also increases 
flare and Wagner 1983b). 

The activation energy for conduction for all Ni-NiO samples, however, remained the 
same as that for pure NiO at 35 + 2 k cal. The changeover from predominantly p-type 
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conductivity in NiO occurs to n-type at concentrations above about 1 tool ~ Ni. The 
particle size of both Ni and NiO was 5/an. 

2.3 Ce02 in NiO 

Cerium oxide, although reported to be a predominantly ionic conductor, exhibits 
n-type conductivity under certain conditions (Tuller and Nowick 1979). NiO is a 
p-type semiconductor. CeO 2 and NiO have negligible mutual solid solubility. Figure 3 
shows the total conductivity ofa NiO-CeO2 two-phase system throughout the range of 
composition at 800~ It can be seen that there is a small minimum in the conductivity 
curve at the CeO2 rich end. For compositions ranging from 20 to 60 mol ~ NiO, the 
conductivity varies linearly with the composition. However, on either side of these 
limits the change is small. Similar behaviour was also noted in the variation of 
activation energy of conduction with composition in the temperature range 600 to 
1000~ It was ditficult to determine the type of current carriers because of the low 
conductivity particularly for CeO2 rich compositions. NiO rich compositions showed 
only p-type conductivity (Tare et al 1985b). 

From the data reported above it is clear that when an electron donor phase is added 
to NiO, a p-type semiconductor, there is initially a decrease in conductivity. Further 
increase in the concentration of the electron donor phase results in conduction entirely 
due to the dispersoid. A minimum in conductivity at a fixed composition is thus 
observed in all the above cases. The concentration at which the maximum is observed is, 
however, dependent on the nature of the dispersoid and is found to increase with the 
decrease in electron concentration available for conduction in the dispersoid. 

The initial decrease in conductivity is considered to be due to the trapping of holes at 
the interfaces due to the space charge layer. The number of mobile holes available for 
conduction thus decreases, resulting in a decrease in total conductivity. After aU the 
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available holes are thus trapped, further conduction is only due to the mobile electrons 
drawn from the dispersoid. The larger the number of electrons available from the 
dispersoid, the smaller the concentration required to trap all the available holes from 
the matrix. 

The role of electrons from the dispcrsoid phase contributing to the total conduction 
has been discussed by Wagner (1972), who postulated that the inclusion of metal or 
metallically conducting particles provide clouds of excess electrons surrounding the 
individual inclusions as space charge layers. Accordingly the expression for the number 
of electrons in the medium between two metallic particles with radius rt and at distance 
2r 2 between the dispcrsoid particIes is given by 

n2 = (i . l a . f1:3 Ek T)/ (4rcr~e 2) 

where f is the volume fraction of the dispersoid, B the dielectric constant, g depends 
upon the ratio of  number of electrons at the surface of the dispersoid to the number in 
the matrix and is ,~ 20. If the concentration of electrons available for conduction in the 
matrix is too small the overall conductivity is determined by the electrons from the 
dispersoid. Thus 

a = (22~kTu/4ne)"  ( f / r ~ )  

Therefore at constant temperature and for constant values of rl when rt <~ r2, the 
conductivity is directly proportional to the volume fraction of the dispersoid. 

The data obtained for dispersion of nickel particles in nickel oxide can be used to 
verify this (figure 4). For the dispersion of CeO2 and Ni3S2 this relationship could not 
be verified because of the limited data available, large variations in particle size and 
several other considerations. 
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3. Dispersion in predominantly ionically conducting Agl matrix 

3.1 Al203 in AgI 

Aluminium oxide, A1203 is an insulator. The effect of  the dispersion of  several types of  
insulating particles on the conductivity of AgI-insulator composites has been 
investigated by Shahi and Wagner (1981). All types of insulating particles were found to 
increase the conductivity whereas according to the conventional approach the 
conductivity is expected to decrease. The effect of insulating particles of Al2Oa as the 
dispersoid in an AgI matrix have been investigated in greater detail. Figure 5 shows the 
change in conductivity of the AgI-AI203 composite as a function of temperature and 
concentrations of A1203 in the temperature range 25 to 200~ Figure 6 shows the 
change in conductivity as a function of concentration of A1203 at 25~ for flAgI and at 
200~ for nAgI. Whereas the conductivity is found to decrease with increase in 
concentration of AlcOa in x AgL considerable enhancement in conduction is observed 
in/~AgI. Another interesting observation is the occurrence of pseudo-hysteresis for the 
fl --. ~ transformation. A typical feature of this hysteresis is that while the transform- 
ation temperature during the increasing temperature cycle i.e. for fl --. a, remains fairly 
same, the temperatue of  ~--, fl transformation during cooling deviates from true 
transformation temperature. Figure 7 shows that the deviation A T varies linearly with 
the increase in the concentration of the dispersoid. The enhancement of  conductivity 
and the extent of hysteresis depend only on the surface area (figure 8). Thus for larger 
particle size, the concentration of the dispersoid needed to achieve the same effect is also 
higher (Chowdhury et al 1985). 

3.2 AgBr in AgI 

Silver bromide and silver iodide are both predominantly ionic conductors. The 
solubility of AgBr in AgI is about 10-15 tool ~ while that of AgI in AgBr is 
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approximately 30 tool % at 25~ (Shahi and Wagner 1981). For compositions between 
these solubility limits there is a two-phase region. The conductivity throughout the 
range of AgI-AgBr composition has been investigated by Shahi and Wagner (1981) and 
is shown in figure 9. It is clear that, instead of having a linear variation ofconductivity in 
the two-phase region, a ma}dmum in conductivity is observed at around 25 tool % 
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AgBr in AgI. Both AgI and AgBr are predominantly ionic conductors having Frenkel 
disorder. The conductivity is essentially due to the migration of silver ion interstitials or 
silver ion vacancies. The enhancement in conduction indicates the creation of 
additional defects. The experimental evidence for the generation of additions defects 
has been recently obtained by precise calorimetric measurements (Khandkar et al 
1984). It has been shown that there is a finite difference in enthalpy content (excess 
enthalpy) between the molten and the mechanically mixed two-phase mixtures of the 
two end compositions in the AgI-AgBr system. Figure 10 shows that this enthalpy 
difference is maximum at equimolar end compositions. The densities of the end 
compositions are not very different. Hence, this composition is also the composition of 
maximum interfacial area. 

Occurrence of maxima in excess enthalpy at compositions which generate maximum 
surface area indicates that additional defects are created at the interface and that the 
excess enthalpy is due to the formation of these additional defects. 

Pack (1979) postulated that the total conductivity in a two-phase mixture consists of 
three parts, viz., (i)that due to the matrix, (ii)that due to the interfacial layer, and 
(iii) that due to the dispersoid. Thus 

Ortota I -~- O" t ( l  - -  Vt,) + G .  S.  (1 - Vv) 2 + 0" 2 �9 Vv, 

where 

at = conductivity of the matrix material; 
0.2 = conductivity of the dispersoid material; 
Vo = volume fraction of the dispersoid; 
S = surface area ereated by dispersoid per unit volume of the mixture; 
G = factor accounting for the excess charges per unit volume of the mixture. 

Thus, the excess conductivity is considered to be due to the presence of an interfacial 
layer. 
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The generation of defects at the interface is schematically shown in figure 11. If  we 
assume ~. as the Debye length, the maximum number of defects are created in this 
region. Thus a highly conducting region surrounds a despersoid and hence the overall 
increase in conductivity is expected. Occurrence of maxima at different compositions 
for conductivity and excess enthalpy is probably due to the fact that whereas 
conductivity depends upon mobility as well as the number of migrating species, the 
excess enthalpy depends upon the number only (Khandkar et al 1984). 

It is difficult to visualise the exact nature and type of the defects created at the 
interface. However, data obtained on AgI-AI203 composites suggests that the 
dispersion of A12Oa in AgI is associated with additional cation vacancies at the 
AgI/AI203 interface for both ~t- and fl-AgI. At high temperatures ,t-AgI has the so- 
called average structure in which all silver ions are moving in between relatively 
immobile iodine ions in a bcc arrangement. Silver ion mobility in this phase is so high 
that equilibrium between various defects is easily attained, Consequently, when AI2 Oa 
is introduced into ~t-AgI, the cation vacancies generated at the interface act as sinks for 
some of the mobile silver ions and the conductivity decreases. Since a critical 
concentration of silver ion interstitials is needed for the ~t ~ fl transition, this transition 
is delayed. 

At lower temperatures in which fl-AgI is stable, the equilibrium between defects is not 
easily achieved. Thus in this case the total conductivity is due to the highly conducting 
interfacial layer because of the creation of a large number of vacancies in addition to the 
contribution from each of the two phases present. Since the transition temperature 
depends on the number of defects in the bulk Agl which is not altered, the transition 
temperature remains unaffected by the presence of A1203 as the dispersoid. 

4. Conclusions 

It is thus clear from the above discussion that the region at the interface between two 
different phases plays an importan~ role in influencing the total conductivity of a two- 
phase system. The contribution of the interfacial region depends upon the nature of the 
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Figure 11. Schematic representation of the formation of defects at the interracial region, 
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dispersoid as well the matrix. Much more  systematic data is needed to formulate  a 
generalised model. 

Occurrence o f  two phases in a variety o f  situations is more  the rule than the 
exception. For  example, in corrosion o f  metals and alloys in mixed gaseous 
environment the corros ion product  often consists o f  more  than one phase. Since, in a 
situation when a compact  mechanically perfect and adherent  corrosion produc t  is 
formed, the kinetics o f  corrosion strongly depends upon the t ransport  properties o f  
such a produc t  layer, investigations o f  the type described in this paper  become 
important.  It m a y  be possible to influence the rate o f  corrosion by moni tor ing  the 
amount  o f  the second phase in the corrosion product.  

Besides this, considerable enhancement o f  conduct ion  in ionic compounds ,  because 
o f  the presence o f  appropriate  second phases, has an obvious potential for tech- 
nological applications. 
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