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Evaluation of the activation volume from ionic conductivity measurements under pressure
in porous materials

A. N. Papathanassiou
Division of Solid State Physics, Department of Physics, University of Athens, Panepistimiopolis, GR 15784 Zografos, Gree

~Received 6 July 1998!

A porous~or polycrystalline! dielectric solid is treated as a two-phase heterogeneous system, consisting of
an electrolytic conductive matrix and insulating inclusions. The conductivity is described by the Bruggeman’s
approximation. We derive analytical expressions for the first- and second-order pressure derivative of the
conductance. The correction terms to the activation volume value and its compressibility are viewed as func-
tions of the elastic properties of the porous material. The present model is used to interpret experimental results
published recently for polycrystalline insulators and compare with a model which has appeared previously.
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INTRODUCTION

Significant experimental work on the influence of hydr
static pressure on the transport properties of insulators
been carried out during recent decades. The interest
mainly focused on the electrical~and dielectric! properties of
different types of ionic crystals.1–22The potential experimen
tal work was accompanied by models, which actually est
lished the theoretical background for the interpretation of
results and the investigation of the formation, migration, a
activation processes. During the past decade, the rese
was directed toward the investigation of polymers.23–29

However, nature provides porous and polycrystalline mat
als; naturally developed single crystals are rarely found
dimensions large enough to perform electrical measu
ments. On the other hand, modern technology mainly p
duces porous materials. It is often impossible to prep
large single crystals~with structure more complex than tha
of the simple ionic crystals! in controlled conditions and we
have to prepare pressurized pellets.8

In a recently published paper,30 we proposed a model fo
evaluating the effect of the porosity modification upon pr
sure, on the evaluation of the activation volume from co
ductivity experiments under hydrostatic pressure. We e
mated the volume change of the conductive solid frame o
porous material, as pressure increases, in terms of its el
properties. The aforementioned model is labeled the s
frame modification~SFM! approach. In the present work, th
system is approximated by a dielectric matrix, which acco
modates insulating spheroid inclusions. Both models
comparatively employed so as to investigate the reliabi
for the activation volume evaluation from pressure expe
ments on polycrystalline aggregates.21,22

I. CONDUCTIVITY OF INSULATING DISPERSIONS
IN CONDUCTIVE MATRIX

Consider an electrolytic conductive matrix of conductiv
sm , which accommodates spherical insulating inclusions
conductivity sp→0. Bruggeman has long ago proposed
approximate expression for the effective conductivitys of a
dilute heterogeneous system, in relation to the volume fr
tion F of dispersed phase,31
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5~12F!3/2. ~1!

The validity of Bruggeman’s approximation was experime
tally verified, for a broad range of particle sizes, by de la R
and Tobias.32 Hanai showed that Eq.~1! holds even for con-
centrated disperse systems of spherical particles.33

Labeling G and Gm the conductance of the mixture an
the matrix material, respectively, Eq.~1! is modified to

G

Gm
5~12F!3/2. ~2!

We now consider the case of a polycrystalline~or porous!
material consisting of the matrix grains and empty po
space. The grains are bound together tightly and form a c
crete solid framework. The voids are free of any fluid an
subsequently, are treated as pure insulators. The volume
tion F represents the porosity, which is defined as

F5
Vp

V
, ~3!

whereVp andV denote the volume of the pore space and
total volume of the porous solid, respectively.

Taking the logarithm of Eq.~2! and differentiating with
respect to pressure, we get

S ] ln G~P!

]P D
T

2S ] ln Gm~P!

]P D
T

5
3

2 S ] ln@12F~P!#

]P D
T

.

~4!

We have recently shown that the right-hand-side deri
tive of the latter equation can be expressed through the
thermal compressibilitieskm andk of the matrix grains and
the polycrystalline system, respectively:30

S ] ln@12F~P!#

]P D
T

5k~P!2km~P!. ~5!

With use of Eq.~5!, Eq. ~4! is written as
16 038 ©1998 The American Physical Society
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TABLE I. The zero-pressure first-order pressure derivative of the conductance of polycrystalline m
site and dolomite, together with the correction terms determined by the SFM model and the present o
Grüneissen parameter is assumed to be constant and equal to 1.7~Ref. 34!.

S] ln G~0!

]P D
T

~GPa!21

Correction term

~g2
2
3!km~0!1 2

3k~0!

~GPa!21

Ref. 30

~g2
3
2!km~0!1 3

2k~0!

~GPa!21

Present work

Magnesite 27.98 (T5290 K) 0.021 0.022
28.36 (T5300 K) 0.023 0.024

Ref. 22
Dolomite 27.755 0.049 0.081

Ref. 21
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S ] ln G~P!

]P D
T

2S ] ln Gm~P!

]P D
T

5 3
2 @k~P!2km~P!#.

~6!

II. ANALYSES OF CONDUCTANCE PLOTS VERSUS
PRESSURE

For ionic conduction mechanisms, the percentage va
tion of the conductance upon pressure in the vicinity of
room temperature yields the activation volumevact, through
the following relation:17

S ] ln Gm~P!

]P D
T

52
vact

kT
1gkm~P!, ~7!

where k is Boltzmann’s constant andg denotes the Gru¨-
neissen parameter, which is usually regarded as pressur
dependent. Thus, Eq.~6! is modified to

S ] ln G~P!

]P D
T

52
vact

kT
1~g2 3

2 !km~P!1 3
2 k~P!. ~8!

There is no physical argument asserting that the activa
volume vact holds a constant value. For isothermal expe
ments,we should maintainthe notationvact(P) for the acti-
a-
e

in-

n
-

vation volume. The percentage of variation of the activat
volume is defined through the compressibilitykact of the
activation volume:34

kact52
1

vact S ]vact

]P D
T

. ~9!

Taking the pressure derivative of Eq.~8!, we get

S ]2 ln G~P!

]P2 D
T

5
vact~P!kact

kT
1~g2 3

2 !S ]km~P!

]P D
T

1
3

2 S ]k~P!

]P D
T

. ~10!

It is worthwhile to compare Eqs.~8! and ~10! with the
equations which were derived within the frame of the SF
approach:30

S ] ln G~P!

]P D
T

52
vact

kT
1~g2 2

3 !km~P!1 2
3 k~P!, ~11!

S ]2ln G~P!

]P2 D
T

5
vact~P!kact

kT
1~g2 2

3 !S ]km~P!

]P D
T

1
2

3S ]k~P!

]P D
T

. ~12!
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el and
TABLE II. Comparative presentation of the zero-pressure second-order pressure derivative of th
ductance of polycrystalline magnesite and dolomite and the correction terms implied by the SFM mod
the present one.

S]2 ln G~0!

]P2 D
T

~GPa!22

Correction term

~g2
2
3!S]km~0!

]P D
T

1
2

3 S]k~0!

]P D
T

~GPa!22

Ref. 30

~g2
3
2!S]km~0!

]P D
T

1
3

2 S]k~0!

]P D
T

~GPa!22

Present work

Magnesite 26.81 (T5290 K) 20.012 20.025
40.82 (T5300 K) 20.012 20.025

Ref. 22
Dolomite 14.88 22.36 25.31

Ref. 21
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Recently, we have studied the influence of hydrosta
pressure on the conductance of polycrystalline magne
(MgCO3) ~Ref. 22! and polycrystalline dolomite
@CaMg~CO3!2#.

21 The effect of the porosity modification o
the evaluation of the activation volume for the aforeme
tioned materials has been discussed elsewhere in terms o
SFM model,22,30 which is substantially different from the
present one. In Table I, we depict the zero-pressure der
tive of the logarithm of the conductance, together with t
correction proposed by the two models. Concerning the fi
order pressure derivative of the conductance@] ln G(0)/]P#T,
we note that the corrections implied by both models~SFM
and the present one! are close together. The correction do
not exceed about 1%, and it is about one order of magnit
lower than the error in defining the slope of the lnG(P) plots.
In Table II, we show the zero-pressure second-order pres
derivative together with the correction terms. It is evide
that the present model suggests a correction that is a
twice that proposed by the SFM model.

In the above-mentioned tables, we presented the cor
tion terms in detail, in the zero-pressure limit. A graphic
comparison between the SFM model and the present on
depicted. In Figs. 1 and 2, we show the correction term
the first- and second-order pressure derivatives of the c

FIG. 1. The correction term for the first-order pressure deri
tive of the conductance plots of polycrystalline dolomite, as a fu
tion of pressure. The squares and the circles correspond to the
model and the present one, respectively.

FIG. 2. The correction term for the second-order pressure
rivative of the conductance plots of polycrystalline dolomite. T
squares and the circles correspond to the SFM model and
present one, respectively.
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ductance plots, respectively, of polycrystalline dolomite. F
ures 3 and 4 correspond to the polycrystalline magnesite

CONCLUSION

In the present work the porous dielectric solid is rep
sented by a two-phase heterogeneous system, consistin
an electrolytic conductive matrix and insulating inclusion
Starting from Bruggeman’s approximation, we derived t
correction terms for the first- and second-order pressure
rivatives of the conductance plots. The correction determi
the accuracy in estimating the activation volume and its co
pressibility. Working on the experimental results for pol
crystalline dolomite and polycrystalline magnesite, we fou
that the present model is numerically compatible with
older model, called the SFM model. Both approaches p
vide the background for analyzing the conductance ver
pressure experiments on porous or polycrystalline insulat
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FIG. 3. The correction term for the first-order pressure deri
tive of the conductance plots for polycrystalline magnesite, a
function of pressure. The squares and the circles correspond to
SFM model and the present one, respectively.

FIG. 4. The correction for the second-order pressure deriva
of the conductance plots of polycrystalline magnesite. The squ
and the circles correspond to the SFM model and the present
respectively.
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