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Evaluation of the activation volume from ionic conductivity measurements under pressure
in porous materials
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A porous(or polycrystalling 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.
[S0163-182608)04647-3

INTRODUCTION o
—=(1-0)* &Y

Significant experimental work on the influence of hydro- m

static pressure on the transport properties of insulators hashe validity of Bruggeman’s approximation was experimen-
been carried out during recent decades. The interest wag|ly verified, for a broad range of particle sizes, by de la Rue
mainly focused on the electricednd dielectrig properties of  and Tobias”? Hanai showed that Eq1) holds even for con-
different types of ionic CryStaIJS_.ZZThe pOtential experimen- centrated disperse Systems of Spherica| partftﬂes_

tal work was accompanied by models, which actually estab- | apeling G and G,, the conductance of the mixture and

lished the theoretical background for the interpretation of thehe matrix material, respectively, Ef) is modified to
results and the investigation of the formation, migration, and

activation processes. During the past decade, the research G
was directed toward the investigation of polym&ts?® G—=(1—<I>)3’2. 2
However, nature provides porous and polycrystalline materi- m

als; naturally developed single crystals are rarely found in W ider th f | li
dimensions large enough to perform electrical measure- e now consider the case of a polycrysta (oe porous
material consisting of the matrix grains and empty pore

ments. On the other hand, modern technology mainly pro- h : bound her tightl df
duces porous materials. It is often impossible to preparépace' e grains are pound together tightly and form a con-

large single crystaléwith structure more complex than that crete solid framework. The voids are free of any fluid and,
of the simple ionic crystajsin controlled conditions and we s_ubsequently, are treated as pure |_nsu_lators_. The volume frac-
have to prepare pressurized pelfets tion ® represents the porosity, which is defined as

In a recently published pap&twe proposed a model for
evaluating the effect of the porosity modification upon pres- o=-L 3)
sure, on the evaluation of the activation volume from con- Vv’
ductivity experiments under hydrostatic pressure. We esti-
mated the volume change of the conductive solid frame of aVhereV, andV denote the volume of the pore space and the
porous material, as pressure increases, in terms of its elasfigtal volume of the porous solid, respectively.
properties. The aforementioned model is labeled the solid Taking the logarithm of Eq(2) and differentiating with
frame modificatior(SFM) approach. In the present work, the '€Spect to pressure, we get

system is approximated by a dielectric matrix, which accom-
dIn G(P)) (aln Gm(P)> _S(aln[l—CI)(P)])
T T 2 T'

modates insulating spheroid inclusions. Both models are

comparatively employed so as to investigate the reliability JP JP JP

for the activation volume evaluation from pressure experi- (4
ments on polycrystalline aggregates?

We have recently shown that the right-hand-side deriva-
I. CONDUCTIVITY OF INSULATING DISPERSIONS tive of the latter equation can be expressed through the iso-
IN CONDUCTIVE MATRIX thermal compressibilitieg,,, and « of the matrix grains and

. . . . _ . the polycrystalline system, respectivéfy:
Consider an electrolytic conductive matrix of conductivity

o, Which accommodates spherical insulating inclusions of JIn[1—®(P)]
conductivity o,— 0. Bruggeman has long ago proposed an (

approximate expression for the effective conductivitpf a

dilute heterogeneous system, in relation to the volume frac-

tion ® of dispersed phast, With use of Eq.(5), Eq. (4) is written as

=k(P) = km(P). ®
op )T K K

0163-1829/98/5@4)/160384)/$15.00 PRB 58 16 038 ©1998 The American Physical Society



PRB 58 EVALUATION OF THE ACTIVATION VOLUME FROM.. .. 16 039

TABLE I. The zero-pressure first-order pressure derivative of the conductance of polycrystalline magne-
site and dolomite, together with the correction terms determined by the SFM model and the present one. The
Grineissen parameter is assumed to be constant and equal (Ref.34.

Correction term

(‘9 In G(O)) (72 0)+2(0) (7= 0)+3(0)
S (GPg~* (GPa
(GPa ™ Ref. 30 Present work
Magnesite —7.98 (T=290 K) 0.021 0.022
—8.36 (T=300 K) 0.023 0.024
Ref. 22
Dolomite —7.755 0.049 0.081
Ref. 21
3 In G(P) 3 In G(P) , vation volume. The percentage of variation of the activation
( P ) —( op ) =3[k(P)—kn(P)]. volume is defined through the compressibilikgf* of the
T T ®) activation volume*
Kact: _ i (av_a‘:') (9)
vt 9P | -
Il. ANALYSES OF CONDUCTANCE PLOTS VERSUS T

PRESSURE Taking the pressure derivative of E@), we get

' For ionic conduction mechanisms, the percgn'ta}ge varia- & In G(P) LY P) K2 I (P)
tion of the conductance upon pressure in the vicinity of the 5 = +(y-2

room temperature yields the activation voluaf&! through aP T kT P
the following relationt’

+§((9K(P)>
91n Gy P) pact 2\7oP |,
(T) I—ﬁ+7Km(P), (7)

(10

It is worthwhile to compare Eqg8) and (10) with the

) equations which were derived within the frame of the SFM
where k is Boltzmann’s constant angt denotes the Gru  approach®®

neissen parameter, which is usually regarded as pressure in-
dependent. Thus, Eg@6) is modified to

dIn G(P) v ) 2
—5 | =t Dra(P) +5x(P), (11)
T

dIn G(P) v . s
—p T:—ﬁ+(7—z)Km(P)+zK(P)- (8 #°In G(P) :vac'(P)KaCI (y—2) dKkm(P)
aP? . kT UoP )
There is no physical argument asserting that the activation 2( ak(P)
volume v2! holds a constant value. For isothermal experi- —( ) ) 12
ments,we should maintairthe notationv®{P) for the acti- 3t P g

TABLE II. Comparative presentation of the zero-pressure second-order pressure derivative of the con-

ductance of polycrystalline magnesite and dolomite and the correction terms implied by the SFM model and
the present one.

Correction term

o [3kef0)| 2 (K(0) o [35:f0) 3 (K(0)
(ﬁzlnG(O)) =37 3l . =27~ *3| 5 ;
® (GPa 2 (GPa 2
(GP3 2 Ref. 30 Present work
Magnesite 26.81T= 290 K) ~0.012 ~0.025
40.82 (T=300 K) —-0.012 —0.025
Ref. 22
Dolomite 14.88 —-2.36 -5.31

Ref. 21
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FIG. 1. The correction term for the first-order pressure deriva- FIG. 3. The correction term for the first-order pressure deriva-
tive of the conductance plots of polycrystalline dolomite, as a functive of the conductance plots for polycrystalline magnesite, as a
tion of pressure. The squares and the circles correspond to the SFiunction of pressure. The squares and the circles correspond to the
model and the present one, respectively. SFM model and the present one, respectively.

Recently, we have studied the influence of hydrostaticjuctance plots, respectively, of polycrystalline dolomite. Fig-

pressure on the conductance of polycrystalline magnesitgres 3 and 4 correspond to the polycrystalline magnesite.
(MgCO;) (Ref. 22 and polycrystalline dolomite

[CaMg(CO,),].% The effect of the porosity modification on
the evaluation of the activation volume for the aforemen-
tioned materials has been discussed elsewhere in terms of the ) ] o
SFM model2% which is substantially different from the In the present work the porous dielectric solid is repre-
present one. In Table |, we depict the zero-pressure derivas€ntéd by a two-phase heterogeneous system, consisting of
tive of the logarithm of the conductance, together with the@n el_ectrolytlc conductive matrix and m_sulatmg mc_lusmns.
correction proposed by the two models. Concerning the firstStarting from Bruggeman's approximation, we derived the
order pressure derivative of the conductapeén G(0)/oP]r, correction terms for the first- and second—ordgr pressure de-
we note that the corrections implied by both modS&M rivatives of thg conduct@nce pIots'. The correction de’germlnes
and the present ohare close together. The correction doesthe accuracy in es_t|mat|ng the actlv_anon volume and its com-
not exceed about 1%, and it is about one order of magnituderessibility. Working on the experimental results for poly-
lower than the error in defining the slope of the3¢P) plots. crystalline dolomite and p_olycrysta_llme magnesite, we .found
In Table 11, we show the zero-pressure second-order pressufat the present model is numerically compatible with an
derivative together with the correction terms. It is evident®!der model, called the SFM model. Both approaches pro-
that the present model suggests a correction that is abo¥id® the background for analyzing the conductance versus
twice that proposed by the SFM model. pressure experiments on porous or polycrystalline insulators.
In the above-mentioned tables, we presented the correc-
tion terms in detail, in the zero-pressure limit. A graphical
comparison between the SFM model and the present one is

depicted. In Figs. 1 and 2, we show the correction term for Tne State Scholarship FoundatiofiKY, Greece is
the first- and second-order pressure derivatives of the conyreatly acknowledged for financial support.
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FIG. 2. The correction term for the second-order pressure de-

FIG. 4. The correction for the second-order pressure derivative

rivative of the conductance plots of polycrystalline dolomite. The of the conductance plots of polycrystalline magnesite. The squares

squares and the circles correspond to the SFM model and thand the circles correspond to the SFM model and the present one,
present one, respectively. respectively.



PRB 58

1G. A. Samara, J. Phys. Chem. Sol#ly 509(1979.

2W. H. Tayloret al, J. Phys. Chem. Solid27, 39 (1966.

3M. Beyeler and D. Lazarus, Z. Naturforsch.28a 291 (1971).

4D. Lazarus, D. N. Yoon, and R. N. Jeffery, Z. Naturforsch. A
263, 56 (1971).

5D. N. Yoon and D. Lazarus, Phys. Rev.334935(1972.

6S. Lansiart and M. Beyeler, J. Phys. Chem. Soliis703(1975.

’G. A. Samara, Phys. Rev. B3, 4529(1976.

8p. C. Allen and D. Lazarus, Phys. Rev.18, 1913(1978.

9G. A. Samara, Phys. Rev. Lett4, 670(1980.

109G, A, Samara, Phys. Rev. B, 6476(1980.

1G. A. Samara, Phys. Rev. Lett4, 670(1980.

12G. A. Samara, Phys. Rev. &, 6476(1980.

13, Oberschmidt and D. Lazarus, Phys. Re\2B 5813(1980.

143, Oberschmidt and D. Lazarus, Phys. Rev2 B 5823 (1980).

153, Oberschmidt and D. Lazarus, Phys. Rev2B 2952 (1980).

16| V. Murin and O. V. Glumov, Sov. Phys. Solid Sta28, 1258
(1982.

D, R. Figueroa, J. Fontanella, M. C. Wintersgill, and C. G.
Andeen, Phys. Rev. B9, 5909(1984.

18p, Figueroa, J. J. Fontanella, M. C. Wintersgill, A. V. Chadwick,
and C. G. Andeen, J. Phys. 17, 4399(1984).

198, E. Mellander and D. Lazarus, Phys. Rev28, 2148(1984).
20D, Figueroa, J. J. Fontanella, M. C. Wintersgill, and C. G.
Andeen, Cryst. Lattice Defects Amorphous Matdr, 123

(1985.

EVALUATION OF THE ACTIVATION VOLUME FROM. ..

16 041

2IA. N. Papathanassiou and J. Grammatikakis, Phys. Re§3,B
16 247(1996.

227, N. Papathanassiou, Phys. Rev(tB be publishef

ZHoang-The-Giamet al, J. Phys.(Parig, Collog. 45, C8-817
(1984.

243.J. Fontanella, M. C. Wintersgill, M. K. Smith, and J. Semancik,
J. Appl. Phys60, 2665(1986.

25M. C. Wintersgill et al, Polymer28, 633(1987.

26C. Bridges and A. V. Chadwick, Solid State loni@8, 965
(1988.

2'G. A. Samara, J. Polym. Sci., Part B: Polym. Phgs, 669
(1992.

28C. Fanggacet al, J. Polym. Sci., Part B: Polym. Phy&4, 425
(1996.

293, J. Fontanell@t al, Macromolecule®9, 4944(1996.

30A. N. Papathanassiou, J. Phys. Chem. Sdiéls2107 (1997.

31T, Hanai, inElectrical Properties of Emulsions in Emulsion Sci-
ence edited by P. ShermafAcademic, New York, 1968 pp.
373 and 379.

%2R. de la Rue and C. W. Tobias, J. Electrochem. 9886, 827
(1959.

33T, Hanai, inElectrical Properties of Emulsions in Emulsion Sci-
ence(Ref. 31, pp. 388—394.

34p. A. Varotsos and K. D. Alexopoulos, ifihermodynamics of
Point Defects and Their Relation with Bulk Propertiedited by
S. Amelinckx, R. Gevers, and J. Niho(North-Holland, Am-
sterdam, 1986



