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Composites have been fabricated by compressing polycrystal-
line brushite mixed with a polymer powder into pellets to study
the surface activities and proton mobilities of acid CaHPO4 ·
2H2O phosphates (brushite). The electrochemical properties of
such composites are studied using complex impedance spectro-
scopy analyses. Two types of surface proton migrations have
been observed by following the water content of the samples. The
various proton migrations through these granular materials and
the percolation threshold of these currents are interpreted using
various modeling approaches. Three models are used and com-
pared: the effective medium approximation (EMA), a model
based on the percolation theory, and a semiempirical microstruc-
tural electrical model. ( 1998 Academic Press
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I. INTRODUCTION

The primary aim of this study was to better understand
the electrochemical behaviors of composite electrolytes
elaborated from powders of the acid phosphate
CaHPO

4
) 2H

2
O (or brushite) and of an insulating polymer.

In our previous experimental works (1, 2), we showed that
such composites compacted into pellets could be used as
proton conductors in battery devices. We also showed that
the presence of a water layer, on the surfaces of brushite
grains, involved a certain acid character and was at the
origin of the observed proton migrations all over the surfa-
ces. In addition, we have evidenced nonlinear variations of
the conductances with the volume fractions of constituents.
The origin of surface proton conduction in brushite can be
1To whom correspondence should be addressed.
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expressed as

H
2
O (adsorbed on brushite grain surface)

Q H` (surface)#OH~ (adsorbed).

A percolation threshold was observed in the case of
battery devices Cu/composite/Zn with a strong jump in
voltage close to a critical value '

#
of brushite volume

fraction. In fact, this critical composition should be of major
interest in applications, because, close to this composition,
the composite can behave as an electrical switching material
when it is subjected to an external mechanical stress.

To characterize the proton motions in such multiphase
systems, electrical complex impedance spectroscopy (ECIS)
was carried out on composites fabricated by mixing poly-
crystalline brushite and a passive polymeric matrix, the
poly-phenyl sulfur PPS (3). The main role of such a matrix is
to control the migration of ionic currents:

1. At low phosphate concentrations, each grain can be
isolated in a neutral environment thus locking out any ionic
current through the composite sample as no migration path
exists in the solid.

2. At higher concentrations, due to the formation of
statistical paths through the granular sample, some percola-
tion of ionic currents can be observed.

3. Finally, the presence of porosity, involved by the
elaboration process, plays an additional and prominent role
in the final properties.

Thus, the study of such composites could be a mean for
characterizing the surface phenomena involved in ionic con-
ductivity and for understanding the ionic migration paths.

In this work, we present three types of modeling that
allow us to connect the macroscopic electrical behaviors
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with the disordered microstructure of these composites. To
better understand the application fields of each modeling,
we recall first the main experimental features which condi-
tion the migration properties.

II. EXPERIMENTAL RESULTS

II.1. The Constituents

Powdered commercial (Aldrich) brushite and poly-
phenylene sulfide [-C

6
H

4
S-]

/
, noted PPS, have been used

to prepare the composites. This polymer is insulating and
chemically neutral. The granulometry was controlled using
a Malvern size meter in a polyphase mode analysis. The
analysis allows size determinations in the range 0.3 to
300 lm, and assumes the observable particles to be spheri-
cal.

A mean diameter of 15 lm for the brushite powder is
obtained. The various sizes ranged from 0.5 to 54 lm, with
a maximum of 16.6 lm. The particle diameters of PPS are
larger than that of brushite, with a mean diameter of 42 lm.

II.2. The Composites

All the composites are prepared in the same conditions.
The manufacturing process is, as usual: (1) grinding then
mixing the constituents in well-defined proportions, (2)
pressing the powdered mixture in a cylindrical cell under
a pressure of 1.6 kbar, and (3) determining the overall den-
sity in order to calculate the proportion of residual cavities.

The volume fractions are then calculated using the initial
weights of constituents, the individual density of each con-
stituent, and the effective volume of the pellets. The macro-
scopic properties will be functions of the volume fractions
('

"364)*5%
, '

#!7*5*%4
, '

PPS
), where

'
"364)*5%

#'
#!7*5*%4

#'
PPS

"1.

The final composite samples are cylindrical pellets (dia-
meter, 20 mm; height, 2 to 5 mm). Both matrix and brushite
are powders and for all volume fractions, the composite
pellets have a significant proportion of cavities (13% for
pure PPS and 27% for brushite). In these cavities, the
proton species bound to the adsorbed water can move along
the surface of the grains when an electrical field is applied.
First investigations (1, 2) have shown that when no adsor-
bed water was present, no conductivity was observed.

In these previous studies, two series of brushite/PPS
composites were prepared. In one case, the preliminary
brushite and PPS powders were kept under ambient atmo-
sphere (series I, ‘‘dry’’), whereas in the second case, these
powders were preliminary kept under wet atmosphere
(series II, ‘‘wet’’). Each sample was subjected to electrical
complex impedance measurements for frequencies ranging
from 10~1 to 104 Hz.
II.3. Electrical Complex Impedance Spectroscopy (ECIS)
Z[x, U]

The electrical complex impedances Z[u, '] were meas-
ured from a potentiostat/galvanostat Model 273A from
EGG, coupled with a HF frequency response analyzer
SI1255 from Schlumberger. Each sample was put between
two gold electrodes with a constant pressure, at 25°C. The
working frequency u automatically varies between 10~1

and 10`4 Hz. The results will be represented either in
(log DZ D, ') graphs or in Nyquist graph (X"Z@, ½"!ZA),
where the complex impedance is Z"Z@#jZA.

Nyquist representations are interesting for us because
they clearly show the difference between insulating and
conducting states of samples. In addition, they allow a clear
separation between bulk and electrode interface contribu-
tions. To better represent the paths available for ionic
migrations (2), each diagram will be reported as a function
of the sum of brushite and cavities volume fractions:
'"'

B36
#'

#!7
. This result is recalled in the first para-

graph of the modeling, which concerns the effective medium
approximation.

For volume fractions lower than 0.25, the composites of
series I exhibit a quasi-pure capacitance behavior. For vol-
ume fractions higher than the value of 0.3, at least two main
contributions are observed: (i) the bulk contribution (repre-
sented by the circular part for higher frequencies) corres-
ponding to classical (R,C) circuits and (ii) the electrode
surface contribution (represented by the roughly linear re-
gion for lower frequencies) due to migration of ionic species
at the interfaces. Using the total fraction of phosphate plus
cavities, at '

#
"0.25, a sharp transition between the insulat-

ing and conducting states is clearly observed.
In Fig. 1, some selected Nyquist representations of the

series II (wet atmosphere) composites are reported. The
critical volume fraction '

#
"0.24 is close to the value found

in the case of series I.
Nyquist diagrams of a brushite-rich composite (/"0.4)

and of a pure brushite, in which ionic conduction occurs, are
reported in Figs. 1c and 1d. In the case of such high brushite
fractions, two circular contributions can be observed: this
could be due to two types of mobilities, or to two types of
charge carriers (H`, OH~, H

3
O`,2 ).

III. MODELINGS

To interpret the previous ECIS data, three types of
modeling are proposed: the effective medium approxima-
tion (noted EMA), the percolation theory, and the micro-
structural approach.

III.1. Effective Medium Approximation (EMA)

The effective medium approximation (EMA) (3—5) can
describe the behavior of the transport property & mainly



FIG. 1. Nyquist representations of wet Brushite/PPS composites (series II): (a, b) extreme Nyquist graphs at ' (0.24, ''0.24, which show the
transition between the insulating and the conducting states in the composites Bru/PPS; (c, d) Nyquist diagrams of the composite ('"0.4) and of pure
brushite ('"1). The circular part is connected with proton conduction in the electrolyte granular medium. The linear part observed at low frequency is
directly connected with the proton reactions and diffusions at the electrodes.
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when the composition is sufficiently close to that of the pure
constituent (p

1
and p

2
for /"0 or 1 in volume fraction)

[[&!p
1
]/&

1
] )'

1
#[[&!p

2
]/&

2
] )'

2
"0, [1]

where '
1

and '
2

are the volume fractions of the two
constituents with '

1
#'

2
"1.

The complex conductances (admittances) are such that
&

1,2
"p

1,2
#(d!1)&, where d is the dimensional para-

meter (generally d"3 in the case of a 3D connectivity).
For a 3D (d"3) behavior, a critical composition (per-

colation) can be defined as '
#
"1/d"0.33. At this step, it

should be noted that the previous relation does not take
into account the role of the interfaces between grains, which
is a weak link in our case.

Thus, the behavior of our composites can be modeled
using this classical effective medium approximation (EMA),
applied to mobile proton species migrating along grain
surfaces or through the bulk.
When the data are considered as functions of the sum
'

1
#'

2
("'

"36
#'

#!7
), the d"3.1 ($0.25) value is found

(see Fig. 2). It can be concluded that both brushite and
cavities should condition the migration. This confirms our
previously stated result that most of the conduction is due
to displacement of proton species on the surface of brushite
grains and in cavities.

In Fig. 3, Nyquist representations are presented to com-
pare the experimental data with the calculated data at
/"0.67 (Fig. 3a) and 0.4 (Fig. 3b). The agreement is not
good near the percolation composition ('

#
"0.25). In fact,

this discrepancy between the EMA model and our experi-
mental data was also observed in Fig. 2 (log DZ D variations).
The fit is better for '"0.67 as the composition is far from
the percolation composition.

III.2. Percolation Theory

The main result of the percolation theory (5—11) resides in
the fact that each transport property (conductance) can be



FIG. 2. Superposition of experimental and theoretical (d"3.1) curves of log DZ D as a function of the sum of volume fractions of brushite and cavities.
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developed close to the percolation threshold, '
#
, as

&"('!'
#
)t,

where t is a critical exponent linked with the formation of
infinite conducting clusters through the composite above
the '

#
volume fraction.

The existence of a percolation threshold is observed
for the electrical measurements. For a volume fraction
of brushite and cavities equal to 0.25, the complex
impedance spectroscopy clearly indicates a rapid evolution
directly linked with the formation of continuous paths
through the composites: along these paths, mobile ionic
FIG. 3. Superposition of the experimental Nyquist representations (serie
with d"3; 3a: '"0.67; 3b: '"0.40.
species migrate when an electrical field is applied between
the electrodes.

In the percolation theory, the material impedance can be
represented by a simplified equivalent circuit (RC parallel)
in a first approximation, as represented in Eq. [2]. The
mobile species are susceptible to jumping from site to site,
with a residence time q.

Z"

Z
0
(*/)~t

1#( juq)a
, [2]

where */"/!/
#
, /

#
is the critical volume fraction, q is

the residence time of the mobile particle, t is the transport
s I) with the theoretical Nyquist representations, obtained using the EMA



FIG. 4. Superposition of the curves [(!Z
*.
#Z%-

*.
)/R; Z

3%
/R] for

different compositions of the (wet) series II.
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critical exponent, and a represents the distribution of the
residence times (or relaxation times) around the mean q value,
induced by the inhomogeneity of the granular composites.

Z
0

is a constant, R"Z
0
(*/)~t.

A comparison can be made between this equation [2] and
the classical equation [3] of the RC model, with a"1!b
and q"RC;

Z"

R

1#( jRCu)(1~b)
, [3]

where R is composite resistance, C is composite capacitance,
q"RC"1/u

0
is the relaxation time of the particle and

(1!b) characterizes the distribution of activation energies,
and (b"0) represents the ideal Debye relaxation.

The imaginary term

( j )~b"(cos(!bn/2)#j sin (!bn/2))

allows one to determine the depression angle !bn/2.

III.2.1. Normalized Bulk Contribution to
Ionic Conductivity

The surface effects at the electrodes are suppressed in
order to consider only the bulk contribution. The Nyquist
representation of the wet composite /"/

"36
#/

#!7
"0.4

(series II) is given as example (see Fig. 1c). The contribution
of electrode interfaces (straight line at the low frequencies) is
eliminated: Z

"6-,
"—Z

*.
#Z%-

*.
. Z%-

*.
is the imaginary coordi-

nate of the straight line.
In order to normalize the curves, the Z

3%
and Z

"6-,
"

!Z
*.
#Z%-

*.
values are divided by the resistance R value of

the compound (R"Z
0
(*/)~t). On the Nyquist representa-

tion, the intersection of the semicircle with the real axis
delivers the R value.

These transformations are realized on the two complete
series of Brushite/PPS composites. The results for different
volume fractions of the series II are superposed on Fig. 4. In
the case of the first series, the same results are obtained with
only one semi-circle.

III.2.2. Calculations of the Various Parameters
from Equations [2] and [3]

If Z@"
Z

Z
0
(*/)~t

"

1

1#( juq)a
"

Z

R
,

then

(Z@!1)/Z@"!(juq)a and D(Z@!1)/Z@ D"u@a

log D (Z@!1)/Z@ D"a log(uq).
a and q can be calculated with the curve log D (Z@!1)/Z@ D, or

logS
(Z

3%
!1)2#Z2

*.
Z2

3%
#Z2

*.

,

as a function of log u. Z
3%

and Z
*.

are the results of the last
normalization, i.e., Z

3%
/R and (!Z

*.
#Z%-

*.
)/R), respective-

ly. The results are shown in Fig. 5 (series I, Fig. 5a; series II,
Fig. 5b).

In the case of series I, the curves are all straight lines. In
series II (wet), the curves present two straight lines separated
by an inflection zone. These two different sections corres-
pond to the two Nyquist semicircles.

The slope of these curves give the a values, and their
extrapolations, when logu"0, permit one to calculate the
residence times q. The obtained results are presented in
Table 1 (series I) and in Tables 2 and 3 (series II), and are
directly compared with the results obtained using Eq. [3].
(1!b) and q are directly calculated from the Nyquist rep-
resentations; the intersection of the circle with the real axis
delivers the R value and the maximum of the imaginary part
(!Z

*.
) corresponds to the frequency u

0
"1/RC"1/q.

The !bn/2 term is the depression angle of the circle with
the real axis (Z

3%
).

A good agreement is observed between the results ob-
tained from the percolation theory and from the classical
RC model. They can give some information on the particle
behavior in the composites. The ionic mobilities, which
appear in series I and II at the medium frequencies, seem to
be similar. In the two cases, the medium a value is 0.8; this
means that in percolation theory the particle motion is not
an ideal diffusion, but corresponds to jumps from site to site
with a nonnegligible residence time on sites.

The residence times of series II are weaker; a more impor-
tant rate of adsorbed water is present in the composites.



FIG. 5. Superposition of the curves log D (Z@!1)/Z@ D as functions of log u (in Hz), in the case of different compositions in volume fraction
/"/

"36
#/

#!7
, in the case of (a) series I and of (b) series II.

TABLE 2
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Another type of motion appears at high frequencies in series
II; aN +0.98+1 is characteristic of a free diffusion.

III.2.3. Calculation of the Percolation Parameters

According to the percolation theory, Z depends on *'
and u:

Z(*', u)"
Z

0
(*')~t

1#( juq)a
.

Percolation of residence time q. The residence time q"
RC"1/u

0
characteristic of particle jumps might also be

expressed as a function of *' and of another exponent
noted a,

q+q
0

*'~a,

in which q
0

is a constant.
Then, the a value can be obtained with the slope of the

line: log q"f (log*'). With our experimental data and
TABLE 1
Parameters Related to Eqs. [2] and [3] in the Case of Series I

Percolation model RC model

/
"36

#/
#!7

a q (s) 1!b q (s)

0.27 0.89 3.1 0.84 3.5
0.30 0.86 0.7 0.86 0.7
0.4 0.84 0.1 0.84 0.1
0.49 0.81 0.03 0.83 0.03
0.67 0.79 7]10~3 0.80 8]10~3

0.84 0.78 4]10~3 0.78 5]10~3

1 0.76 1]10~2 0.64 2]10~3

Note. aN +0.8.
'
#
"0.25, we effectively obtain the lines shown in Figs. 6a

(series I) and 6b (series II). If the model is correct,
a"1.8$0.2, and q"q

0
(*')~1.8.

We can then consider

½"log D(Z@!1)/Z@ D"X#A

"a logu#a log q"a[logu#log q
0
]!aa log*'

X"a[logu!a log *']

A"a log q
0
.

If we represent the experimental ½ values as a function of X,
all the points collapse on a single curve.

Percolation of the conduction term R. The t exponent is
a universal percolation parameter. It is theoretically equal
to 1.9 in the three dimensional (3D) case (5).
Parameters Related to Eqs. [2] and [3] in the Case of
Series II, at Medium Frequencies

Percolation model RC model

/
"36

#/
#!7

a q (s) 1!b q (s)

0.26 0.79 1.5 0.77 1.4
0.3 0.92 0.05 0.81 0.04
0.32 0.91 0.04 0.82 0.03
0.4 0.82 6]10~3 0.80 6]10~3

0.49 0.82 3]10~3 0.79 3]10~3

0.76 0.68 5]10~4 0.80 3]10~4

0.84 0.67 5]10~4 0.72 5]10~4

1 0.67 5]10~4 0.73 6]10~4

Note. aN +0.8.



TABLE 3
Parameters Related to Eqs. [2] and [3] in the Case of

Series II at High Frequencies

Percolation model RC model

/
"36

#/
#!7

a q (s) 1!b q (s)

0.26
0.3 0.97 0.79 6]10~3

0.32 0.98 7]10~5 0.80 3]10~3

0.4 1 1]10~5 0.84 4]10~4

0.49 0.99 6]10~6 0.84 1]10~4

0.76 0.97 2]10~6 0.88 5]10~5

0.84 0.95 1]10~6 0.83 5]10~5

1 0.95 1]10~6 0.74

Note. aN +0.98.

TABLE 4
Calculation of t at Different Frequencies

Frequency (Hz) 103 4]102 25 10 1 0.251
t (series I) 2.1 2.1 2.1 2.1 1.9 1.8

Frequency (Hz) 1.26]104 5]102 5 0.2
t (series II) 0.7 2.2 2.2 0.6

Note. Series I, t [10 to 103 Hz]"2.1$0.2; Series II, t [5 to
5]102 Hz]"2.2$0.2.
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We must try to obtain an estimation of t using our ECIS
experimental results. Indeed, the percolation equation is

Z"

Z
0
(*')~t

1#( juq)a
"

R

1#( juq)a
.

FIG. 6. Representation of the logarithm of q as a function of log*'
((a) series I, (b) series II, at medium frequencies).
Two approaches have been performed. The first is ob-
tained at a fixed frequency:

Z[1#(juq )a]"Z
0
(*')~t.

The t value can be obtained with the slope of the curve

log(Z[1#(juq)a]"f (log(*')~t)"!t log*'!t logZ
0
.

The calculation of t at different frequencies is done for the
two series and reported in Table 4, corresponding to series
I and series II.

In the frequency range 10—103 Hz, representative of the
sample bulk, the obtained t values are 2.1 with series I and
2.2 with series II. The impedance evolution as a function of
the frequency is not the same for the two series. For this
reason, it is difficult to directly compare their respective
results.

In the case of series II, the t value decreases at low and
high frequencies. We have not interpreted these results but
we suppose that:

— the very high frequencies correspond to the second
semicircle; i.e., to the proton free diffusion

— at low frequency (u(1 Hz), the electrode/sample in-
terface contribution, which has been subtracted from our
experimental data, perturbs the bulk response at intermedi-
ate frequency (1(u(102 Hz).

A second evaluation of t can be obtained by plotting
logR versus log*'. This is shown in Figs. 7a and 7b. We
obtain t"2.0 for series I and t"2.2 for series II.

The main result obtained in this section is the experi-
mental determination of the critical exponents t and a;
surprisingly, the t values obtained from our data are in good
agreement with the theoretical Monte Carlo calculations
found in the literature for ‘‘ideal electrical nets’’.

III.3. Microstructural Electrical Model: Interface Evolutions

An electrical model, previously described in our works
(12—16), is first recalled, then used to interpret the proton
surface conduction in the present composites, at ambient
temperature.



FIG. 7. Representation of the logarithm of R as a function of log*/, in
the case of (a) series I and (b) series II.

FIG. 8. Equivalent circuit in the case of multiphase material. The
subscripts m, p, and mix are, respectively, associated with mineral, poly-
meric, and intermediate areas.
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In this model, the distribution of cubic particles having
various sizes was assumed to be regular: it is possible to
define the mineral linear fraction X"(')1@3, where ' is the
volume fraction. The alternate zones of mineral crystals and
polymer host are represented as electrical complex impe-
dance (resistance R, capacitance C). The resistor—capacitor
behavior of the composites can be represented by the gen-
eral electrical circuit in Fig. 8.

The (RC) equivalent circuits of the various components
are noted as follows:

f subscript m for the conducting mineral grains (surface
grain conduction),

f subscript p for the polymeric grains (initial matrix
areas),

f subscript mp for intermediate zones which are assumed
to be due to the formation of bridges between the grains.
The conducting properties of this zone are assumed to
strongly vary as the volume fraction increases above the
percolation composition,

f subscript ms; in the initial model, there is an additional
resistance, R

.4
, which accounts for the surface conductivity

of the mineral grains. In the present study, where the con-
ductivity still takes place at the grain surface, we have used
this resistance to account for the difference between series
I and series II; in series I there is only one circle on the
Nyquist plot, which means only one RC circuit. R

.4
will be

taken as very weak for this series. For series II, the two
circles correspond to the two RC circuit. R
.4

will be taken
higher for this series.

Since we are not interested in the phenomena at the
interface sample/electrodes, they are not taken into account
in this model; only the high frequency results will be fitted.

The C
.
, C

1
, and C

.1
capacitances can play an important

role in the case of insulator states (mineral or polymer). The
Z

.
and Z

1
impedance contributions depend on the ' vol-

ume fraction of the mineral. The global impedance Z(u, /)
is a function of u and ',

1/Z"&"1/Z
1
#1/(Z

.
#Z

.1
). [4a]

In fact, it is necessary to note that the Z
.1

function must
be associated with a third ‘‘virtual intermediate phase,’’
which should have its own volume fraction and should be
characterized by a ‘‘mixed’’ property. We have represented
such a ‘‘mixed’’ intermediate property by ‘‘virtual’’ elemental
components noted below R

.*9
and C

.*9
. These two compo-

nents depend on '. Thus, the Z
.1

term depends on the
linear fraction X"(')1@3 and of the terms R

.*9
and C

.*9
(which are also ' dependent).

Thus, each Z
i
impedance (i"p, m, mp) can be expressed as

1/Z
.
"[1/R

.
#jC

.
)u#1/R

.4
]X [4b]

1/Z
.1

"[1/R
.*9

#jC
.*9

)u] X2/(1!X ) [4c]

1/Z
1
"[1/R

1
#jC

1
u] (1!X2), [4d]

where X"(')1@3 is the linear fraction of the mineral.
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This model takes into account the percolation effects; it
assumes that the mineral grains are regularly distributed in
a continuous matrix which can envelop each grain for low
volume fractions of mineral. We recall briefly the semi-
empirical approach to describe the percolation.

(1) In some regions between the mineral grains, a per-
colation distance between them is assumed to exist; the
associated percolation is denoted '

#
, which can be adjusted

in order to optimize the experimental data fit.
(2) Due to the presence of variable grain sizes dispersed

through the polymeric host, the (RC) values of the polymer
between the mineral grains are assumed to be a function of
the volume fraction '. The more the fraction ' increases,
the more the mineral behavior is prominent. An empirical
function (see Ref. (12)) was postulated to account for R

.*9
:

f for 0('('
#
the evolution is described by

R
.*9

"R
1

exp(!A'2),

i.e., for '"0, R
.*9

"R
1
;

f for '''
#
the evolution is

R
.*9

"R
.*9

('
#
) exp(!B('!'

#
)),

with R
.*9

"R
.

for /"1.
Then, other limit conditions can be proposed. The values

of the derivatives of the functions chosen for '('
#

and
''' should be equal for '"' . From these relations
FIG. 9. Representation of log DZ D as a function of the frequency u, experim
The inset represents the unique continuous path for proton jumps on surfac

# #
the A and B parameters can be calculated as functions of '
#
.

They express the progressive percolation effect due to the
distribution of grains.

In the case of series I, the proton mobilities (proton jumps
from site to site) at the surface of the grains and between the
grains cannot be differentiated, only one semicircle appears
on the experimental Nyquist representations. The surface
resistance and the intergrain resistance are of the same order
of magnitude; the electrical responses overlay.

To fit such a unique proton migration, we have elimi-
nated the Z

.
electrical component by creating a short cir-

cuit with R
.4
"0 ).

To define the Z
.1

component (with the R
.*9

and C
.*9

vir-
tual components) we have introduced the individual values
of '

#
, R

.
, C

.
, R

1
, C

1
,

'
#
"0.25, R

.4
"0 ), R

.
"107 ), C

.
"2]10~10 F,

R
1
"1]1015 ), C

1
"1]10~10 F.

The experimental results are reported in Fig. 14, and the
theoretical results are reported in Fig. 15.

In the case of series II, we must consider two types of
proton migration paths: the first corresponds with proton
motions around the grains and the second corresponds with
a migration between the grains.

To obtain a good fit of our experimental results at 298 K
and in the range 0.01('(0.99, we have considered both
entally obtained for different volume fractions of brushite in PPS (series I).
e sites.



FIG. 10. Microstructural model. Representation of simulated values of
log DZ D as a function of the frequency u for different volume fractions of
brushite in PPS (series I). Note that only one semicircle appears on the
corresponding Nyquist representations. The inset represents the unique
continuous path for proton jumps on surface sites.

FIG. 12. Microstructural model. Representation of the simulated
values of log Z as a function of the frequency u for different volume
fractions of brushite in PPS (series II).
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Z
.

and Z
.1

electrical components using the following hy-
potheses:

f '
#
"0.25;

f the proton conduction around the individual largest
grains is associated with R

.
"5]105), C

.
"2]10~10 F,

and R
.4
"109) (here, it can be noted that the conduction

over the grain surface is conditioned by both R
.4

and
R

.
terms and that the conduction for series II is faster than

the conduction for series I because of the additional liquid
layer);
FIG. 11. Representation of logZ as function of the frequency u, ex-
perimentally obtained for different volume fractions of brushite in PPS
(series II). The inset recalls the two types of proton migrations: along one
grain surface and between two grains (liquid interface).
f the proton conduction in the ‘‘intermediate areas,’’
which condition the percolation behaviors, is represented by
the terms R

.1
and C

.1
, as given above;

f the polymer contribution is represented by R
1
"1]

1015 ), C
1
"1]10~10 F.

The little discrepancy between the calculated and experi-
mental curves can be due to the fact that, in our modeling,
we have not taken into account the low frequency contribu-
tions due to electrode reactions.

Despite these approximations, the impedance values ob-
tained in our model are consistent with our experimental
data. The calculated term Z

.
delivers a good representation

of the impedance around the brushite grains (with the indi-
vidual components R

.
and R

.4
) in the adsorbed water layer,

whereas the term Z
.1

represents the intermediate medium
between the largest grains and allows one to simulate the
percolation behaviors above and below '

#
.

In Fig. 13, two semicircles appear on the experimental
and theoretical Nyquist representations.

The main interest of such an approach is to simulate
a macroscopic mechanism using individual characteristics
of elemental components (surface and interface migrations)
and to determine parameters directly linked with a specific
microstructure and a specific elaboration process.

IV. DISCUSSION AND CONCLUSION

In the case of our composites presenting interfaces or
cavities, we have shown that the proton migrations can be
modeled by making use of three different approaches.

In Table 5, we can compare the three modeled expres-
sions of the admittance & as a function of the composition
parameter ': the variation laws are fully different. In fact,



FIG. 13. Superposition of the experimental and theoretical Nyquist
representations in the case of the sample ('"0.4) of series II.
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they can be used in the case of three different applications:
(i) in order to express a global nonlinear evolution for the
full composition range when interfaces play a minor role,
(ii) to determine the behaviors close to the percolation
threshold in the case of electrochemical applications for
instance, and, finally, (iii) to express the role of interfaces
in the observed conduction.

For our composites, it can be noted that the EMA ap-
proach is not satisfactory close to '

#
because the two-phase

model does not take into account the formation of these
new interfaces and, as a major fact, it does not consider the
statistical existence of any infinite clusters.

The percolation theory, which takes into account the
statistical formation of conducting clusters close to the
TABLE 5
The Various Modeled R 5 1/Z Functions for

Brushite/Polymer Composites

Admittance (conductance):
Type of simulation, conclusions &(', x, ¹ )

Microstructural approach,
identification of surface and
intergranular conductions of
protons

&"1/Z
1
#1/(Z

.
#Z

.1
)

R
.*9

"R
1

exp(!A'2)
R

.*9
" R

.*9
('

#
) exp(!B('!'

#
))

EMA, global evolution, no
agreement close to the
percolation composition

[[&!p
1
]/&

1
] )'#

#[[&!p
2
]/&

2
] ) (1!')"0

&
1,2

"p
1,2

#(d!1)&

Percolation, good agreement close
and above the percolation threshold

&"(1#(jxq
0
(*')~!)a) )&

0
) (*')`t
percolation composition, fits very well the results above '
#
.

For the first time, we have applied it to the migration of
protons in a mineral/polymer composite. We have found
that the critical exponent ‘‘t"2’’ is well associated with
a three-dimensional percolation predicted from Monte
Carlo calculations. However, this approach also needs the
a priori knowledge of critical exponents, which depend on
the connectivity and the microstructure.

Finally, the microstructural approach which uses many
fitting parameters and assumes that the percolation func-
tion is well known can be helpful in characterizing the grain
interfaces and surfaces. In the case of brushite composites,
this approach has given interesting parameters (R

.
, C

.
,

R
.4

, R
1
, C

1
), allowing one to characterize the existence of, at

least, two types of proton mobilities:
(1) jumps of linked protons H` in the adsorbed water

near the brushite surface in series I and between the grains
in the case of series I and II: the driving parameters are those
conditioning the jumps of protons between grains (R

.
and

C
.
).

(2) jumps of free protons H` in the quasi-liquid layer of
adsorbed water at the brushite surface (in the case of very
wet samples): the driving parameters are those linked to the
surface of grains (R

.4
) and to the areas between grains (R

.
and C

.
).

Now, a new unified approach is needed to improve the
description of the electrical responses in disordered granular
composites; it should be quite interesting to develop a multi-
phase percolation model by making use of calculated criti-
cal exponents, but also by taking into account the textures
and the interfaces between grains. Finally, it should also be
quite interesting to take into account the low frequency
contributions to improve the simulations of the impedance
measurements. The influence of the electrodes must be
modeled; this is now in progress and will be presented in
another paper.
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