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Characterization of the damage in
nanocomposite materials by a.c. electrical
properties: experiment and simulation

L. FLANDIN, J.-Y. CAVAILLE*
CERMAV-CNRS Université Joseph Fourier, BP 563, 38041 Grenoble Cedex, France
E-mail: cavaille@gemppm.insa-lyon.fr

Y. BRECHET
LTPCM-ENSEEG, Rue de la Houille Blanche Du, BP75 38402 Cedex SMH, France

R. DENDIEVEL
GMP2, Rue de la Houille Blanche Du, BP75 38402 Cedex SMH, France

Evolution of a.c. electrical properties under large strain of random nanocomposite materials
made of a soft thermoplastic insulating matrix and hard conductive fillers is investigated.
The transport properties are directly linked with the macroscopic mechanical strain on the
composites during uniaxial tensile test or to the time under relaxation, meaning that the
method is suitable for monitoring microstructural evolution of such composites. The real
part of the conductivity indicated the breaking of the percolating network, while the
imaginary part gave information on the possible “spatial correlation” of the damage
events. Two different filler shapes were used, i.e. spherical and stick-like (aspect ratio about
15), leading to quantitatively different results. The microstructural evolution was simulated
with the help of a resistance-capacitance (RC) model for the electrical properties and with
finite element analysis for the mechanical properties. © 7999 Kluwer Academic Publishers

1. Introduction thresholds were found to be 3% and 13% for stick-like
Intrinsic conducting polymers have received much at-and spherical fillers, respectively.

tention during the last decades, because of their inter- It is well known electrical properties of binary mix-
esting potential applications [1]. However, their poorture depend strongly on their microstructures. In partic-
mechanical properties constitute a major obstacle for alar, the dispersion [7], the aspect ratio of the fillers [8]
large-scale industrial use. To overcome this drawbackor the fillerfiller [9] and filler—matrix [10] interactions
numerous polymer composites have been processed, affect directly the electrical properties. It has also been
recent years, by mixing polypyrrole (PPy) conductingshown, with carbon fibre reinforced polymers (CFRP),
fillers with different kinds of polymer matrices [2, 3]. that electrical transport properties are very sensitive to
The aim being to obtain materials combining both themicrostructural changes. For instance, Schulte [11] has
mechanical properties and processability of the matriyproven that electrical measurements can be a very effi-
as well as the electrical properties of the fillers. Thecient way for monitoring damage of CFRP. These au-
preparation and characterization of such materials, okthors [12] related fibre breaking or delamination with an
tained by mixing an insulating latex of a styrene-butylincrease in the electrical resistivity. A similar method
acrylate copolymer with a colloidal suspensions of PPyhas also shown to be relevant for detecting failure of
particles, have been recently reported [4]. The finalCFRP athigh strain rates [13]. Ceysstmal.[14] found
composites films were prepared by freeze drying theyood relationships between the evolution of the resis-
suspensions and hot pressing the dried product. It wasvity with the number of events in acoustic emission.
shown that the samples may be considered as mod&urther investigations, dealing with a.c. electrical con-
materials, as the fillers have a well-defined geometnductivity [15] correlated the dissipation factor with the
and are randomly dispersed within the matrix. Thanksnacroscopic stress on CFRP. Despite of the accuracy of
to different polymerization methods [4], the fillers can the method demonstrated with CFRP, it appears to have
be chosen with either a spherical shape or an high aspelbeen seldom applied to thermoplastic particulate com-
ratio (15), with nanoscale sizes. The d.c. electrical propposites. Pramanikt al. [16] and Radhakrishnagt al.
erties of the composite versus the filler content followed17] reported the evolution of the conductivity under
the well-known power law equation predicted by thelarge strain of insulator-conductor composites above
statistical percolation theory [5, 6] and the percolationthe glass transition temperatur@g) of the matrix.
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However, these experiments were performed with reticdecreases, for geometrical reasons. However, the con-
ulated matrices and only with d.c. measurements.  ductivity is an intrinsic parameter that should remain
The present paper deals with the use of a.c. elecsonstant unless changes in the arrangement of the con-
trical measurements as a probe for monitorimgitu  ductive component occur. For thermoplastic polymers,
the damage of homogeneous nanocomposite materiaébhoveTy, the Poisson’s ratio value is close to 0.5, mean-
made of electrically conductive fillers dispersed in aing a conservation of the volum# of the sample under
thermoplastic insulating matrix. Measurements undetarge strain. Assuming that the damage in the network
large strain were performed above theof the matrix  does notinduce a strong variation\Gf(i.e. that the vol-
in order to obtain a composite having a strong contrastime of the holes is negligible), the mechanical stress
from the viewpoint of both electrical and mechanical £, and electrical conductivity. are governed by
properties. The variations in the complex electrical con-

ductivity o* are compared with the predictions of a nu- S L
merical simulation based on a resistance—capacitance Zm = WxT SVO @
(RC) model [18].
and
2. Experimental procedure . . L LL2
A schematic representation of the experimental setup is % =V WxT Vo (2)

shown in Fig. 1a. Parallelepipedic samples with initial

length Lo, width Wo and thicknesslo equal 0 3, 1.5 \wjth W, L andT the width, length and thickness of the
and 0.5 cm, respectively, were used. During the umaxméamme during the test, avg = Lo x To x Wo. The elec-
tensile tests, the specimen’s lengtiwas determined yica| and mechanical data were obtained tacking into
from the displacement of the crosshead of a convenyccount the geometrical evolution using Equations 1

tional Instron machine (4301). AIIth_e experiments Weregng 2 with a minimum time step (including acquisition
performed at room temperature, i.e. 30K above theynq gata treatment) of 1.

glass transition temperature of the matrix. A constant
crosshead speed was maintained with an initial strain
rate of¢ =10"3s71. In order to obtain complemen-

tary information, three different tests were performedﬁ'isl?:qsuolrttsar?t'?[g r?(;?::‘hsz:::;]g deformation of the sample
on the samples, namely: (i) uniaxial extension up to P P

a true deformatiom = In(L /Lo) = 0.2 to characterize Lirgzweihog?ggr}ﬁ?ﬁz ig%tﬁig g]l,(])l’:ﬁ S?ﬁg'gg?g?/r’ng?
the damage in the percolating network; (ii relaxationtion r(?cegsi,3 Asthefillers usedpinthe regentwork have
test by stopping the machine @t 0.2 and recording P ) P

stress and conductivity versus time, to characterize th%\ritensne modulus much greater than the one of the ma-

damage recovery and (iii) cyclic strain to quantify hys- X, one can assume that the flllgr doe's not.brea_\k and,
teresis effects. thus, that the local events consist of fillerfiller inter-

The samples (Fig. 1b) were coated at their ends Witﬁ’:\ctlon breakage. Such a microstructural evoluthn, if it
occurs, will lead to a decrease of the macroscopic con-

silver paint, so as to insure a good electrical Contac'[('juctivit which results from the continuous network
Electrodes and sample were electrically isolated fromOf fiIIer)\//,vithin the matrix. Thus. the d.c. conductivit
the tensile machine. a.c. complex conductivity mea- : ! o Y

surements were carried out for various frequencies igan be used as a direct probe for monitonmgitu the
the range of 1 kHZ to 1 MHz using an HP 4248A damage of such composites. Nevertheless, the a.c. con-

bridge from Hewlett Packard with a low applied field duct|V|tyg|_ves more information t.han the static one. As
of 1V cm-L. the evolution of the permittivity is not easy to under-

The samplelengthand th complex admitane 1%, e 05 6 Tumerel S fadon e orecact
as well as the applied strenghdata were recorded 9

versus time. Upon large deformation the length and thgeopic a.c. electrical properties was required.
cross-section of the sample vary and the admittance

} 3.1. Real part of the conductivity at
low frequency
Typical data for real part of the conductivity ') at low

I]ﬁ» frequency (1kHz) for composites filled with spheres
L (20%) and sticks (10%) up to a deformation of 0.2 and

I

Tensile
machine

Impedance
analyser

Electrodes under relaxation are shown in Fig. 2a and b, respec-
. tively. For comparison, the true stress is also displayed.
Blectrodes It is clear that the conductivity depends directly on the
—_— strain on the composite and on the time, during the ten-
' material sile and relaxation tests, respectively. Moreover, both
conductivity and mechanical stress exhibit a smooth

@ ®) evolution during the experiment, contrarily to similar

Figure 1 Schematic representation of (a) the experimental setup and (bmea_Surements pgrfor_med on CFRP [12,14]. Such a
electrodes and sample arrangement. continuous evolution is to relate to the large number

1754



(a) Temsile test (b) Relaxation test for a true deformation between 0 to 0.2. This quan-
T ' ‘ tity dropped steadily with increasing volume fraction
of fillers, irrespectively of the aspect ratio. However,
the composites containing spherical fillers were more
damaged than the ones filled with sticks. Comparable
observations [16] have been interpreted by a reorienta-
tion effect of the fibres during the deformation, inducing
a conservation of the percolating network.

Relative conductivity
Stress (MPa)

3.1.2. Relaxation test
During the stress relaxation, the viscolelastic properties
of the matrix leads to the well-known behaviour for the
Figure 2 Evolution of the normalized real conductivity at low frequency macroscopic stress versus time. More interesting is the
1 kHz) gnde_rtensile and relaxation te;ts fqrcomposites containing 10%jirect influence of mechanical relaxation @Q which
?nfjé'ﬁ::;lézlf's"tfés(:)(j::ni%(fﬁlﬂﬁg'Ca' fillera) and corresponding increased in amonotonic manner, proving that the holes
in the network, appearing during a tensile test, are re-
coverable during a relaxation test. This implies that,

of fillers in each Composite film. |ndeed, as a|readyin this experimental Condition, the matrix does not fill
mentioned, the composites are filled with nanoscopi¢he holes in the network. The aspect ratio influenced
particles, thus each sample contained a huge number 8{S0 quantitatively the recovery of the electrical con-
conducting fillers (in the order of ) and the macro- ductivity: the composites filled with sticks exhibited a

scopic properties may be seen as an average respori&onger recovery than the ones filled with spheres. The
of local events. evolution of the electrical and mechanical quantity ver-

sus time can be fitted with a stretched exponential law
as

00 006 010 015 020

deformation (g time (sec)

3.1.1. Tensile test b
It is striking thato’ began to decrease as soon as the AX 1— ex —At 3)
sample was deformed meaning, in other words, that X P T

the damage in the network occurs at very low applied

stress. This corresponds to weak fillerfiller interac-ynerea X/X is the relative variation of either the con-
tions within t_he matrix. This compares well with th_e ductivity or the mechanical stress versus times a
low deformation measurements [4]on these compositefme characterizing the relaxation process arid an
that showed that the reinforcement effect is much lowegyonent describing the width of the distribution in re-
than the one predicted by the mechanical percolatiopyyation time. The stress relaxation process described
theory [19, 20] and thereby that the fillerfiller inter- \yith shorter characteristic times ¢ 700 s) than the
actions are weak. Thus., some contacts betw_een filleglectrical relaxation process ( 1200 s) and with a
were broken at low applied stress, and accordingly thg,.oader time distribution as the value of b was equal
conductivity decreased. The damage may be quantyy apout 0.7 for the mechanical properties and to about
fied by the evolution of the relative conductivity from g 5 jn the electrical case. This results, are linked with
the initial state to a given deformation. Fig. 3 displaySihe |ocal behaviour of the matrix surrounding the fillers
the average evolution (on six different samples), veryhere the damage events occurred, and difficult to in-
sus the volume fraction, of the relative conductivity terpret quantitatively. However, the experimental data
may be qualitatively understood by considering that the
macroscopic stress evolution is continue, even at a very

1.0 ! ' ' ‘ ' small scale. On the contrary, the electrical conductivity
i - between to fillers can be considered, in a first approx-
08¢} . { imation, as a binary event (electrical contact or not),
'y I e leading to longer characteristic time with a narrower
<]b 06 L | distribution. We should notice that the distribution in
/2 I - e relaxation time also depends on the stress distribution
~ ) in the composite that is not easy to forecast.
004+ T .
o
© - i
% 02l | 3.1.3. Cyclic deformation
o L In the above section, it as been shown those both
. electrical and mechanical properties depend on time

5 1'0 1'5 éo 2'5 during the stress relaxation. Such a time-dependent
phenomenon is a typical consequence of the viscoelas-
tic behaviour of the matrix. Another way for charac-
Figure 3 Variation of the relative d.c. conductivity versus volume terizing this viscoelasticity is to perform cyclic defor-
fraction for spherical fillers@) and stick-like fillers W). mation. It is of interest, in particular, to quantify the

Volume fraction of filler
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Highly
stretched
polymer

Stress {MPa)

Figure 5 Local stretching deformation of the matrix when the contact
between two fillers is broken.

s.train

damage and the recovery of the network within com-
N posites can be monitoréu situ by measuring the elec-

i trical resistivity. However, the a.c. measurements give
more information than the d.c. ones, the next section
describes the frequency dependence of the electrical re-
- sult for both the reald’) and the imaginary”) parts

. of the conductivity for tensile and relaxation tests, and
thereby attempts to prove that gives qualitative in-
W formations, when coupled with a numerical simulation,
T on the correlation between the damage events.
0.6 | e

09

0.8

0.7

Relative conductivity

0.5 : - - - 3.2. Frequency dependence
0 0.05 0.1 0.15 02  The composites were deformed under tensile tests and
Strain the electrical conductivity was recorded during both
(®) tensile and relaxation test, as described above. The ex-
Figure 4 (a) Mechanical stress and (b) electrical conductivity for a PETiIMents were carried out with volume fractions of
composite containing 20% of stick-like filler under cyclic deformation. 13% for spherical fillers and 4% for stick-like fillers,
that means just above the percolation threshold in both
cases[4]. This choice was motivated by the fact that
electrical hysterisis and, thereby, hysterisis in the mithe conductivity and the permittivity are very sensitive
crostructural state. The mechanical stress and the rele the volume fraction of fillers close to the percola-
ative conductivity for a composite filled with 20% of tion threshold [6]. When two fillers are separated from
stick-like fillers under cyclic deformation is shown in each other during the tensile test, their electrical in-
Fig. 4a and b, respectively, Measurements were peteraction should change from a resistor, describing the
formed on four cycles and the maximum deformationfree carriers, i.e. the electrical contact, to a capacitor,
was increased at each cycle up to 0.2. Again, the memodelling the trapped carriers, i.e. the polarization ef-
chanical stress showed a typical behaviour for a polyfects. Varying the frequency of the applied electrical
mer above its glass transition temperature. The electrifield allows one to vary the relative importance of these
cal conductivityo’ is directly dependent of the strain. two effects; at low frequency the electrical behaviour is
The maximum value fos’ decreased for each cycle, dominated by the percolating network, while the polar-
meaning that the network of hard fillers did not recoverization effects between clusters may have a great im-
its initial state, even for zero stress. Nevertheless, @ortance at high frequency, inducing an increase of the
monotonic increase in the modulus of the compositeconductivity because of its imaginary part. Under such
with the number of cycles was observed, in apparentonditions, an increase of the relative permittivity was
contradiction with the discussion concerning the rela-awaited during the tensile test, corresponding to the cre-
tionship between the reinforcement and the filler frac-ation of capacities when the network was broken. The
tion. Aninterpretation of such a behaviour can be giverreal and imaginary parts of the conductivity for differ-
considering that a very high local deformation of theent frequencies are shown in Figs 6 and 8 for spherical
matrix must occur in a region where fillers are chang-fillers and fibre, respectivelyr’ decreased during the
ing from a contact to a non-contact state. In other wordgensile test, whatever the frequency and the aspect ratio
(Fig. 5), a very high stretching of the macromoleculesof the filler, confirming the breaking of the network. In-
surrounding these filler should occur, and thereby arcreasing the frequency decreased the amplitude of the
increase of the modulus of the composite. variation both folw’ ands”. The permittivity increased
From these experiments, it has been shown thgust for frequency close to 1 MHz, in the case of stick-
the continuous network breaking in random insulatorike fillers and close to the threshold and in both cases,
conductor binary mixtures may be quantified by mea-at low frequencyg” decreased, contrarily to what was
suring the real part of the conductivity. Thus, both theawaited.
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08 08— evant for understanding the electrical properties of the
3 0® . e s o i (. composites described in this study, in the undeformed
g o4 15 LERN st state. In this case [21] the microstructure was defined
3 B 125000 Hz . . . . .
CRrY . y === 02 | sssmmans with the help of a random and uniform distribution of
| ——— e 1000000 Hz . . . . . .
o — L both particle position and orientation. This numerical
0 0.05 5! A . . . . .
Strain Time (sec) simulation was, inthe present work, used to estimate the
" " macroscopic evolution of the conductivity whenever a
1 = T 333333 Hz . .
3 LB —— | local change in the arrangement of the fillers occurs.
3 L REETT—— —— ** | Wew | Asfor instance the evolution on the conductivity from
= . — 0.6 6944 Hz ey
° e = ~ o | the initial state to a deformed or damaged state.
: — :
0 0.05 0.1 0.15 0.2 0 30000 60000
Strain Time (sec)
TRACTION RELAXATION

4.2. Influence of the deformation

Figure 6 Real and imaginary parts of the relative conductivity under A first source of filler rearrangement is a purely geo-

tensile and relaxation tests for composites containing 4.5% of stick-likemetrical effect due to the macroscopic deformation of
filler (the arrow indicates the increasing frequency). the samples. As the modulus of the matrix (1 MPa) is
much lower than the modulus the fillers (1 GPa), the
fillers can be considered as not deformed during the
elling the microstructural evolution of the composites.tﬁns'Ie test. Thys(,j |tf|s easy to Corﬂpll,lte t?te) |2ﬂu¢ncebof
Therefore two numerical simulations were used to de!€ Macroscopic deformation on the local behaviour, by

termine the a.c. electrical properties on the one handPP!ing a linear change of the fillers’ centres of mass
and on the other hand, the mechanical stress at ea@f'd orientation. Defining a§j andV; the centre of
node. These simulations are both, up to now, limited @SS and the unitary vector, respectively for each filler
to the case of stick-like fillers. The aim is to deter- ! IN the underformed state, and aghe true deforma-
mine the influence of the damage in the network and ofion, the position and orientation fillers in the deformed
the purely geometrical deformation on the macroscopiState is governed by

conductivity. After a brief introduction of the numeri-

cal methods, computed data will be shown. From these Ci(e) = Ci x exp) (4)
simulations and thanks to a comparison of the experi-

mental data, a schematic representation of the composnd

ite behaviour under large strain may be given.

The next section describes an attempt for mod

Vi(e) = Vi x expE) %)
4. Numerical simulations _inthe direction of the tensile test and by
Two different simulations were used to describe
the evolution, under tensile test of the mechanical and Ci(e) = C; x expl—s/2) (©)
I - | u

the electrical conductivity. The mechanical properties
were determined with the help of a finite element sim-
ulation while the electrical properties were simulatedd
with an RC type model. The aim of the finite element
model (FEM) calculation is to determine the stress dis- Vi(e) = Vi x exp(~¢/2) (7
tribution on the nodes of a fibre tree under loading,
while the electrical model relates the macroscopic propin the other directions (the vectdr must be normalized
erties with the microstructure. after deformation). A representation of the filler rear-
rangement during the tensile testis displayed in Fig. 7a.
With such evolution, the filler reoriented in the direction
4.1. Electrical modelling of the tensile test, i.e. in the direction of the conductiv-
The details of the electrical simulation used in this studyity measurement. The macroscopic conductivity was
are described elsewhere [21]. The macroscopic propedetermined taking into account the geometrical change
ties of the composites were related to the fillers’ positionof the sample with the help of Equation 2. As depicted
and orientation thanks to an improvement of the calledn Fig. 7b, the reorientation of the fillers in the direction
RC model developed by Clest al. [18] in which each  of the macroscopic electric field induces a decrease of
resistor and capacitor value depends directly on both the value of each capacitor, describing the non-contact
simulated microstructure and the macroscopic properstate, and thereby a decrease of the relative permittiv-
ties measured for each component. Resistors descriliy of the sample. However, with such a simulation, no
the electron mobility between two fillers in geometrical damage in the percolating network is accounted for.
contact while capacitors model the polarization effectdUnder such condition, the percolating volume fraction
between fillers that are not in contact. This numeri-remains constant during the deformation and the real
cal model, based on the construction of a resistorspart of the conductivity rises, due to the correction with
capacitors network, computes the macroscopic electriequation 2. The influence of the damage of the net-
cal properties by accounting for the topology of fillers work on the macroscopic conductivity is described in
in the material. This method has shown [21] to be rel-the next sections.

1757



>‘ T T T T T T T T T T T h
b 104 = N U
> ., . -
- -, 7 L
b ] L% 140 3
'g 0.8 1 '..""- I » e
g - ., Y - 130 -E
ol - "'-.! -, o=
w067 Pt 120 B¢
[] - .., o
-:: e ~._,‘-. 2
304t eeTe f e 1O 3
: - = 1o f
z 0.2 — 2

012 3 4586 7 8 9 10

Number of iterations

(b)

Figure 8 (a) Simulated microstructure of a composite containing 15%
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w

of stick-like filler: initial state, damaged fillers after 5 steps and after 10
; steps (b) corresponding evolution of the real and imaginary parts of the
iy u e . conductivity versus number of steps.
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Figure 7 (a) Schematic representation of the microstructural evolutionFigure 9 Schematic representation of the damage mechanisms in the
of the composite under deformation: initial state (black) and with 20% composite material, initial state (left) and deformed state (right). In the
of true deformation (gray) (b) corresponding evolution of the real andlatter case, the fillers changing from a contact to a non-contact state were
imaginary parts of the conductivity versus the deformation. plotted in grey.

4.3. Mechanical and electrical modelling imental behaviour could not be explained only by the
The mechanical method, based on finite element simudamage in the network.
lation, has also been reported recently [19] and proven With the help of the above-described results, a sum-
to be relevant to model the elastic modulus of a stronglymarized representation of the probable microstructure
contrasted composite materials, and its evolution withevolution during a tensile test is proposed in Fig. 9.
the volume fraction of filler. This simulation is suitable The percolating network has not been totally broken,
in the elastic domain (linear dependence) and does nats the conductivity never reached very low values with
account for the matrix behaviour but only considers thea homogeneous deformation. Thus, the real part of the
filler—filler interactions. In the present paper, the sameconductivity indicates that, during the deformation pro-
simulation was used, but to determine the position otcess, the rearrangement of the fillers is so that a per-
the more stressed nodes within the composite. Theseplating volume fraction is kept. This is probably the
nodes were then supposed to be broken. results of two competitive strength within the material,
The electrical and mechanical simulations, with com-namely: (i) the stress localization due to the difference
plementary roles, were combined together. Thereforehetween the behaviour of the matrix and of the filler,
the resistors, accounting in the electrical simulation forthis stress localization tending to break the network;
the contact between two fillers, were changed to capaciand (ii) to the attraction of the filler with each other,
tors once they broke. Fig. 8a displays the microstructurelue to the high matrix deformation required to break a
in the initial state as well as the broken fillers increasingcontact. These competitive strengths have been charac-
the number of steps, Fig. 8b shows the correspondintgrized by different tests under high deformation. The
evolution for the electrical conductivity.’, of course, evolution ofo” can be explained qualitatively by a gen-
decreased as the number of conducting paths in the maral process of reorientation of the filler in the electric
terial was lowered. However, the relative permittivity field (in the case of rod fillers) rather than by local
was found to rise. This behaviour, in disagreement withphenomena, such as only the damage of the network.
the experimental observation, indicated that the experEven if this information is only qualitative, it is very
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interesting and in good agreement with the observaparticular, present stronger interactions with each other

tion that the composites exhibited no necking duringwould be very interesting.

deformation. The weak fillerfiller interactions proba-

bly also leads to the breakage of dead-ends and even

of isolated cluster during the tensile test. This break-Acknowledgements

age would induce a further decrease of the permittivity,The authors would like to thank the Region drig”

which cannot, however, be verified as the mechanicallpes for financial support and the CEA (Commissariat

simulation failed to predict the stress on these elements 1’Energie Atomique) for providing the Castem 2000
finite element analysis code. B. Ernst from EIf Atochem
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5. Conclusions

This work has dealt with the a.c. electrical properties
measurements under large strain of composites strong
contrasted in the viewpoint of their electrical and me-
chanical properties. A good correlation between elec-
trical conductivity and mechanical stress with different
kind of solicitation was measured. The macroscopic
conductivity and stress evolution were very smooth, 3.
due to the nanoscopic size of the fillers. Real part of
the conductivity at low frequency versus deformation *
is explainable in terms of damage in the percolating g

with spherical than with stick-like shapedfillers. Cyclic

deformation tests have also been performed, which shed’ -

some light on the importance of the very high local &
deformation of the matrix on the macroscopic proper- 4
ties. The imaginary part of the permittivity was found

to increase at high frequency close to the percolationo.

threshold and in the case of high aspect ratio flllers
This is probably to relate to the formation of capacity 1
with very high values when the network is broken. This

conditions, when the permittivity is very sensitive on

the volume fraction of filler, and a decrease of the polar14-

ization effects is, on the contrary, measured in the othe
cases. Although the a.c. electrical behaviour of such

composites under high deformation is very complex (a.

complete and comprehensive explanation of the mea-

sured data cannot, yet, be given), the coupling of a.cl”:

electrical measurements and numerical simulation per;
mitted to indicate that the damage mechanisms were

not localized on the network. Such information is in 19,

agreement with the evolution of the conductivity from
very low deformation levels, i.e. with low stress. This
method is very powerful as it allows the understand->
ing not only of the damage in the network but also,;
the possible correlation of the network breakage. Dif-
ferent numerical tools have been developed during this

63.
phenomenon was, however, only measured in particulars.

18.J. P. CLERC, G. GIRAUD, J. M.

.L. FLANDIN, M.

lating latex and fruitful discussions.
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