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We have a word game in English called “Twenty questions.” To play Twenty Questions,
one player imagines some object, and the other players must guess what it is by asking
questions that can be answered with a “yes” or a “no.” I imagine every language has a
similar game, and, for those of us who speak the language of science, the game is called

The Scientific Method.

Barry K. Sharpless
Speech at the Nobel Banquet
December 10, 2001






“Foreword”: what is this document?

1- Why does one need an “HDR”?

Although not as clearly defined as Ph.D.’s, the “Habilitation a Diriger des Recherches” is an im-
portant step for French faculty (similar degrees do exist in other European countries, and outside
Europe as well). There are two reasons for this:

e The main reason is for them to be eligible for promotions.

e The degree also allows someone to be the official advisor of Ph.D. students.

2- How does one get the “HDR”?
This HDR report and defence are meant, roughly following the official text, to:

e Show an innovative approach in a given scientific area.

e Describe the ability to conduct scientific research.

3- Please note ...

This report isn’t a Ph.D. (or a “second Ph.D.”| like it used to be). The main difference with a Ph.D.,
is that this is not based on original results. It also is supposed to be broader than a Ph.D. and yet
more concise!. It can’t be considered as a review of the literature either, because it is essentially
based on the papers co-authored by the candidate.

——— & How do I quote this report?

Please don’t!
Although you will find unpublished materials
in it, this manuscript is essentially based on
co—authored papers, quote them preferentially

Thank you !

! As a result the original publications were modified and reorganized. You may sometimes have to read the original papers to
find experimental details.
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Introduction

My research interests are primarily focused on the effect of filler particles and other heterogeneities on poly-
mers.

I have worked on many projects, but there are several things that they all had in common. First, nearly
all projects involved searching for the structural parameters that governed the macroscopic properties of
the polymers and composite materials. A second common denominator is that even though my work was
performed in an “academic context”, the goals were targeted toward industrial needs. Lastly, the methods
and procedures were similar; they were all based on experimental results obtained for various scales of
measurement (see Fig. 1).

Hence, multi-scale modeling was very useful and beneficial for these projects. The models developed (mainly
numerical and sometimes analytical) were initially derived from experimental evidence and then validated
and improved with further experimentation. The refined models provided an efficient means of: (i) optimizing
the composites according to specific needs, (ii) better understanding the hierarchical relations between the
different scales, (iii) controlling the micro or meso structure and thereby the macroscopic properties.

This study of the relations between structure and properties was performed on a wide variety of physical
properties and materials. However, the electric and dielectric properties of composites constituted the major-
ity of it and will be presented in this report. The remaining property investigations provided supplemental
but valuable information. This work often requires altering various conventional experimental techniques or
using well-known techniques for new purposes. I also developed, when needed, several unconventional but
necessary measurement techniques.

This report contains two major parts which are separated according to the nature of the fillers:

Part I : Conducting fillers. In the first part, the main interest both for application and fundamental
point of view, is related to the changes in properties in the vicinity of the sharp percolation transition.
After a brief introduction to the percolation theory, this part will be subdivided in three chapters:

Chapter 1. presents a numerical method that correlates the mesostructure to the macroscopic electrical
properties both in two and three dimensions.

Chapter 2. will show that an external variable (the mechanical stress) may largely alter the microstruc-
ture of the percolating network within composites as revealed the macroscopic conductivity. The
understanding of the mesoscale changes will be based on the chemical structure of the polymer
matrix.

Chapter 3. is devoted to the description of a unique case in term of percolation behavior, which made
possible the control of the phase arrangement within the composite and thereby the control of the
macroscopic resistivity.
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Part II : Insulating fillers. In the second part, the main interest is to obtain good electrical insulators,
i.e. that can withstand large electric fields. This part thus starts with a brief introduction to the common
failure mechanisms, associated with the dielectric breakdown and is also divided in three chapters:

Chapter 4. is devoted to the description of a numerical simulation of the relationships between
mesostructure and dielectric breakdown.

Chapter 5. reveals the influence of the processing conditions of a composite utilized in the industry on
the microstructure and the quantitative consequences on breakdown properties.

Chapter 6. presents the aging of these composites under “real word” conditions which will further be
compared to accelerated aging performed in controlled conditions, in the laboratory. A comparison
of the two aging situations will furnish a quantitative understanding of the relative influence of the
chemical and physical contributions to the aging process.

This report will then be concluded with a description of the current and future projects.

"macro” (mm-cm) © o
3> Added value (€..) OV/////
"meso” (nm-mm)
> filler particles

: “micro” (nm)
=2 chemical interactions

Figure 1 : The “multi-scale approach”: definition of the main three scales utilized in the manuscript: 1- macroscopic
scale, essentially that of the final product, 2- mesoscopic scale, corresponding to the size of the biggest heterogeneities
i.e. the fillers in the present case, and 3- microscopic scale, that of chemical interactions. This figure was developed
with Prof. Patrice Mélé for the Master’s lectures. This was largely inspired by Fig. 9 in publication (1)
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Part 1

Conducting fillers






Macroscopic point of view of the

percolation process

Introduction?

Polymers contain a very low concentration of free
charge carriers, and are therefore generally good elec-
trical insulators (see part 2, page 43). However, con-
ducting plastics or thermosets are useful for many ap-
plications(G). Electrical conductivity can be achieved
by incorporation of highly conductive fillers, such as
carbon-black (CB) particles, carbon fibers, metallic
fillers, or intrinsically conducting polymers(6).

The transition from an “insulating” to a “conduct-
ing” state in a composite by gradually adding fillers to
a polymer is brutal, mainly because of the huge differ-
ence in electrical conductivity between the two phases
(generally more than 10 orders of magnitude). This
sudden transition23) in the macroscopic properties
of a composite (most often the electrical conductivity,
but many other quantities may be concerned) defines,
for a given system, a critical volume fraction of fillers
called the percolation threshold ; the related transi-
tion is named the percolation transition.

V<Vc V=\Vc

| l | ]

[ . e
‘—tHy LT | ]
| :
— ||J |

V>V

Figure 2 : The three basic connectivity states on a net-
work as a function of the number of active bonds.

The introduction of the percolation concept is gen-
erally credited to Broadbent and Hammersley for
their pioneering work(7)7 published in 1957. The most

2this description is brief an only aims at giving the basic
concepts, the reader interested in more details should refer to

(2;3) 4:5)

the numerous books and review on the topic.

prominent(4) mathematical description of the tran-
sition is the statistical percolation model, first pro-
posed by Kirkpatrick(g). The aim of the statisti-
cal percolation theory is to predict the behavior of a
non-completely connected set of objects. By varying
the number of connections, this model describes the
transition from a local to an infinite “communication”
state, Fig.2. “Statistical percolation” assumes that the
fillers are not interacting with each other or, in other
words, that they are randomly dispersed within the
(3), Under such condition a binary mixture can
be modeled® with a lattice possessing a given frac-
tion of active sites (or bounds) randomly chosen, i.e.
independently of the occupation status of their neigh-

matrix

bors. Sufficiently close to the transition, the statisti-
cal percolation predicts a power law variation for any
relevant quantity with the volume fraction of fillers.
The statistical percolation model can be used to
determine variations in both geometric and physical
quantities in the vicinity of the percolation threshold.
Among geometric quantities, the correlation length
occupies a very important place. The correlation
length is defined as the average distance between two
sites belonging to the same cluster3. It is directly re-
lated to the cluster formation and reaches very high
values on both sides of the transition. Close to the
threshold this parameter follows a power law diver-
gence®): ¢ = |V — V.|7", with a value of 0.88 for v
in three-dimensional systems. In the statistical perco-
lation theory the divergence of the correlation length
or, in other words, the formation of an infinite cluster,
is not due to any agglomeration, which should involve
a driving force and a diffusion process, but to an in-
creasing amount of randomly placed occupied sites.
The main macroscopic quantities, namely dielectric
constant (¢) and dc electrical conductivity (o), also

30ne can in a first approximation consider that £ is the size
of the largest clusters for a given configuration.
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exhibit a power law dependence close to the percola-
tion threshold %:10):

eoc [V —Ve|™® (1)

and, for V>V

oo |V = V[ (2)

The exponents s and t, characterizing the transi-
tion, are assumed to be universal i.e. to only depend
upon the dimensionality of the system, see Table. 1.
In three-dimensional systems the universal values are
t ~ 2 and s = 0.7 for the conductivity and for the

(), Experimentally

dielectric constant, respectively
both universal and non universal values have been re-

ported(12) for the exponent ¢, Fig. 3.

12 T T T T T T
10 |- - = Carbon-based + organics
® Metal-oxide TFRs
& Granular metals
8 = m
t I &
L !
6 - .
W -i
- -
...
4k -i- . - .
*
Fat R
' S B AT Sk kb =
0 1 1 1 1 1 1
0.0 0.1 0.2 0.3 04 05
X

Figure 3 : Collection of critical exponent values ¢ and cor-
responding critical threshold concentration xc for various
disordered conductor-insulator composites. The dashed

line denotes the universal value t ~ 2.0, from Vionnet-

Menot et al.(13).

Experimental data reported(14;15;16), for the expo-
nent s are generally in agreement with Eq. 2, although
a controversy exist on the latter(1718:19:20) 4 ref.

erences therein.

Counterintuitive features on percolation

The percolation transition is a mature theory that is
used in many area of research. Reading many papers
on this subject, one may however notice that four
basic features remain somewhat poorly understood.

Cond. | exp. div. 1D 2D 3D
Plp>p.| B |p—p) P | 0| 5/36 | 04
S Vp ~ lp—p|™” | 0 | 48/18 | 1.8
G| Vp a |lp—pdf>>| 0 | —2/3 | —0.6
13 Vp v lp—pe™ | O 4/3 | 0.89
€ Vp s p—p™® | 1 | 135 | =0.7
o lp>pe| t (p— pe)t 0 | 5/36 | =2
plp>pe| t (p—pe)t | 0| 5/36 | ~2

Table 1 : Collection of Universal exponents describing

the percolation transition, in the vicinity of the percola-
tion threshold. Geometrical quantities (P: strength of the
percolating network, S: average size of finite clusters, G:
number of finite clusters and &: correlation length). Phys-
ical quantities (e: permittivity, o: conductivity [S.mfl},
p: resistivity [Q.m].

o oo oo
0 80 00 %)(SE

S, GE, = P

\Y Y

C

Figure 4 : Summarized representation of the percolation
process. The geometrical and physical quantities are pre-
sented on linear arbitrary scales.

The first one concerns the experimental determina-
tion of the critical exponents, the second one concern
the actual reason for the divergence in permittivity,
the third one is related to the finite size effect on the
percolation threshold and the fourth one is related to
the concept of “universality”.

1- The exponents...

The critical exponents are named like this because
they describe the behavior or the physical quantities
around a critical transition. It can also be thought
that their name came from the fact that they “cri-
tique” the strength of the transition.

An example of dc conductivity measurements, at

HDR L. FLANDIN ;

LMOPS, UMR 5041 CNRS — UNIVERSITE DE SAVOIE
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Figure 5 : dc electrical conductivity as a function of filler
content (case of spherical filler) and comparison with per-
colation theory [Source: (21)] .

room temperature, is plotted in Fig. 5. Using a least-
squares fit (solid lines), the conductivity exponent ¢
and the percolation threshold V. of Eq. 2 can be de-
termined.

This method seems so straightforward that the un-
certainties on the values are regularly not mentioned
in the literature?. It is, however, rather well-accepted
that the absolute value for the percolation threshold
strongly depends on processing conditions. Indeed,
if one wants to create an “infinite” cluster, one has
By
the way, “do interactions raise or lower the percola-
tion threshold?”.zzAn excellent paper on the subject
(22)

that there is no answer to the “simple” question. The

to consider the interactions between the fillers.

from Bug et al. , would actually convince anyone
Chapter 3, page 31 of the current report will also be
devoted to this question.

In addition, the value of the percolation threshold,
much like any experimental value, can not be deter-
mined with an infinite precision. As a result, the in-
sert in Fig. 5 can hardly® be lower than few 1073
One can indeed not get closer to a given value than
the error on it. Getting V — V. ~10~3 already means
that V, is known at 0.5x10~%.

Even though the absolute value for V. does not have
a physical meaning, it is quite important because it

4You may think this is not specific to the critical exponents,
you may even be right about it.

SHere I have to quote fruitful discussions with Jéréme
Fournier who actually was the first, when we were grad. stu-
dents, to clearly point out this notion of “distance to V.”.

-2.0 T T T T T

25+ g
5 -30¢+ g
<
2 -3.5¢+ i
=
B
2 40 B
fy
Q
O 45} B
54 Vc =5.1 vol.%
- 50l e Vc=50vol% ||

v Vc=4.9vol.%
_55 L 1 L L
-3.0 -2.5 -2.0 -1.5
Log (V-Vc)

Figure 6 : Sensibility of the percolation threshold on the
determination of the critical exponent. Slightly varyingV.,
t varied from 1.76 £ 0.02 to 2 + 2.x10719 to 2.18 + 0.02.
Note that the quality of the fit is not much affected by the
changes in V.

strongly alters the values of the “universal” critical
exponents. On Fig. 6 an example is given with a series
of virtual experimental results. It was first assumed
a percolation threshold of 5 vol% with an exponent
of exactly 2. By changing the percolation threshold
by only 2%, the exponents varied from 1.7 to 2.2.
This may explain why several values in the literature
were reported for the universal exponent t (generally
t = 1.7 and t = 2). This is obviously not the case
for the geometrical values that can not be determined
experimentally.

2- Divergence of the permittivity

As described above, the exponent s is still the sub-
ject to a controversy. It was even claimed -it is hard
to deny we even were among the firsts(23)- that the
permittivity does not even diverge in the vicinity of
the percolation threshold. Because of the very”sharp”
expected divergence for the permittivity (the critical
exponent should be 0.7) , clearly verifying this would
require to develop a series of especially designed sam-
ples for which the percolation threshold is very ac-
curately known and that present very reproducible
behavior.

Here again there is a very strong experimental is-
sue, related to the fact that above the percolation
threshold tand becomes very close to zero at low fre-
quency and the permittivity is virtually impossible to
determine accurately.

HDR L. FLANDIN ; LMOPS, UMR 5041 CNRS — UNIVERSITE DE SAVOIE
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One should however bear in mind that, although
this point presents few experimental evidence, the
theory does give very strong reasons for the divergence
of the permittivity in the vicinity of the percolation
threshold. Let’s consider the well-known expression

for the capacity :

C = EosrL—O
where g is the vacuum permittivity and ¢, the rela-
tive permittivity of the material, A the Area and L
the thickness of the capacitors.

As depicted in Fig. 7, increase the correlation length
induces an apparent decrease the value of Ly. As a re-
sult, for a constant intrinsic &,., the capacitance value
diverges, which leads to the divergence of the appar-
ent permittivity.

Without filler
|
|
Potential
_ - 1
distance T
V<Vc;V ~\Vc
|
I
Potential
L AS
— _
distance @ e

Conducting path

Figure 7 : Simple geometrical explanation for the diver-
gence of the permittivity observed close but below the per-
colation threshold

3- Size effect?

Another counterintuitive feature concerns the finite
size effect on the percolation threshold. It seems
rather natural to say that decrease the size of the

“sample”, either on numerical (see Fig. 8) or real ex-
periments would decrease the percolation threshold.
There is even a wrong explanation to this : “the cor-
relation length does not depend on the size of the box,
so if I decrease the size of the sample it may be lower
than the correlation length, therefore the percolation
threshold will be reached for lower volume fractions”.
This “demonstration” hides the fact that a sample
with a size below the percolation threshold can not
be representative of the statistical system. As a re-
sult anything can be found for the percolation thresh-
old and the error will be high.
of the sample actually reduces the error on V, with-
out changing the average value Fig. 8. In conclusion,
the statement “the percolation threshold is lower than

expected because the samples were not big enough” is

Increasing the size

wrong twice, once because the size of the sample does
not affect V. and a second time because there is gen-
erally not much to expect from the absolute value of

V*C6

L=4 L=10
L=32 L=64
N 0,0 0,2 0,4 0,6 038 1,0
= 10 L L L ! 1.0
% —L=16
O " |32 08
o L=128
b —— =256
O o064 L=512 0,6
P ——Ls=inf
(@]
o= 0,4 16 0,4
E Increase the size of the box
8 0,2 < increase resolution
6 Inf
., Inf.
& D‘U T T T T D‘D

0.4 06 08

o
o

0,2

| ActiVe boLlnds

Figure 8 : The percolation threshold does not depend
on the size of the box, however increasing the size of the
system reduces the error on the estimation of V.

SWithin a given series of similar samples a comparison of the
V. may be interesting. In some cases -short fiber, etc.- one can
actually “understand” the value of V..

HDR L. FranpIN ; LMOPS
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4- Principle of universality

There are two basic assumptions in the principle of
universality. The first one is geometric : the fillers are
randomly dispersed within the matrix. The second
one relates to the conduction mechanisms between the
fillers. It thus can be summarized as follow:

Random dispersion of the fillers
+ No “trickso” with the conduction mechanisms
= the exponent t ~ 2

OThe main thing that can go wrong is a non Ohmic behavior, as revealed by
current-voltage characteristics. The temperature dependence can be useful as

well to identify the nature of the conduction mechanisms.

This “equation” does oversimplify the problem and
could never be published or would be the subject of
a strong controversy. It can however be considered
as a starting point one should keep in mind, to pre-
vent things like “This is a universal behavior with a
different exponent”, or “In the case of a universal be-
havior, the values for the critical exponents depend on
the nature of the sample (network or continuum)”.
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Chapter 1

A numerical approach of the meso-macro

relationships

© Abstract ©
The relation between microstructure and electrical properties of polymer reinforced by electrically conducting

nanofibers is investigated using a RC type simulation. Real and imaginary parts of the conductivity vs.
the frequency and the filler fraction are presented both for two- and three-dimensional systems. In the latter
case, resistors and capacitors values are deduced from a random microstructure and the measured macroscopic
properties of each component. These results are compared with experimental data obtained on a nanocomposite

material composed of electrically conductive fillers dispersed in an insulating matriz.
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1.1 Introduction

The first publication concerning simulation of the
conductivity of insulator-conductor networks was re-
ported in 1973 by Kirpatrick.(S) As already mentioned
this work lead to the first values for the critical ex-
ponents. Since this pioneering work, the numerical
methods have been considerably improved, especially
for the understanding of the ac response,(g) that con-
tains much more information than the static one. In
particular, the RC model (RC stands for Resistor, Ca-
pacitor) has been developed to explain the frequency
dependence of the complex conductivity. Basically,
this model describes the electrical properties of the
composites with an appropriate choice of bond con-
ductance on a given network. The contact between
particles is identified with resistors while the capaci-
tors model either the inter cluster polarization(g)
the anomalous diffusion within clusters(24). Improve-
ment of this RC model, namely R—RC(9;25§26?27?28),
and RLC(2Y) models, have also been proposed to cor-

or

relate the optical properties of conductor- insulator
mixtures with the local conduction mechanisms. For
example, Clerc et al.(%), showed that resonant phe-
nomenon in the optical properties of composites can
be accounted for by numerical simulations using an
RLC model, Fig. 1.1.

As already mentioned, these simulations were de-
veloped on incompletely connected networks in which
the bonds (or sites) are active with a given proba-
bility. Changes in both real and imaginary parts of
the conductivity can be related to changes in morpho-
logical properties of the composite. Thus, the sharp

Figure 1.1 : Numerical simulations on a square lattice
of links. All sites are occupied by conducting grains. The
links bold a distribution of resonant circuits, from Clerc

et al.(26).

increase in the dc conductivity is related to the in-
creasing number of paths created on the network by
increasing the probability of the random occupation.
The divergence in the relative permittivity is corre-
lated to the divergence in the correlation length.

Nevertheless, many parameters may influence the
final microstructure of heterogeneous Composites,(4)
The
geometrical properties of binary mixtures have also
been simulated, mainly to determine the influence of
particle interactions3?) orientation®1) or aspect ra-
tio(32:33;34;35)
old.

Several solutions have been proposed in the case
(33)
velop a numerical simulation that combines geomet-
rical and electrical properties or that, in other words,
relates the macroscopic electrical properties of com-
posites with their meso structures.

thereby influencing the electrical properties.

on the value of the percolation thresh-

of diluted systems. It was also of interest to de-

The processing of polymer-based composites con-
sisting of an insulating matrix and conducting
polypyrrole fillers used in the present study was de-

scribed in(21:36:37:38)

Fillers with a high aspect
ratio (close to 15) were obtained through the poly-
merization of polypyrrole onto the surface of cellu-
lose whiskers. The materials were prepared by mix-
ing aqueous suspensions of conducting and insulat-
ing polymers. The suspensions were freeze dried and
compression molded to obtain homogeneous films hav-
ing different filler contents. The fillers were dispersed
within the matrix with a random position and orien-
tation and these composites qualified to validate the
numerical simulation.

1.2 2D systems

1.2.1 Definition (2D)

For the 2D simulation, both square networks and ran-
dom Voronoi tessellation were utilized, Fig. 1.2. The
Voronoi diagrams were obtained with help of the Tri-
(40:41) A network was built, with a
fraction p of randomly positioned active edges substi-

angle software.
tuted in a RC' circuit by resistors, while the nonactive
edges were replaced by capacitors. Resistors and ca-
pacitors values are usually, in the RC model, chosen
either to be constant or to follow a given statistical
distribution -Gaussian, etc-. In the present approach,
their value were meant to reflect the local geometry.
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Figure 1.2 : 2D random tessellation with Voronoi poly-
gons (1000 edges). This graph was obtained with a prob-
ability of active bounds p equal to 0.6. Black segments
represent active bounds (resistors) and the gray links rep-
resent non-active bounds (capacitors). Schematic represen-
tation of the electrodes, the voltage source, and the current
measurement resistor [Source: (39)] .

Thus, by defining the distance between two nodes i
and j as D;;, the values of the resistors were calcu-
lated from:

(1.1)

where p; is the linear resistivity of the active edges.
The values of the capacitors are governed by:

Rij = py * Dj;

Cij = K/Dj; (1.2)

where K is a second adjustable parameter, related
to the dielectric properties of the matrix. However, as
already outlined,(25) the parameters p; and K are dif-
ficult to compare with any measurable quantity (this
point will be further discussed in the section concern-
ing the 3D simulation).

As schematically depicted in Fig. 1.2, different
measurement elements were placed in the network,
namely: (i) two electrodes on two opposite sides, (ii) a
tension source between the ground and one electrode,
and (iii) a known resistor (called measurement resis-
tor) between the ground and the other electrode. The
electrodes consist of resistors with a very low values
(10712Q) between the edges crossing the top edges
on the one side and the bottom edges on the other
side. The tension source was a sine wave voltage of
10V in amplitude in a frequency range from 10 Hz

to 1 M Hz. The measurement resistance was chosen
with a value of 10 Q. The output of the computa-

*

.+ determined across the

tion was a complex voltage
measurement resistance (R,eqs). Defining Vi, as the
applied voltage, the admittance Y* of the simulated

composite is governed by:

1 Vin

— =R ea — -1

Y meas (‘/out >
The RC circuits were solved with the help of

“Spice 3f5” software(42?43), developed at the Univer-
sity of California, Berkeley.

(1.3)

1.2.2 Results (2D)

10°
1074 ]
1024 150000 o
2
1034 &
u 4 a0000
. =
g 1o ;;
S 430000 5
1074 -
3 g8 A
-
1073 120000 5
1074
10 10000
9
1073 1o
10-1“

00 02 04 08 08 10
Occupation Probabilicy

Figure 1.3 : Real (W) and imaginary (O) parts of the
conductivity at 1 kHz vs. occupation probability for a
2D Voronoi tessellation [Source: (39)] .

Simulations were performed with lattices contain-
ing about 10% edges, with different fractions of active
bonds. Fig. 1.3 displays the evolution of the real and
imaginary part of the conductivity for a 2D Voronoi
The re-
sults agreed well with the prediction of the percolation
theory. In particular, the real part of the conductivity
was found to remain almost constant up to an active
bond fraction close to 0.6. This value for the critical
probability is in agreement with the one found on a

network as a function of the active bounds.

2D random Voronoi tessellation of the plane(44). For
higher occupation probability a sharp increase cor-
responding to the percolation transition is observed.
The imaginary part of the conductivity diverged at
the percolation threshold, as predicted by the perco-
lation theory. The data obtained for both the real
and the imaginary part of the conductivity vs. the
filler content were fitted to power law equations. The
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t S P.
Voronoi 1.240.2 1.1£0.2 0.62+0.05
Square 1.3+0.2 1.2+£0.2  0.5+0.5
Universal 2D 1.3 1.3 E—

Table 1.1 : Numerical values for the critical exponents s
and t calculated on a 2D random network, and comparison
with predictions of the percolation theory [Source: (39)]

critical exponents obtained for 2D Voronoi diagrams
and square networks are summarized in Table 1.1.
As expected, the values for these exponents con-
firmed that the RC model with random occupation
of edges is consistent with the statistical percola-
tion theory.(2?3) ThZE)percolation threshold p. could,
(49)

imental value, thus limiting the application of this

however, not easily be compared with the exper-
Furthermore, the macro-
scopic conductivity as well as permittivity depends
on adjustable parameters. The local resistors and ca-

model to real materials.

pacitors which were thus only loosely connected to the
real microstructure. To overcome these drawbacks, a
more realistic 3D model was developed. The aim is to
relates the local R and C values of a RC type model
to geometrical features of the 3D reinforcement in the
polymer.

1.3 3D systems

The 3D ac electrical properties were determined in
three steps, namely (i) the generation of the com-
posite, (ii) the computation of the RC circuit corre-
sponding to this microstructure, and (iii) the network
resolution. The model proposed here corresponds to
an inter-cluster polarization', which assumes that the
polarization effect between clusters is responsible for
the macroscopic permittivity.

1.3.1 Generation of a Random Composite

The first step involved the definition of random set of
Ny fibers in a given volume. All particles were cho-
sen with the same size and placed into a cube (corre-
sponding to the matrix). The volume L? of the cube
was homothetically adjusted to obtain the desired V.
The position of each filler ¢ within the cube was de-
fined with five parameters Fig. 1.4-a.

Inter-cluster polarization is opposed to the anomalous dif-
fusion model 24

Fiber (i)

Figure 1.4 : (a) Definition of the short fiber’s positions in
the cube being modelled, and (b) example of microstruc-
ture with 500 elements. Periodic conditions were applied
in the Y and Z direction and the conductivity was com-
puted in the X direction. Fibers intersecting the boundary
of the cube in the X direction were cut [Source: (39)] .
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The first three parameters give the coordinates (x;,
Yi, zi) of an extremity of the particle and the two other
parameters defined ¢; and 6;, the orientation of the
fiber. A random and uniform distribution of both the
particle’s positions and orientation was obtained with
(i, Yi, 2i), ¢; and cos(6;) varied randomly and uni-
formly from 0 to L, 0 to 27, and —1 to 1, respectively.
Periodic boundary conditions were applied in two di-
rections to avoid boundary effects and the electrical
properties were measured in the third direction. For
this reason, the elements crossing the surface of the
cube in the last direction were cut. An example of the
final microstructure with 500 elements is displayed in
Fig. 1.4. Once the microstructure was set, the corre-
sponding RC circuit could be built in a similar way
to that used for the 2D systems (Fig. 1.2).

1.3.2 Equivalent RC Circuit

Basically, the RC circuit is developed on the nodes of
a network corresponding to the fibers center of mass.
Each filler ¢ is assumed to develop an electrical rela-
tionship with its N, surrounding neighbors. The N,
value was fixed with the help of the average coordi-
nation number of the 3D Voronoi tessellation zs that
has been calculated analytically by Meijering(46) and
found to be z; = %772 + 2 = 15.54.

The number of the closest neighbors for each parti-
cle was therefore set to 16 and the other particles in
the matrix were disregarded. The latter assumption
corresponds to a statistical screening of the electrical
field. Between a pair of closest neighbors (i,7), ei-
ther a resistor or a capacitor was added to the circuit,
depending on the geometrical contact between these
particles, leading to a RC' network schematically dis-
played in Fig. 1.5-b.

The geometrical contact between fibers ¢ and j was

modeled by a resistor between nodes ¢ and j. The
value for this resistor can be estimated by:
4.(L;+ L,
Rij = pi( . J) (1.4)

- d?

where L; and L; correspond to the lengths of the
element ¢ and j, respectively, d is the diameter of the
particles, and p is the macroscopic resistivity of the
filler. Under such conditions, p includes the contact
resistance between the particles and no adjustable pa-
rameter corresponding to the interparticle resistivity

Figure 1.5 : (a) Determination of the equivalent ca-
pacitor value: dashed lines represent the assumed field
lines, and (b) Schematic representation of the microstruc-
ture and equivalent RC' circuit. The dashed lines repre-
sent the capacity and the solid lines represent the resistors
[Source: (39)] .
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was added to the simulation. However, Eq. 1.4 as-
sumes the filler always contact to one another at their
extremities. This non-realistic assumption could be
replaced by a better one that makes a statistical cor-
rection for R;; depending on the calculated total num-
ber of contacts N, in the composite. The latter lead-
ing to:

4. (LZ' + Lj)

- d?

Ny

Y Ny + N,

=p (1.5)

The determination of an “equivalent capacity” be-
tween to fillers is much more difficult. When two iso-
lated fillers ¢ and j were not in contact, the mutual
capacity had to be estimated. Therefore, the fillers
1 and j were considered as the “plates” of a capaci-
tor. Gauss theorem states that the net flux out of a
closed surface is equal to the enclosed charge divided
by the permittivity of the medium. This can be ap-
plied to determine the electrical charge Qepnciosed, for
two plates separated by a dielectric medium with a
The flux of the electrical field
on Y, a closed surface containing a plate, is:

jfiiﬁ dA =

where g is the vacuum permittivity and e, the rela-

permittivity € = ege;.

Qenclosed

1.6
- (1.6)

tive permittivity of the material. In the case of paral-
lel plates, the electrical field is equal to the ratio be-
tween the applied voltage U and the distance between
the plates Ly. Using the definition for the capacity
C = Q/U and Eq. 1.6 , one finds the well-known ex-
pression for the capacity :

C = epe,

Loy

However, when the plates are rods that are nei-
ther parallel to one another nor perpendicular to the
macroscopic electric field, the capacity between the
elements is unknown. Furthermore, the lines of the
electric field are unknown and one cannot easily apply
Eq. 1.6. Thus, to estimate the value for each capacitor
one has to make an assumption on the local electric
field. The most realistic way seemed to assume that
the electric field lines are segments on the ruled sur-
face including the two rods and parallel to the com-
mon perpendicular to the two rods, Fig. 1.5(a). The
value for the capacity was computed with the Gauss’
theorem for a small element in the plate, where the

electrical field is constant. The total capacity is con-
sequently a finite sum of capacities associated in par-
allel. Thus, if one calls 7; (k) and x_;(k:) the vectors of
the elements ¢ and j corresponding to the line field k,
%
ni;
trical line field and the filler orientation, respectively,
and A = L;/N is the length of a local capacity, the

total capacity value is equal to:

and U the unit vectors describing the local elec-

nd ATV

Cij = E0€r Z |?(k)
k=1 '

“T R~ d

(1.7)

where the product d.A is the surface of an elemen-
tary capacitor. The vector product accounts for the
orientation of the filler in the local field, while the
denominator gives the distance between the elemen-
tary surfaces. This distance cannot become negative
because the particles do not overlap in this the case
(when two particles do overlap this calculation is not
performed and a resistor is inserted in the equivalent
circuit). Eq. 1.7 for the capacity, in comparison to
the classical expression, presents the advantages of in-
cluding the relative positions and orientations of the
particles. It corresponds to a dipolar approximation
and to a linear dependence of the ac response with
the electric field, suitable for electric field with low
intensity and frequency.

1.3.3 Resolution of the Network

The 3D simulation permitted the introduction of a
real physical scale in the simulated composite and
thereby permitted the determination of its intrinsic
electrical properties. Thus, the admittance was cal-
culated, like for the 2D version, using Eq. 1.3 and the
intrinsic conductivity ¢* was obtained with:
=Y*/L (1.8)

As
already mentioned, to allow a quantitative compari-

where L is the size of the cube defined above.

son between the experimental and simulated results,
the values of resistors and the capacitors introduced
in the network are directly related to the macroscopic
properties of each components. Thus, both parame-
ters €, and p in Eqgs. 1.5 and 1.7 were measured, with

conductive fillers prepared in the same manner as the
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composite films and for a film free of filler, respec- | . . . .
tively. The parameters were found to be p = 0.1Q.m 1107 o—o—o—o——=a— 110 +
and g, = 2.1. ¥ s 18 %
It is interesting to determine the order of magni- 3 . {6 £
tude for the resistors and capacitors in our composite. E:
The fillers were 2um in length and 140nm in diame- v % 1° §
ter. The use of Eqgs. 1.5 and 1.7 gives R = 107Q) and £ 021 —
C = 10~ F, which gives a ratio R/C = 10% which f 00. 1o :
was a far to high a value and caused computational :

problems. Nevertheless, a linear “change” of the size of
the particles (for instance from 1um to 1m) decreases
the resistor’s values (R = 10'Q) and an increase in
the capacitor’s values (C' = 1072 F) without any
change in RC = 107! s7!. We verified that the fi-
nal results for the macroscopic conductivity, in S/cm,
remained constant with such a scale change and it was
applied in the rest of the calculations®. The decrease
in the R/C ratio to 103 reduced the CPU needs and
the numerical uncertainties.

1.3.4 Results on the Random Microstruc-

tures

The following section summarizes the results of con-
ductivity simulations based on the described model.
The output from the simulation, with a constant num-
ber of 4000 elements but for different filler contents
was compared with experimental data. The correla-
tion length £ represents the pertinent scale for the in-
vestigations of disordered media®). Close to the per-
colation threshold, & is governed by & = &y |V — V|7
with v 2 0.88. Thus, to avoid finite size effect, the
simulations were performed for |V — V.| > 1072, Un-
der such condition the correlation length was always
lower than 10 um, Fig. 1.6, whereas the size of the
cube was greater than 20 pym.

1.3.4.1 Macroscopic point of view

The simulated geometrical percolation threshold V,
was first evaluated by dichotomy on five different sam-
ples and found to be 4.45 £ 0.05%. This value slightly
differs from the experimental of 3.0 &= 0.05%. The dif-
ference between these values could be related to the
distribution in filler length in the real material that is
not accounted for in the simulation. Due to the large
aspect ratio of the conducting fillers, this threshold is

2Eq. 1.8 must obviously also take into account the scale
change.

0.05 0.10 015 020

Volume fraction of fillers

0.00

Figure 1.6 : Calculated geometric parameters: correla-
tion length ¢ (e) and strength of the infinite network P
() vs. the filler content [Source: (39)] .

however much lower than that of 16% typically ob-
tained for spherical fillers in both cases. The morpho-
logical quantities £ and P were computed for different
volume fraction V. By definition, the strength of the
infinite network remained equal to zero up to V.. P
then followed a power law evolution. The correlation
length diverged in the vicinity of V. both for volume
fraction slightly above and below the critical value.
Even if for such a “small” network one should not ex-
pect a perfect agreement with the theory?, the sim-
ulation results agreed qualitatively well with the be-
havior expected for random infinite samples, Fig. 1.6.
Moreover, the results were not sensitive to the size of
the box, as long as the latter is representative from
the heterogeneity of the binary mixture.

The real (¢/) and imaginary (¢”) part of the con-
ductivity at low frequency vs.  the filler content
were computed and depicted on a logarithm scale in
Fig. 1.7(b).
were plotted with the same scale, 1.5(a). From these
graphs, it is clear that the simulation describes accu-
rately both (¢/) and (¢”) of real materials. In par-
ticular, this RC model gave values rather compara-
ble with the experimental data, except for the critical
exponent “t” found to be equal to 3 in the experi-

For comparison the experimental data

mental case whereas the simulation gave a value of
2.4. This difference can be explained on the one hand
by the relative small size of the simulated composite
that prevented the simulation from closely approach-
ing the percolation threshold with representative sam-
ples. The difference could also be explained by assum-

3 the percolation threshold could not be approached suffi-
ciently close with a representative sample.
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Figure 1.7 : Real part of the conductivity (p) and rel-
ative permittivity (e) determined at 1 kHz wvs. filler
content (top) experimental, and (bottom) simulated data
[Source: (39)] .

ing other conduction mechanisms as, for instance, in-
terparticle tunneling(l?’), or whenever a distribution

of conductance exists(47).

1.3.4.2 meso macro relationships

The local values of the resistor and capacitor are re-
lated to the geometrical arrangement of the fillers, it
is thus worth investigating the evolution of the aver-
age value of these quantities while V} increases and
to compare it with the evolution of their macroscopic
counterparts. Below the percolation threshold, no
continuous path of resistor may be found in the RC
network but the increase in the correlation length,
corresponding to the development of the new contacts
between fillers, lead to a large increase of the relative
permittivity. Thus, while V; varied from 0.5 to 4.5%,
the average value of the local capacitor C;; as defined
in Eq. 1.7 varied from 3x107' to 7x107F. The
relative permittivity, on the contrary, varied from 5
to about 250. This shows that the divergence of the
permittivity in the vicinity of the percolation cannot
be related to local mechanisms but has to be consid-
ered as a cooperative effect. Above the threshold an
important increase in ¢’ is related to the increase in
the number of conducting paths trough the simulated
material. For a variation of V; from 4.2% to 15%,
an evolution of the average local resistor value from
10% to 7x107Q was observed, whereas the conductiv-
ity varied from 1076 to 1072 S/em. Here again the
changes in macroscopic properties were primarily re-
lated to cooperative changes rather than to the local
changes in modeled variables.

The frequency dependence of the conductivity and
of the phase angle were determined in the range 10 H z
to 1 MHz, Fig. 1.8 and 1.9. Here again, the sim-
ulation was found to fairly follow the experimental
data. For Vy below the percolation threshold, the
simulated composite, as well as the real material, ex-
hibited typical dielectric behavior namely a linear in-
crease in the conductivity as a function of frequency,
and a phase angle close to 7/2. In this range of vol-
ume fraction, the polarization effects that increase
with increasing V; govern the electrical properties.
For volume fraction just above the percolation thresh-
old, two mechanisms appeared, depending on the fre-
quency of the applied field. A macroscopic behavior
intermediate between a pure resistor and a pure ca-
pacitor is observed. While a plateau in the low fre-
quency range corresponded to the electrical response
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Figure 1.8 : Frequency dependence of the conductivity at room temperature for composites filled with 0 (.), 1.5 (4),
3(-), 4.8 (A), 7 (0, 12 (O), and 16vol.% (*): (left) experimental, and (right) simulated data [Source: (39)] .
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Figure 1.9 : Frequency dependence of the phase angle at room temperature for composites filled with 0 (U), 1.5 (+),
3(-),4.8 (a), 7 (0), 12 (), and 16vol.% (*): (left) experimental, and (right) simulated data [Source: (39)] .
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of the percolating network, the conductivity increased
at higher frequencies due to the growing importance
of the polarization effects on the macroscopic conduc-
tivity. These effects are related to the decrease of the
impedance of the local capacitors, with increasing fre-
quency.

Phases angle observed for average volume fractions
are consistent with this observation although more ac-
curate, the comparison of (a) and (b) indicated that
phase angle began to “take off” from zero values for
very similar frequencies both in experiments and sim-
ulations. For V; higher than 20%, the composites
exhibited a behavior very close to the one of a pure
resistor and the relative permittivity could not be de-
termined accurately with experimental measurement
as phase angles were too close to zero.

1.4 Conclusion

The possibility to model a strongly heterogeneous ma-
terial (from the viewpoint of electrical properties) us-
ing an improvement of an RC type model was ex-
plored. This model related R and C values to the
geometrical characteristics of the network of reinforc-
ing fibers.

The 2-D simulation was in fair agreement with the
prediction of the percolation theory. Such a simula-
tion, very flexible, could be further used for the qual-
itative understanding of the ac properties of binary
mixtures. In particular, this method could be cou-
pled with a careful image analysis to determine the
changes in electrical properties with the filler content.
This approach will in fact be developed in the chap-
ter 4, page 47 of the current report. A 2-D simulation
can not, however, give a quantitative description of
the percolating network, which intrinsically possesses
a 3-D structure.

The 3-D simulation naturally accounts for the struc-
ture of the heterogeneous composite. In particular, a
good agreement was found between the simulated and
experimental percolation thresholds.

Moreover, this work introduced a physical length in
the RC model, with a simple definition of the resistor
and capacitor values.

From the above discussion, the simulation largely suc-
ceeded in explaining the experimental data, such as
the complex impedance and its frequency dependence.
This type of numerical simulation is very useful to
understand the relationships between meso scale and

macroscopic properties. Any conduction mechanism
as well as a temperature dependence of the conductiv-
ity could be added, as long as the local electrical be-
havior is well defined. The present simulation was also
employed to understand the electrical properties of
(48), Recently, this type
of simulation was applied to the case of non straight
ob jects(49) .

composites during stretching
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Chapter 2

Electrical properties: a way to

dynamically probe microstructures

© Abstract ©
The mechanical and dc electrical properties of a carbon black-filled ethylene-octene elastomer (EO) are re-
ported. The stress-strain curves of the composites, scaled with that of the unfilled polymer up to approximately
500% strain, suggest good filler-matriz adhesion. The large reinforcement effect of the filler followed the Guth
model for non-spherical particles. Electrical behavior under large strain was divided in four qualitatively or
quantitatively different regimes that differentiated carbon black composites with the EO matriz from carbon
black composites with chemically vulcanized matrices. Among the most notable features of the EO composites
was the completely reversible variation of the resistivity, up to 20% strain, suggesting that these materials
might be useful as strain gauges. In addition, depending on the carbon black content, the composites retained
low resistivity to high strains. From the results of various thermo-mechanical treatments, a microstructural
model for the response to stretching was proposed. This model incorporated dynamic junctions specific to the
EO matriz to describe the mechanical properties, the decrease in resistivity at low strains (20%), and the low

increase in resistivity at intermediate strains (up to about 400%).
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2.1 Introduction

Low-resistivity elastomers typically employ vulcan-
ized rubber as a matrix for dispersion of a large va-
riety of fillers, mainly carbon blacks(50?51), carbon
fibers®®2) and metallic particles(53). In addition to
imparting conductivity, the filler generally improves
environmental resistance and mechanical properties.
As these composites do not always exhibit the best
balance of properties, alternative elastomeric matrices
are of interest. The development of Dow’s INSITE™
constrained geometry catalyst technology has led to
the production of a new class of elastomers based on
homogeneous ethylene-a-olefin copolymers. In par-
ticular, copolymers with more than 8% octene pos-
sess low crystallinity and rubber-like behavior that de-
pends on physical rather than chemical junctions(54),
Fig. 2.1.
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Figure 2.1 : Structural model for ethylene-octene copoly-

mer as a function of comonomer content, from Bensason
et al.®d)

The main advantage of these polymers over chem-
ically vulcanized elastomers, lies in their ease of pro-
cessing and post-processing, much like conventional
polyethylenes. These elastomeric materials have been
commercialized and are the subject of numerous in-
vestigations as unfilled polymers<55?56?57), however
very little is known about their mechanical and elec-
trical properties when reinforced with conducting
fillers®8).
depend strongly on the microstructure. In particu-

Electrical properties of binary mixtures

lar, dispersion state(23), filler geometry(59), and filler-
filler®3) and filler-matrix(69) interactions strongly af-
fect the electrical properties of composite materials.
External variables, such as temperature(61§62) and
mechanical stretching(48?63), can significantly affect

the microstructure and thereby the macroscopic con-
ductivity. If there is a simple relationship between
electrical conductivity and an external variable, the
composite has potential applications as a sensor. For
these reasons, the development of new conductive
composites requires an understanding of the changes
in conductivity that might occur in service. Con-
versely, measurement of electrical conductivity un-
der large strain can be a probe to understanding mi-
crostructural changes.

Composites that incorporate a conductive filler into
an ethylene-octene (EO) elastomer matrix were eval-
uated for electrical and mechanical properties(64).
Comparing three types of fillers (carbon fiber, high-
structure carbon black, and low-structure carbon
black), it was found that the composite with high-
structure carbon black exhibited some interesting
electrical and mechanical characteristics. The present
work examines, in more detail, the properties of EO
with a high-structure carbon black filler. The me-
chanical behavior was studied as a function of filler
content in order to quantify the reinforcement effect of
the particles. However, the work focused primarily on
in situ changes of resistivity during uniaxial stretch-
ing. Particular attention was paid to the occurrence
of reversible and irreversible phenomena. The electri-
cal and mechanical properties were analyzed for the
purpose of correlating macroscopic behavior with mi-
crostructural events.

2.2 Materials and methods

2.2.1 Materials

An EO elastomer, synthesized by the Dow INSITE™
technology and commercialized under the designation
Engage DEG-8180, was the matrix in this study. The
polymer had a density of 0.863 g.cm ™3 and behaved
as an elastomer at room temperature(54), Fig. 2.1.
A high-structure carbon black designated as Con-
ductex 975 Ultra was supplied by the Columbian
Chemicals Company (particle diameter 21nm; dibutyl
phthalate absorption number (DBPA) 170; surface
area 242 m?2.g~'; volatiles 1%; mean aggregate size
110 nm; weight mean aggregate size 300 nm; average
aspect ratio 2.78).

Blending was carried out in a Haake Rheomix 600
mixing head with a 44 ¢m? mixing volume. The poly-
mer was melted in the mixing head for 1 min before
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the filler was slowly added. The total operation lasted
10 min, during which time the mixing head was main-
tained at 40 rpm and 200°C. All batches, as well as
the unfilled elastomer, were processed under identical
conditions. After cooling, the blends were compres-
sion molded into 2 mm thick plaques. The materi-
als were sandwiched between Mylar sheets, heated at
200°C under minimal pressure for 2 min, then sub-
jected to repeated pressure-release cycles for 8 min
to remove any air bubbles resulting from the mixing
procedure. Plaques were rapidly cooled to ambient
temperature under minimal pressure in a cold molder.

b AR « - L
§ 7
e - Pe

oi7 iy’ . ¥5, 00" Ve

Figure 2.2 : Scanning electron micrograph of a cryofrac-
ture surface showing dispersion of the carbon black filler
(20% v/v) [Source: (65)] .

To confirm good particle dispersion, specimens were
broken in liquid nitrogen, coated with 10 nm of
gold and observed in a JEOL JXA 840A instrument.
Fig. 2.2 presents a micrograph of the cryofractured
surface of a composite containing 20%(v/v) carbon
black. Uniformly dispersed light spots represent car-
bon black particles. The particle size, in the range of
50— 500 nm, is consistent with the primary aggregate
size given by the manufacturer (weight mean aggre-
gate size of 300 nm). The roughness of the fracture
surface indicates good adhesion between the particles
and the matrix.

2.2.2 Methods

Stress-strain behavior in uniaxial tension was mea-
sured at ambient temperature with ASTM 1708
microtensile specimens, cut from the compression
molded plaques. The grip separation was 22.3 mm
and included the fillet section, the specimen width
was 4.8 mm. Specimens were deformed in an Instron

1123 testing machine at a rate of 20% min~!, except

when stipulated otherwise. Marks were drawn on the
specimens to measure the draw ratio from a video
recording. Electrical properties were measured with
a four-terminal technique using a Keithley model
220 as current source, and Keithley model 619 for
voltage and current measurement, as described previ-
ously(64)
record data. The minimum time required to obtain a

. The device was interfaced to a computer to
measurement was 0.12 s. The error in the measure-
ments, determined with standard resistances, was less
than 2% in the range 10~7 to 1072 A for current, and
10~° to 100 V for voltage.

To measure in situ the changes in conductivity upon
stretching, strip-like specimens were used with an ini-
tial length of Ly = 135, width of Wy = 10, and thick-
ness Hyp = 2 mm. For measurements along the spec-
imen length (parallel direction), flat clamps covered
with copper foil were used. The clamps applied an
approximately constant pressure even on the strained
specimens and, therefore, could be used to measure re-
sistance during deformation up to fracture. The mea-
sured resistivity did not depend on the specimen ge-
ometry or the pressure applied to the electrodes, fur-
thermore gold electrodes deposited on the cut edges
of the specimen gave the same resistivity as electrodes
applied to the molded surfaces. Therefore, the mea-
sured parallel resistivity was taken as a bulk value,
although the possibility that it represented a surface
resistivity cannot be absolutely eliminated.

For electrical measurements through the thick-
ness (perpendicular direction), electrodes consisted of
thick gold layers ( <200 nm) deposited on both sur-
faces. The specimen was mounted in the Instron and
the stress o, specimen length L, and voltage were
recorded during uniaxial extension. The applied cur-
rent was 107°A unless, at higher strains, the voltage
approached the limits of the device, in which case the
current was decreased. When this occurred, the resis-
tance changed very slightly indicating that deforma-
tion did not alter the ohmic behavior.

All the composites exhibited ohmic behavior over
the current range used to measure the electrical prop-
erties, Fig. 2.3. Linear behavior indicated that the
conducting pathway existed in the as-processed ma-
terials and was not altered by application of voltage.
Stretching did not compromise the ohmic behavior.
The response remained linear after the materials were
stretched to 20% strain and allowed to recover for
1—2h.
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102 used to quantify the changes in the transition and
101 & conductive regions is the so-called statistical percola-
100 tion model®). Proposed by Kirkpatrick(g) and Za-
— Hen(lo), this model predicts the electrical resistivity
Z 107
g . of an insulator-conductor binary mixture by assuming
g - random positions of the filler particles. The result is
10°¢ " EEE:::EE:TM a power-law variation of the resistivity p, above the
104 ™ e~ Hscawrsy ater percolation threshold:
10,5 L —a— LSCB after
) e 10+ 10 : 1 V-v.\""
10 105 10 10% 102 10 o c (2.3)
Current (A) 1-V.

Figure 2.3 : Current-voltage relationship of EO with
20% (v/v) Carbon Fibre, 45% (v/v) Low Structure Carbon
Black, and 20% (v/v) High Structure Carbon Black before
(open symbols) and after (solid symbols) straining to 20%
[Source: (64)] .

The resistivity was obtained from the measured re-
sistance R and the geometrical changes in the speci-
men. The constant volume assumption, i.e. Poisson’s
ratio equal to v ~ 0.5, is generally considered valid
for polymers above the glass transition temperature.
With this assumption, the resistivities parallel and
perpendicular to the extension direction were, respec-
tively, given by:

pr =Ry <WLH> =Ry <‘Lfg> (2.1)
pL =Ry <W;IL> =Ry <W;‘?OL> (2.2)

By using Eqgs. 2.1 and 2.2 to calculate resistiv-
ity, the volume Vj was assumed constant, and pos-
sible volume changes due to void formation were ne-
glected'. Unless indicated otherwise, the parallel re-

sistivity is reported.

2.3 Results and discussion

The percolation threshold is a basic characteristic of
a conductive composite; in this case the percolation
threshold defines the composition range for study-
ing the effect of stretching on conductivity. Fig.2.4
shows the variation of the resistivity with the vol-
ume fraction of filler. A typical S-shaped curve is ob-
served that separates three regions: insulating, tran-
sition, and conductive. The model that is most often

!This assumption only rigourously stands for “low” strains.

where V is the volume fraction of filler, V. the perco-
lation threshold and ¢ is a universal exponent that is
close to 2 for a 3D dispersion. The two-parameter fit
is represented in Fig. 2.4 by the solid line and gives
V. =0.12 and ¢t = 2.05. The value of the exponent ¢
is consistent with the model prediction. On the ba-
sis of this result, composites with between 12.5 and
30%(v/v) filler were used to study the relationships
between resistivity and mechanical deformation. The
lower limit was determined by the percolation thresh-
old, the upper limit was the maximum carbon black
that could be dispersed in the EO matrix.
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Figure 2.4 : Resistivity as a function of filler content. The
solid lines are the statistical percolation fit from Eq. 2.3
[Source: (64)] .

The resistivity as a function of filler content showed
the typical S-shaped dependency with three regions:
dielectric, transition and conductive, Fig. 2.4. Spec-
imens with low filler content were almost noncon-
ductive. However, at a critical composition that de-
pended on the specific filler, the resistivity fell sharply
into the range of 1-10 2.cm. Assuming that the criti-
cal filler content corresponded to a percolation thresh-
old, the HSCB and CF composites formed a continu-
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ous network with 10-15% (v/v) filler, which was con-
siderably less than the 40% (v/v) required for the
LSCB composite. A value of 20-40% (v/v) is typi-
cal of spherical particles.
the fibers, and the aggregate form of the high struc-
ture carbon black, which increased the probability of
particle-particle contacts, accounted for the low per-

The high aspect ratio of

colation thresholds.

2.3.1 Mechanical properties

The influence of filler content on the mechanical prop-
erties of reinforced-elastomers has been extensively
reported in the literature(66)
that the increase in modulus is due to strong inter-
actions between polymer chains and particles, and/or

. It is generally agreed

between particles and particles.

25
20 ]
,ch
/U '
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Figure 2.5 : Mechanical properties of composites with

various amounts of carbon black. The solid lines are fits
to the sliplink model, Eq. 2.6, with the shift factor from
Eq. 2.5 for f = 4.83 [Source: (65)] .

Fig. 2.5 shows the stress-strain curves obtained with
various amounts of carbon black dispersed in the EO
matrix. By increasing the volume fraction of filler,
gradual improvement in modulus and tensile strength
was observed. The properties at higher strains were
especially impressive. Typically, reinforcement even
with high-structure carbon black is accompanied by
k(67:68)  This was
not the case with the EO composites, which retained
the high elongation of the unfilled elastomer even
As
the stress-strain curves had the same shape as the
unfilled EQO, it was of interest to compare the rein-

a decrease in elongation to brea

with the maximum filler content of 25%(v/v).

forcement effect with the Guth hydrodynamic mod-

els(69) that are commonly used in the rubber litera-

ture. Assuming perfect adhesion between filler and
matrix, an important consequence of the Guth anal-
ysis is that the stress-strain curves are proportional
with the proportionality constant determined by the
To test the possibility that the
curves would superpose with a simple shift factor, the

amount of filler.

data are plotted in Fig. 2.6 as the rubber modulus
Ge = o (A — 1/X )71 where ) is the extension
ratio and o is the engineering stress. The curves for
the composites were shifted by a factor «, to obtain
the best overlap with the unfilled elastomer. A grad-
ually decreasing modulus at low strains was followed
by a region of almost constant modulus. The stress-
strain behavior superposed well to about 400% strain
(1/X =~ 0.2). Deviations toward lower modulus val-
ues at large strains, especially for high-filler contents,
were consistent with loss of particle-matrix adhesion.

2
o
=
o -
£, + EO
g 5 5%
. . 10%
- 7 15%
= 20%
o 25%
U b
0.0 0.2 0.4 0.6 0.8 1.0
1/

Figure 2.6 : Rubber modulus G. = 0. (A — 1/)\2)_1 of
composites with various amounts of carbon black. The
moduli were vertically shifted (by a shift factor a,,) to the
match that of unfilled EO. [Source: (65)]

Fig. 2.6 is a plot of the shift factors derived from the
superposition. The variation of the shift factor with
filler volume fraction was smooth and, in particular,
there was no transition in the vicinity of the percola-
tion threshold. Therefore the results were compared
with Guth reinforcement models(69) . The model for
spherical reinforcing particles has the form:

Ge = Go (1 +25V +14.1V7?) (2.4)
where G¢ and G are the moduli of the composite and
matrix, respectively. The linear term accounts for the
reinforcing effect of individual particles, and the sec-
ond power term is the contribution of particle pair
interactions. This model significantly underestimates
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& (N¢), the density of slip-links (Ng), a slippage pa-
51 o EZ?EF;';?;E{'M_% “ rameter (n) anc'l an inextensibil'ity .parameter (o). The
| -+ Guth model (spheres) free energy derived from the slip-link theory takes the
¢ form:
= 3
2 4
F 1 A7 (141n) (1-a?)
— = ZNg d +log (1+n%)
1 KT 2 (;[(1—01221.A§)(1+m3) ’
0

0 5 10 15 20 25
Filler content (% viv)

Figure 2.7 : Comparison of the experimental shift fac-
tors with the Guth models for spherical particles (dotted
line, Eq. 2.4) and rodlike particles (solid line. Eq. 2.5)
[Source: (65)]

the observed reinforcement, as shown in Fig. 2.7. The
difference between experimental data and Eq. 2.4 was
even observed for a volume fraction as low as 10%
(v/v), where the model is most applicable. An alter-
native formulation accounts for non-spherical parti-
cles. For rod like particles of aspect ratio f, the rein-
forcement is given by?:

Geyp = Go (1+0.67fV + 1.62f°V?) (2.5)

Using f as an adjustable parameter, an excellent
fit was obtained with f ~ 4.83 for filler contents less
than 25% (v/ v), Fig. 2.7. The importance of particle-
particle interactions was inferred from the need for
the second term in Eq. 2.5, to describe the mechani-
cal reinforcement. The fit did not hold for a volume
fraction of 25%(v/v), probably because the amount
of polymer was insufficient to completely wet and dis-
perse the filler. Unsuccessful attempts to disperse
more than 30%(v/v) filler supported this hypothesis.
Good agreement of experimental results with Eq.2
was, however, rather surprising because the model
presumably applies only for one parameter stress-
strain curves(67), and the mechanical behavior of the
EO matrix cannot be described properly by classical
rubber theory. Instead, the elastomeric EO copoly-
mer is described by a slip-link model that operates

with four parameters(57): the density of crosslinks

20ne may notice that lims_,1 (Gey) # Ge. Eq. 2.4 and 2.5
are thus incompatible. Eq. 2.5 can actually only be used for

fillers with high aspect ratio, or for highly structured filler for
which f >3

+log (1 —a? Zl )\22) )
+%NC (Z A2 (1—a?) j +log (1 + UA?)]

~ | (1—a2) ;X2

7

+log (1 — .oz2 Zz A%)

(2.6)

where the summation is made over the Cartesian
components of strain. In uniaxial tension, the stress

_(oF

The stress-strain behavior of the unfilled matrix
was fit with two parameters held constant, n = 1.1
and @ = 6.5x1072. Values for Nc¢ and Ns of
0.37 and 5.76 MPa, respectively, gave the calculated
stressstrain curve in Fig. 2.5, which fit the entire ex-
perimental stress-strain curve very well. The calcu-

is obtained by:
(2.7)

lated curves for the composites were obtained by mul-
tiplying the right side of Eq. 2.6 by the shift factor ob-
tained from Eq. 2.4 with f = 4.83. Good fit with the
experimental results extended to high strains, about
500%. The agreement demonstrated that the Guth
model can apply for matrices with multiple parame-
ter stress-strain curves. Loss of reinforcement due to
extensive damage in the composite at higher strains
caused the experimental curve to drop below the cal-
culated one.

2.3.2 Electrical properties under uniaxial

strain

The resistivity as a function of strain for different
amounts of filler is displayed in Fig. 2.8.

These curves can be separated in four regimes with
increasing strain, Fig. 2.9. Regime I is characterized
by a sharp increase in resistivity and corresponds to
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Figure 2.9 : Definition of the four regimes in the resistivity-strain relationship. Case of EO filled with 20%(v/v)

carbon black [Source: (65)] .
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Figure 2.8 : Influence of carbon black content on the elec-
trical properties under large strain. All carbon black con-
tents are above the percolation threshold [Source: (65)]

the behavior typically observed with vulcanized rub-
ber composites. It is generally accepted that the in-
creased resistivity is due to breakage of the carbon
black network. Regime I ends at a few percent strain
in the EO composites. Regime II, extends from the
maximum in resistivity at 3 —4% strain to about 30%
strain. It is characterized by a rapid decrease in the
resistivity. This behavior at such a low strain is un-
usual and%a;oonly been observed previously in a few

i1U)

instances! . In cases where a decrease in resis-
tivity is observed in vulcanized rubber composites,
it generally occurs at strains an order of magnitude
(71

creased. The exponential relationship p o exp(Se)

higher'!*/. In regime III, the resistivity gradually in-
where ¢ is the engineering strain. The dimensionless
parameter [ was essentially independent of composi-
tion: f ~ 8x1073. This indicated that the filler vol-
ume fraction had little influence on the change in resis-
tivity over a very broad range of strain, although the
magnitude of the resistivity in regime III decreased
with the amount of filler. Regime III ended when the
resistivity reached about 103Q.cm; the corresponding
strain increased with the amount of filler. The re-
sistivity at the onset of regime IV corresponded to
that observed in the vicinity of the percolation tran-
sition, Fig. 2.4. The correlation suggests that the
relatively weak conducting network with resistivity
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about 103Q.cm can be destroyed either by decreasing
the filler volume fraction, or by stretching the com-
posite. “Depercolation” explained the rapid increase
in resistivity upon further stretching. For all volume
fractions of filler, growth in resistivity was exponen-
tial with a much larger exponent 3 than in regime
I1I, ' ~
strain followed the same trends for all compositions,

5x1072. Although the electrical response to

not all the compositions exhibited all four regimes.
Thus, the composition with 12.5% (v/v) filler, which
was close to the percolation threshold, did not ex-
hibit regime III. Also, the composites with the most
filler, 25 and 30% (v/v), did not exhibit depercolation,
regime IV. The properties in regimes II and IIT were
considered the most interesting, as these differentiated
the EO composites from the more widely investigated
composites that utilize a vulcanized elastomer matrix.
Therefore, the properties in regimes II and I1I were ex-
plored in more depth using a single composition with
20% (v/v) filler. The effect of strain rate on the stress-
strain and resistivity- strain behavior is demonstrated

65)

response of unfilled EO at ambient temperature did

in(®2) and summarized in Fig. 2.9 . The mechanical
not depend on strain rate in this range of strain rates.
Changing the strain rate by two orders of magnitude
also had little effect on the mechanical response of the
composites. Regimes I and II in the resistivity-strain
behavior were virtually strain-rate independent(65).
This observation is of importance for certain appli-
Regime III, on the
contrary, showed a strain-rate effect similar to that
§(63;72)

cally, the parameter that described the exponential

cations such as strain gauges.

observed with vulcanized elastomer Specifi-
dependence of the resistivity gradually increased with
strain rate: B’ ~ 2.5x1073 ; 6x1073 and 1.0x1072,
for strain rates 1, 10, and 100% min~"
Although the electrical response revealed strain-rate
dependent changes in the microstructure of the con-
ducting network, these changes did not significantly

, respectively.

affect the mechanical response.

2.3.3 Model for EO filled with high-

structure carbon black

The four regimes in resistivity of a composite with
20% (v/v) carbon black are shown in Fig. 2.9. Regime
I is generally attributed to network breakage; in the
present case, it can also be considered as an initia-
tion phase for regime II. In regime II, the composite

is differentiated from others described in the litera-
ture by having virtually no strain rate dependency in
the resistivity up to 30% strain. Moreover, in this
regime the composite exhibited no permanent strain
or irreversible electrical properties during mechanical
cycling. These combined properties would make this
composite useful as a strain gage. The primary char-
acteristic of regime III was preservation of the con-
ducting network during deformation to high strains.
The properties were recoverable upon rest after strain-
ing to 100%. Above 200% strain, the composite did
not recover completely upon rest; a Mullins effect also
indicated that the composite was damaged. However,
the properties were restored by annealing above the
melting temperature of the matrix. The mechanistic
explanation of regime IV emerged from the percola-
tion curve (2.4). Regime IV, was thought to result
from the breakdown of the percolating network, and
therefore was called “depercolation”.

Using the concept of secondary abggregates(m)7
regime II could possibly be explained as a reversible
rearrangement within the weakly bonded secondary
aggregates. In this case, the maximum in resistivity
between regimes I and II would be interpreted as the
yield strength of the secondary aggregate. Although
this mechanism could not be definitively rejected, it is
based on the controversial definition of secondary ag-
gregates. Moreover, it assumes that aggregates that
were not broken during the rather forceful mixing pro-
cess could be reversibly deformed during the mild uni-
axial extension. Furthermore, this mechanism would
not be specific to the EO matrix, and regime II has
yet to be reported for carbon black-filled elastomers
with permanent cross-links. Finally, this mechanism
cannot account for the characteristics of regime III
that should, to some extent, be related to regime II.

The EO filled with high-structure carbon black
exhibited a combination of properties not generally
achievable with this type of filler in an elastomeric ma-
trix, including a decrease in resistivity upon stretch-
ing that was reversible up to 20% strain (regime II)
and low resistivity with good mechanical properties at
high strains (regime III). Furthermore, these charac-
teristics were specific to high-structure carbon black,
as composites of the EO elastomer with low-structure
carbon black or carbon fibers exhibited more conven-
tional behavior®4). An explanation appears to re-
quire the unique features for both filler and matrix.
A possible structural model is presented in Fig. 2.10,
page 29.
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kL,

(a) Initial structure

strain = 0%

(b) Regime II

strain ~ 5%

(c) Regime III
strain ~ 20%

Figure 2.10 : Schematic representation of the proposed microstructural mechanisms for the changes in resistivity upon

stretching [Source: (65)] .

In contrast to a vulcanized elastomer, the concept
of a network of flexible chains with fringed micellar
crystals serving as the multifunctional junctions pro-
vides the structural basis for EO elastomers. A single
polymer molecule contains many segments that are
long enough to crystallize; these can be incorporated
into different crystals to form a network, Fig. 2.10a.

Upon stretching, the fringed micellar junctions of
EO elastomers are not fixed, but are thought to pro-
vide a sliding topological constraint by a process of
detachment—attag:?ment, which can also be viewed as

)

centrations, the actual strain in the vicinity of the

partial melting( As a result of local stress con-

particle can be several times higher than the aver-
73)

age macroscopic strain( Indeed, local strains in
regime II may be high enough for crystalline junctions
to “melt” and flow out from the space between nearby
particles, Fig. 2.10b. A new electrical pathway is thus
created or an existing pathway is improved. The ef-
fect should be particularly noticeable in the trans-
verse direction, which contracts during straining due
to Poisson’s effect. Recovery is driven by the elas-
tic deformation of the surrounding network of fringed
micellar crystals and entanglements. It would seem
reasonable that a threshold strain should be observed.

The maximum in resistivity between regimes I and II

is interpreted as this threshold. The good mechani-
cal properties and low resistivity in regime III suggest
that the system tolerates high strains with very little
damage accumulation. It can be imagined that parti-
cles incorporated into a network of mobile junctions
are less constrained during elongation than those in
a network of fixed junctions, and this would facilitate
rotation and translation of aggregates(61;62). Addi-
tionally, at high strains it is necessary to consider
the role of particle-matrix adhesion. The embedded
carbon black particles adhere strongly to the matrix,
as indicated by conformity to the Guth mechanical
model. The mode of adhesion is suggested by anal-
ogy, to the bound rubber models proposed for vul-
canized elastomers(747%76)  Linear chain segments,
which are not part of a fringed micellar crystal, are
ideal candidates for adsorption to the step-like edges
of the carbon black particle, as illustrated in Fig. 2.11.

Additionally, it is suggested that the particle-
matrix bond is dynamic. Although it is imagined that
particle-matrix adhesion is not disrupted by the rel-
atively low strains in regime II, higher local stresses
in regime III may be sufficient to overcome the physi-
cal bond and allow the detached chain to relax closer
to the Gaussian state, Fig. 2.10c. In the process, an-
other chain segment can form a physical bond with
the newly created adsorption site, and the damage
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Figure 2.11 : Schematic representation showing adsorp-
tion of a linear EO chain segment to the steplike edges of
a carbon black particle, to produce good adhesion, adap-
tation from(7479) [Source: (65)]

to the system is minimized. This constitutes a type
of “selfhealing” mechanism that is unique to EO elas-
tomers. The shortest or most strained chain segments
are affected first, and reorganize to increase the con-
necting length between two particles (lower arrows in
Fig. 2.10c). The dynamic nature of crystal junctions
also permits chain segments to melt and adsorb to
highenergy sites (upper arrows in Fig. 2.10c). These
irreversible physical changes in particle-matrix adhe-
sion are reflected in the Mullins effect, i.e. the modu-
lus decrease on reloading. The higher set strain of the
composite compared to the unfilled elastomer suggests
that the restoring force of the network is not sufficient
to completely reverse the physical changes. However,
the entanglement network almost completely erases
the permanent set if the temperature is raised above
the crystalline melting point.

2.4 Conclusion

In summary, this study focused on a new elastomer
that is a candidate matrix material for conducting
composites. The fundamental difference in the net-
work structure of EO elastomers compared to conven-
tional vulcanized rubbers, i.e. multifunctional phys-
ical junctions compared to fixed chemical crosslinks,
was manifest in the property spectrum achieved with
EO composites. Examination of the stress-strain and
concurrent resistivity-strain behavior of EO with a
high-structure carbon black revealed characteristics
that differentiated EO composites from those that

Par-

ticularly interesting was a reversible and strain-rate

utilize more conventional vulcanized rubbers.

independent decrease in resistivity up to 30% strain,
which could qualify EO composites for strain gauge
applications. The properties at higher strains were
also impressive. The composites demonstrated mod-
ulus reinforcement in accordance with the Guth model
for good particle-matrix adhesion. Typically, rein-
forcement even with high-structure carbon black is
accompanied by a decrease in elongation to break.
This was not the case with the EO composites, which
retained the high elongation of the unfilled elastomer
even with the maximum filler content of 25% (v/v).
The good high-strain mechanical properties were ac-
companied by low resistivity. Filler contents of 20-
25% (v/v) produced a composite in which the resis-
tivity remained above the percolation threshold, i.e.
less than 103 Q.cm, up to fracture at 800-900% strain.
Synthesis of the results of various thermo-mechanical
treatments led to a microstructural model based on
a matrix network of mobile, multifunctional physi-
cal junctions, which incorporated a dynamic bond be-
tween EO chain segments and high-structure carbon
black particles.
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Chapter 3

Control of the meso structure

© Abstract ©

This chapter describes developments of carbon-black epoxy composites with unique electrical properties. The
influence of the volume fraction of carbon black was found in remarkable disagreement with the predictions
of the statistical percolation theory for both real and imaginary parts of the conductivity. For both properties
a dramatic variation at a given fraction of carbon black was evidenced. The evolution of these transport
quantities with the volume fraction of carbon black could only be explained considering a phase transition
from a dispersed to an agglomerated state of the conducting fillers. This transition was successfully verified by
optical microscopy of thin polished sections of cured samples. A simple model based on electrostatic repulsion
between the carbon-black particles was proposed to interpret such a singular insulator-to-conductor transition.
This model assumes a permanent charge on the surface of the CB particles. To verify this permanent electrical
dipoles, the influence of a static electric field applied on these composite during the curing process was thus
investigated. Growth of dendrites from the anode was observed in situ by optical transmission microscopy
indicating a negative charge on the surface of the CB. This forced percolation experiments also indicated a
drastic reduction in the sample resistivity. The final resistance of the composites with a fized CB content
could indeed be tailored within about seven orders of magnitude by varying the applied voltage and the curing

temperature of the mixture.
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3.1 Percolation failed?

3.1.1 A 2" order phase transition...

For several decades, the electrical properties of

insulator-conductor composite have been widely stud-
ied with both applied and fundamental interest(G:77).
The dc conductivity is related to the formation of a
network of filler particles within the matrix; it in-
creases sharply at a characteristic conducting particle
concentration (V) known as the percolation thresh-
old. The percolation transition does lead to strongly
non-linear properties, but since Fortuin and Kaste-
leyn(78) demonstrated that it can be identified with a
second-order phase transition, one knows that phys-
ical quantities like dc conductivity should exhibit a
continuous behavior at this transition.

To describe the insulator-to-conductor transition a
large variety of models have been proposed in the liter-

4,9) .

ature( For several decades the statistical percola-

tion model explained, at least qualitatively, all exper-
imental data. However, as outlined by Carmona(59),
a full understanding of the electrical and structural
properties must involve the specific preparation con-
ditions of the materials, namely, the occurrence of a
colloidal phase. This author noticed, in the same re-
view(59), that a better description for the structure
formation would be useful for a complete and com-
prehensive understanding of these kinds of materials.
The question of “the rules of the game” for the cluster
formation has arisen, as well as the influence of the
preparation method®76) on the electrical properties

The percolation model
60;76)

of the composite materials.
proposed by Sumita and co-workers! was the
first attempt to answer this question by accounting
for the filler-matrix interactions.

In this thermodynamic model it is assumed that the
free interfacial energy of the system Ag cannot exceed
a “universal value” Ag*. Thus, the network forma-
tion results from the aggregation of the CB particles
to prevent the free energy from rising above the Ag*
value. This Ag* concept allows the authors to inter-
pret correctly the measurement of different values for
the percolation threshold varying the free interfacial
energy between filler and matrix.

In a very popular review on the models to explain
the electrical conductivity of binary mixtures, Lux®
pointed out the experiment performed by Harbour,

Walzak, and Veregin(79) showing that the mixing pro-
cess may induce an electrical charging of the CB par-
ticles. Lux® noticed that such permanent surface
charges might stimulate interactions between CB par-
ticles and the polymeric host. After this review was
published, Schueler et al.80) assumed that the pres-
ence of such an electrical charge at the surface of their
black induces particle-particle interactions that could
be modified by addition of salt during the thermal
curing.

3.1.2 Particle-particle interactions

Between two fillers in a medium an attractive London-
Van der Waals potential has to be considered. This in-
teraction is described by a —1/r% potential, where r is
the distance between the particles. It is first assumed
that the particles surfaces are negatively charged.
Thus, as already postulated by Schueler et al.80),
and measured by Harbour et al.(79), the CB particles
posses a permanent electrical charge which leads to
a long-range Coulombic repulsion among each other.
This Coulombic interaction, described by a 1/r poten-
tial, is comparable to the one commonly used in col-
loid science with the acronym DLVOI,(81) to obtain
an electrostatic stabilization of dispersions. The total
potential between two fillers Fig. 3.1, is thus the sum
of two competitive potentials plus a repulsion term
proportional to 1/712) which accounts for the contact
repulsion.

Repulsive
. Coulomb

Potential

' Particles distance

= London
Total = Van der Waals

L Primary minimum

Figure 3.1 : Potential energy of interaction between two
charged particles [Source:(23)] .

Due to thermal agitation the particles are moving in
the medium. If the collisions created by this Brownian

'DLVO stands for Derjaguin-Landau-Verwey-Overbeek (col-

loid chemistry theory)(gl)
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motion involve sufficient energy to overcome the elec-
trostatic barrier, the pair of particles falls in a deep
primary minimum of the total potential energy and
becomes irreversibly aggregated. In the case of CB
epoxy composites this can also be obtained by shear-
ing the composite before curing(80;82). The height of
the barrier depends on the electric charge at the sur-
face of the particles. It is also influenced by the ionic
strength of the matrices, which can be altered by the
addition of salt.

3.1.3 Experimental

The matrix used in this study was an epoxy poly-
mer obtained from the reaction of a bisphenol-A resin
(Araldit LY556, Ciba Geigy) with an aromatic amine
hardener (Araldit HY932). The filler component was
an extra conductive carbon black (Printex XE 2, De-
gussa AG) that consisted of aggregates composed of
spherical particles with a mean diameter of 30nm.
The details of the sample preparation have been de-
scribed elsewhere38:80) The first step consists of
mixing 500g of the resin with the desired amount of
CB for one hour at 5000 rpm using a dissolver disk at
room temperature. This step induced a good disper-
sion of the CB particles within the epoxy resin and
reduced the size of the CB agglomerates. After this
strong stirring the CB agglomerates have distributed
sizes with a mean diameter in the order of 0.5 um.
Samples were cured after another stirring of one hour
at 1000 rpm with the hardener at room temperature.
Composites prepared this way will be referred to as
“A”.

In order to alter the interaction potential, the ad-
dition of salts is commonly utilized with colloids.
Changes in the ionic strength of the matrix was also
performed in the present study to test the hypothe-
sis. Thus another preparation was performed in which
CuCly (Fluka) was added and mixed with the hard-
ener. The salt concentration in the resin was adjusted
to 3x10% mol.g~!.
same conditions than samples A, but with an addi-
tion of CuCly will be referred to as “B”.

The curing process consisted of heating the mix-
tures under vacuum conditions for 3 hours at 80°C to
reach the gel point and for 8 hours at 140°C to com-

These samples prepared in the

plete the polymerization of the matrix. Parallelepi-
pedic samples were cut having dimensions of approxi-
mately 1*1 cm? wide and 0.3 ¢m thick. Electrical con-
tacts were made of silver paint on opposite sides. The

ac electrical measurements were carried out at room
temperature with a HP 4284A impedance-analyzer
with a four-point probe technique. A voltage of 5V in
amplitude was applied and the complex conductivity
ox versus the frequency f was measured in the range
of 100 Hz to 1 M Hz. The complex dielectric constant
e* is related to the conductivity by £* = o*/iwey,
where w denotes the angular frequency and ¢ the di-
electric constant of the vacuum. The dc conductivity
was measured with a Keithley 617 electrometer. A
minimum of three samples was tested to determine
the electrical properties for each composition. Trans-
mission Optical micrographs were obtained from thin
polished sections of cured composites by using a Leica
Polyvar microscope.

3.1.4 Results and discussion

This section describes first the electrical conductivity
measured versus the frequency for different amounts
of CB. Second, it will be shown that the evolution of
real and imaginary parts of the conductivity versus
filler content is in clear disagreement with the pre-
diction of the statistical percolation theory. Third,
an attempt to explain such a departure is proposed,
which is based on the dramatic changes in the filler
arrangement within the matrix. This assumption is
finally verified with transmission optical micrographs
of the cured sample.

3.1.4.1 Frequency dependence

Fig. 3.2 displays the frequency dependence of the elec-
trical conductivity for the salt-agglomerated samples
B.

These composites exhibited a typical dielectric be-
havior below the conduction threshold i.e. the con-
ductivity increased linearly with the frequency while
the phase angle was close to m/2. Above this thresh-
old of 0.03% a finite conductivity led to a plateau at
low frequency corresponding to the electrical response
of the percolating network, Fig. 3.2. The conductiv-
ity increased at higher frequencies due to the growing
importance of the polarization effects on the macro-
scopic conductivity.

Increasing the volume fraction of fillers increased
the low-frequency conductivity and led to a broader
plateau.
ported(11§14915) and related to the formation of a per-

Similar results have frequently been re-

colating network in the material. With composites B
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e . 3.1.4.2 Real and imaginary part of the con-
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S 108 “,,.:35'5555 ; sured at 1 kHz as well as the dc conductivity for both
'aa' 10} ;::;:;:EEH::E“M 1 sets of samples?. The values of the dc conductivity
§ 107F asss®®’ 1 were found very close to that of the ac conductivity
3 102’ . ' . ' B at 1kHz as already observed in the literature(®3). As
10 102 10° 10° 105 108 already mentioned, composites B exhibited a contin-
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Figure 3.2 : Frequency dependence of the conductivity
for 0 (M), 0.012 (O), 0.03 (x), 0.06 (), 0.12 (OJ), 0.3 (A),
0.48 (x), 0.6 (o), and 0.9 (¢) volume percent of carbon
black with addition of CuCly [Source: (23)] .

each point of the conductivity frequency plane seemed
reachable, choosing the right volume fraction of fillers.

The insulator-to-conductor transition appeared con-

tinuous.
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Figure 3.3 : Frequency dependence of the conductivity

for 0 (M), 0.012 (O), 0.03 (x), 0.06 (¥), 0.12 (), 0.3 (a),
0.48 (x), 0.6 (o), and 0.9 (O) volume percent of carbon
black without addition of CuCls [Source: (23)] .

On the contrary, in the case of samples A a jump in
the conductivity at the conduction threshold of 0.9%
was measured, Fig. 3.3. While a purely dielectric be-
havior was also observed below this threshold, the
conductivity was almost independent of the frequency
above this critical volume fraction where conduction
took place. Moreover, there was a large gap between
the conductivity measured on both sides of the tran-
sition. Nevertheless, for similar amounts of CB above
0.9%, the frequency dependencies of the conductivity

for the samples A and B were comparable.

uous increase in the conductivity with the CB con-
tent. The variation of the conductivity with the vol-
ume fraction of filler was in good agreement with the
power law equation 2 and the critical exponent ¢ was
found to be 2.440.2, left inset of Fig. 3.4. Such a value
is compatible with the predictions of the statistical
percolation theory, even if non-universal. Samples A
remained good insulators up to a volume fraction of
0.9%. This defined accurately the conduction thresh-
old as an increase of the CB content as low as 0.03%
led to a jump in the conductivity of about seven orders
of magnitude. The conductivity reached values that
were surprisingly close to those obtained for B com-
posites. Increasing the volume fraction of CB above
0.93% induced but a minor changes in the conductiv-
ity. Such a behavior could not be fitted properly with
Eq. 2 and gave anyway a value of 0.64 for ¢, right in-
set of Fig. 3.4. This very low values corresponds to
an unrealistically strong transition, that could not be
related to the statistical percolation theory.

The relative permittivity at low frequency (1 kHz)
for these two sets of composites is depicted in Fig. 3.5.
From this graph, it is evident that this quantity is,
again, in disagreement with the percolation theory,
which predicts (Eq. 1) a divergence in the permittiv-
ity close to the percolation threshold. Indeed, the di-
electric constant in the case of composites B increased
above the conduction threshold. As a matter of fact,
for the composites “B”, the real, Fig. 3.4 and imagi-
nary Fig. 3.5 changes in conductivity as a function of
the filler content were quite comparable.

For samples A almost no change in the dielectric
constant was measured by varying the volume frac-
tion of CB below the conduction threshold. This ob-
servation is very important for the understanding of

2The real part of conductivity could not be measured accu-
rately below the conduction threshold, as the phase angle was
close to m/2. A value in the order of 10™° S.m™'overestimates
the real conductivity of the matrix, which was found with an-
other setup(82) to be close to 1072 S.m™!. The main reason
for this difference is the dielectric losses that takes place in ac
field.
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Figure 3.4 : Real part of the conductivity at 1 kHz with
(p) and without (u) addition of CuCls. de electrical prop-
erties with (F') and without (E) addition of CuCly. Insets:
comparison with power law dependence [Source: (23)] .
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Figure 3.5 : Imaginary part of the conductivity at

1 kHz with (H)and without (®) ou (e) addition of
CuCls. dc electrical properties with and without addition
of CuCly. Insets: comparison with power law dependen-
cies [Source: (23)] .

the microstructure in the materials. Following scaling
theory, the divergence of the permittivity is related to
the divergence of the correlation length. A sharp in-
crease in the latter with the volume fraction of filler is
a quite normal behavior for a random composite ma-
terial approaching the transition. The constant value
for the permittivity was, in the present case, inter-
preted as due to the Coulombic filler-filler repulsion
that disturbs the cluster formation. At the threshold,
another discontinuity was evidenced concerning the
permittivity. A change of 0.03% of the CB content
induced an dramatic change of two orders in magni-
tude. As a results, ¢ that seemed to arise from the
network formation.

3.1.5 Interpretation of the transitions

The increase in the relative permittivity slightly above
the conduction thresholds for both sets of samples was
contrary to the decrease predicted by the percolation
theory for randomly dispersed composites. Moreover,
samples B exhibited a continuous increase for the real
part of the conductivity, but it was not possible to
process samples of type A with an intermediate con-
ductivity, because it was not possible to weigh CB
and epoxy resin so as to obtain accurately 0.915% of
CB content. It was evident anyway that this behav-
ior could not be explained by the classical theory for
binary insulator-conductor mixtures, but that the dy-
namics of the CB fillers in the polymer host had to
be considered.

At the end of the processing i.e. after strong stir-
ring, no conducting network exists in the composite,
whatever the salt concentration. This has been shown
in a previous study by measuring the conductivity
versus the time of the curing process: the initial con-
ductivity were always very low @),

An increase in the ionic concentration of the epoxy
resin lowers the potential barrier among the CB par-
ticles in samples B. Thus, the fillers will form easily
clusters from this initial state, with the support of
the Brownian motion. A three-dimensional network
will be created and, accordingly, a finite conductivity.
Because of this kind of cluster formation, a strongly
agglomerated structure will be achieved and thereby
a very low conduction threshold, compared with the
standard percolation theory and most of the results
proposed in the literature. The final microstructures
of these composites are thus not random, Fig. 3.6, and
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Figure 3.6 : Transmission optical micrographs of thin
polished sections of cured material, (A1) 0.9%, (A2) 0.93%,
and (A3) 0.96% without CuCly, and (B) 0.9% with CuCl,
[Source: (23)] .

this is most likely the reason why the permittivity in-
creases with the CB content.

More interesting are the A samples, prepared with-
out the addition of salts. For a volume fraction of CB
less than or equal to 0.9%, the particles repel each
other and try to move as far away as possible to de-
crease their potential energy of interaction. This elec-
trostatic stabilization prevents the formation of clus-
ters and thereby leads to a small correlation length
and to a low permittivity. Nevertheless, by increasing
the volume fraction of CB, the particles must reach
a closer position. Exceeding this critical value of CB
content leads to composites with “high” conductivity.
This high value is, in fact, comparable to the one ob-
tained with a strongly agglomerated composite (type
B) with an equivalent CB content indicating an anal-
ogous degree of formation for the percolating network.

In summary this material changes singularly, with
a variation of CB content of only 0.03%, from a good
insulating behavior with a low permittivity (compa-
rable to that of the pure matrix) to a rather good
conducting behavior equivalent to that of a totally
agglomerated composite. It is evident that such an
evolution should be related to an important modifi-
cation in the filler arrangement within the polymer
host. If true, this assumption should induce a strong
variation in the microstructure of the composites.

3.1.6 Verification through characteriza-

tion at meso scale

To verify the existence of an abrupt change in the
microstructure of the material, optical micrographs
on the edges of thin polished sections of the cured
materials were taken.

The micrograph Fig. 3.6-B shows a sample with ad-
dition of salt, containing 0.9% of CB. In this case
all the carbon particles are agglomerated leading to
large particle free areas. This is in agreement with
the previous study that showed that a strong agglom-
eration always occurred in the B samples, even for
much lower CB contents. In fact, the microstructure
of the B materials cannot be compared to the one ob-
tained with a random occupation of sites of a given
lattice, and therefore its behavior cannot be compared
directly with a statistical percolation.

The second picture (Al) corresponds to the same
volume fraction of 0.9% of CB, it reveals evenly dis-
tributed CB particles and, as expected, no visible clus-
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ter formation took place in the composite. Examina-
tion of varied spots in the samples revealed a very
homogeneous microstructure.

On the contrary, for a volume fraction of CB of
0.93%iejust above the measured conduction thresh-
old, an aggregation phenomenon can be observed
leading to an inhomogeneous distribution of the filler
in the material. Indeed, particle-free areas and en-
riched zones, which favor the electrical conduction,
can be seen on this picture. However, the hardening
of the epoxy resin stopped the process before all par-
ticles where agglomerated and both aggregated and
dispersed areas can be found in this sample by vary-
ing the observed area.

The last picture (A3), obtained for a volume frac-
tion equal to 0.96% of CB, shows a highly structured
network, similar to the one obtained for samples type
B and thereby explaining the equivalent conductivity
This ag-
glomerated structure is found in the whole sample.

measured on these two kinds of samples.

These observations were in very good agreement
with the electrical measurements and largely con-
firmed that insulating composites are related to a dis-
persed state of the fillers while conducting compos-
ites should be associated with an agglomerated state
of the fillers. These pictures contributed, thereby, to
explain the abrupt conduction transition measured in
the type-A composites.

3.2 Control at the meso scale

This section reports the changes induced on the above
described composite (carbon black (CB) in epoxy
resin) by application of a static electric field during
the curing process. The primary goal was to vali-
date the presence of electrical charges on the surface
of the particles. The growth of dendrites from the
anode into the material was observed in situ by opti-
cal transmission microscopy. In addition, a percolat-
ing network was seen to form, combined with a dras-
tic reduction in the sample resistivity. This behavior
could also be explained by taking into account the
electrostatic interaction of the charged CB particles.
It is further demonstrated that the final resistance of
a composite with a given CB content can essentially
be controlled within a range of about seven decades
by varying the applied voltage and the curing temper-
ature of the mixture.

3.2.1 Introduction and goal

The agglomeration process of carbon black (CB) dis-
persed in epoxy resin was described in the former sec-
tion using a model based on the colloid theory(Sl).
It was assumed that the carbon black particles were
charged during the preparation process. An electro-
static particle-particle interaction was held responsi-
ble for this singular percolation behavior. Two com-
petitive forces, namely, the short-range van der Waals
attraction and the long-range Coulomb repulsion pre-
sumably controlled the microstructure of the compos-
ite while curing. Below a critical volume fraction of
0.9% CB, the Coulomb repulsion prevented the for-
In other words, the dispersion
forces overcome the van der Waals attractions, and
the dispersion is electrostatically stabilized. We spec-

mation of clusters.

ulated that the particles repelled one another to re-
duce their interaction energy. For particle volume
fractions above the critical value, a dramatic increase
in the conductivity was evidenced.

The goal of the present section is to obtain direct
evidence for the charge on the CB particles. There-
fore, a microscopic observation method was developed
for directly imaging the agglomeration process. To
force the agglomeration, it is proposed to apply an
electric field on the samples during the curing of the

€pOoxy.

3.2.2 Evidence for agglomeration

In order to apply the electric field, the extremities of a
Glass slides were sputtered with silver paint to act as
electrodes, Fig. 3.7. The two electrodes were prepared
by about 500um which also permitted investigations
with an optical microscope. The previously dispersed
CB-epoxy mixture was placed on the glass slides and
observed in between the electrodes, Fig. 3.7.

To monitor the resistance during the curing process,
the voltage was applied by means of polished brass
parallel plates dipped into the dispersion.

Fig. 3.9 shows the plot of the current versus time
during curing of the 0.12% CB-epoxy dispersion used
for the optical microscopy. A voltage of 30V was ap-
plied between the strip electrodes. This voltage re-
sulted in an electric field close to 60 V/cm.

At the beginning of the curing process the CB was
evenly distributed, and no cluster formation was no-
ticeable. After about 5 min the first clusters started
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E Iectrodes\

Glas slides

Sample:
Epoxy + Carbon Black

Figure 3.7 : Schematic representation of the experimental
procedure

30 Volts B

30 Volts

Figure 3.8 : Transmission optical micrographs taken after
5, 12, and 40 min corresponding to the positions denoted
by a, b, ¢ [Source: (84)]
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Figure 3.9 : Electric current versus time for a CB content
of 0.12% and an applied voltage of 30 V [Source: (84)] .

to appear at the anode (left side of Fig. 3.8a), indi-
cating a negative charge on the CB. At this stage, the
current remained however at its initial value. A per-
colating cluster formed after about 12 min, Fig. 3.8-b.
At the same time, a sharp increase in the measured
current was observed, Fig. 3.9. Fig. 3.8-c shows the
network after 40 min. At this stage, the network for-
mation was still ongoing and the current through the
sample was increasing. After about 100 min of cur-
ing the viscosity of the epoxy resin increased and the
structure became frozen with the current reaching its
maximum which was about four orders of magnitude

higher than the initial value.
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Figure 3.10 : Electrical resistivity for a CB content of
0.6% and applied voltages of 30 V (B) and 60 V(O)

[Source: (84)]
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3.2.3 Effect of applied voltage

Fig. 3.10 shows the time dependence of the sam-
ple resistivity at room temperature with the same
amount of CB, 0.6%. Two different Voltages of 30
and 60 V were applied, and the correspondng electric
field reached 50 and 100 V.cm™!, respectively. The
initial resistance of the samples can be attributed to
the residual conductivity of the epoxy resin®2). With
30 V, the resistance remained constant up to 5 min
after applying the voltage. Then a sharp drop was
due to the formation of a percolating network of CB
particles. This again was consistent with the micro-
scopical observations. After about 300 min, the sam-
ple hardened and the resistivity reached its minimum
value.

The initial resistance with 60V was similar, but af-
ter just one minute the resistivity began to decrease
indicating a faster formation of the percolating net-
work. After about 60 min the current reached a value
of 2 mA which was sufficient to heat the sample by
Joules effect. The temperature increased reducing the
viscosity of the epoxy resin. The lower viscosity per-
mitted the CB particles to move and aggregate fur-
ther, decreasing the resistivity. This positive feedback
of this process induced an “avalanche” behavior, and
the experiment had to be stopped after 100 min. A
comparison of the conductivity with the results indi-
cated in the previous section (about 2000 .cm) in-
dicated that virtually all the CB particles had aggre-
gated onto the network. The application of the elec-
tric field was thus as efficient as the addition o salt to
alter the interactions between the particles.

3.2.4 Effect of temperature

Fig. 3.11 shows the effect of temperature on this
resistivity-time measurements, for a given voltage of
30V. Two temperatures were chosen 28 and 38°C.
CIBA GEIGY(®® reports a large decrease in the vis-
cosity of this materials in this temperature range be-
fore curing. The 28°C sample was similar to the one
described above in Fig. 3.10, the results were quite
comparable.

At 38°C a lower initial resistivity of the epoxy resin
was evidenced. Furthermore, the decrease in the resis-
tivity took place in the very beginning of the exper-
iment indicating a rapid formation of a percolating
network. This illustrated the considerable influence

of temperature and thus the viscosity on the agglom-
eration dynamics of the CB particles.

Hardening obviously occurred earlier at 38°C than
at 28°C. Nevertheless, the 38°C curve reached a re-
sistance which was about 100 times smaller than that
measured at the lower temperature. In both cases the
agglomeration process, and thus the final resistivity,
were limited by the onset of the hardening process.
The later comment becomes evident by comparing
the final resistivities with those obtained with 60V
Fig. 3.10.
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Figure 3.11 : Electrical resistivity for a CB content

of 0.6% and applied voltages of 30 V(L) and 60 V(O).
[Source: (84)]

Overview

The experimental results can be explained by con-
sidering the interaction between the charged particles
and the external electric field. Assuming a CB con-
centration below the critical value of 0.9% due to the
electrostatic repulsion of the particles, no cluster for-
mation took place without the electric voltage.

The application of a voltage made the particles
This proved that the CB
particles were indeed charged, with an overall nega-

move toward the anode.

tive value. It is speculated that the “charging” took
place during the sample preparation and and that the
particles lost their permanent charges when agglom-
erated on a cluster linked to the anode. The next par-
ticles on the growing network drained off their charge
directly at the tips of the CB clusters,iewhere the elec-
tric field is most important. Dendrites-like structures
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grew within the volume of the material. With the for-
mation of the first percolating cluster a characteristic
increase in the measured electronic current occurred.
When the process was fast enough, no curing restric-
tions tooke place and all CB particles are incorporated
in the network.

The dynamics of the agglomeration process can be
described as a sensitive balance which depends on the
electrostatic interaction of the particles with the ex-
ternal electric field and the viscosity of the epoxy ma-
trix. This process was considerably influenced by the
sample preparation, the value of the applied voltage
and the curing temperature.

Figure 3.12 : Proposed mechanism of electrostatic charg-
ing of the CB particles (with acidic sites AH) by polymeric

dispersants (with basic sites B), from Prasse et al. 85)

3.3 Conclusion

This work has dealt with ac and dc electrical prop-
erties of strongly contrasted binary mixtures made
of an epoxy resin and CB particles. The experimen-
tal results showed a marked difference with the pre-
dictions of the statistical percolation theory describ-

ing randomly dispersed fillers. The measurements

could, however, clearly be related to a non random
microstructure observed by transmission optical mi-
croscopy. The dynamics of the filler in the epoxy resin
during the curing process, responsible for these mi-
crostructures, could be qualitatively explained with
the help of the concepts of colloids.

The low dielectric constant in the vicinity (but be-
low) the conduction threshold in the case of the com-
posites A indicates clearly that no cluster formation
takes place just before the transition. This can be un-
derstood by the electrostatic stabilization of the par-
ticles. An abrupt phase transition at a critical volume
fraction of 0.9% could be explained as a consequence
of a transition in the filler arrangement within the
matrix. The critical value of CB content separates,
in fact, a dispersed and an agglomerated state and
can therefore not be compared with the one obtained
through a purely random geometrical process.

This work confirms the necessity of accounting for
the structure formation for the understanding of the
percolative behavior of such binary mixtures. In the
present study the CB particles have permanent elec-
trical charges at their surfaces. It is, however, not cer-
tain that this phenomenon, particularly striking with
the present composites, does not exist in other kinds
of heterogeneous materials.

In addition, a new method for preparation of con-
ductive CB-epoxy composites with a low CB content
of 0.12% was reported. The method allowed adjust-
ment of the final resistivity of composites with a given
CB volume fraction within a range of about seven
decades by varying the applied voltage. The growth
process of the CB clusters was verified in situ by op-
tical microscopy. In addition, we point out the pos-
sibility of preparing a material with a spatial inho-
mogeneous conductivity by applying the voltage to
patterned electrodes during the curing process. The
later method has since been patented(86?87).

Finally, it should be emphasis that, although the
present results seemed in disagreement with the sta-
tistical percolation theory, the reason for the “failure”
is not related to the theory itself. On the contrary,
the understanding of the agglomeration process was
related to the the theory. In one word, the answer to
the question “Percolation failed?” is NO.
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Insulating fillers






Macroscopic description of the dielectric

breakdown

The safe operation of high voltage electrical en-
ergy transmission grids depends on the reliability of
its components, as switchgears, power transformers
and gas insulating lines.
depends on the performance of the insulating struc-
tures they contain. Nowadays, the dimensions of these
equipments are tentatively being reduced, mainly for

Their reliability primarily

economic reasons. The size reduction also implies
changes in the heat density and actual electric field
for a given voltage. The insulating materials should
thus have the best possible initial properties includ-
ing a high dielectric strength and required thermo-
mechanical properties.

These properties should limit some short-term

breakdown mechanisms, distinguished in three main
types:

1. Electrical breakdown: this is a very fast mecha-
nism which is not preceded by a raise in temper-
ature(®). The changes in the structure results
directly from the action of the constraints due to
the electric field. Two theories have been pro-
posed to explain the electrical breakdown. The
first one (called “intrinsic breakdown”) considers
that the breakdown occurs when instability of the
electronic current appears in the dielectric(88:89).
According to the second theory (called “break-
down by avalanches”), the breakdown criterion
is assumed to be the electric field for which the
electronic multiplication process reach inadmis-
sible proportions. The material ceases to be a

dielectric and becomes conducting.

2. Thermal breakdown©V):
It is connected with the energetic
losses resulting from the mobility of the polar
systems (88:89:90:91)  When an electric field is
applied, the existence of charge carriers in the

insulating material induces the appearance of a

it is due to a thermal
imbalance.

conducting current which can lead to the heating

of this insulator by Joule effect. However, this
current is not the unique source of the heat. The
relaxation phenomena that occur with composite
submitted to an alternative field can also engen-
der losses (called dielectric losses) which further
contribute to the heating. If the heat is not evac-
uated as fast as it is produced, the temperature
in the insulating sample increases at a rate that
depends on the amplitude and frequency of the
applied voltage. This thermal instability, induces
structural changes within the dielectrics and fa-
vors its destruction.

3. Electromechanical breakdown: it results from the

conjugation of two types of constraints: electric
When the insulattor is submit-
ted to an electrical field, the electrostatic pressure
due to the mutual attractions between the elec-

and mechanics.

trodes can reduce its thickness by a mechanical
92:93) " 1f this electrostatic pressure
is sufficient to produce a considerable deforma-

deformation(

tion, the electrical field will be reinforced. It re-
sults in a reduction of the dielectric strength and
can lead to breakdown.

Among the insulating materials, epoxy based com-
posites (88)
applications because of their ability to withstand high
electric fields, which limits short-terms breakdown.

are widely used for these very demanding

Nevertheless, the resulting multiple stresses (electri-
94)

tal) in operating conditions might result in large mod-
ifications of the insulator over time(38:95:96:97)

The later might lead to the initiation of partial dis-
charges and electrical trees resulting in the breakdown

of the insulator. The partial discharges result from

cal®®® | mechanical and thermal but also environmen-

local enhancements of the electric field within the in-
clusions or gaseous cavities which can be present in
the material. They appear when the applied volt-

age reaches a threshold value corresponding to the
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Figure 3.13 : Degradation and breakdown mechanisms as a function of time and electric field(®®).

Paschen minimum of the gas in presence (air or oth-
ers). Their action can lead to chemical and radi-
cal transformations ( i.e.
bonds under the electronic and ionic bombardment,

scission of the molecular

local heating or creation of radicals) leading to the
failure of the material in consequence of mechanisms
such as the propagation through the material of mi-
croscopic channels, the cumulative heating due to the
discharges.
tiation of electrical treeing. Each irregularity (pro-

The partial discharges lead to the ini-

trusion) at the insulating wall (interface) of a cavity
(void) favors the fast propagation of treeing and lead
to the breakdown.

Loffelmacher(98), in 1976, linked the partial dis-
charges to the electrical breakdown of epoxy compos-
ites. In this description of the electrical tree growing,
the initiation is done in front of the needle electrode by
partial discharges, leading to the creation of a chan-
nel. The gaseous decomposition products of the de-
stroyed material raise the pressure and the density of
the channel. It was noticed that the gas pressure in
the partial discharges channel can exceed 1.2x107 Pa
(120 bars). Then the combination of electrical and
thermo-mechanical stresses allows the tree to grow,
up to breakdown.

It is then of a major interest to understand and to
predict the structural changes of these kinds of ma-
terials when submitted to tough conditions for long
periods of time and, more specifically, the influence of
these changes on the dielectric strength.

In operating conditions, because of the low ther-
mal conductivity of polymer network in epoxy based
composites, the application of high electric field in-
duceg écgglperature overshoots leading to thermal ag-

;99)

ing on the temperature reached:

ing ( . Two cases have to be considered depend-

1. If the temperature T remains below the glass
transition temperature Tg (T < Tg) over a long
time, the so-called physical aging of the amor-
phous phase occurs, resulting in a densification
of the polymer network(100). Beyer et al. 10D
and then Dissado et al.(8%) suggested that this
phenomenon could also be induced by the electric
field.

2. If the temperature goes beyond the Tg of poly-
mer, chemical degradations such as chains scis-
sions, formations of radicals and polar groups,

95;102;103;104)

recombination of chain segments!
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will most likely happen within the polymeric net-
work. Under electric field, these free radicals or
dipoles could induce both (i) a conduction cur-
rent leading to further overheating of the insu-
lator by Joule effect. The insulator could this
way, following a cumulative process, reach crit-
ical temperatures locally and prematurely un-
dergo breakdown by the thermal mechanism (88),
A gradual ionization (ii) of the material could
also occur, accelerated by ions resulting from
the degradation and leading to breakdown by an

avalanche mechanism(88).

It is worth noticing that “rejuvenated” samples
reefers to sample that first underwent a physical aging
before being heated above the glass transition tem-
perature. The latter treatment permits the polymer
to reorganize back to a thermodynamic equilibrium.
With the composites under investigation, this also
induced a chemical rearrangement of the degraded

species.

Few investigations have been reported on the in-
fluence of the physical aging on the breakdown field
or dielectric endurance of composites. Under high
electric field, Dissado®8) mentioned that the increase
in local density accompanying the physical aging
could lead to strains generated formation of micro-
voids that should act as flaws. This author fore-
casted that the physical aging could hence facilitate
the electrical degradations in the form of partial dis-
charges similar in nature to those observed in semi-
crystalline polyethylene. On the contrary, Champion
and Dodd®¥0) have studied the effect of this phys-
ical aging on the tree growth of unfilled epoxy an-
hydride networks. These authors have, in particu-
lar, established that the fractal dimension of trees in-
creased with the materials age. For a large variation
in aging times, they even observed a transition from
filamentary-like to a bush-like structure of the damage
tree. The authors concluded that the density increase
associated with a reduction of internal stresses dur-
ing the structural-aging process modified the electri-
cal properties of epoxy networks. This interpretation

has been confirmed by Auckland et al.(109)
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Chapter 4

Simulation of the Breakdown at a

mesoscopic scale

© Abstract ©

Observations of damage patterns resulting from dielectric breakdown experiments of insulating materials show
a large variety of breakdown trees. In the case of heterogemous systems, the damage structures are even ex-
pected to be more complicated. To understand the interdependence between tree morphologies and geometrical
arrangements of the two phases, several numerical methods, based on the resistor-short breakdown model, can
be found in the literature. Nowadays, these models are being developed to understand the influence of the
fillers on the dielectric breakdown, including, for instance, the so-called “barrier effect”. It is also the aim of
the present section which is specifically devoted to linear breakdown. However the general approach presented
might involve numerous extensions namely description of interfacial polarization effect and non-linear resis-

tive or capacitive elements. These future developments could concern both homogenization and breakdown

1ssues.
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4.1 Introduction

The present chapter is specifically devoted to the
modeling of dielectric breakdown in epoxy based het-
The dielectric breakdown of
these materials occurs by means of narrow discharge

erogeneous systems.

channels that exhibit a strong tendency to branch into
(88;106)

ture might present a variety of shapes that depend,

complicated patterns The damaged struc-
for instance, on the nature of the electrical field96)

In the case of homogeneous solids, several statisti-
cal models have been developed to describe the break-
down patterns(107).

The case of heterogeneous systems is, however,
more complicated because of the field enhancement
which develops between phases with contrasted per-
mittivity or conductivity. When a classical epoxy
based composite material is subjected to an electric
field a quite large enhancement might occur, espe-
cially on surfaces nearly tangent to the field or on
sharp angles. These singularities might lead to the ini-
tiation or the ease of propagation of breakdown trees.

Because the damaged tree (with epoxy matrices)
presents a much lower resistivity than the initial un-
damaged material, the propagation is a cumulative
process in which each step strongly depends on the
former ones. This particularity makes beneficial the
use of a voltage controlled resistor-short breakdown
108) " n this model, the composite structure
is described by a resistor network where the center
of mass of each particle is a node connected to its
closest neighbors by a resistor.
then supposed to irreversibly short to good conduc-
tors when the current reaches a threshold value. The

model(

These resistors are

strong positive feedback of this model gives roughly

one-dimensional breakdown trees(log) .

4.2 Case of isopotential particles

4.2.1 -Approach

For this first simulation an arbitrary Ohm unit was de-
fined for a unit of length. Each particle was connected
to its 18 closest neighbors with a purely ohmic resis-
tor. Before the electrical response of the circuit could
be determined, measurement elements were added to
the equivalent circuit, namely (i) an electrode linking
the bottom nodes, (ii) a tension source between the
earth and the top middle particle and (i) a short

I- Generate phase arrangement and
“equivalent” RC circuit
2- Solve RC circuit (find local i and u) +
geometric characteristics of the tree
I
3- Find most stressed 1ink(s) (i), break
it(them) down and new generate circuit

no total
Break?

yes

Figure 4.1 : Methodology utilized to determine the break-
down field [Source: (109)]

This
method is thus very similar to that employed in the
Chapter 1, see Fig. 1.2. The electrodes consist of resis-
tors with very low values (1071°€2). The left and right
side of the network were affected with a high value of

between the earth and the bottom electrode.

resistivity corresponding to Von Neumann boundary
conditions!.

Two combinations of elements can then be em-
ployed, namely: (1) with both bottom and top elec-
trode added to the mesh, this boundary conditions
representing a macroscopic homogeneous electric field
and (2) with only one of the two electrodes giving a
pin-plane configuration comparable to the standard
experimental measurements in divergent field.

The simulation is performed using a sequence of
calculations with spice 3f5 (42) and in-house codes. A
unit voltage is applied to the network and Kirshoff’s
The
current flowing in every link is then determined and
the most stressed link is registered and considered as
definitively short. This maximum current is then di-

laws are solved to find each node’s potential.

vided by the short current, giving a meso-macro en-
hancement ratio. The applied voltage then is divided
by this factor to establish the applied voltage Vy at
which the most stressed resistor will short. This hy-
pothesis obviously corresponds to the particular case
of linear (ohmic) resistors. Once the most stressed re-
sistor has been shorted, the new equilibrium potential
is computed, the “hottest” node(108) found, shorted,

!The von Neumann conditions basically mean that no cur-
rent can either enter or get out the edges.
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etc. until a conducting path has gone through the
entire simulated composite. It is worth pointing out
that the dielectric breakdown simulations are entirely
deterministic in nature and that no random number
generator was employed for the calculations.

4.2.2 - Results with a single short per step

A honeycomb structure was primarily chosen, because
it reflects a particular case in which each particle is
placed at a constant distance from its neighbors. As
the resistor value between two nodes, 7 and j, was
taken proportional to the distance, Dij, between the

two centers of mass(39), this first case leads to a net-
work with initial equal value for all resistors. The
upper potential initially applied to a single particle
induced a very strong field enhancement, which out-
lines the boundary conditions chosen in the Y direc-
tion (pin-plane), Fig. 4.2.

200 0

Figure 4.2 : Potential distribution on a regular mesh be-
fore any breakdown occurred. The units are arbitrary on

every axis.

The subsequent large field enhancement induces an
initially low voltage to short the first link. Once a few
shorts have broken, the field enhancement decreased
and Vs raised accordingly, Fig. 4.3. As a fnction of the
number of steps, the macroscopic voltage to break-
down presented an inverted U-shaped curve that sep-
arated three regions. As already noticed by Martin
et al.108) this graph essentially separates on the one
hand a region with a stable behavior, where the volt-
age has to be increased to maintain the propagation,
and, on the other hand, an unstable tree where a given
voltage would conduct to the final failure of the ma-
terial, Fig. 4.3.

In the case of a plane-plan electrode configuration,
the electric field is initially homogeneous and the op-
posite phenomena takes place. In the first step the
development of a conducting tree within the sample
induces a field enhancement and is beneficial to the
growth of the electric tree. As a result, the begining
of the degradation directly leads to the entire break-
down Fig. 4.3.

Since the growing tree is assumed to be conducting?
the macroscopic resistance of the samples tends to
decrease with the cumulative damage taking place in

the material.

Breakdown

l

o
2.
k)
H
3.
oF
&
g
5
5
g
3 !
S

<

\—

divergent field

[pazijewioN] abe)joA HOYS "oloel

Local Short Current [Normalized]

meta stable

Number of steps

Figure 4.3 : Schematic representation of the macroscopic
voltage (or local electric field) required to continue the
breakdown propagation at each step of the simulation.

The field enhancement even became quite large
when the tree had gone almost through the entire
simulated structure, leading to the final breakdown,
Fig. 4.3. It thus appears that this particular case,
though trivial, already gave some physical hints. This
simulation leads however to a straight-line break-
down tree (not shown) once the breakdown has gone
through the entire structure. This could obviously
not be considered as a representative description of
a real system for, at least, two reasons. Firstly, a
regular mesh represents a perfect arrangement of the
reinforcing filler. Secondly, the field enhancement is
supposed to produce a single short at the most stim-
ulated link that leads to only one-dimensional trees
in disagreement with the fractal structures generally

observed on damaged samples.

2The damage tree was proved to be conducting in the case

of epoxy matrix 110 This is probably not the case for all

polymers.
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4.2.3 -Distribution in Breakdown criteria

Considering the previous results, the next step con-
sisted in damaging an array with a disordered parti-
cle arrangement (whose coordinates were determined
using a Monte-Carlo simulation(108)). Moreover the
short was not only applied to the “hottest” link
but also to a given amount of the following ones.
This hypothesis relates to the fact that even homo-
geneous materials exhibit short current fluctuation
being held responsible for fractal breakdown struc-

frres(107:111,112)

150

100 -

50 -

population (links)

Figure 4.4 : Distribution in current in the links during
the breakdown process.

This feature was introduced into the simulation
through a parameter §¢, which describes a distribu-
tion in short current.
through the hottest link, each link subjected to a cur-
rent greater than i, * (1 — ¢) was then supposed
to short, Fig. 4.4. Following this definition, the first
case described in this section corresponded to di=0,

If 9,40 denotes the current

and increasing §i increases the number of new shorts
at each step. This parameter induces a tree with a
more branched pattern but the simulation does re-
main entirely deterministic and based only on the
phases’ topology.

It appears now of interest to describe the influence
of this parameter §i on the shape of breakdown tree.

e ~r T

T

Figure 4.5 : Influence of 67 on the breakdown pattern
(see text for details) [Source: (113)] .

These simulations illustrated a progressive transfor-
mation from a tortuous to a straight pattern(114) that
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is comparable in nature to the tree-to-bush transition
described in the literature(115), Fig. 4.5. This second
type of modeling was thus an improvement as com-
pared to the former one. It still exhibits, however,
three strong intrinsic drawbacks:

1. it does not account for any geometrical feature
within the material, including the real distance
between particles,

2. each particle is reduced to its center of mass,
which forbids any dependency upon volume frac-
tion of inorganic filler, and,

3. each particle is assumed to be isopotential

Statement (3) is obviously the most severe be-
cause the real field enhancement between two particles
strongly depends on geometrical features between the
neighbors as well as physicochemical property of the
matrix in-between. Moreover, assuming isopotential
particles contradicts experimental features like MWS
effect. For these reasons, it appeared manifest that
the simulation had to be run with non-isopotential
particles. In other words, the mesh had to be refined.

4.3 Case of non - isopotential par-

ticles

4.3.1 Mesh generation

In order to develop a more realistic simulation, a finer
mesh had thus to be defined that did not assume the
particles were iso-potential. This was performed with
the help of the ImagelJ (116) image analysis software.
The required steps to achieve this are schematically
depicted in Fig. 4.6:

1. The image was first binarised and the coordinates
of the contours were then saved for each particle.

2. An unstructured mesh was created that con-
tained the contours points.

3. The electrical properties were assigned to each
phase using rigorous finite element discretization
methods. This point is described below, 4.3.2).

4. Within this mesh it seemed reasonable to set two
kinds of triangles representing either the matrix

or the filler, depending on their geometrical po-
sitions. These triangles were accordingly given

different physical properties.

——— the procedure is then as in Fig. 4.1 ——

5. The boundary conditions (electrodes and Von
Neumann) are added to this collection of resis-
tors, a voltage difference is applied, and the sys-
tem is solved.

6. the most stressed linked are assumed to be elec-
trically shorted, the mesh is changed accordingly,
etc.

This methodology thus allows, in few steps, getting
an unambiguous set of resistors that closely relates
the initial image.

4.3.2 From continuous to discrete values

Fig. 4.7 depicts the issue one faces when willing to
determine the set of three discrete resistors that are
electrically equivalent to a continuous triangle. This
geometrical problem can be solved analytically (see
appendix A in (117) for details)

Figure 4.7 :

equivalent network! 118)

Elementary method for construction of

g
Gij 1A (zjz) + TiTy, + T), — 7T
+ iUk + Yilk — Ui — Vi)
4 2
Gir = 1A (zizj + zjT) + 25 — TiTY,
+ Yil; + Yk — Y — Yilk)
g
ij = M (.1‘1‘33]' + xR + 1'12 — XjTk

+yiy; + v — Y5 — yivk) (4.1)
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Binarization (*)

Meshing

reakdown

Dielectric |

o w0 e 40 S0
X [pieel]

Particules :
neighbors:
treeings :

Figure 4.6 : The steps of simulation of breakdown trees in heterogeneous materials (case of a composite in a homo-
geneous field). Photomicrograph 2D, segmented picture, equivalent network (the elements corresponding to the matrix
have not been plotted to improve clarty) and dielectric breakdown simulation [Source: (109; 114)] .

These parameters have the units of conductance;
the finite element defined by nodes 7,7,k can be
replaced by three discrete resistors with values
1/G1, 1/Ga, and 1/G5. The matrix for the entire
system is thus equivalent to the discrete resistor net-
work defined by the finite elements.

In the present case, the mesh was performed with
“high quality” conditions, meaning that the angles of
each triangle was greater than 28°. This condition,
prevents biased results during the finite element anal-
ysis. As depicted on Fig. 4.8 the technique allows a
good control of the mesh to fulfill various needs.

4.3.3 Results

A small example of the potential distribution is shown
on Fig. 4.9.
the two phases was clearly identified on the potential

The difference in resistivity between

graph, where the fillers appeared as pseudo-horizontal
flakes inducing a strong field enhancement among par-
ticles, Fig. 4.9 and 4.10.

An example of a breakdown tree is described in
Fig. 6 for the case of plane - plane electrodes arrange-
ment, where the field enhancement is only due to the
presence of the particles. This configuration showed a

strong correlation between the presence of the fillers
and the propagation of the tree which mainly took
place close to the interface. The asperity, even away
from the main breakdown tree also showed a strong
tendency to develop shorts that remained localized in
this simulation (particles were supposed to have an
infinite breakdown tree in this simulation).

The segments corresponding to the minimum dis-
tance between two neighboring surfaces were also
plotted on this graph. It is interesting to note that
the breakdown tree very often follows these segments,
especially those oriented in the direction of the elec-
tric field (vertically). This consideration is of interest
because is it shows that a well-defined quantitative
image analysis could be used as a tool to predict weak
locations within a composite.

4.4 Conclusion

This chapter was related to the development of a nu-
merical simulation well-suited for modeling the initi-
ation and development of a breakdown tree. A deter-
ministic model was developed that took care of the
organization within real composites. The main fea-
tures described in the literature both experimentally
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Figure 4.8 : Example of possible meshing conditions: rough mesh | mesh specific to the matrix | “High quality” mesh,
useful for breakdown simulation | Interface refined mesh, suited for homogeneization purposes.
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Figure 4.11 : Interrelation between minimum particle

distance and breakdown tree (plane - plane electrode ar-
rangement).) [Source: (109)]

Figure 4.9 : Initial field distribution, case of a two-phase
composite with a ratio of ten in their intrinsic conductivi-
ties in a macroscopic homogeneous field, before any break-

down.(log)

Relative Potential

Figure 4.10 : Potential distribution after few breakdown
steps, case similar similar to Fig. 4.9, bu in divergent field

after 5 breakdown steps. [Source: (109)]

Figure 4.12 : Example of semi local parameter: the
smoothed amount of particle enhancing the electric field
(curve on top) correlates to the weakest point in a com-
posite revealed by 20 independent calculations.
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and numerically were primarily recomputed to vali-
date the methodology. In addition a model directly
based on real pictures of the sample was utilized. The
present targets are now to develop codes that take
care of other electrical features observed in polymers
and composites. In particular, more representative
physical conduction mechanisms and breakdown con-
ditions for each phase (including interface and other
phase like porosity, etc.) will be presented in the fu-
ture. In addition the code will be modified by com-
parison to experimental results to better describe the
scale at which damage really occurs. It seems thus
possible to understand the polarization effects that
develop at the interface and to compare it to exper-
imental measurements under low electric field. The
most important point seems however to raise from a
comparison between quantitative image analysis and
position of the breakdown tree. Our long term goal is
to develop a tool that predicts the geometrical posi-
tion of the weakest part of a composite with the help
of (i) local parameters, like radius of curvature of the
particles (i) semi local parameters (see Fig. 4.12),
like distance between particles and (#4) macroscopic
parameters like the intrinsic properties of each phase.
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© Abstract ©
This chapter describes both an experimental study and the application of the above described numerical in-

vestigation of the breakdown field in particle reinforced thermosets. On the same given industrial piece, DSC
experiments revealed a large dispersion inT'g, ATg, and ACp The thermal parameters were, however strongly
correlated in the statistical point of viewlt is shown that the apparent dispersion in data was actually related
to a sample’s position with respect to the injection point in the mold. The resulting series of samples with
different extent of cure were further tested for breakdown properties. A linear increase in dielectric strength
was evidenced with increasing the conversion degree («) of the epoxy matriz. In addition, it was observed
that the presence of the second phase (mineral filler) dispersed within the polymeric host led to apparently
contradictory results depending on the nature of the electric field. The neat matrix exhibited a higher field to
breakdown than that of the composite in a quasi-homogeneous field configuration whereas the opposite behavior
was evidenced in a point-plane configuration. It thus appeared that the filler can either increase or decrease
the breakdown woltage, depending on the nature of the electrode configuration. The simulation described in
Chap. 4 furnished the explanation for the apparent disagreement, showing that the inorganic particles pro-
tect the composite in divergent fields through a mechanism similar in nature to the so-called “barrier effect”,
whereas the same fillers were responsible for a local intensification of the electric field and thereby a reduction

of the dielectric strength in a quasi-homogeneous field.
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5.1 Introduction

When an organic insulator is submitted to an intense
electric field, it is susceptible to undergo different
kinds of degradation, occurring at different scales(®8).
This can occur through various mechanisms includ-
ing, internal cavities parallel and perpendicular to
the electric field, spherical cavities or via treeing(ng).
These partial discharges can significantly damage the
materials and are even susceptible, given enough time,
to cause the insulator to snap and fall down. The
degradations may result from the formation of field

gradients, locally disruptive.
e(96;97;105;106;120;121;122)7 Aumer-

ous macroscopic factors, such as temperature(%?m?’),

pressure(lzl) and voltage frequency(l%;lzz)
plitude(%;g?) have been identified as susceptible to
induce changes in the formation of the dielectric

In the literatur

or am-

trees. More precisely, these parameters might alter
the shape and the size of trees as well as their propa-
gation velocity. The qualitative and sometimes quan-
titative influence of each of these parameters taken
separately on the damage of common insulating ma-
terials is thus rather well-understood nowadays(88).
Besides these “external factors”, different studies
have been carried out on the influence, on dielectric
breakdown, of more intrinsic properties of the materi-
als such as their chemical nature. Most of these inves-
tigations focused on the impact of the amount and/or
the nature of the second phase (generally mineral par-
ticles). Holboll et al.124) and Wong et al.(125) have,
for instance, demonstrated that for a similar frac-
tion, alumina fillers induced a better prevention to the
degradations generated by an AC electric field than
the silica counterparts. This result was attributed to
the higher thermal conductivity of alumina as com-
pared to silica. Cho et al.126) have analyzed the in-
fluence of the amount of alumina dispersed in epoxy
matrix composites on dielectric breakdown in a point-
plane configuration. They observed that the dielectric
breakdown reaches a maximum for a fraction of alu-
mina of about 5 phr (per hundred resin). The increase
in dielectric breakdown when the fraction of alumina
was varied from 0 to 5 phr was attributed to a “bar-

7 (L11:127:128;129;130) (1) 5¢ is often invoked

rier effec
in the literature for diffusion and damage propaga-
tion phenomena. Further increase in volume fraction
above 5 phr, penalized nevertheless the breakdown
field presumably because of the increase in electric

field at the polymer/fillers interfaces. The presence of

an optimum in the breakdown field clearly illustrates
that at least two mechanisms are competing namely
the barrier effect beneficial to the material and the
“interface effect” which facilitates degradation.

Other studies were concerned with the influence of
the fillers size on dielectric breakdown. For example,
Fujita et al. and Henk et al. have shown that, the
decrease in average inorganic filler size largely modi-
fied the electric behavior of epoxy matrix composites.
Here again apparent contradictions were evidenced
that seemed to originate from the damage mode. Us-
ing ramp-mode tests, Fujita et al. 13D showed (with
40 phr alumina epoxy composites), that the dielec-
tric breakdown increased when the size of the rein-
forcing particles decreased from 250 to 5 pum. With
filler volume fractions above 100 parts, the opposite
tendency was observed on the same composites. The
author proposed that for an amount of 100 phr and
with 5 um fillers, the average inter-particle distance
takes a value of 3.1 ym that becomes critical for the
field gradients. Henk et al.(132) studied the influence
of the fillers’ size on the electric endurance of epoxy
matrix composites. They showed that an addition of
nano-sized particles to a composite initially filled with
micrometric particles, led to a surprisingly large im-
provement of the materials electric endurance. These
authors proposed that the improvement was related
to a better dissipation of the heat generated by the
applied electric field, through Joule effect. Although
the dielectric breakdown of solid state materials have
been the subject of numerous investigations, surpris-
ingly few studies were concerned with the influence
of matrix characteristics on the dielectric damage of
composites. The completion of curing of the matrix
seemed, however, to be quite an important parame-
ter. More specifically, it was demonstrated109) that
the post cure temperature and cooling rate notably
alters the initiation and growth of damaged tree in
unsaturated polyesters networks.

In summary, it is overall striking, when reading the
literature on the dielectric breakdown of composites,
that numerous contradictions arose from experimen-
tal results. These disagreements reflect the complex-
ity and competition among the individual phenomena
responsible for the macroscopic behavior. Some au-
thors noticed and explained the apparent inconsisten-
cies, but they also originated from different reports
without further investigations.

The present study covers overall the separate in-
fluences of each phase (polymer matrix and mineral
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filler) on the macroscopic behavior of an epoxy based
composite. The large influence on dielectric break-
down of minor variations in conversion degree (0.95
< a < 0.99 ) of the epoxy matrix in a heterogeneous
material is first related. In a second step, differences
in dielectric breakdown depending on the nature of
the electric field (divergent or quasi homogenous con-
figuration) are revealed. This study was performed
both on the unfilled matrix and with a composite sys-
tem based on the same matrix but filled with inor-
ganic particle. It was observed that the presence of
the second phase (mineral filler) dispersed within the
polymeric host led, here again, to apparently contra-
dictory results depending on the nature of the electric
field. It indeed appeared that the filler can either pre-
vent or ease the breakdown phenomena, depending on
the nature of the measurement. In order to further
understand the later result, a numerical simulation of
the dielectric breakdown was adapted to the present
problem. A deterministic model was developed that
faithfully relates the actual organization within real
composites. This numerical tool is mainly determinist
in nature and based on simple, well accepted, physical
assumptions. Few parameters are necessary, each of
which presenting a straightforward physical meaning.
The simulation furnished a clear explanation to the
above described apparent disagreement.

5.2 Influence of the processing on

completion of curing

In this section, Differential Scanning Calorimetry
analysis was employed to investigate interrelation-
ships between several thermal parameters and the
processing conditions of particle-filled thermosetting
resins. On the same piece, obtained by injection
molding, the epoxy based composites exhibited sensi-
ble differences within a set of measurements of glass
transition temperatures (Tg) and width of the tran-
sition (ATg), as well as differences in heat capacity
(ACp) and conversion degree (). A statistical anal-
ysis showed a strong inter-correlation between these
thermal parameters but it could not provide any ex-
planation for the disparities. The dispersion of the
measured properties could, in a second step, be di-
rectly related to the sample’s position as compared to
injection point in the mold. It was additionally ob-
served that even the post-curing stage could not erase

this topological effect. As a result, a phenomenologi-
cal model is proposed that fairly describes the exper-
imental trends. This simple polynomial approach can
subsequently be used either to determine the ther-
mal parameters of any point of the molded piece or
to shed some light on phenomena responsible for the
large variations of the measured quantities.

Introduction

The electric industry commonly employs epoxy-based
composites as insulators for their ability to withstand
large electric fields and mechanical stresses over long
period of time. Besides imparting better mechanical
properties and decreasing the price of the final prod-
uct, the addition of mineral fillers to thermosetting
resins is an old but efficient way to prevent the ther-
mal degradation. Common inorganic fillers indeed
reduces the epoxy overheat during curing by a dilu-
tion effect and because of the larger heat capacity and
thermal conductivity of the fillers as compared to the
neat resin(133). According to the literature, the per-
formances of these materials seem to strongly vary de-
pending on the nature of the constituents®)

within a given class of composites. The nature of the
(124)

and even
second phase (often a mineral filler) and its topo-
logical arrangement are often invoked to explain vari-
ations in macroscopic physical properties<126?132). It
is furthermore well known and understood that the
thermal history(134), the water adsorption(135) and
the interface’s quality(136§137) strongly alter the glass
transition temperature of these composites. The rea-
son for the large variations within thermal parameters
that can even affect apparently very similar samples
remains, however, an opened question. Because it in-
duces huge variations within the material’s structure,
the process could plausibly be held responsible for at
least a part of this phenomenon. More specifically the
curing stage in the hot mold, characterized by the irre-
versible formation of a three-dimensional dense molec-
ular network by means of an exothermic reaction that

(138)

ations from sample to sample. In particular, the large

promotes extensive cross-links , could induce vari-
temperature rise produced during the curing stage
might induce uneven thermal degradation(139). This
degradation is a well-known phenomenon(lgg) natu-
rally attributed to the low thermal conductivity of the
material that induces significant temperature gradi-
ents in thick parts.
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The present study was carried out on composites
based on epoxy anhydride matrices reinforced by min-
eral particles. It appeared of interest to character-
ize the structural variations of the matrix originating
from samples taken out from industrial pieces. These
samples were obtained by pseudo-random withdrawal
all over the piece. Despite considerable care in opera-
tion to ensure the reliability of the results, surprisingly
broad distributions within measured thermal quanti-
ties (like Tg) were obtained, pointing out that the
composites posses intrinsically inhomogeneous prop-
erties at a centimeter-scale. The literature on the re-
lationship between process and thermal parameters of
this type of composite is however not abundant (138).
It was then of interest to understand why some zones
appeared to achieve a higher degree of completion in
the reticulation process than others. A representation
of the thermal parameters as a function of the sam-
ple’s distance from the injection point in the mold
clearly revealed that the topological characteristics
were the relevant parameter. The overall thermal pa-
rameters indeed appeared much less “noisy” when de-
picted versus the z-coordinate of the withdrawal po-
sition within the vertical mold. The new representa-
tion conducted to a phenomenological model of the
thermal properties that fairly fits the whole set of
measured data. Taking into account the topological
position of the samples could thus, by interpolation,
conduct to the values of the thermal quantities at any
point of the global part with an excellent statistical
confidence. More interestingly the phenomenological
model proposed can, in return, serve as a tool for giv-
ing hints on the mechanisms occurring during the pro-
cess of this type of complex composites. A difference
in thermal history during at the very first stage of the
process is believed to be the ground reason for the
final scatter in experimental data. It is furthermore
demonstrated that the post-curing stage decreases the
width of the distribution but did not erase the topo-
logical effect.

5.2.1 Experimental

5.2.1.1 Materials and curing procedures

Several systems of particle-filled composites were
studied differing by the chemical nature of the hard-
ener, but with similar DiGlycidyl Ether of Bisphe-
nol A (DGEBA) as prepolymer(140). Only the so-
called C'2 material will be presented in thi ssection,

it was obtained with an anhydride hardener which,
once reticulated, is of aliphatic type. The inorganic
fillers (which nature cannot be revealed) were dried
by placing them into an oven at 60°C for 48 hours
to reduce as much as possible the influence of wa-
ter. The resin, the hardener and the filler were then
mixed and stirred at 56°C and degasified under vac-
uum. The mixtures were then injected under pressure
at the bottom of a vertical mold and underwent the
cure process at 150°C for 15 minutes. The compos-
ites were then post-cured 8h at 140°C and 12 hours
at 60°C to fulfill the reticulation process. The ther-
mal analyses were carried out at several positions of
the piece according to their topological situation as
compared to the injection point. For each material,
twelve zones were analyzed which actually solely dif-
fer by the injection time of the corresponding sample
within the mold. The different sizes of the squares
on Fig. 5.1 represent a result of a calculation with a
CAD-software with the help the exact shape of the
piece (not shown). These twelve zones permit to ex-
plore every time domain associated to the process,
Fig. 5.1.
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Figure 5.1 : Representation of the relative volume frac-
tion as a function of the relative injection time (¢,.;) for
the 12 analyzed zones. from [Source: (140)]

For both systems the amount of filler was verified by
TGA as a function of the above-defined zones (140),
The volume fraction of filler was rather homogenous
overall. A minor decantation process (less than 0.5
w%) could nevertheless be detected that induced a
slightly larger amount of filler in the bottom part of
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the pieces i.e. close to the injection point. Similar
results were obtained using loss on ignition technique.

5.2.1.2 Differential

analysis

Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis was
The

calorimeter had previously been calibrated with the

carried out in a DSC 7 Perkin Elmer device.

indium standard. The baseline was accepted when,
after several iterations, the amplitude of the heat flow
without samples and reference was below 0.5 mW in
the considered range of temperature. The analysis
was then carried out with samples containing 10 + 1
mg of polymer. DSC thermograms were recorded un-
der nitrogen atmosphere from 40°C to 170°C. Mea-
surements of heat flow were conducted at a heating
rate of 10°C.min~'. For each sample, two successive
temperature ramps with a 5 minutes hold stage at
170°C between each ramp were carried out, in order
to confer each sample with a similar thermal history.
The data presented in the present section corresponds
to rejuvenated samples! (second heating ramp) to pre-
vent aging effects.

5.2.1.3 Definition of the extracted parame-

ters

Tg is usually defined three different Ways(141),
Fig. 5.2. In the present manuscript a fourth defini-
tion was chosen which corresponds to the actual onset
of the glass transition. It was accordingly defined as
the temperature at which the DSC thermogram splits
from the base line. Tg endset was similarly defined as
the temperature at which the thermogram returned to
the thermodynamic equilibrium state. These defini-
tions were chosen because they brought robust param-
eters with evident physical meanings. To further im-
prove the stability and reproducibility of the parame-
ters, a numerical method was developed based on the
calculation of the first derivative of the thermograms.
Overall three independent parameters were eventually
extracted from each thermogram that clearly charac-
terized the structural state of the polymer within the
composite:

!The samples were tested shortly after being processed any-
way.

e Tg: Actual beginning of molecular mobility in-
duced by the glass transition (temperature cor-
responding to the “takeoff” from the base line?).

e ATg: Width of the glass transition (= Tg endset
- Tg).

e ACp: Difference in heat capacity between rub-
bery and glassy states.

An
Fig. 5.2-b, corresponding to the raw data of a C2

example of such a determination is proposed in

composite.
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Figure 5.2 : Definition of the three independent param-
eters extracted from the thermogramms: Tg, ATg, and
ACYp. from [Source: (140)]

For stoechiometric blend, low Tg generally result
from an incomplete reaction, it thus seemed perti-
nent to utilize a fourth dependant parameter, with
a clear physical meaning: the extent of cure, a. The
DiBenedetto equation, as modified by Pascault and

2Note that this definition is also different from the regular
definition of Tg onset
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Williams(142) is a well-accepted equation to interre-
late Tg and «. It takes the form:
Tg — ng _ Ao
Tyoo —Tgo 1—[1-Aa

(5.1)

e Ty represents the glass transition temperature
of the initial un-reacted mixture.

e T, is the maximal glass transition temperature
reached with an isothermal curing.

e )\ is an adjustable parameter between 0 and 1,
which represents the ratio of segmental mobility
for crosslinked and uncrosslinked polymer.

Montserrat(143:144:145:146) qetermined the differ-
ent parameters (Tyoo = 109°C, T, = -23.2°C,
A = 0.69) for a system chemically similar to C2.
Though these parameters were determined experi-
mentally on the neat resin, it seemed reasonable to
assume that they are not much altered by the pres-
ence of the filler (Cp is indeed not involved in the
formula). A fit of the Ty, parameter was neverthe-
less necessary to adapt the numerical values to the
different definition of Tg. The extend of cure (a) uti-
lized in the present manuscript was hence determined
through Eq. 5.1 using Tyoo = 104°C; Tyo = -23.2°C;
A = 0.69.

5.2.2 Results and discussion

Although the random sample withdrawal method has
shortcomings it is commonly and successfully used for
characterization of the properties of massive compos-
ite parts, it was therefore the starting point of the
present study. The three independent parameters
were first analyzed for all materials using a pseudo-
random sample withdrawal method, meaning without
taking into account the samples positions in the mold.
Fig. 5.2.b depicts, as an example, three raw thermo-
grams for C'2, showing the magnitude of the measured
differences in Tg values.

5.2.2.1 Dispersion of the thermal parameters

The histograms of Tg, ATg and ACp populations can
not be fitted to Gaussian curves, because sampling
was not totally random, each zone of each material
being represented, Fig. 5.3.
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Figure 5.3 : Histograms of populations of the three in-
dependent parameters: (a) Ty, (b) ATy, and (c) AC, (the
experimental data are represented without accounting for
the withdrawal position). from [Source: (140)]

5.2.2.2 Transition width

ATg and ACp Fig. 5.3.b and 5.3.c. displays respec-
tively the ATg and ACp dispersion for all the stud-
The Tg, ACp presented a rather
dispersed behavior suggesting that the random sam-
ple withdrawal used to determine thermal parameters
failed to give a reasonable characterization of the mea-
sured properties. In fact the dispersion in measured

ied composites.

data was so broad that the uncertainty on thermal
parameters could not faithfully express the materials
properties. It was then assumed that this dispersion
in measured data was due to “bad data points” that
should be removed by a statistical analysis. This ap-
proach was done by removing points too far awayl £r70m

),

but it appeared that most of the physical information

the mean value (using the “jackknife” techniquel

was lost. In particular, the very good correlation be-
tween Tg and ATg seemed to reveal that the entire set
of data had to be considered, and that the apparent
“noise” within the experimental points was actually
related to the fact that an important parameter was
missing in the representation.

5.2.2.3 Thermal parameters represented as a

function of the samples’ positions.

An exploratory analysis was realized in order to de-
crease the apparent noise in these broad distributions.
Regarding the rather straightforward processing con-
ditions, the sole issue that differentiates between the
samples appeared to be their position in the mold. It
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was first assumed that the thermal quantities should,
to some extend, follow a regular variation within the
global piece. To better reveal this continuity Tg, ATg
and ACp were thus labeled as a function of the topo-
logical location of the corresponding samples in the
mold. More precisely the twelve zones were differenti-
ated by the relative time of injection of the resin dur-
ing the injection process t..; = t/too. Assuming that
gravity was the leading parameter, the zones close to
the injection point received fresh resin until the end of
the injection process and thus came up with the short-
est curing times (zone X, Fig. 5.1). On the contrary
the top of the mold is eventually filled with the mate-
rial that first came into the mold and thus obtained
the longest curing time. Fig. 5.4 depict the same ex-
perimental Tg values as Fig. 5.3, but as a function of

trel-
104 1 1 1 1
L0.99
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L0.98
100 4
e 097
> 98-
0.96
96
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94T P
0 ‘ ‘ 0.0

T T T T
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Relative injection time [ t ]

Figure 5.4 : T, as a function of the relative injection time
tye from [Source: (140)]
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Figure 5.5 : AT, as a function of the relative injection
time ¢,¢; from [Source: (140)]
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Figure 5.6 : AC), as a function of the relative injection
time t,¢;. [Source: (140)]

Coeff. determination p-value
Ty/Trel 0.8198 9.51x107"
ATy /trer 0.8036 2.26x 1076
ACy[trer 0.5160 9.84x1073

Table 5.1 : Coefficients of Determination and p — values
Between T, AT,, AC,, and t,.; [Source: (140)]

The parabolic behavior that this new representa-
tion brought out emerged with much less apparent
noise on the experimental data. A statistical analy-
sis with the entire set of data confirmed the depen-
dence with an excellent correlation between these two
variables (Tg and t,..;). Other similar materials also
follows a similar tendency which comforted the anal-

140) e representation of Tg as a function of

ysis (
the relative injection time hence appeared to be fruit-
ful. The same method was thus applied to ATg and
ACp. The ATg, when represented against t,.;, also
fairly follows a parabolic law, as shown in Fig. 5.4.
For the two materials for which this parameter could
be determined, ATg and t,.; were significantly corre-
lated with a confidence interval of 97% (Table 5.1).
The last determined parameter ACp again tends to
follow a parabolic behavior in the new representation

(Fig. 5.6).

Coeff. determination p-value
Ty/Trel 0.8198 9.51x10~7
ATy /trer 0.7573 1.80x1075
AC [trel 0.1045 6.27x 107!

Table 5.2 : Coeflicients of Determination and p — values
Between T, AT,, AC,, and o [Source: (140)]
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AT, versus o for the C2 composites.

From the above described results it is worth notic-
ing that although they both follow a parabolic ten-
dency, Tg (or ) and ATg exhibit inversed behaviors.
In other words, the coefficients corresponding to t?el
had opposite signs. A statistical analysis confirmed
that ATg was significantly correlated to the extend
of cure as shown in Table 5.2 and Fig. 5.7. In addi-
tion, AT, can be considered as a pertinent parameter
to estimate the homogeneity of a cured epoxy system.
The relationship between ATg and Tg indeed takes
the linear form:

ATg=a—-bTg (5.2)
where a = 258°C and b = 2.36 represent experimen-
tally estimated constants. Eq. 5.2 actually provides a
rationalization to the fact that with the studied poly-
mer (a thermosetting matrix in a composite with an
incomplete reticulation) contains heterogeneities that
increase the width of the glass transition temperature,
besides reducing its absolute value.

5.2.3 Results overview

In summary, the thermal parameters of the compos-
ites appeared, at a first glance, to present a stochas-
tic distribution. By using a new representation of the
experimental data versus the relative time of injec-
tion, the entire set of data could, actually, be defined
with a much better resolution. A parabolic behavior
was systematically obtained for the three independent
parameters Tg, ATg and ACp without eliminating

Relative'injection time [ t,] ’

Figure 5.8 : Schematic representation of T, as a function
of t,.¢;. from [Source: (140)]

An explanation of the bell-shape of the curves of
Tg as a function of t,.¢; can be proposed, Fig. 5.8. For
the zones far away from the injection point (bottom
of the mold), relatively lower Tg can be interpreted
through:

a) A stoechiometric defect which could result from
the slight decantation of the filler during the process,
as observed by TGA,(140). The decantation process
could indeed induce a decantation of the pre-polymer
which has a better affinity with the mineral filler,
and thereby modify the stoechiometry and decrease
Tg(148)_

b) An overheat of the composite that caused a
chemical degradation of the polymer(Mg). The over-
heat could obviously be the direct consequence of the
longer curing time. This hypothesis is also supported
by the fact that the top zones are eventually filled
with the materials that went through the hot mold
all the way (corresponding to the hot front). In addi-
tion, overheat could be magnified by the lower amount
of fillers measured on the top zones of the mold. The
fillers are indeed acting as heat dissipaters due to their
high heat conductivity and specific heat as compared
to the polymer. The later interpretation is however
not likely because of the very low amplitude of the
decantation observed (140),

For the zones close to the injection point a sym-
metric thought process can be applied to describe the
relatively lower Tg:
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a) The stoechiometric effect148) similar to the one
described above and induced by the filler decantation
during the process.

b) A thermal effect 1°0) induced by the shorter cur-
ing time(151), lower temperature (as compared to the
top zone) and slightly lower amount of reinforcing par-
ticles.

The first explanation, which would require at least
a partial phase separation and diffusion between the
very compatible two components of the polymer, does
not seem to be likely. The second possibility could,
on the contrary, arise from realistic events and seemed
accordingly reasonable for these composites.

5.2.4 Conclusion

The processing of epoxy based composites induced
a broad dispersion in DSC measured of independent
thermal parameters Tg, ATg, ACp at the molded
piece scale. These distributions, that first appeared
to be stochastic, could actually be directly related to
the withdrawal zone of the analyzed sample. A new
parameter was defined, the relative time of injection
in the mold, (¢,¢) that enables to describe the en-
tire set of data by parabolic curves.These parabolic
behaviors revealed that Tg (or «) as linked by the
DiBenedetto equation) possessed lower values in the
vicinity of the injection point and at the top of the
vertical mold. ATg and ACp also exhibit a parabolic
behavior when displayed against t,¢;, but the extreme
zones (close and far from the injection point) lead to
the highest values. This inversed behavior was con-
firmed by the statistical study.

Because ATg was defined as the temperature dif-
ference between the very beginning of the molecular
mobility associated with Tg and the temperature at
which the system goes back to the thermodynamic
equilibrium, it seemed to be the pertinent parameter
to assess the network heterogeneity. This work thus
indicates that epoxies anhydride in under-reticulation
state posses a rather heterogeneous network. In par-
ticular the post-curing step not only contributes to
higher the absolute values of Tg, but also favors the
network homogenization.

Even with a very well controlled process some vari-
ability remains. With the condition of taking precau-
tions and with a large set of data, it was possible to
extract physico-chemical information thanks to this
variability, without any intervention on the process
itself.

Although no definitive interpretation can be given
for this topological dependence of the thermal pa-
rameters, a difference in thermal history during the
very first step of the process is believed to be the
ground reason for the final scatter in experimental
data. It was additionally observed that even a post-
curing stage performed much above the glass transi-
tion temperature could not erase this topological ef-
fect. It could now be of interest to confirm the corre-
lation with samples presenting a wider range of retic-
ulation states in order to obtain even more sensitive
data. The linear relationship in the studied domain
between o and Tg limited the study of the new re-
lationship that links up Tg (or «) to ATg. It would
consequently be of particular interest to reveal which
of the a or T'g parameter would be related to the ATg
over a broader range of variation.

5.3 Influence of the micro and
meso scales on high voltage
properties

This section relates both an experimental study and a
numerical investigation of the breakdown field in par-
ticle reinforced thermo—sets. The experimental study
revealed that the increase of the conversion degree
() of the epoxy matrix improved the field to break-
down both in divergent and quasi—-homogeneous fields.
It was also observed that the presence of the second
phase (mineral filler) dispersed within the polymeric
host led to apparently contradictory results depending
on the nature of the electric field. The neat matrix in-
deed exhibited a higher field to breakdown than that
of the composite in a quasi homogeneous field config-
uration whereas the opposite behavior was evidenced
in a point—plane configuration. It thus appeared that
the filler can either prevent or ease the breakdown
phenomena, depending on the nature of the electrodes
configuration.

In order to further understand this statement, a
numerical simulation of the dielectric breakdown was
proposed. A deterministic model that accounts for the
organization within real composites was developed.
This numerical method, based on the resistor—short
breakdown model was improved to directly account
for the real phase arrangement within the samples
through SEM pictures. The simulation furnished the
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explanation for the apparent disagreement, evidenc-
ing that the inorganic particles protect the composite
in divergent fields through a mechanism close to the
so—called barrier effect, whereas the same fillers were
responsible for a local intensification of the electric
field and thereby a reduction of the dielectric strength
in a quasi homogeneous field.

In this section the breakdown phenomena are first
studied from the local point of view through SEM
characterizations of the damaged trees and with the
above described meso—macro finite element simula-
tion. This approach revealed that apparent contra-
dictions within a series of macroscopic measurements
presented actually a rather straightforward explana-
tion when regarded in terms of mechanisms at a mi-
croscopic scale.

5.3.1 Experimental

5.3.1.1 Materials and specimen preparation

The composite under investigation is basically the
same as the one described in the previous section. In
order to also investigate the effect of the filler on the
electric properties, a pure unfilled epoxy was also pre-
pared and denominated “M2”. For the M2 material
the curing temperature was reduced to 100°C to pre-
vent degradation due to the exothermic reticulation
reaction. All the samples were eventually post—cured
8h at 140°C and 12k at 60°C in order to supplement
the reticulation process.

For C2 composite, a sampling of materials was car-
ried out with various conversion degrees close to the
140;152)

of samples however presented slightly different curing

optimal reticulation state . The resulting set
times and temperatures, which led, with the help of
the Di Bendetto equation(142) to six conversion de-
grees ranging from 0.95 to 0.995, Fig. 5.9.

All samples were then cut by an accurate cut—
off wheel to obtain a constant width in close to
0.5 £+ 0.1 mm, they were grinded and polished a spe-
cific Way(152) to obtain a mirror polished surface.

5.3.1.2 Breakdown voltage measurements

The voltage transformer for dielectric breakdown
measurements provided an AC voltage at industrial
frequencies (50Hz). The specimens were immersed in
silicon oil to prevent the surface discharge (flashover).
An AC voltage ramp was applied to the specimen in

1.00

0.98 4

0.96 4 F

0.94 4 o

0.92 - L

u_ﬁ|1|| I I B

2 3 4 i i
Selection of sample

Figure 5.9 : Sampling of C'2-composite with various con-
version degrees (o) [Source: (109)] .

contact mode until dielectric breakdown, after which
the experiment was rapidly stopped. Breakdown oc-
curred between 10 and 20 seconds with a ramp rate
of about 1 kV.s~!. The field to breakdown was mea-
sured at 20°C as the result of the average of 4 samples
measurements. Breakdown measurements were per-
formed both under divergent and quasi homogeneous
field, using respectively point—plane (Fig. 5.10-a.) and
sphere—sphere (Fig. 5.10-b.) electrode configurations.
The point electrodes were made of tungsten with a tip
head radius of curvature close to 30um, whereas the
copper plane electrode was a flat disk with 77.5 mm in
radius. The sphere electrodes were made of stainless
steel with a diameter of 15 mm.

Spherical electrode
£

L
-
A

—— Silicone aoil

Tip electrede

+— Silicone oil
Plane _|
electrode
sample
Figure 5.10 : Test specimens used to measure dielec-

tric breakdown (a) point—plane electrodes and (b) spherical
electrodes [Source: (109)] .
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The breakdown field in quasi-homogeneous config-
uration mainly depends on the maximum voltage and
the electrodes gap, i.e. the sample width in contact
mode.

E=BxEp, (5.3)

where E,,, = V/d and (8 the non—uniformity coeffi-
cient of the electric field; it depends on the geometry
of the electrodes and the thickness of the sample, and
it is very close to 1 (about 1.02) in the present case.
The dielectric breakdown strength (kV/mm) was in
consequence measured in sphere-sphere configuration
simply by dividing the voltage to breakdown by the
samples’ thicknesses.

Under divergent field, the electrical field to break-
down was quantified at the tip of the sharp electrode
according to the following relationship(153).

po__ 2V
rin(1l+4d/r)

where V is the maximum applied electrical voltage,
d is the electrode gap ( i.e. , the sample width), and
r is the tip radius of the point electrode.

5.3.1.3 SEM characterization

Observations of the breakdown tree paths and com-
posite morphology were performed by means of a
scanning electron microscope Stereoscan 440 LEICA.
In order to obtain a good observation of the treeing,
a technique similar to that generally used to cut the
glass was performed. A straight line was first scored
in one time on either sides of the perforation hole,
purposely avoiding the vicinity of the hole, Fig. 5.11.
The sample was then broken at room temperature
using breaking pliers. The surface of the samples
were finally metallized by cathode vaporization treat-
ment, which covered the surface by a thin gold layer
(~50 nm).

A topologic analysis using the secondary electrons
diffusion showed up being well-suited to reveal the
breakdown trees. In the point—plane configuration,
many trials were necessary to obtain a sample that
mechanically broke following a surface that included
dielectric breakdown trees. Cold breakage in liquid
nitrogen did not seem to increase the odds of this
rare event.

In addition to this procedure photomicrographs of
mirror polished surfaces with retro—diffused electrons

(sensitive to chemical nature) produced good pictures
with a high contrast between the filler and the matrix
and were subsequently employed as an input of the
numerical simulation (see §4.4 for details).

Dielectric/

breakdown

Mechanical Metallization
breakage = Observation

Rupture
initiation

Figure 5.11 : Sample preparation for SEM treeing char-
acterization [Source: (109)] .

In order to restrain possible moisture differences,
all the studied samples were first conditioned under
vacuum at 60°C for a week prior to testing.

5.3.1.4 Simulation of the dielectric break-

down

Several methods can be found in the literature to de-
scribe the electrical properties of heterogeneous sys-
tems(194) . This problem can be regarded an analytic
way or a numerical way. Analytical models were re-
jected from the present study, because they generally
poorly account for the composite morphologies. The
chosen model was therefore based on the equivalent—
circuits model or, in other words, FEA calculations.
The successive steps required for the simulation will
be described below. The model is an in-house iter-
ative resistor—short breakdown simulation, developed
by Flandin et al. 1145155 This code was developed
with a help of three freeware available on the internet
(1) ImageJ116) for image analysis, (i) Triangle(4D)
a fast and robust mesh generator generously shared
by Dr. Shewchuk of the University of California at
Berkeley and (iii) spice 3f5 a general-purpose circuit
simulation program, initially developed at the Univer-
sity of California, Berkeley. A version called Spice+

was utilized@3) in this study.

5.3.2 Results and discussion

The breakdown trees are first regarded from the lo-
cal point of view through SEM characterizations in
order to get an appreciation of their behaviors at a
microscopic scale. The breakdown fields will be also
analyzed afterwards based on the previous analysis.
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5.3.2.1 Morphological analysis of the dam-

aged area

Point—plane configuration To obtain a reliable
representation of the dielectric breakdown process in
the composite; SEM pictures were taken on sam-
ples after dielectric breakdown occurred. With the
point—plane electrodes configuration an almost one—
dimensional, filamentary-like structure was observed
with about 1pym in diameter. This tree was simi-
lar in nature to that generally observed in a point—
88:120) with unfilled epoxy. Be-
cause this channel went all the way from one elec-
trode to the other (Fig. 5.12-a.), it was assumed to
represent at least one of the conducting paths respon-
sible for the final breakdown of the whole compos-
ite. Due to the large field enhancement around the
point electrode(®8:101)
tree started on it and grew in direction of the plane
electrode (see arrow on the picture). Looking closely
to the damaged structure, it is striking to observe
that the conducting tree bypassed around inorganic
fillers (Fig. 5.12-b) evidencing that the treeing took
preferably place within the polymeric host. This re-
sult, forecasted by CHO et al.(126) is, to the au-
thors’ knowledge, first time evidenced in the present
work. A direct consequence of the mandatory bypass
of the fillers is also visible on the Fig. 5.12. DIS-
SADO et al.197:112) jndeed noticed that the tree
increments were at least 5 pm in length within a neat
epoxy. In the present case, the tree increments could

plane configuration(

, it seemed reasonable that the

be much shorter, when stopped by minerals particles.
This later observation is nothing but a reformulation
of the so—called “barrier effect” that can be played by
the mineral fillers.

Sphere—sphere configuration For comparison
the same SEM analysis was performed in the sphere—
sphere configuration (quasi-homogeneous field). It
was however not possible in this case to obtain sim-
ilar pictures. Instead of getting channel with 1 pym
in diameter from one electrode to the other, a much
larger degradation took place leading to a “damaged
crater” with few hundreds microns width and even
larger extremities, Fig. 5.13. It was in consequence
not possible, in this symmetric electrode configura-
tion, to describe a starting point and an end to the
damage propagation. It was then concluded that the
much lower field localization in this case was respon-
sible for a more global breakdown of the structure.

EERE 5
"-%‘-"‘E;L" 7]“ ey
N\ i

Figure 5.12 : SEM picture of electrical tree in the com-
posite under divergent field [Source: (109)] .
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Figure 5.13 : SEM picture of electrical tree in the com-
posite under quasi-homogenous field [Source: (109)] .

Conclusions for SEM observations A schematic
drawing of the above analysis both in quasi-
homogeneous and divergent fields is proposed in
Fig. 5.14. The main difference between these two con-
figurations can be summarized by the scale at which
the damage might be initialized.

1. In sphere—sphere configuration, a quasi—
homogeneous field is perceived all over the piece.
The damage could thus equally initiate anywhere
within the structure, and should hence first take
The
quasi-homogeneous configuration should as a
consequence correspond to a “Global Weakest

Link” (GWL) at the whole sample scale.

place in the vicinity of the major flaws.

2. On the contrary, in the point—plane configu-
ration, the divergent field is largely enhanced
around the tip of the point electrode. The dam-
age tree should thus start in the vicinity of this
electrode, almost independently from the flaws
too far away from it. The divergent configura-
tion should thus correspond to a “Local Weakest
Link” (LWL) accompanied by a major cumulative
process.

This difference between these two types of solicita-
tions can thus, at this point, be summarized by the
initiation process. The “nucleation” is believed to be
spatially restricted to the point electrode in one case
and possible anywhere in the other case. This differ-
ence originates from the geometry of the electrodes
and led on the one hand in a filamentary-like struc-
ture of the tree (divergent field) and on the other hand
in a global fall down (quasi-homogeneous field). This
schematic approach is corroborated by the relative
values of the breakdown voltage and electric field in
both configurations. The breakdown voltage of sam-
ples with similar thicknesses was indeed much lower
in the case of the point—plane configuration as com-
pared to the sphere—sphere one. This is generally ex-
plained by the field enhancement surrounding the tip
of the point electrode. When corrected by Masson
equation(153) the actual field at the tip is however
much higher in the point—plane configuration than in
the sphere—sphere one. The difference (almost an or-
der of magnitude, see experimental results), might be
related to the complexity in calculating the actual
field, experimental uncertainties, etc.
lieved that the higher field to breakdown measured in

It is also be-
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the divergent field results from the search in the vicin-
ity of the point electrode for the LWL that might be
much stronger to overcome than the GWL to achieve
in a quasi—-homogeneous field.

Quasi-homogeneous field
"Global Weakest Link"

f

Divergent Field
“"Local Weakest Link”

| Plane |

Figure 5.14 : Schematic representation of the proposed
tree propagation in sphere—sphere (Global Weakest Link,
left) and point—plane (Local Weakest Link, right) configu-
rations [Source: (109)] .

5.3.2.2 Influence of conversion degree on the

dielectric breakdown

The influence of the degree of curing on dielectric
breakdown was evaluated by measuring the field to
breakdown on the sampling of C'2 composite.

Fig. 5.15-a shows the variations of the field to break-
down in a divergent configuration, as a function of
the conversion degree (« ranging from 0.96 to 0.995).
Within this range of a—values, the field to breakdown
obeys an almost linear increase of about 30% with «.
A statistical study even revealed that o and the field
to breakdown were significantly correlated, 5.3.2.2.

In quasi-homogenous field (Fig. 5.15-b) configura-
tion the dielectric strength similarly increased linearly
with «. A statistical study showed nevertheless that
dielectric breakdown was not, in this case, signifi-
cantly correlated to the conversion degree (P value
> 5x1071, see 5.3.2.2). The relative variation in di-
electric strength was, in addition, much lower with
only 3% increase in the same conditions.

For a given filler state (amount, chemistry, disper-
sion, but also size and shape), the enhancement of
the completion of curing of the thermo—set matrix
largely improved the field to breakdown of the com-
posite: 5% increase in the degree of curing induced
a 28% increase in the breakdown field. The macro-
scopic field to breakdown thus turned up to be quite
sensitive to the local structure of the polymeric host.

a) 360 )’ 1 1 1 1
3401 -
320 L

300+ ‘ o

0.96

Breakdown field [kV/mm]

!

48 L

401 RUNEREEE M L

36 -

Breakdown field [kV/mm]

K IR

0.0 0.95

Figure 5.15 : Dielectric Breakdown as a function of con-
version degree under divergent (a) and quasi—uniform (b)
fields [Source: (109)] .

R2 P-value  Changes
QHF 0.9896 1.3x1073 28 %
DF 0.6688 8.5x107! 3%
Table 5.3 : Coefficient of determination and P value

between field to breakdown and a. QHF and DF stand
for Quasi Homogeneous Field and Divergent Field, respec-
tively [Source: (109)] .
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Increasing the a value directly decreases the amount
of dead ends within the structure that might present a
polar nature®® and favor the initiation/propagation
of the dielectric tree. This reduction of flaws in poly-
mer network thus improved the field to breakdown. It
also came out, however, that the divergent field exper-
iments presented a much higher sensitivity to struc-
tural variations than the quasi-homogeneous counter-
parts. This later result seemed to directly arise from
the initiation of the damage process schematically de-
scribed in Fig. 5.15 and summarized by the above
described GWL versus LWL concept.
homogeneous field configuration, the breakdown is

In a quasi-

controlled by the presence of major flaws found any-
where within the structure, as described in the GWL.
The filler with about 6um in diameter obviously ma-
terialize this major heterogeneity in a composite. As
a result, an improvement of the intrinsic properties of
the polymeric host only slightly influences the macro-
scopic behavior that remains controlled by the pres-
ence of the fillers. On the contrary, in a divergent field
configuration, the damage first occurs at the surface
of the needle tip and should directly overcome the
improvement of the polymer without being strongly
helped by the fillers. The search for only the LWL
induces a stronger increase in the field to breakdown.

From the above description, it seemed that the
fillers should play a major role on dielectric break-
down of these composites in a quasi-homogeneous
field. The same fillers appear, on the contrary, to
much less alter the macroscopic behavior in a point—
plane configuration. It was thus of interest to compare
the breakdown voltage of these composites to that of
the neat matrix in both configurations. The results
will be described in the next section.

5.3.2.3 Influence of inorganic fillers on the di-

electric breakdown

In the particular case of a composite, the difference
in electric properties between the two phases induces
a large field enhancement 5131 around the fillers
that can be viewed as the largest flaws within the
structure. The purpose of this section is to estimate
the quantitative influence of this heterogeneity on the
macroscopic behavior of the material.

Divergent field Fig. 5.16-a shows the average—field
to breakdown for both the neat epoxy matrix and
the C'2 corresponding composite with similar degrees
of curing. The field to breakdown was significantly
increased by the presence of the fillers. According to
the literature, this result could be explained two ways:

1. Either the barrier effect due to the fillers: the
trees within the insulator have to bypass the min-

eral particles, as schematically depicted Fig. 5.16-
b.

2. Or the thermal effect: under the direct influence
of the electric field, insulators experience over-
heating by Joule effect as a result of the high
electrical conductivity of the damaged tree. This
very local overheats naturally lead to tempera-
ture gradients that might favor the propagation

of the conductive paths(156).

The inorganic—
fillers, with their much higher heat capacity and
conductivity might reduce overheat and thus dis-

favor the thermal breakdown.

Divergent field Divergent field
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Figure 5.16 : Dielectric Breakdown, measured in a
point/plane configuration for both systems M2 and C2 (a)
and schematic interpretation of the reinforcing influence
(b) [Source: (109)] .

HDR L. FLANDIN ; LMOPS, UMR 5041 CNRS — UNIVERSITE DE SAVOIE


mailto:Lionel.Flandin@univ-savoie.fr
http://www.lmops.univ-savoie.Fr
http://www.univ-savoie.Fr
http://www.sgm.univ-savoie.fr/HDR\relax $\@@underline {\hbox { }}\mathsurround \z@ $\relax LF/

p- 72

Multiscale relationships on polymer filled with insulating particles ...

Quasi—-homogeneous field Fig. 5.17-a shows the
average—dielectric strength for both the neat epoxy
matrix and the C'2 corresponding composite with sim-
ilar degrees of curing. In contrast to the results ob-
tained in a divergent field, the dielectric strength was,
in the quasi-homogeneous configuration, significantly
reduced by the presence of the fillers. This result can
qualitatively be associated with the field gradients in-
duced by the mineral particles which posses a higher
electrical conductivity and permittivity. Moreover,
these intensifications of the electrical field could be
aggravated by the presence of asperities on the fillers.
For the neat matrix, in contrast, the electrical field
should be homogeneous and the dielectric strength
possessed hence a higher value.

Quasi-homogeneous field Quasi-homogenecus field
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Figure 5.17 : Measured dielectric breakdown in sphere—
sphere configuration for both systems M2 and C2 (a) and
schematic interpretation of the influence of the filler (b)
[Source: (109)] .

An interesting ‘composite effect’ has been evidence
which depends on the nature of the electric field: in a
quasi-homogeneous field the reinforcing particles be-
have as flaws and decrease the dielectric strength of
the considered epoxy whereas the same particles seem
to prevent the degradation of the polymer network
when placed in a divergent field. It is thus of partic-
ular interest to model the dielectric breakdown of the
neat matrix and of the composite both in divergent

and quasi—homogeneous fields to estimate the relative
influence of the electric and thermal effects.

5.3.2.4 Simulation of the dielectric break-

down

The simulation simulation is the same as the one pre-
sented in chapter 4, page 47. The goal is to use it to
determine if a purely electric effect might explain the
complex “composite effect” described above.

In the case of homogeneous solids, several statisti-
cal models havell())(;en developed to describe the break-
(107)

tems is, however, more complicated

. The case of heterogeneous sys-
(128;157)
of the field enhancement which develops between
phases with contrasted physical properties(154). I
addition the field distribution is dynamically modi-
fied by the growth of a low resistive tree. As a re-
sult the propagation is an intrinsically cumulative pro-
cess which should be modeled a dynamic way. This
particularity makes beneficial the use of a voltage
Martin
et al.(108;158;159) proposed to view the composite as

down patterns
because

n

controlled resistor-short breakdown model.

a resistor network where the center of mass of each
particle was a node connected to its closest neighbors
by a resistor. These resistors were supposed to irre-
versibly short to “perfect conductors” when the cur-
rent reached a threshold value. The strong positive
feedback of this model gave roughly one—dimensional
breakdown trees. The only drawback of this attrac-
tive methodology is to represent each particle by only
one node, hence assuming they are isopotential(114).

A more realistic simulation, based on the resistors
network approach, was then developed with the help
of SEM pictures. The image (Fig. 5.18-a) was first
binarised (Fig. 5.18-b) and the coordinates of the con-
tours were then saved for each particle. The next step,
an unstructured mesh was created that contained the
contours points (Fig. 5.18-c). The mesh was per-
formed with angles greater than 30° to prevent biased
results during the electrical calculation. Within this
mesh it seemed reasonable to set two kinds of nodes
representing either the matrix or the filler, depending
on their geometrical positions. The electrical proper-
ties were then assigned to each phase using rigorous
finite element discretization methods(}17).

The simulation was run using a sequence of calcu-
lations performed with the spice 3f5 software and in—
house codes. A unit voltage is applied to the network
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and Kirshoff’s laws (or equivalently the Laplace equa-
tions) are solved to find each node’s potential. The
current flowing in every link is then determined and
the most stressed link is registered and considered as
definitively shorted. This maximum current is then
divided by the short current and the applied voltage
is multiplied by this factor to determine the applied
voltage Vs at which the resistor will short. This hy-
pothesis obviously corresponds to the particular case
of linear (ohmic) resistors. Once the most stressed re-
sistor has been shorted, the new equilibrium potential
is computed, the “hottest” node(108) found, shorted,
etc. (Fig. 5.18-d) until a conducting path had gone
through the entire simulated composite(Fig. 5.18-e).

The dielectric breakdown simulations presented are
entirely deterministic in nature; no random number
generator was employed for the breakdown calcula-
tions. The resulting breakdown voltage was obtained
for each set of nodes with the method developed by
Martin et al.198). Because the damaged tree manda-
tory followed the defined mesh, various meshes were
calculated from the same initial image and a Weibull
(Fig. 5.18-f) analysis was performed on the resulting
fields to breakdown.

5.3.2.5 Evidence for GWL concept

An example of a breakdown tree is described in
Fig. 5.20 for a plane—plane electrodes arrangement. In
this macroscopically homogeneous field configuration,
field gradients solely result from the presence of the
particles. As aresult, a strong correlation emerged be-
tween the presence of the fillers and the nucleation of
damaged trees. The shorts indeed mainly took place
close to the particles—matrix interfaces. The asper-
ities on particles, even away from the main break-
down trees also showed a tendency to develop shorts
that remained localized in this simulation, which was
stopped to analyze the position of the shorts. The
purely geometric segments corresponding to the min-
imum distance between two neighboring surfaces were
also plotted on this graph. It clearly appeared that
the breakdown tree very often followed these seg-
ments, especially those oriented in the direction of
the electric field (vertically). In summary, the anal-
ysis of the simulated breakdown trees in the quasi—
homogeneous field corroborated (i) the large influ-
ence of the particles on the initiation of the breakdown
and (7i) the resulting even distribution of the damage.
The particles thus qualitatively favor the initiation of

breakdown trees in plane—plane configuration. As a
result, the field to breakdown is found with the sim-
ulation to be lowered for the composite as compared
to the neat matrix, Fig. 5.21.

-/

Figure 5.19 : Schematic representation of the method
proposed to obtain various meshes from a single image:
initial mesh obtained from the particleSs geometry (left)
and another mesh for the exact same particle (right). (The
arrows are added to guide the eyes.) [Source: (109)]

Figure 5.20 : Interrelation between minimum particle
distance (light gray) and breakdown tree (dark gray) in a
plane—plane electrode arrangement. [Source: (109)]

As already mentioned above, in the case of diver-
gent configuration, the electric field is initially local-
ized at the tip of the needle electrode. The final struc-
ture of the tree (roughly one dimensional channel)
clearly shows that a strong localization is kept during
the whole breakdown process. This statement was
also found in the simulation, thanks to the high con-
ductivity of the damaged tree as compared to both
filler and matrix. It was however also evidenced that
the field localization was largely reduced whenever the

tree reached a particle (which was assumed to be 10
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a/ Original SEM micrograph b/ segmented picture

d/ Dielectric Breakdown
c! Equivalent electrical circuit as running after 50 steps
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Figure 5.18 : The steps of simulation of breakdown trees in heterogeneous materials (case of composite C2 in point—
plane configuration).(a) SEM original Photomicrograph, (b) segmented picture, (c¢) equivalent network, (d) dielectric
breakdown simulation (as continued after 50 steps), (e) dielectric breakdown simulation (as stopped after 325 stages)
and (f) Weibull plot to obtain the field to breakdown [Source: (109)] .
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times more conducting than the matrix). The grow-
ing tree thus presented overall two opposite behaviors
toward the fillers; on the one hand a strong attrac-
tion due to their high conductivity which induce field
gradients and, on the other hand a repulsion when
touched related to the decrees in field enhancement.
This lead to complex pattern and branching displayed
on Fig. 5.18-e. Moreover this “attract—then—barrier”
phenomenon resulted in a higher field to breakdown of
the composite, as compared the pure polymer in the
simulation, Fig. 5.21. Here again, the intrinsic elec-
trical properties of the two phases was sufficient to
semi—quantitatively explain the macroscopic field to
breakdown measured experimentally. It was in par-
ticular striking that neither the thermal effect had nor
gradients in physical properties had to be considered.
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Figure 5.21 : Dielectric breakdown field obtained from
experiments (E) and simulation (S) for both systems M2
and C'2 systems in both quasi-homogeneous and divergent
fields. [Source: (109)]

5.3.3 Concluding remarks

This study was first concerned with the influence of
the degree of curing («) on the field to breakdown of
epoxy—mineral filler composites. By studying a set of
sample with a ranging from 0.95 to 0.995, an almost
linear increase in the breakdown field was evidenced
in both divergent and quasi-homogeneous field. A
much larger sensitivity was however measured in the
divergent configuration.

In a second step, an innovative SEM study of the
structure of the conducting tree revealed that under
divergent configuration, the field initially enhanced
at the point electrode remained localized at the tip of
the growing tree during the whole breakdown process.
As a result, a pseudo-linear tree was observed similar
in nature to that evidenced for a neat epoxy(%). On

the contrary a more global breakdown of the structure
was observed in a quasi-homogeneous field configura-
tion that most likely resulted from much lower field
localization. From these statements it was proposed
that the pertinent parameter was the scale at which
the breakdown nucleates in the two configurations:

1. In
homogeneous field is perceived all over the piece.

sphere—sphere configuration, a quasi—
The damage may thus equally initiate at any
place within the structure, and hence first take
The

quasi—-homogeneous configuration should as a

place in the vicinity of the major flaws.

consequence correspond to a “Global Weakest
Link” (GWL) at the whole sample scale.

2. On the contrary, in point—plane configuration, a
divergent field is largely enhanced around the tip
of the point electrode. The damage tree thus

preferentially starts in the vicinity of this elec-

trode, almost independently from the flaws too
far away from it. The divergent configuration
should thus correspond to a “Local Weakest Link”

(LWL) accompanied by a major cumulative pro-

cess.

It is thus striking that the fillers play a major role on
dielectric breakdown of these composites that depends
on the electrode configuration. It was then decided to
compare the breakdown properties of these compos-
ites to that of the neat matrix in both configurations.
An interesting ‘composite effect’” was evidence which
depend on the nature of the electric field: in a quasi—
homogeneous field the reinforcing particles behave as
flaws and decrease the dielectric strength of the con-
sidered epoxy whereas the same particles seem to pre-
vent the degradation of the polymer network when
placed in a divergent field.

To further understand this composite effect, a
purely electric model of the breakdown was devel-
oped. The analysis of the simulated breakdown trees
in the quasi-homogeneous field corroborated (i) the
large influence of the particles on the initiation of
the breakdown and (ii) the resulting even distribu-
tion of the damage. The particles thus qualitatively
favoured the initiation of breakdown trees in plane—
plane configuration and the field to breakdown was
found to be lowered for the composite as compared
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to the neat matrix. Moreover in the divergent con-
figuration, an “attract—then—barrier” phenomenon re-
sulted in a higher field to breakdown of the compos-
ite, as compared the pure polymer in the simulation.
The intrinsic electrical properties of the two phases,
when properly combined with their relative arrange-
ments, were thus sufficient to semi—quantitatively ex-
plain the macroscopic fields to breakdown measured
for the whole set of data.

In this type of experiments it seems that bigger par-
ticles with higher electrical conductivity would be re-
quired to further improve the field to breakdown in a
point—plane configuration. This later statement obvi-
ously presents some limitations and it could be of pe-
culiar interest to investigate its range of validity and
the influence of the particles geometry and volume
fraction on the breakdown behavior of these useful
composites.
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Chapter 6

Relative influence of the physical and

chemical aging on high voltage properties

© Abstract ©
Aging of epoxy based composite used as insulators in the industry are investigated. Two sets of samples

were investigated: (i) a rare sample that aged 20 years in service and faced numerous constraints (environ-
mental, electrical, thermal, mechanical, etc.) and (ii) composites aged in laboratory with the sole influence
of the temperature. First, a detailed analysis of the changes in properties during aging is proposed. Then,
the series of well characterized samples is tested for dielectric breakdown. During the characterization of the
physico-chemical properties, it was essentially concluded that the insulator aged twenty years in actual ser-
vice conditions underwent both a severe chemical degradation and a large structural recovery of the polymer
network (“physical aging”). This composite exhibited however a breakdown field comparable to that of a fresh
sample with the same formulation. The sole physical aging showed proved to largely increase the voltage to
breakdown of the newly processes composite over time. This improvement was attributed to a densification
of the thermoset resin, which prevented the tree initiation and/or growth. It was additionally observed that
the choice of the electrode geometry greatly altered the measurements. In a quasi-homogeneous field config-
uration, the breakdown was mainly governed by the major flaws at the sample scale, namely the reinforcing
particles. On the contrary, under a divergent field (with a point —plane electrode arrangement), the field was
essentially localized at the point electrode tip, and the major flaws might not be reachable by the damage tree.
It hence appeared that the measurements performed in a quasi-homogeneous field are not very semsitive to
the variations within the polymeric matriz as are the measurements under a divergent field. In conclusion a

quantitative analytic model is proposed that summarizes all the experiments performed in High Field.
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6.1 Structural changes induced by
aging
6.1.1 Introduction

Epoxy based composites are commonly used as insu-
lator in demanding applications because of their abil-
ity to withstand high electric field over long periods
(83)

however likely to generate structural modifications af-

of time'°®/. The multi-stress constraints in service is
ter long-term in service. The aging of these compos-
ites may reduce their reliability and jeopardize the
whole structure. It seemed thus of interest to un-
derstand and try to predict the structural changes of
these composites when submitted to high electric field
over long periods.

The aging procedure may not solely consider the
effect of temperature. For example, Ollier-Dureault
et al.102) ghowed that the superimposition of both
electric stress and UV irradiations of epoxy based
composites result in generation of carbonyl functions
through a decarbonylation of the product stemming
from photo-oxidation. However, the thermal degrada-
tion is crucial in the aging process of these composites
and will be an important par of the present study.

Because of the low thermal conductivity of polymer
network, the application of high electric field induces
local temperature raises by Joule effect™9). Depend-
ing on the magnitude of these temperature increases,
two kinds of structural modifications of the polymer
network might be considered:

(i) when the temperature T reached is higher
than the glass transition temperature Tg of the
polymer, chemical degradations of the polymer
might occur such as chains scissions, formations
of polar groups or recombination of chain seg-
ments(102;103;104;160;161)

(ii) for T < Tg, the so-called physical aging of
the amorphous phase occurs over time, resulting in
a densification of the polymer network. The physical
aging originates from the metastable state of amor-
phous materials below Tg. Vitreous materials in-
deed exhibit enthalpy, entropy and specific volume
excesses with respect to their respective values at
the thermodynamic equilibrium for a given tempera-
ture. Accordingly, vitreous materials kept at temper-
atures below Tg, tend to reach the thermodynamic

equilibrium over time. As a result, all thermody-
namic parameters (enthalpy, entropy and specific vol-
ume) exhibit a non-linear decrease as a function of

e(162;163). This evolution is the well-known struc-

tim
tural recovery. From a microstructural point of view,
the physical aging results in a network densification
over time and leads to an increase of the brittleness of
164)

rately evaluate changes in specific volume, the phys-

the material( . Because of the difficulty to accu-
ical aging is usually quantified by calorimetric mea-
surements. On the first heating run performed af-
ter aging, aged polymers exhibit an endothermic peak
near but above Tg. The amplitude of this endother-
mic peak is generally used as the right parameter
to quantify the the structural relaxation. Montser-
rat et al (100;143:144;145;146;165;166;167;168) ,,4-
ied the influence of the aging temperature (T<Tg)
on kinetics and magnitude of the enthalpy relaxation
phenomenon.

If the polymer is cooled below its Tg, the relaxation
process is fast, but its amplitude is small because.For
aging temperatures much lower than Tg the molecu-
lar mobility becomes the limiting factor and the relax-
ation may take months, years or even never complete.
There is thus an optimum temperature for isothermal
aging, with the present sample is was in the litera-
ture that the “fasted aging” temperature was close to
Tg-18°C(100),

Few investigations(Sg) are reported in literature
concerning the influence of the physical aging on
the dielectric properties of composite materials.
101) investigated the dielectric behavior of filled
and unfilled epoxy first submitted to high electric
field. According to this author, the dielectric losses in-
crease with the amplitude of the electrical field. This

Beyer(

effect is magnified with the unfilled materials. The au-
thor did not propose a definitive explanation to this
evolution, but is seems reasonnable that this effect
originated from the formation of polar groups result-
ing from chemical degradations of the polymer. How-
ever the possible contribution of physical aging to the
changes in material behavior cannot be excluded.

In this chapter, it is first proposed to investigate the
microstructure and electrical properties of a compos-
ite used as an insulator in actual service conditions for
20 years and which was submitted over this long time
to various stresses. Then, in order to separate the rel-
ative contributions of chemical and physical aging on
both microstructure and dielectric behavior, physical
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aging tests are performed under laboratory conditions
on composites with similar compositions.

6.1.2 Experimental

6.1.2.1 Materials

The resin and the hard-
ener in this study were respectively a DiGlycidyl
Ether of Bisphenol A (DGEBA) and an anhydride.
Two systems of particle-filled composites were studied
(Table 6.1). The so-called C'1 and C2 materials were
reinforced with 58.0 = 0.5wt.% and 67.0 + 0.5wt.%
mineral particles, respectively. C'2 is the same as the
one presented in the former chapter. The two compos-
ite were processed with different mineral filler, simi-
lar in chemical nature, but with noticeably different
shapes. The somewhat difference in chemical nature
of the two matrices also lead to slightly different Tg’s.

Despite the different components (resin, hardener
and fillers), both systems were basically processed by
the same way. The inorganic fillers were dried by
placing them into an oven at 60 °C for 48 h to re-
duce as much as possible the influence of water. The
resin, the hardener and inorganic materials were then
mixed and stirred at 56°C and degasified under vac-
uum. The mixture was then injected under pressure

As received materials:

at the bottom of a vertical mold and underwent the
cure process at 140°C for 15 minutes for both com-
posites C'1 and C2. The composites were then post
cured 8 hours at 140°C and 12 hours at 60°C in order
to fulfill the cross-linking reaction.

Composite aged in actual service A composite
similar to C1, but aged 20 years in actual service,
was supplied by Areva T&D. This material, referred
to as C'1* (Table6.1) has experienced multi-stresses
(electrical, thermal and mechanical as well as envi-
ronmental constraints) over this long service period.

6.1.2.2 Laboratory aging

Physical aging was carried out on the as received ma-

terials, i.e. the C1 and C2 composites. The aging
(100

to induce significant physical aging within a limited

temperature was chosen to be Tg-18°C in order
period of time. Aging was performed in an oven un-
der nitrogen atmosphere to reduce the risk of chem-
ical modifications. For each material, aging periods

ranged from 9 hours to 6 months. Seven samplings
were taken out during these 6 months (Fig 6.1).

10° e
- 6 months o
5 3 73days o
f; 104 30 days o
% 13 dayse
g 1024 Sdays e
E
=

* 20 hours
1

103 e ghours -

1 2 3 4 5 6 7
Samples

Figure 6.1 : Samples for aging times ranging from 9 hours
to 6 months [Source: (169)] .

6.1.2.3 Methods

Differential Scanning Calorimetry Differential
Scanning Calorimetry (DSC) analysis was carried out
by using a DSC 7 Perkin Elmer device. The calorime-
ter had previously been calibrated with the indium
standard. The analysis was then carried out with
samples containing 10 + 1 mg of polymer. Ther-
mograms were recorded under nitrogen atmosphere
from 40°C to 170°C. Heat flows were measured at a
heating rate of 10°C/min. For each sample, two suc-
cessive heating runs were carried out with a 5 minutes
hold stage at 170°C between each scan in order to
erase the previous thermal history. From the thermo-
gram recorded on the first heating run, the enthalpy
excess related to the magnitude of the previous phys-
ical aging was determined. A second heating run was
performed at a heating rate of 10°C/min, in order to
verify that the first heating run followed by the hold
stage at 170°C did not induce any chemical degrada-
tion. The DSC experiments were carried out twice
on each sample (n=2). With these composites, Tg
is taken as the onset value at which the thermogram
splits from the base line, as defined in 5.2.1.3, page
61.

The exact polymer-filler weight ratios were cor-
rected a posteriori thanks to Thermogravimetric
Analysis (TGA) measurements performed on the sam-
ples used in DSC. Several trials to directly reveal the
increase in density due to physical aging of polymer
were performed. The estimation of the actual density
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C1 and C1%* C2
Polymer Matrix M1 Matrix M2
Granulometry 2-40 pm 3-30 pm
Filler D50 6 pm 6.6 pm
Shape lenthgened irregular
Tow 58 £ 0.5 67 £0.5

Table 6.1 : Main characteristics of the epoxy-based composites utilized in this study.

of the polymer remained however too sensitive to the
amount of inorganic filler. The Fig. 6.2 does however
guaranty the best quantification of the physical aging
process.

The Tg values measured on the second DSC scans
(rejuvenated samples) remained constant for the en-
tire set of aging times and for a given composite. It
was thus concluded that no significant chemical mod-
ification of the polymer was imparted by the labora-
tory aging (see (169) for details)

Dielectric thermal analysis Dielectric measure-
ments were performed on parallelepipedic samples
(25x25x3mm3) under low electric field by using a di-
electric spectrometer (4284A Hewlett Packard). The
principle is to apply a 1V AC voltage to the sample
and to record the dielectric permittivity (real (¢’) and
imaginary (£”) parts and the loss angle tan d=¢"/¢’)
as a function of temperature and/or frequency. ¢’ will
be reported here as a function of temperature and/or
frequency.

Analyses were carried out in a frequency range from
100 Hz to 1IMHz and for temperatures ranging from 30
to 300°C. For each sample, two successive isochronal
scans were performed. Uncertainties in permittivity
values mainly result from sample dimension measure-
ments. In order to avoid surface problems the sample
were metallized by a thin aluminum layer of 1.0 £+ 0.2
pm thick by using cathode vaporization treatment.

Scanning Electron Microscopy Morphology
analysis was performed with the help of a scanning
electron microscope Stereoscan 440 Leica.

were broken and the surface fracture was covered

Samples

with a thin gold layer by cathode vaporization. This
technique allows detecting some particle debonding
tendency from polymer matrix that could be related
to the strength of interactions at the polymer /particle
interface.

Dynamic mechanical analysis The dynamic me-
chanical analysis was carried out on both the 20 years
aged material, C'1*, and on the corresponding un-
aged composite material, C'1, in order to characterize
the structural changes that could occur on heating at
temperatures higher than Tg.

By using the Rheometric Scientific DMTA MK III
analyzer, the viscoelastic spectra were recorded from
30 to 300°C, with a heating rate of 1°C/min under
nitrogen atmosphere. The device was used in a three
point bending mode under isochronal conditions at
frequencies of 0.3, 1, 3, and 10 Hz. The samples were
1.5 mm thick, 5 mm wide and 45 mm long. In this pa-
per, only the evolution of the real part of the Young’s
modulus vs. temperature at 10Hz recorded for both
materials will be reported.

6.1.3 Results and discussion

First, in order to analyze the resulting effects of multi-
stresses undergone by an insulator experienced under
actual service conditions over a long time, microstruc-
ture and subsequent properties of a composite mate-
rial aged for 20 years under actual service conditions
are investigated.

6.1.3.1 20 years aged insulator

Microstructure investigated by DSC Fig. 6.2
shows the thermograms of the 20 years aged mate-
rial (C1*) recorded on two successive heating runs.
For comparison, the thermogram displayed by the as
received material C'lwas also plotted.

Aging in actual service conditions leads to the two
following effects:

(i) on the first heating run, the aged material ex-
hibits a large endothermic peak attributed to the
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physical aging undergone by the insulator over 20
years,

(ii) comparing the thermogram displayed by the
aged material on the second heating (rejuvenated
sample) to that of recorded in the same conditions for
the as-received material, it can be observed that Tg
of C1* is significantly shifted towards the lower tem-
peratures. This behavior can be attributed to some
chemical degradations of the polymer network, as for
example, chain scissions or uncrosslinking effects.

In order to identify the nature of these molecular
structure modifications induced by aging, FTIR anal-
(103;104)

Unfortunately, recorded spectra show low signal mag-

yses have been carried out on these samples.
nitude because of the high amount of inorganic par-
ticles. Accordingly, it was not possible to accurately
evaluate the exact nature of the chemical modifica-

tions.
A Lk . . . , .
= o1
8204 AH_=52J01°C
f =
@
1.54
1.0
3
o= 0.5
g
T 0.0
=0.5 +4

070 8 90 100 110 120

Temperature [°C]

130

Figure 6.2 : Thermograms recorded for the as received
material, C'1 (second heating run), and for the 20-years-
aged material, C1* —first (solid lines) and second (dashed
line) ramp of temperature [Source: (169)] .

To confirm the above-described structural changes,
the microstructure of the epoxy matrix will now be
analyzed in terms of molecular mobility with dynamic
mechanical analysis.

Microstructure investigated by DMTA
Fig. 6.3 shows the plots of the normalized real
parts of the Young’s modulus E’/E’0 (where E’0 is
the modulus at 50°C) vs. the temperature at 10Hz
displayed by the C'1 and C'1* materials.

The following features can be pointed out:

(i) the drop in the modulus characteristic of the

main relaxation related to Tg exhibited by the aged

composite is shifted towards the lower temperatures
with respect to that displayed by the as-received ma-
terial. This is consistent with DSC data, i.e. Tg of
aged material is located at a lower temperature than
the Tg of fresh composite because of some chemi-
cal degradations made of chain scissions, for example,
have occurred on aging in service conditions.

(ii) for temperatures higher than 190°C, a signifi-
cant raise in the Young’s modulus was observed on
the aged material whilst the fresh one only showed a
slight increase in its stiffness. This is consistent with
additional chain cross linking effects such as chain re-
combination that can occur on heating, and involving
non-reacted groups and molecular species issued from
the chemical degradations.

Dynamic mechanical features were thus consistent
with DSC results and pointed out the chemical degra-
dations that occurred in service. No influence of the
physical aging on the molecular mobility could be de-
tected by dynamic mechanical analysis because of the
expected decrease in molecular mobility due to struc-
tural aging are counterbalanced by the increase in
molecular motion related to chain scissions.

Morphology analysis In order to complete these
microstructure investigations, scanning electron mi-
croscopy observations were performed on fracture sur-
faces of both C1 and C'1* materials (Fig. 6.4).

It can be observed that fracture surfaces displayed
by the aged material exhibit particle debounding ten-
dency from the polymer matrix, in contrast to that
exhibited by the as-received material. ' This could
indicate relatively weak interactions at the inorganic
filler /polymer network interface. The poor adhesion
between polymer and fillers might result from the
physical and/or chemical changes induced by multi-
stresses undergone by the insulator over a long time
period.

The dielectric behavior of this
aged material is now analyzed in order to determine

Dielectric behavior

the influence of the changes in microstructure (includ-
ing the interface modifications) on the permittivity.
Fig. 6.5 shows the evolutions of the real part of the

permittivity (¢’) vs. temperature at 1kHz recorded

! These observations were obviously difficult to quantify,
however a “blind test” performed with people unaware of the
study confirmed a noticeable difference. Everyone could differ-
entiate between the pictures.
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Figure 6.3 : Real part of the dynamic mechanical modulus(E’) wvs.

at 10Hz [Source: (169)] .

(b) C1*

(a) C1 un-aged

Figure 6.4 : SEM observations of fracture surface for as-
received (a),and aged (b) composites [Source: (169)] .

temperature shown by the C1 and C'1* samples

on two successive heating runs for both aged and as-
received composites. Materials exhibit similar dielec-
tric properties on the first and second heating runs.

The first increase in €’ occurring near 110°C is at-
tributed to the main relaxation (T«) related to Teg.
For the aged material, Ta is located at a lower tem-
perature than Ta recorded for the as received sample.
This feature is consistent with DSC (and dynamic me-
chanical) analysis showing a shift of Tg (and the main
mechanical relaxation) towards the lower temperature
for C1*.

However, permittivity values of the aged sample
recorded at 50°C and at various frequencies are not
significantly different from those determined for the
unaged sample in the same conditions (Fig. 6.5). This
was unexpected because of the clear chemical degrad-
tion that was evidence in the C1* through DSC,
Fig. 6.2. The chemical degradation should induce the
formation of polar species and result in a significant
increase in €’ at room temperatures. This unexpected
behavior might originate from the superimposition of
opposite effects and this will be discussed later in this
manuscript (Fig. 6.13).
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Moreover, it can be observed that on the first heat-
ing runs, C1 and C1* samples exhibit both a maxi-
mum in &’ close to 180°C for all measured frequencies.

This ¢’ peak shows no frequency dependence and is
not detected on the second heating run,ie, after the
first heating run up to 300°C and cooling. This max-
imum in ¢’ can thus originate from (i) the presence of
polar species (including water molecules) and/or (ii)
some structural evolution (including chain recombi-
nation) of the polymer network.

Because of the shift of the main relaxation towards
higher temperatures detected for the two composites
on the second heating run, this ¢’ maximum is consis-
tent with additional chain crosslinkings,ie, with struc-
tural modification of polymer network. It is also con-
sistent with the dynamic mechanical analysis show-
ing a significant increase in the aged material stiffness
at about the same temperature and characteristic of
some chain recombination.

ot 1 i 1 1 1

_ 104
w
0.01 Fori ; : : : 1
0 50 100 150 00 250 300
Temperature [°C]
Figure 6.5 : Dielectric permittivity & vs. tem-

perature recorded for C'1 (.1“, and [ second heating
ramp) and C1* (@15, and O27¢ heating ramp) at 1kHz.
[Source: (169)]

The strong rise in &’ value displayed by C1 as C'1*
composites at high temperatures, i.e. at temperatures
higher than 200°C (Fig. 6.5), is usually attributed to
the diffusion of large polar Species(lm).

In this temperature range, the €’ values displayed
by the aged composite are always higher than that
exhibited by the as-received sample for a given tem-
perature and frequency. In order to better compare
the dielectric behaviors of these two materials at high
temperatures, plots of ¢’ vs.
230°C are shown in Fig. 6.6.

For both materials, the permittivity first decreases

frequency recorded at

with increasing the frequency and then reaches a

plateau for higher frequencies, thus defining a crit-
ical frequency (v). To interpret this behavior, two
mechanisms can be proposed:

(i) At low frequency, the high &’ values displayed by
composites can result from the presence of mobile po-
lar species. For a given frequency, ¢’ value displayed
by the aged material is higher than that of measured
for the as-received sample. This is consistent with
higher number and /or higher mobility of polar species
shown by the aged material because of the chemical
degradation of the polymer matrix induced by the ag-
ing in service.

(ii) With increasing frequency, the decrease in &’
displayed by both materials could be related to the
progressive decreasing number of polar groups able
to align along the alternating electric field direction.
For frequencies higher than these critical values, polar
groups can not follow the alternating electric field any
longer.

It can be observed that critical frequencies dis-
played by both C1 and C1* materials respectively
show no thermal history dependence. In addition, it
is found that v, . for the aged material is almost one
order higher than v, recorded for the fresh material
under the same conditions. This critical frequency
can thus be employed as a probe of the aging effects
undergone by the composites.

10°+ T=230°C f
10%+ 3
“w
10’ N B 3
10° T4 o : . L
10° 10° 10° o' 10° 10°
Frequence in]
Figure 6.6 : Dielectric permittivity & vs. fre-

quency recorded for C'1 (M1t and U second heating
ramp) and C1* (@15, and O274 heating ramp) at 1kHz.
[Source: (169)]

To conclude, from a structural point of view, the ag-
ing in actual service conditions of an insulator based
on epoxy resin reinforced by inorganic particles re-
sulted in the followings effects:

HDR L. FLANDIN ; LMOPS, UMR 5041 CNRS — UNIVERSITE DE SAVOIE


mailto:Lionel.Flandin@univ-savoie.fr
http://www.lmops.univ-savoie.Fr
http://www.univ-savoie.Fr
http://www.sgm.univ-savoie.fr/HDR\relax $\@@underline {\hbox { }}\mathsurround \z@ $\relax LF/

p- 84

Multiscale relationships on polymer filled with insulating particles ...

1. a chemical degradation of the polymer matrix in-
volving the formation of polar species,

2. a densification of the epoxy network due to the
physical aging,

3. reduced interaction magnitude at the interface
polymer /inorganic particles.

The comparison between the dielectric behaviors
displayed by the aged and the as received materials
can be summarized as follows:

1. at 230°C and for a given frequency, aged material
exhibits higher €’ values and a shift of the crit-
ical frequency, v, towards higher values. This
can originate from higher number and/or higher
mobility of polar species resulting from the chem-
ical degradation of the polymer matrix occurring
over a long service period.

2. the aged material exhibits no increase in £’ value
measured at 50°C. This unexpected issue could
result from opposite effects involving physical
and chemical agings.

From these investigations, it is difficult to separate
the relative contribution of the chemical aging from
that of the physical aging on the overall structural
changes and related dielectric properties shown by the
composites.

In order to evaluate the sole influence of physi-
cal aging on the microstructure including the poly-
mer /particles interface of epoxy based composites and
subsequently on the dielectric properties, laboratory
structural aging tests were carried out.

6.1.3.2 Laboratory aging

Over a 6 months period, the C'1 and C'2 composites
were sampled for various aging times.

It was first required to verify that no chemical
degradation occurs over time before discussing the in-
fluence of the physical aging of the materials. From
the thermograms recorded on the second heating runs
(rejuvenated samples), it can be observed that Tg re-
mains almost constant regardless of the aging time.
This was consistent with a minor or no chemical
degradation during the physical aging.

Microstructure Evolution -Aging kinetics of
the epoxy network For all samples, the thermo-
grams immediately recorded after aging exhibit an en-
dothermic peak whose magnitude increases with the
aging time associated with a shift of Tg towards the
higher temperatures, Fig. 6.7.
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Figure 6.7 : Thermograms of as-received systems (a) and
composites aged under laboratory conditions for (b) 9h, (c)
20h, (d) 5days, (e) 13 days, (f) 30 days, (g) 73 days, (h)
6 months —1°" heating run for the composites C1 («) and
C2 (B8) [Source:(169)] .

Aging kinetics can be evaluated(100:162:171) by
plotting both Tg agedie, Tg onset of aged compos-
ites (Fig. 6.8-a), and the related enthalpy excess AH,
(Fig. 6.2-b) recorded on the first heating run vs. ag-
ing time.

With increasing aging time up to 30 days, C'1 and
(2 composites first exhibit a linear shift of Tgygeq to-
wards the higher temperatures accompanied by a lin-
ear increase in the enthalpy excess with time. Then,
for aging periods ranging from 30 days to 6 months,
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aging
time significantly increase. Based on data reported
by Montserrat(loo), AH and Tg are expected to reach
constant values for long aging periods. In agreement

the slopes of Tgaged and AH curves vs.

with Kovacs(162) and Bauwens(171), such an evolu-
tion of the enthalpy excess with aging time at Tg -
18°C clearly shows that the structural relaxation also
called structural recovery is a non-linear phenomenon.
Accordingly, it can be suggested that for aging times
longer than 6 months at Tg - 18°C, polymer networks
in the C'1 and C2 composite materials have almost
reached their respective structural equilibrium states.
Thus, as described before in the introduction, such
an evolution is related to a progressive and non-linear
increase in density undergone by the polymer(164).
Dynamic mechanical analyses performed on the
physically aged materials confirm that no chemical
degradations of the polymer have occurred over time.
Moreover, only a slight shift of the main relaxation
towards the high temperatures is found with increas-
ing aging time. Because of the experimental uncer-
tainties, the expected increase in the vitreous Young’s
modulus for aged materials has not been detected.

Dielectric behavior Fig. 6.9

shows the evolution of the real part of the permit-

As for example,
tivity €’ vs. temperature displayed by the C'1 com-
posite aged for various times (C'2 composite exhibits
a similar evolution).

At Tg -18°C and for the longest aging times, the
main relaxation located near 110°C at 320 Hz is signif-
icantly shifted towards the higher temperatures. Such
an evolution points out the decrease in the molecular
mobility of chains segments of the polymer network
due to the decrease in free volume accompanying the
structural recovery.

The maximum in &’ located at about 170°C exhib-
ited by both composites is related to additional chain
crosslinking reactions involving unreacted species. It
can be noticed that the &’ maximum shown by the 6
months-aged material is located at a much higher tem-
perature than that of displayed by the unaged sam-
ple. This can be related to the shift of Tg towards
the higher temperatures displayed by the aged mate-
rial. As a matter of fact, additional chain crosslinking
based on thermally activated diffusion of unreacted
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Figure 6.8 : Evolutions of Tg (a) and enthalpy excess AH
(b) values as a function of aging time for the composites
C1 (A) and C2 (®). For comparison the values reported
by Montserrat (100) o a similar formulation as C'2 were
added to the graph (+). [Source: (169)]
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species should occur at even higher temperature than
that of displayed by the unaged material.?

For higher temperatures, it can be noticed that the
strong increase in € vs.  temperature related to
the mobility of polar species displayed by both com-
posites shows no significant aging time dependence.
This is consistent with no chemical degradations of

the polymer network induced by physical aging.

60 s L [ Il 1
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Figure 6.9 : Plots of dielectric permittivity €’ (1% heating
run) vs. temperature at 320 Hz of the aged composite
C1lfor (—)30 days, (- --) 73 days and (... ) 6 months.
[Source: (169)]

Now, the influence of the microstructural changes,
i.e. the densification of the polymer network and the
decrease in the polymer/fillers adhesion quality, in-
duced by physical aging on the permittivity at insu-
lator service temperatures are analyzed.

For example, plots of €’ vs. aging time measured
at 50°C for various frequencies ranging from 100Hz to
1 MHz are shown in Fig. 6.10 and Fig. 6.11 for both
composites.

With increasing aging time up to 73 days, both
composites exhibit an increase in the real part of the
permittivity for over the analyzed frequency range.
It can be noticed that &’ values measured for sample
aged for 6 months tend to be slightly but significantly
lower than that those determined for the 73 days aged
sample. Such an evolution suggests than ¢’ could have

2Tt seemed that the maximum of ¢ was somehow related
to a “post-curing” of the epoxy network. This seemed rea-
sonable because, it started just above the highest temperature
achieved during the process. In addition, this peak could slowly
be “erased” by ramping to higher progressively temperatures in
the DSC. It seemed however beyond the scoop of this study to
further investigate if the samples could “post cure” below Tg.
Even though the mobility is high enough for the samples to
relax.

gone through a maximum for aging time ranging be-
tween 73 days and 6 months. The influence of the
physical aging in the dielectric behavior of insulators
in service conditions can be interpreted as follows:

The increase in €’ with increasing aging time up to
73 days may arise from the two following origins:

(1) the decrease in the volume induced by the struc-
tural recovery occurring on physical aging and leading
to an increase in the relative volume ratio of molecular
dipoles.

(ii)the presence of the polar species in the poly-
mer network that can migrate to the polymer/filler
interface over time leading to the formation of a "po-
lar interphase”. The comparison between the dielec-
tric behavior of unaged and aged composite suggests
that the formation of such a ”polar interphase” could
be favored by the poor quality of the polymer/filler
adhesion at the interface induced by the structural
recovery occurring over aging time, Fig. 6.12. The
decrease in €’ detected for both composites aged for
6 months could result from the diffusion and the re-
moval of volatile polar species favored by long aging
time.

5.6 i 1 1 I L

C1 50°C
<
5.4 0 30 & . -
days v &
days
5.2 ;’ R o s
R a 73 °
w 504 ¢ o days s F
& months
4.8 % L
4.6 ® 100Hz- O 1kHz- & 10kHz- r
L 7 100kHz- ¢ 1MKHz i
00'!’ T T T T T T T T T B
0 1x10°  2x10°  3x10°  4x10°  5x10°

Aging time [hours]

Figure 6.10 : Evolution of dielectric permittivity ¢’ (15
heating run) vs. aging time for the sample C1 un-
aged and aged for 30 days, 73 days 6 months, at 50°C
and at several frequencies (ranging from 100Hz to 1MHz).
[Source: (169)]

To elucidate the unexpected ¢’ value displayed at
50°C by the insulator aged in actual service conditions
for 20 years, i.e. ¢’ is found to be not significantly
different from the permittivity measured on the fresh
material in the same conditions, while, it was expected
to increase because of the presence of polar species,
the dielectric behavior of the 20 years aged material is
compared to those displayed by the laboratory aged
samples, Fig. 6.13.
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Figure 6.11 : Evolution of the dielectric permittivity

g’ (1" heating run) vs. aging time for the sample

C2 un-aged, aged 30 days, 73 days 6 months at 50°C
and at several frequencies (ranging from 100Hz to 1MHz).
[Source: (169)]
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Figure 6.12 : Schematic representation of dipoles pilling
at the polymer/filler interface. [Source: (169)]

It can be observed that &’ values at 50°C shown by
the C'1* composite are very close to those displayed
by both the unaged and 30 days aged C'1 materials.

Based on the previous analysis of the evolution of
laboratory aging times (Fig. 11) it can be
suggested that the aging in actual service conditions
results in two opposite effects on the dielectric behav-
ior displayed by C'1* at 50°C.

According to the first mechanism, €’ exhibited by
the 20 years aged material at 50°C is expected to
strongly increase because of the structural recovery

e vs.

that induces an increase in the amount of dipole per
unit volume and/or that favors the formation of a "po-
lar interphase”. In contrast, over this very long time,
both original volatile polar species and polar group re-
sulting from the chemical degradation of the polymer
network occurring on actual service conditions might
be removed through diffusion mechanisms out of the
material. This can result in a significant decrease in
e’. The opposite effects could counterbalance each
other resulting in constant &’ values at 50°C.
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Figure 6.13 : Evolution of dielectric permittivity ¢’ (15
heating run) at 50°C and at several frequencies (ranging
from 100Hz to 1IMHz) vs. aging time for the unaged,
aged for 30 days, and C1* samples. [Source: (169)]

6.1.4 Conclusion

Microstructure and dielectric behavior changes under-
gone by an insulator based on epoxy reinforced by in-
organic particles aged in actual service conditions over
a long time, i.e. 20 years, have been investigated.

With respect to the characteristics displayed by the
as received material based on the same composition,
aging in service conditions results in the followings
effects:
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(i) a chemical degradation of the polymer network
characterized by a shift of Tg towards the lower tem-
perature. Such a chemical degradation gives rise to
additional movable polar species whose presence are
detected from dielectric measurements performed at
high temperature, ie. T > 230°C. As a matter of
fact, the shift of the critical frequency towards the
higher values exhibited by the aged sample can result
from an increase in the number and / or in motion
ability of polar species. Such a critical frequency can
constitute a probe of the chemical degradation of the
polymer occurring over time in service conditions.

(ii) a structural recovery characterized by the pres-
ence of an endothermic peak near Tg on the thermo-
grams.

(iii) a tendency to the particle debonding from the
polymer matrix that could originate from both the
chemical degradation and the physical aging.

(iv) no apparent change in the permittivity value
measured at 50°C. However, it was expected an in-
crease in &’ value because of the chemical degradation
of the polymer that gives rise to polar species.

In order to identify the mechanisms leading to this
unexpected result and in a more global way to eval-
uate the contribution of the structural recovery only
on the composite properties, laboratory physical ag-
ing tests were carried out on two epoxy-based com-
posites. First, the aging kinetics study points out
that enthalpy excess (and Tg) is found to be a non-
linear increasing function of the aging time. This is in
agreement with Kovacs(162) and Bauwens(171)] data.
Then, from SEM observations of fracture surfaces per-
formed on aged samples, it was found that compos-
ites exhibit a tendency to particle debonding from the
polymer matrix. Such a phenomenon could be re-
lated to the matrix densification due to the structural
recovery and resulting in stress concentration at the
polymer / filler interface.

Analysis of the dielectric behavior of aged materi-
als showed that ¢’ measured at 50°C and at various
frequencies increases with increasing aging time up to
73 days. This was related to (i) an increase in the rel-
ative volume ratio of dipoles because of the decrease
in the polymer volume due to the structural recovery
and / or (ii) the piling up of the original polar species
at the matrix / filler interface that could be favored
by the low adhesion quality between the polymer and
the inorganic particles.

Permittivity value at 50°C displayed by the longest
aged sample, i.e. aged for 6 months, was slightly but

significantly lower than that of measured for the 73
days aged sample. Such a decrease in ¢’ at 50°C for
very long aging times could result from additional ef-
fect due to the removal through a diffusion process of
volatile polar groups favored by long aging periods.

Accordingly, the mechanisms leading to apparently
no changes in permittivity values measured at 50°C
(T<Tg) exhibited by the 20 years aged insulator at
various frequencies (Fig. 6.13) could result from the
superimposition of the two following opposite effects,

(i) the first one is related to an increase in the rel-
ative volume ratio of dipoles due to the structural
recovery and / or the piling up of the polar species at
the polymer / particle interface

(ii) the second one acting in an opposite effect could
be related to the removal of polar species, i.e. original
polar molecules and / or additional polar species due
to the chemical degradation occurring as the insulator
underwent multistresses over a long time. This leads
to a decrease that could counterbalance the €’ increase
and result in a constant value of permittivity at 50°C.

6.2 Consequences on high voltage

properties

From the previous section, a series of samples were
chosen to characterize the influence of the aging pro-
cess on the breakdown properties. The two samplings
consisted of C'l and C2 composites aged in the lab-
oratory Fig. 6.14a and 6.14b. Besides these samples,
the C'1* material that exhibited both chemical degra-
dation and physical relaxation was also selected for
this study.

Breakdown voltage measurements & SEM

Characterization

The tests were performed at the ambient (20°C) un-
der ac voltage supplied by a 50 kV, 50 Hz transformer.
The breakdown voltages were determined as the aver-
age of four tests carried out in contact mode in ramp
test. The specimen was immersed in silicon oil to pre-
vent the surface discharges and flashovers.

The sample preparation and measurement tech-
nique to obtain the breakdown voltage were described
above [LIEN].
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Figure 6.14 : Characterization of the structural relax-
ation of the epoxy through DSC: enthalpy excess AH as a
function of aging time for the composites C1 (a) and C2
(b). [Source: (172)]

Observation of the breakdown tree paths were per-
formed with a scanning electron microscope Stere-
oscan 440 LEICA. To obtain a good visualization of
the treeing, a specific technique was performed which
was described above.

6.2.1 Results and Discussion

The electrical breakdown field of the materials aged
20 years in service was first evaluated to quantify the
influence of the global structural changes due to phys-
ical and chemical aging.

6.2.1.1 Effects of aging in actual service con-

ditions on the electrical breakdown

Fig.6.15 shows a comparison of the field required for
breakdown on as received composites (C'1) and the
aged counterpart (C'1*). As expected the 20 years old
material exhibited a significant decrease in the elec-
trical breakdown field both in quasi homogeneous and
divergent fields. This decrease was however remark-
ably low (about 10%) taking into account the chemical
degradations and structural modifications caused by
20 years aging in actual service conditions.

Here again appeared the need to separate to sep-
arate the relative contribution of the chemical mod-
ifications from that of the physical aging, on the di-
electric breakdown. Much like the former section the
study started be analyzing the influence of the sole
physical aging.

6.2.1.2 The effects of physical aging on the

electric breakdown

Fig. 6.16 and Fig. 6.17 show the evolution of the elec-
tric field required for the breakdown of the composites
C'1 and C2 as a function of enthalpy excess relative
to laboratory aging time ranging from 5 days to 6
months. It was first noticed that the breakdown field
monotonically increased with enthalpy excess (AH)
both in divergent and quasi homogeneous configura-
tions. Its variations obeyed an s shaped curve with
All the
plots could indeed be divided into three zones: (i)

AH (as with the aging time, not shown).

initially the breakdown field seemed to not depend
on the structural aging of the matrix, (ii) for an en-
thalpy excess ranging from 3.5 and 6 J.g71.°C~! the
field to breakdown improved largely with a relatively
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rations. Qualitatively, this set of experiments showed sl I
that the matrix densification led to a non linear im- ol ; 7 T : aT
provement of the electrical properties under high elec- AH g *C) (h)

tric field. In agreement with Champion and Dodd(%)7
it can be proposed that the densification of the ma-
trix changes the trap site depth and density. This
mechanism can thus alter the high field conduction
process, impedes the tree growth and thereby improve
the breakdown field.

For comparison, the fields to breakdown were nor-
malized to their initial values ( i.e. for AH ~ 0) and
represented in Fig. 6.18. The analysis of the data re-
vealed:

1. two separate sets of data depending on the elec-
trode geometry. The electric field configuration
seemed thus to be the pertinent parameter sepa-
rating small (quasi homogeneous field) and large
(divergent field) sensitivity to physical aging.

Figure 6.16 : Electrical breakdown field as a function
of enthalpy excess under divergent (a) and quasi homoge-
neous (b) field for the composite C1. [Source: (172)] .
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Figure 6.17 : Electrical breakdown field as a function
of enthalpy excess under divergent (a) and quasi homoge-
neous (b) field for the composite C2. [Source: (172)]

2. the two formulations exhibited rather minor dif-
ferences, C'1 was however overall more sensitive
to the increase in AH than C2.

In order to understand these results, SEM obser-
vations were carried out on the fracture surfaces af-
ter breakdown under divergent and quasi homoge-
Fig. 6.19 shows that under divergent
field, the degradation was characterized by the for-
mation of step arise trees, which were less than 3um
in length(lll?lm)
neous field, the electric field seemed to finally cause
the formation of a 400um in diameter crater without
These observations clearly re-

neous fields.

. In contrast, under quasi homoge-

any remaining tree.
vealed two distinct degradation mechanisms depend-
ing on the electrode geometry.

Based on the SEM observations, the differences in
breakdown field vs. AH (or aging time) revealed by
the materials between the two electrode arrangements
can be interpreted as follow:
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Figure 6.18 : Normalized breakdown field as a function
of enthalpy excess under divergent field for the composite
C1 (M) and C2 (®) and under quasi homogeneous field
for the composite C'1 (L) and €2 (O). [Source: (172)]

Under quasi homogeneous field, a global and broad
breakdown cavity was observed. In this configuration
the initial electrical field is macroscopically evenly dis-
tributed. The damage process could thus start with
the help of the major flaws anywhere within the whole
structure. Being the biggest heterogeneity, the filler is
obviously expected to be the main origin for the field
gradients. In particular, the biggest particles, those
aligned to the electric field or with asperities primar-
ily enhance the electric field close to their surfaces
and the surrounding matrix can hence be defined as
the “weakest link” in the composite. The presence of
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18pm

Figure 6.19 : SEM images of the degraded areas for
C2 composite under (a) divergent field and (b) quasi-
homogeneous field. [Source: (172)]

the particle is furthermore not altered by the struc-
tural modifications within the matrix. As a result,
improving the properties of the polymeric host does
not significantly change the main reason for break-
down.

In few words, under quasi homogeneous field, the
global nature of the electric field causes a high sensi-
tivity to major flaws anywhere in the composite and
the very local matrix densification only results in a
small increase in the breakdown field.

Under divergent field the damage took the form
of a filamentary like structure. Because of the large
field enhancement associated to the tip electrode, the
tree naturally starts in the vicinity of the tip elec-
trode. The final tree structures showed that the field
remained localized during the whole damage process
and eventually lead to quasi one-dimensional trees.
This strongly cumulative process, spatially limited,
prevented major flaws away from the trees controlling
their development. The matrix densification could
thus influence the tree propagation.

In summary, under divergent field, the local nature
of the field causes a low sensitivity to major flaws in
the composite and the breakdown field is more sensi-
tive to the matrix improvement.

6.2.1.3 Results overview

As already noticed, the breakdown field of C'1* was
only slightly lower (10%) than that of the as received
C1. Tt was however up to 40% lower than that of the
C'1 samples aged in laboratory, Fig. 6.20.

This result indicates that two opposite effects might
alter the dielectric breakdown of C1*. On the one
hand the dielectric breakdown is expected to strongly
On the
other hand, the multiple stresses in actual conditions
lead to chemical degradations. The subsequent forma-
tion of polar groups and free radical could be induced
under electric field:

(i) a conduction current leading to overheating of
the insulator by Joule effect that facilitates the dielec-
tric breakdown by thermal effect

increase because of the structural recovery.

(ii) an increase in the amount of ionizing colli-
sions generating a mechanism of electric breakdown
by avalanche.

Both phenomena result in a significant decrease in
breakdown field. It is thus proposed that the above
mentioned opposite effects counterbalance each other,
resulting in a low decrease of field associated with di-
electric breakdown after a 20 years aging in actual
service conditions with respect to as received materi-
als (t = 0).
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Figure 6.20 : Electrical breakdown field as a func-

tion of aging time under divergent (a) and quasi homo-
geneous (b) field for the composites C1 (O) and C1*(@®).
[Source: (172)]
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Tip/Plane (DF)

Sphere/Sphere (QHF)

Amplitude (%) 30
AH* (J.g~leCh) 4.6
Width (J.g=t.°cC™1) 0.54

6
5.0
0.32

Table 6.2 : Characteristics of the s-shaped curves in Fig. 6.18. The data was fitted to the Boltzmann function with
the help of Origin® version 7.0 from OriginLab Corporation. Comparison of the results obtained in divergent (DF)

and quasi-homogeneous (QHF) fields. [Source: (172)]

6.2.1.4 Relative influence of chemical and

physical aging

It is finally striking that the decrease in field to break-
down after 20 years of real service conditions does not
appear to depend on the nature of the electrical field,
Fig. 6.20. The relative drop was indeed close to 10%
both under divergent and quasi homogeneous fields
for C'1* when compared to the unaged C1. These
two results apparently matched for very different rea-
sons that do depend on the electrode configuration. A
rough calculation was performed to investigate this in-
terpretation, Table 6.3. This analysis was performed
using the experimental measurement describing the
individual sensitivity of the field to breakdown to (i)
physical aging and (ii) degree of conversion, Fig. 5.15,
page 70. In a first approximation, the chemical and
physical influences were assumed to be independent.

e In the point plane configuration, the breakdown
field strongly increases with the enthalpy excess. The
polymer network also presents, for the same reason,
a high sensitivity to chemical degradations of the or-
ganic matrix (109 Two strong effects thus oppose
each other: a strong increase related to the physi-
cal aging and a strong decrease imparted by chemical
degradations.

e In contrast, under quasi homogenous field, the
dielectric strength is not much affected 1‘%};} either the

)

fects, but with low amplitude thus oppose each other,

physical aging or chemical degradation! . Two ef-
basically leading to the same result as that of the di-
vergent field configuration.

The absolute values of the field to breakdown mea-
sured and calculated assuming independent contribu-
tions thus qualitatively confirmed the influence of the
electrode configuration. Only for the tip plane config-
uration was the calculation not very satisfactory. This
difference between calculated and measured data for
the divergent field could be due to some degree of
interdependence between the physical and chemical
phenomena. It is however important to note that the

sensitivity to chemical variation was only measured

experimentally for a narrow range of extent of cure,
(109)

a linear relationship was established between the field

« varying from 0.95 to 0.99 . On this range of «
to breakdown and the extent of cure, thus obtaining
a constant sensitivity. For the present calculation, it
was assumed that the linear dependence could be ex-
trapolated down to o = 0.88. This assumption should
be first verified to conclude whether an interdepen-
dence between the chemical and physical structural
changes alter the field to breakdown.

(1) Experimental field breakdown of C1 as re-
ceived” (a ~1 and AH ~0 J.g71.°C™1)

Calculated field to breakdown with only chem-
ical degradation

Hypothesis: For this calculation (corresponding to
I in the Table 6.3) AH was assumed to be zero (no
physical aging).

(2) a was approximated from the Tg of C'1* us-
ing the Di Benedetto equation. This « value takes
into consideration the chemical degradations of the
C'1*matrix(140)

(3) Field to breakdown of C'1* (a~ 0.88 and AH
~ 0 J.g1.°C™1) calculated from the sensitivity of di-
electric breakdown field to a(109)

Calculated field to breakdown with only phys-
ical aging

Hypothesis: For this calculation (corresponding to IT
in the Table 6.3) a was assumed to be one (no chem-
ical degradation).

(4) Enthalpy excess associated with the physical
aging of the composite C'1* after 20 years in industrial
agmg(169)

(5) Field breakdown of C1* (a~ 1 and AH =~
52 J.g=1.°C~!) calculated with the curves of di-
electric breakdown field versus AH (Fig. 6.16.a and
Fig. 6.16.b).This curve was used as an abacus.
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Quasi
Homogen. | Divergent
C1 (1) Experimental field to breakdown

fo C1 "as recieved” (kV/mm) 36 250

I Chemical | (2) a conversion degree 0.88
Effect (3) Field to breakdown (kV/mm) 29 130

IT Physical | (4) AH (J/g/oC) 5.2
C1* Effect (5) Field to breakdown (kV/mm) 42 320
IIT Chemical | (6) | Calculated field to breakdown (kV/mm) 35 190
& Physical | (7) | Calculated field to breakdown (kV/mm) 34 170
Effects (8) Experimental field to breakdown 34 220

Table 6.3 : Overview of the breakdown results: relative influence of the chemical and physical agings ; comparison
between experimental data and numerical guesses [Source: (172)] .

Calculated field to breakdown with both chem-
ical degradation and physical aging
Hypothesis: For these calculations (corresponding to
III in the Table6.3) the influence of chemical and
physical changes were assumed to be independent.
(6) and (7) Fields to breakdown of C'1* (a~0.88
and AH ~ 5.2 J.g71.°C™!) calculated using respec-
tively:

E(a,AH) = E(AH) —I—g—E X Aa
!

(8) Experimental field breakdown of C'1* (a~0.88
and AH ~5.2 J.g=1.°C71).

6.2.2 Conclusion

During 20 years in actual service conditions C'1*, an
insulator based on epoxy reinforced by inorganic par-
ticles, underwent strong changes in its microstructure.
DSC measurements indeed pointed out (i) a chemical
degradation of the polymer network characterized by

a shift of Tg towards lower temperatures and (ii) a
structural recovery that was detected by the presence
of an endothermic peak, characteristic of the so called
physical aging. Considering these modifications, a
large decrease in breakdown field was expected. A
10% decrease in breakdown field was however mea-
sured with respect to the as received sample, both in
quasi homogeneous and divergent fields. In order to
identify the mechanisms leading to this surprising rel-
ative stability and to evaluate separately the contribu-
tion of the structural recovery on the composite prop-
erties, laboratory physical aging tests were carried out
in a controlled atmosphere (nitrogen). The laboratory
aged materials showed that breakdown field actually
increased with increasing enthalpy excess (associated
with the structural aging). This phenomenon was at-
tributed to the densification of the matrix which im-
pedes tree growth by the reduction of the free vol-
ume. These results indicate that two opposite effects
alter the dielectric breakdown of C1* (i) the struc-
tural recovery which largely opposes dielectric break-
down and (ii) the multiple stresses in actual conditions
which lead to chemical degradations and thereby low-
ers the field to breakdown. Both effects almost coun-
terbalance each other after 20 years aging in actual
service conditions.
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It was also observed that the choice of the elec-
trode geometry greatly altered the dielectric break-
down of these composites. It is proposed also here
that in a quasi homogeneous field configuration the
breakdown is mainly governed by the major flaws at
the sample scale, namely the reinforcing particles. In
other words, measurements performed for instance in
a sphere sphere configuration are not very sensitive
to variations within the polymeric matrix. On the
contrary, under divergent field, the field initially en-
hanced on the tip electrode remains localized at the
tip of the growing tree during the whole breakdown
process. As a result, the major flaws might not be
reachable by the damage tree and an improvement
in the matrix properties induces a strong increase of
breakdown field. The influence of the electrode ar-
rangement was confirmed by a semi quantitative anal-
ysis based on the hypothesis that the chemical and
physical modifications acted independently.
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Chapter 7

Research projects

© Introduction ©

My research projects are directly related to the activities described in this report: the muti-scale/properties
relationships in heterogeneous systems, with a focus on damage and aging. These projects also remain in
strong interaction with industrial partners and fit into the scientific activity at LMOPS. It may be useful to
note that these research projects are mot virtual ones, but actually describe the main tasks in progress at the
laboratory and in which I am involved. The description may seem a bit elusive to the people working on the
projects, especially to the PhD candidates. This was done on purpose. The approach is described here, but the

actual detailed results will be part of their degrees and is not to be disclosed before publication or graduation.
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7.1 Aging of fuel cells

This project is conducted in collaboration with Axane-Air Liquide, FEcole des Mines de Paris, 3M, A2FE
Technologies, and Bouygues Telecom. In the LMOPS there are four researcher involved (besides me):
Profs N.D. Albérola and C. Bas, Dr. J. Bernard (Post Doc fellow) and PhD candidate A.S. Danérol.

Aging and degradation of the membrane electrode
assembly (MEA) are the main issues that prevent the
development of fuel cells on a large scale. There is a
high demand for fuel cells, and a large amount of re-
search is being carried out world wide. However, cur-
rent MEAs are unable to meet the targeted lifetimes
(roughly 10 000 h in continuous service). In addition,
the durability of the core of the fuel cell is further
reduced under “real world” conditions i.e. rapid load
changes, cold-start, start-stop cycles, and variations
in temperature, current density and relative humid-
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Figure 7.1 : DSC scans of water-saturated and partially
dried (dried in ambient environment for about 30 minutes)
Nafion 117; scan rate, 10°C.min~*

The challenge with this type of material is thus
similar in nature to the work described in chapter 6
(page 77) of the current report. Unfortunately the mi-
crostructural changes induced by “accelerated aging”
techniques seem to not correlate properly with on site
aging. For this reason a much broader, approach was
considered for this project.

At first, a systematic study will be undertaken on
numerous fuel cells used in service and after various
aging times and environmental conditions. The series

of results will then be compared with those obtained
on cells aged in controlled conditions in the lab. The
purpose of the accelerated aging procedures is, here
again, to identify conditions where only one particular
degradation or failure mode is activated, or in other
words to separate as much as possible the contribu-
tions from the different aging parameters.

A difficult issue in this project is to identify “ag-
ing markers” that vary monotonically over time and
relate to the expected property, i.e. the production
of electric energy from Hydrogen and Oxygen. This
step, of structural marker identification has started a
year ago. The approach consists of characterizing the
MAE after failures (that can therefore be considered
as extremely “old”) in real conditions and running the
characterizations described as relevant in the litera-
ture. A large series of physicochemical tests is hence
currently being performed on the polymer to quantify
the degradation, namely (i) Proton conductivity, and
0CV electrochemical characterizations (iz) DSC, gas
permeation, and WAXS, physicochemical characteri-
zations and (7i) IR, and TGA to quantify the chem-
ical stability. An example of expected results was ex-
tracted from the literature(173)
Fig. 7.1, it qualitatively shows how the DSC can be
used to probe the amount of water in the polymeric
In addition to these conventional tech-

and is presented in

membrane.
niques to characterize the MEA, a close attention is
being paid to the electrode-membrane interface that is
studied with mechanical, electrical and morphological
analysis.

From the application point of view, three major
outcomes will be delivered to industrial partner within
two years. First, a way to “calibrate” the aging times
between laboratory and on-site aging, this may in-
volve many parameters concerning the actual history
of the samples aged in service. Second, a reliable way
to follow the actual aging of the MEA on active cells.
The first results indicate that this could probably even
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be performed in situ, while the cell is running and

without taking the cells out of the stacks. Third, a

fast and efficient way to improve the MEA with the
help of both the structural parameters leading to fail-
ure, or in other words, to grade the core cells.

7.2 Modeling of the mechanical properties

This project is essentially carried out in the LMOPS with Prof P. Mélé and PhD candidate J.C. Honoré.

stress (MPa)

0,001 0,002 0,003 0,004

strain

-0,001 0

Figure 7.2 : Comparison of stress strain curves deter-
mined experimental (dots) and simulated with the finite
element analysis applied to images (line), case of a unidi-
rectional composite reinforced with 50 vol% of glass fibers.

This project is directly related to chapters 1 and 4
of the present report (pages 11 and , 47 respectively).
The goal here is to better understand the relationships
between the meso structure and mechanical properties

of polymer based composites. The approach is simi-
lar to that of chapter 4 and involves “meshing images”
in order to run finite elements analysis. In the case
of mechanical properties, the study started with uni-
directional fillers in the transverse to avoid problems
related to the 3D nature of the mechanical stresses.
This study is also developed with a strong experimen-
tal aspect that involves characterization of the distri-
bution in mechanical strain with local measurements
and image correlation. This study is now somewhat
mature and an example of the results is presented in
Fig. 7.2. The macroscopic behavior of the composite
is well understood with the help of the simulation with
requires only one parameter that describes the dam-
age of the polymer. In return the simulation showed
that the damage started in the very early stage of the
stress strain curve (few per thousands) because of the
extreme stress and strain enhancement induced by the
fillers. This observation is also in agreement with the
very brittle behavior observed with these composites
in the transverse direction.

7.3 New characterization device for electrical and mechanical properties

This project is essentially carried out in the LMOPS with Prof P. Mélé and PhD candidate T. Fathallah.
The project also benefits from a collaboration with 01-dB Metravib represented by B. Duperray

The macroscopic behavior of composite materials
is controlled by the intrinsic properties of the con-
stituents and the arrangement of the phases on var-
ious scales. As described in this report, measure-
ments of physical and physicochemical properties of
heterogeneous systems may furnish informations far

beyond the very popular percolation threshold. It was

also shown in chapter 2 that simultaneous measure-
ments of electrical and mechanical properties could be
brought much further.

The dynamic mechanical properties (called either
DMA or DMTA) is a very common way of investigat-
ing the microstructure of polymers and composites. It
is especially fruitful because of the tan(d) parameter




p. 102

Multiscale relationships in polymer—based heterogeneous systems. ..

that is very sensitive to changes in molecular mobility.
tan(d) is also appreciated because it does not depend
on the sample’s geometry. Surprisingly in situ mea-
surements of electrical properties on a sample submit-
ted to a periodic mechanical solicitation has rarely (if
ever) been reported in the literature.
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Figure 7.3 : Simultaneous measurement of the mechani-
cal and electrical properties during low amplitude mechan-
ical solicitations (the measurements were performed on a
conducting vulcanized elastomer)

The goal of this project is to develop a characteriza-
tion apparatus that will actually “probe” the structure
of the composite at two different scales: the mechan-

ical properties will give information on the molecular
dynamics of the polymer whereas the electrical prop-
erties will probe the mesostructure, at the fillers scale.
A functioning prototype has been working in LMOPS
for several months, and a simple example of the results
is provided in Fig. 7.3. On this graph, one can observe
that the electrical properties follow, much like the
force and deformation a sine curve, with its own am-
plitude and tan(d). As a result a new tan(d) parame-
ter was brought up, that was named tan(de, ), where
the “e¢” and “m” obviously stand for electrical and
mechanical properties, respectively. This parameter
does not seem to directly be related to the common
tan(d,,). In addition, the data obtain with a rather
simple vulcanized elastomer filled above the percola-
tion threshold with common carbon black, show that
other parameters are yet to be defined in order to
properly describe these experiments. An extension to
ac measurements is also scheduled for the near future.
The apparatus will obviously be very useful to in-
vestigate the structure-property relationships of poly-
mer filled with conducting filler, it will also provide
the users with a way to follow in situ geometric
changes on samples submitted, for instance to tem-
perature changes (stretched polymers). In addition,
it is envisaged to utilize this device for many other
applications like artificial muscles, piezzo electric ma-
terial, and crystal liquid polymer to name but few.

7.4 Energy density

This project is mainly carried out in the CLIPS center of Case Western Reserve University (Celveland, OH)
with Profs A. Hiltner and E. Baer, and M. Mackey (PhD candidate). In addition, the project involves a
collaboration with Dr M. Wolak and J. Shirk from the Naval Research Laboratory (Washington, DC).

Energy production and storage are becoming a
growing problem in modern society. One efficient way
of storing energy is the use of capacitors. These de-
vices are commonly employed in the electronics in-
dustry for filtering or low energy storage applications.
Their use in large storage applications is, however,
very limited due to low energy density, which causes
their size and weight to be unacceptably high. In
spite of this, the demand for larger storage capaci-
tors is increasing. One broad area, in particular, for
implementation is battery replacement. The benefits

include extremely fast charge and discharge rates as
well as more efficient energy use.

The performance of a capacitor is primarily gov-
erned by the core material: an electrical insulator re-
ferred to as a dielectric The dielectric materials com-
monly employed nowadays rely on old technologies;
they are principally made out of paper, ceramics, and
common polymers. Polymeric dielectric cores have
several good qualities compared to the more conven-
tional materials. These include high efficiency, good

mechanical properties, high stability/reliability, and
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ease of processing. The major shortcoming, however,
is its low energy density compared to many other
types of capacitors (and virtually all batteries) mak-
ing large storage impractical for high energy appli-
cations. The current value of ceramic, paper, and
polymeric capacitors ranges from 0.1 to 10 J.cm3.

From a material standpoint, the energy density can
be increased only by increasing two intrinsic proper-
ties of the dielectric: the permittivity and breakdown
strength. The quantitative relation is E:O.5.€T.E2B
where ¢, is the permittivity and Ep is the break-
down strength. Polymeric capacitors have a low en-
ergy density because there is no polymeric dielectric
material that possesses both a high permittivity and
high breakdown strength (Fig. 7; icons 1, 4, 5, and
8). Polypropylene and polycarbonate have very large
breakdown strengths, but rather low permittivities.
Polyvinylidine Difluoride (PVDF) on the other hand
has a high permittivity but relatively low breakdown
strength.

1000

;\;\lﬂﬁ

E n film

(_). erroelectric

2w

=

g :

T 5

3 C

5 o o

c

L

01 1 10 100 1000 10000
Effective Dielectric Constant

Figure 7.4 : Energy density of common dielectric mate-
rials(174)

The approach to accomplishing the goal involves
using microlayer coextrusion to produce a composite
consisting of alternating layers of two polymers (one
with a high permittivity and the other with a high
breakdown strength). The composite is expected to
have much better electrical properties than either of
the components themselves. In addition to microlay-
ering, improvements can be made by adding high per-
mittivity fillers and stretching the film (orienting the
polymer chains).

(175)

into the composite, which is known to potentially in-

Microlayering puts a large amount of interface

crease the permittivity. This interface effect (called
the Maxwell-Wagner-Sillar effect) is not fully under-
stood, but is one benefit of the microlayering process

for this project. In regards to breakdown of microlay-
ered films, it is uncertain where the composite’s value
will lie in relation to the pure components. However,
a composite film consisting of two layers of the same
material will have a higher breakdown than a single
film of the same thickness This has been shown to be
particularly significant in the case of the two mate-
rials having a wide variation in breakdown strength.
In addition, preliminary breakdown measurements on
a PS-PMMA microlayered system have shown very
promising results. More specifically, the breakdown of
the PS-PMMA film seemed 1.5 times higher than that
of PS and PMMA. Although the preliminary results
have to be confirmed, they do show that a synergetic
effect could be achieved through microlayering. We
speculate that the breakdown strength is related to
the sharpness of the interface (amount of interphase;
Fig. 7.5), but more work in this area is necessary be-
fore any solid conclusions can be made.

Discrete
Interphase <| | Layers

Figure 7.5 : Schematic of a 4-layer film showing the layers
and interphase.

In addition, processing modification are envisaged.
The first one involves blending high permittivity filler
particles with either polymer prior to processing via
microlayer coextrusion. Several prospective filler par-
ticles include alumina, Barium Strontium Titanate
(BST), and silica. Besides the obvious increase in per-
mittivity, the fillers may cause a barrier affect which
enables one to safely operate at electric fields that are
closer to the breakdown strength(log), see page 47.

The second processing variable is increasing the
polymer chain alignment by stretching. Chain align-
(176)
and we speculate that a similar effect will occur in
other polymers. Also, PVDF exhibits an enhanced
permittivity when stretched

Future work includes microlayering a set of
PC)/PVDF films and measuring the permittivity and
breakdown as a function of the number of layers (or

ment increases the breakdown of polypropylene

layer thickness) and composition (ratio of the two
components). In addition, the samples will be ex-
amined after breakdown to find structural evidence

(besides the actual measured breakdown strength) for
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the interface effect on the dielectric breakdown. The
effect of bi-axially stretching these films will also be
studied.

In order to optimize the capacitive energy density,
some understanding of the structure-electrical proper-
ties will also have to be developed. Thus, the project
includes a detailed analysis of the forced assembly
structures, namely: morphological characterization
through AFM and SEM and structural characteriza-
tion, mainly through DSC.
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