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This letter reports on the influence of a static electric field applied by metal electrodes on the
agglomeration process of carbon bld€8) in epoxy resin. The growth of dendrites from the anode
into the material is observed situ by optical transmission microscopy. A percolating network is
seen to form, combined with a drastic reduction in the sample resistivity. This behavior can be
explained by taking into account the electrostatic interaction of the charged CB particles. The final
resistance for composites with a given CB content can be controlled within a range of several
decades by varying the applied voltage and the curing temperature of the mixtur@99®
American Institute of Physic§S0003-695(198)01622-7

The use of composites made from an insulating matrixo a transition from a dispersed to an agglomerated state of
and highly conductive fillers is becoming more and morethe CB particles.
important due to their ability to electromagnetically shield The aim of the present work is to obtain direct evidence
and prevent electrostatic charging of electronic devices. Aor the charge on the CB particles. Therefore a microscopic
low filler volume fraction is required to maintain the me- observation method was used for direct imaging of the ag-
chanical properties of the matrix. In recent years, differenglomeration process controlled by an applied electric field.
models have been proposédo explain the formation of a The matrix used in this study is an epoxy polymer based
conductive filler network. on bisphenol-A resifARALDITE LY556, CIBA GEIGY)

Statistical percolation is an established theory which isgnd an aromatic amine harden&RALDITE HY932). The
suitable for randomly dispersed but not for interactingconductive filler component was carbon bla@RRINTEX
fillers.3* In three-dimensional systems this theory predicts aE2, DEGUSSA AG with a primary particle diameter of
percolation volume fraction\(;) of 16% to form a continu- aPout 30 nm. The sample preparation before curing has al-
ous filler network! Nevertheless, it has been demonstrated irf€ady been described elsewh&Pan contrast to customary

a number of investigated materials that the particles are ndireparation methods, the CB-epoxy dispersion was stirred
randomly disperséd~8 and that the experimental data do for one hour at a high speed of 5000 rpm. The hardener was

not correspond with the predictions of the standard percolat-hen added and the composite mixed again for one hour at

tion model. ZOOCCJ;Irpm. lid ith dsil io el d d
The agglomeration process of carbon blg&8) dis- ass slides with sputtered silver strip electrodes and an

persed in epoxy resin is described using a model based Q(ﬂectrc.)de.spacmg of 50am were gsed for the rmicroscopic
the colloid theory by Schuelest al®®° This theory assumes Investigations. The CB-epoxy mixture was dispersed be-

; . . tween the electrodes. A KEITHLEY 617 electrometer was
that the CB particles are charged during the preparation pro- .

. . SN . used to record the current measurements. Two thirds of the
cess. Thus, an electrostatic particle-particle interaction has to

. o initial value of the currenfsee Fig. 1 can be attributed to
be taken into account. There are two competitive forces . . . .
. tfeakage whilst the remainder is due to the residual conduc-
namely, the short-range van der Waals attraction and th

. - fivity of the epoxy resin. To monitor the resistance during the
long-range Coulomb repulsion. Below the critical volume y poxy g

. ) i , th It lied b f polished
fraction of 0.9% the Coulomb repulsion prevents the forma—Curlng Process, the Votage was applied by means of polishe

. . . ; brass parallel plates dipped into the dispersion.
tion of clusters in the bulk of the material which means that Figure 1 shows the plot of the current versus time during

the dispersion is stabilized electrostatically..The pgrticle%uring of the 0.12% CB-epoxy dispersion used for the opti-
move away from each_other to reduce_thelr interaction POLal microscopy. A voltage of 30 V was applied between the
tential energy. For particle volume fractions above the Crltl-strip electrodes. This voltage results in an electric field

cal value, there is a sharp rise in the conductivity. This is du"étrength of 600 V/cm which forces the particles to move

towards the electrodes. At the beginning of the curing pro-
3Electronic mail: bauhofer@tu-harburg.d400.de cess the CB is evenly distributed, and no cluster formation
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FIG. 1. Plot of the electric current versus time for a CB content of 0.12% 109 B vt it vt it v
and an applied voltage of 30 V. 0.1 1 10 100 1000 10000

time [min]

appears equivalent to the right-hand side of the micrographiG. 3. Time dependence of the electrical resistivity for a CB content of
(@) in Fig. 2. After about 5 min the first clusters start to 0-6% and applied voltages of 30 (7]) and 60 V(O).
appear at the anodeee left-hand side of Fig.(&] indicat-

ing & negative charge on the CB. The current remains at itg,,m which is about four orders of magnitude higher than
initial value. A percolating cluster forms after 12 niiRig. the initial value.

2(b)] causing a sharp increase in the measured current. Fig- Figure 3 shows the time dependence of the sample resis-

ure Ac) shows the network after a duration of 40 min. It is tivity at room temperature for a content of 0.6% CB. Volt-

obvious that the continuing process of network formation_ isages of 30 and 60 V were applied according to electric field

linked with a still rising sample current. After about 100 min strengths of 50 and 100 V/cm. The initial resistance of the

of cunr:(gbt he V|sco?_|ty dOf t.h ﬁ ehpoxy resin mcrE_aseg and ﬂ?%amples can be attributed to the residual conductivity of the
hetwork becomes fixed with the current reaching Its maX"epoxy resir?. In the 30 V curve this resistance remains con-

stant up to 5 min after applying the voltage. Then there is a
decrease due to the formation of a percolating network of CB
particles which is consistent with the microscopical observa-
tions. After about 300 min the sample hardens and the resis-
tivity reaches its minimum value. There is an equal initial
resistance in the curve with an applied voltage of 60 V but
after just one minute the resistivity begins to decrease indi-
cating a quicker formation of the percolating network. After
about 60 min the sample current reaches a value of 2 mA
which is sufficient to heat the sample. The temperature in-
crease reduces the viscosity of the epoxy resin and the CB
particles move and aggregate rapidly which further decreases
the resistivity. Due to this positive feedback phenomenon the
agglomeration process deviates from equilibrium and shows
an “avalanche” behavior. A comparison with the results of
Schueleret al® indicates that at the final resistivity of 2000

Q cm almost all CB patrticles are aggregated onto the net-
work.

Figure 4 shows the resistivity versus the curing time at
an applied voltage of 30 V for the two temperatures 28 and
38°C. CIBA GEIGY! reports a drop in the viscosity of
about 60% in this temperature range before curing. The
28 °C curve is equivalent to the one described above for 30
V applied voltage. In the curve with a resin temperature of
38 °C we observe a lower initial resistivity of the epoxy
resin. There is a sudden decrease in the resistivity which
indicates the rapid formation of a percolating network. This
illustrates the considerable influence of temperature and thus
viscosity on the agglomeration dynamics of the CB particles.
Hardening occurs earlier in the 38 °C curve than in the 28 °C
curve due to the quicker curing of the sample. Nevertheless,
FIG. 2. Transmission optical micrographs taken after 5, 12, and 40 minthe 38 °C curve reaches a resistance value which is about
corresponding to the positions denoted(y, (b), (c) in Fig. 1. 100 times smaller. In both cases the agglomeration process,
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occurs. Where there are no curing restrictions all CB par-
e ticles are incorporated in the network. This applies to the CB
rapidly agglomerated by current heating of the sample. The

1011

Ty

10
10 3 dynamics of the agglomeration process can be described as a
— 109k sensitive balance which depends on the electrostatic interac-
g tion of the particles with the external electric field and the
S o108 viscosity of the epoxy matrix. This process is considerably
-‘E F influenced by the sample preparation, the value of the ap-
= 107 3 plied voltage and the curing temperature.
'8 106 , In conclusion, a new method for the preparation of con-
ductive CB-epoxy composites with a low CB content of
105 b 0.12% has been reported. The method allows adjustment of
the final resistivity for a composite with a given CB volume
0 fraction within a range of about seven decades by varying
0.1 1 10 100 1000 10000

the applied voltage. The growth process of the CB clusters
time [min] was verifiedin situ by optical microscopy. In addition, we

. . o Point out the possibility of preparing a material with a spatial
FIG. 4. Time dependence of the electrical resistivity at temperatures o

28 °C (0O) and 38 °C(O) for samples with an amount of 0.6% CB and an inhomogeneous Cond.UCtiVity by gpplying the voltage to pat-
applied voltage of 30 V. terned electrodes during the curing process.
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