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Electric-field-induced diffusion-limited aggregation
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Electric-field-induced diffusion-limited aggregatioBDLA) fractals formed by the suspended metal micro-
spheres in an oil are observed experimentally. The formation of an EDLA fractal is due to the interaction of the
dipole-dipole force induced on the metal microspheres when these microspheres are presented in an external
electric field. The EDLA fractal grows as the applied field strength is slowly increased. At a fixed volume
fraction ¢, the dimensiond; of all fractals formed under the different space fields are in the range of
1.72+0.1. We find that the fractal dimensi@y changes as the volume fractignof metal particles varies and
satisfies the relationship & ;~ ¢™, wherem is approximately 1.52.S1063-651X%97)51103-2

PACS numbes): 61.43.Hv, 64.60.Ak, 64.60.Cn

Problems of diffusion-limited aggregatiofDLA) have In this paper, we report another kind of fractal pattern
been the source of much interest in the past de¢add]. produced by electric-field-induced diffusion-limited aggrega-
Fractal growth based on the mechanism of diffusion-limitedtion (EDLA). The EDLA fractal can be observed in a system
aggregation involves the random walk of particles and theimade up of a mixture of solid and liquid where the solid
subsequent sticking. This mechanism has been tested expephase must be a conducting particle or one with high dc
mentally in various fields, such as crystal growth, electro-conductivity. In recent electrorheologicéER) experiments
chemical deposition, viscous fingering, and dielectric breakperformed with conducting microspheres we found some in-
down. All these phenomena are considered to be governddresting phenomena, for example, that conducting particles
by the same growth mechanisff—8]. A more interesting such as indium microspheres suspended in silicon oil form a
model that generates aggregation of particles in clustersetlike structure if an external high electric field is applied to
through Brownian motion was introduced in 1981 by Witten parallel electrodegLO]. Very recently we observed that some
and Sandef9]. It is well known that diffusion-limited aggre- fractal patterns formed by conducting microspheres appeared
gation provides a basis for understanding a large range oh the different forms of space field if an applied electric field
natural pattern formation phenomena. was increased slowly. After comparing these patterns with
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FIG. 1. Development of a frac-
tal formed by metal microspheres
as the electric field is increased,
where the electric field strengths
are(a) 150 V/mm,(b) 250 V/mm,
(c) 350 V/mm, andd) 500 V/mm,
respectively.
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electrodes

FIG. 2. (a), (b), and(c) show
the fractals under different kinds
of space field. Insets show the
forms of applied electric fieldd)
is an enlarged image of paft).

electrodes| |,

those described above we found that it is necessary to clasopper particles of about 85 um were selected. Then they
sify them as another kind of diffusion-limited aggregationwere fabricated into the microspheres using a high-
induced by high electric field. However, the difference in thetemperature spouting devicgl4]. It should be pointed out
physical mechanism between EDLA and those describethat the surfaces of 20% of the copper microspheres made by
above is that the former is caused by an electrodynamic inthis method were oxidized. The surface treatment was per-
teraction and the latter is the effect of Brownian motion.  formed with dilute HCI and the microsphere was then baked
It is well known that an external electric fielinduces a in an oven at a temperature of 60 °C. The prepared copper
dipole moment on the particle, which is given by microspheres were mixed with silicon oil with a volume

p=47780a38fﬂEl (1)
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where a is the radius of the sphere arnlis a dismatch o (1)
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where ¢ is the complex dielectric constant, with the sub-

scriptsp andf indicating the particle and fluid, respectively. <

These dipole moments interact with a force given by =
6p?

= Arregedt
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It is thought that the force between dipoles will lead to the
particles being attracted to each other to create a chainlike
structure, and if the electric field strength is increased further
some columns suspended across two parallel electrodes can & AN T
be observed11-13. Although these phenomena have been 0.1 1 10 100
observed in many kinds of ER fluids containing insulating L
particles, few experiments have been conducted with con-
ducting particles. Thus, the actual pattern formed by con- F|G. 3. Schematic log-log plot di A andL, where symbol$1),
ducting particles is unknown to date. (2), (3), (4) represent the data evaluated from Fig&l) and Za)—

The metal microspheres used in our experiments werg(c), respectively. The solid line is the dependencéldf on theL
made from purified copper gradEisher Scientifiz At first,  obtained from Fig. &).
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FIG. 4. The changes of fractals
when the volume fraction is var-
ied. The volume fractions fofa),
(b), (c), and(d) are 0.008, 0.022,
0.102, and 0.163, respectively.

fraction of about 0.082. The experimental setups used in thisvo separatedonducting fractalsare close to contact, even

investigation are shown in the insets of Fig&)land Za)—  though the external electric field is fixed.
2(c). The pattern formations were observiedsitu with a Figures 2a)-2(c) represent the fractal patterns obtained
light microscope. under different space fields. Figuréa? shows the situation

The growth process of two-dimensional EDLA patterns iswhen the particles are distributed in a parallel field, where
shown in Fig. 1, where the metal spheres suspended ramore than two fractals begin to grow from two electrodes.
domly in oil are presented in the field between a two-pinThis result suggests that the presence of the particle dc con-
electrode. When an electric field is applied to the electrodegjuctivity essentially modifies the electrodes from planar to
the nearest one to the pin is first attracted and subsequentiyegular shapes, with sharp cornéeingle particlg at the
sticks to the electrode to form a seed. The new particle unpoints where the electric field is greatest and the force acting
dergoes an attractive force until it comes within a fixedon the near particles is largest as well. The situation then
“sticking distance” of the seed. At that point, the particle becomes similar to that of diffusion-limited aggregation, and
sticks to the seed and a new patrticle is attracted in a fixethe formation of a fractal-like pattern is, therefore, not sur-
“sticking distance,” and the process continues to form aprising. A part of the fractal reproduced in Fig(cRis en-
short cluster. The “sticking distance” here is decided mainly
by the strength of the applied electric field. According to Eg. 2.0
(3), the force between particles is related to their distance if
the electric fieldE is fixed; thus the growth process stops
once the attractive force between the cluster and its neigh-
boring particles exceeds its acting range. Figu@ llus-
trates the relationship where two short fractals begin to grow 16 -
separately from two electrodes as the external field is in- o
creased slowly but then stabilizes when the electric field is
constant. If the electric field strength is increased continu- 1.4 1
ously the fractals begin to grow again until they reach new
stable states as shown in Figgbjland Xc). Figure 1d) 1o
shows the final state before the fractal breaks down. At this T|e
critical point, an electric short would occur if the applied
field strength was increased further. This is because passing a 1.0 . .
large current through aonducting fractalleads to electric 0 0.05 0.10 0.15 0.20
breakdown. It should be pointed out here that, from observa- i)
tions made with the microscope, we found that the growth
rate of two fractals increases rapidly just before contact. This FIG. 5. Dependence of the fractal dimensions on the volume
is because the strength of the electric field increases whefractions.
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larged and reshown in Fig(@® where the branch of a fractal fact that the fractal dimension only depends on the volume
formed by metal microspheres can be seen clearly. In addfraction of metal microspheres in the fluid and not on the
tion, it is found that the fractal is very stable once the micro-geometry of the electrodes used.
spheres have adhered to it. Figure 4 shows the variation of the pattern formation of
The fractal dimensiol; was obtained using the equation metal microspheres in the fluid as a function of the volume
NA=LP" or D;=In(NA)/InL, whereA is the cross-sectional fraction. It can be clearly seen from this figure that the lower
area occupied by each microsphere ahis the number of  the volume fraction the fewer the number of fractal branches,
microspheres in a measured square box with a lebgty and thus the small the fractal dimension. The dependence of

varying the length_ while counting the enclosed metal mi- the fractal dimensio; on the volume fraction is plotted

crospheresiuntouched spheres to the fractal were not in-" F19- 5, which varies from about 1.2 at low concentration to
cluded, we obtained thé®; from the slope of IJA)~InL. 1.8 at a very high concentration of solid phase. By curve

The results are shown in Fig. 3 for the fractals in Figl)1 f't_“Bg’Na %oxvvﬁg'lt?lvg gipgrr:gﬁt?lcae 'S rgoxlﬂiga?w\éeig?rffgdw
and Figs. 2a)—2(c), which started all from the same volume I(f] oufr eﬁperimental S)?stem PP y€ed '
fraction (0.082 of metal microsphere with different elec- '

trode configurations. Surprisingly, the fractal dimensions are The authors thanks Dr. Rongfu Xiao for helpful discus-
all in the range of 1.720.1. This clearly demonstrates the sions and Camilla Erskine for her editorial suggestions.
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