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PREFACE

Aggregation phenomena are of great importance in many scientific areas:
physics, chemistry, biology, medicine, engineering... Due to the introduction
of the concept of fractal and the access to big computers, this field has literally
exploded in the last six years. We think that it is the appropriate time to give a
presentation of these recent progresses in a version readable by a wide range of
scientists. ‘ v

The material presented here is largely inspired by the recent thesis of one of
the authors (R.B.) and by the series of lectures given at Orsay by the other (R.J.).
A shorten version has already been published in French (“Les phénoménes
d’agrégation et les agrégats fractals”, R. Julien, Annales des Télécommunicagions,
41,343, 1986).

We would like to apologize to all colleagues whose works have not beeni:
cited for our aim was primarily pedagogical and we would rather write a book .

on lecture notes than have an exhaustive review. We acknowledge all people
who have directly or indirectly helped us, in particular Max Kolb and Jean-
Claude Toledano. We thank Paul Meakin, Catherine Allain, Johann Nittmann
_and Eugene Stanley who gave us their beautiful photographs. Most of the
figures illustrating our simulations were realized at CIRCE (Centre Inter-
Régional de Calcul Electronique), Orsay. Finally, we would like to acknow-
tedge support from the CNRS (Centre National de la Recherche Scientifique),
France. ’

R. Julien and R. Botet,
Bat. 510, Université Paris-Sud, 91405 Orsay, France, Aug. 1986.
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I-INTRODUCTION

1-1-PRESENTATION

Aggregation is an irreversible physical process in which
initially dispersed basic units (particles, or micmaggr:e.gates) stick
together, under the action of given attractive forces, to build
characteristic structures, the aggregates, whose size increases with
time. Two fundsmental aspects will retain our attention all slong these
lecture notes: first the kinetics, i.e. the quantitative description of the
time evolution of their mean size and of their size-distributien, and
second the geemetry, ie. the quantitative description of the structure of
the aggregates. The first aspect has been studied since a long time, mainly
‘after the introduction of a very useful kinetic equetion by Smoluchowski
in 1916. The second aspect, however, has been, only very recently, the
subjet of a great amount of studies('), pfoviding interesting new insights
_on the first aspect. These recent progresses are essentially due to the
i;ltroductinn of the mathematical concept of fractal, which permitted a
guantitative description of the structure of the aggregstes, generally
considared as too complicated in the past.

Right now, we would like to define with precision the limits of
our purpose. In many experimental exampies, the aggregation phenomenon
is mixed with other phenomens, such os the creation process of the basic
units. This is for exemple the case of the clouds formation. in all what
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follows, we shell assume that the formation of the besic units, generally
celled nucleation, is completely achieved when the aggregstion
phenomenon sterts to take place. We shsll also never be interested in the
description of the internal structure of the basic units. Yery often, these
basic units are quite compact, i.e. not frectal. However, sometimes,
metallic microaggregetes can exhibit very fascinating omorphous
structures(z).
~ After this introduction devoted to the description of several
experimental examples, we sholl describe the ststus of the field before
ihe introduction of the concept of frectal {chapter II). Then we shnll
introduce fractals ond discuss the main phusical propartieg-pf fr‘;ctot
aggregates (chapter il1). In the foliowing chapters, we shsll give a deteiled
reyiew i of the two main theoretical models of aggregation: the
sarticle-cluster (chapter 1V) and the cluster-cluster (chepter V)
aggregetion rﬁﬂdels, which generslly lead to such fractal structures. At
't we shall discuss the problem of restructuring and resdjusting in both
models (chepter Y1) which is presently one of the most interesting open

questions (at 1east in our opinion).
1-2-COLLOIDS AND AEROSOLS

Colloids are spherical particles in suspension in a liquid. They
are often, but not necesserily, metallic. Gold colloids are known since o

very long time. In the middle-age, the alchemists knew how to prepere
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them and to use them to colour gless. When reducing o gold selt, one con
obtein o suspension of microscopic gold spheres, all of the same diameter,
of order some nanometers. The surface of these spheres is generelly
électrostotico!ly charged, so that, when not in 8 ionized selvant, the short
renge Ven der Waals attractien is inefficient ageinst the strong
electrostatic ropulsion‘which maointains the spheres far owog‘ from
eech other. The figure 1 gives the shape of the potential energy versus

distance curve.

E4

Fig.1: Shape of the interaction energy curve
between two colloidal particles as a function
of their center-to-center distance in the case
of strong electrostatic screening (a), and in
the case of partial electrastatic screening (b).



in genere! the repulsive borrier ¢ is larger then kT, giving o
remorkable stability to the colloidel suspension. Some gold colloids,
prepored by Feraday 130 years ago are still conssrved todey' When
dissolving a sal. into the suspension, one can introduce mobile ions. lons of
opposite sign to the surface charges come around the sphere to realize an
electrostatic screening This reduces the electrostatic barrier €,
which mey become of order kT. For very large ionic concentration, one can
obtain @ complete electrostatic screening of the surface charges and
entirely restore the Van der Wwaals interaction (figure 1e). Other
experimental techniques can be used to realize this partial or complete
screening: one cen replace the surfece charges by neutral orgenic
molecules (as done by Weitz and ol.(3) ot Exxon, Annendeale, USA). In these
two ceses, the suspension loses its stability. Particles begin to aggregate
to build clusters whose size increases with time. Aggregotes may
eventuelly contain up to some thousands of perticles end reach sizes of
order micron. At this stage, they begin to diffuse light and the solution
exhibits a choracteristic “milk-like™ appearance. Figure 2 shows eiectronic
micrographs of gold colioid aggregates recently grown by David weitz(3)
Figure 2e corresponds to complete screening while figure 2b corresponds
to pertial screening (€ =kT).

How can one explain the formation of these aggregates? As long
os colloidol perticles remain far away from each other, they diffuse inside
the solution, undergoing the so-called brownian motion. In the cess of *
complete screening, they ignore themselves until by chence they come so
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close that they *feel” the Ven der Waals attractive fofces. In that case,
they irrémedioblg stick together te form a doublet which also diffuses
inside the solution, sticks other particles or other: doublets, etc.... In the
case of partial screening, the thermal agitation musf be sufficiently lafge
to win the electrostatic repulsive barrier, of height €, defined in fig.1b.
Particles bounce on each other many times before being hble to win t'he
electrostatic barrier, after what they irremediably st;ck. In that case the

overall process is slower.

iyt A La s L

4 e PEL

Fig.2: Gold colloids photographs obtained by David Weitz and
collaborators, using an electron microscope. The two cases of
rapid aggregation (a) and slow aggregation (b) are shown, which
correspond to the cases of complate screening or partial
screening, respectively.



One can see, on fig.2, that the shape of the potential interaction
- curve hes o great influence on the structure of agyregates. While the
oggregates obtsined in slow oggregation (fig.2b) are (apparently)
compact, those of fig.2e exhibit a cheracteristic stringy structure. Such
typicel effect: the influence of eggregation mechanism on the
structure of resulting clusters, will be one of the main studies of
these lacture notes.

A very similar aggregation mechanism occurs in the case of
serosols. These are small particles initially dispersed in a ges. Such
dispersion can be performed in various ways. One con collect smoke
particies let out from a flame. One can suddendiy heat a wire 6overed with
the substance to be studied, stc. Once the particles are dispersed in a
chamber, and if they are electrically neutral, they behave exactly as the
screered colloids. becouse, here aiso, there remains only the short range
Yan der Waals attraction. Some differences may however exist compare to
the case of colloids: for sufficiently small gas pressures, one con enter a

molecular regime in which the aggregates follow straight line trajectories

instaad of brownien trejectories. Fig.3 shows a micrograph of serosol

sggreqote obtained by Forrest and Witten in 19794 Here alsc, as in
fig.2n, one observes 8 very ‘enuous structure, exhibiting more holes than
mattert This photograph has a greet historicel importance in the field,
since this is from this piclure that Forrest and Witten have, for the first
time, pointed out the fractal character of such aggregates. This was the

stariing peint of a great amount of studies thet we will review here.

IS



Fig.3: Photogreph of an aerosol
aggregete (iron smoke) observed with
an electron microscope. By snalysing o
digitalized version of this photogreph,
Forrest and witten!® have for the first
time proven the fractal character of
such aggregete.

tmmwm'

Experiments with colloids or aerosols essentially deal with

submicronic particles. However, there exist many interesting experiments
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where perticies, in suspension in @ fluid, can reach sizes of order one
mitlimeter. Fiuid mechanics in presence of solid particles is a large field
of research;, which hes @ great number of practical applicaetions, such as
lubrification. As iong as orie can neglect inter-particle interactions, one
does not observe aggregation phenomena and then the essential problem is
Lo undersiand how ihe physical properties of the fluid, for example its
viscosity, sro modified due to the presence of the porticles. But when
_""-'..eractim*@e hetwaen particles stert to be important, the preceeding
problem beriie3 more compliceted, since one must teke into account
aggregation i:henomer- in inat case, the sggregation mechanism is more

eompler thar [p the oo of wolloids or eerosols, because the fluid does not

kser itselt inin @ pessive cole. The nature of inter-particle interactions
swronghy dersvds on the properties of the fluid itself. Furthermore the

driving motinn of the fiuid (hydrodynamic effects) cennot be neglected.
¥ sholl only quickly describe two bidimensional model-experiments
which have been performed in Frence {Ecole Supérieure de Physique et
Chimie industrieile, Paris(S), and Université de Morseille(ﬁ)). (ne of the
‘nterest of such experiments is thet they realize some kind of
experimental simuletion, on o macroscopic scale, of what happens in
colloids or eerosols: one can directly see the aggregates and, by the yray,
better understand their behavior.

Plate 1 shows the experiment done in Paris. These are wax balls,
of 1.8 mm diameter, floating on the surface of water. Due to its weight, o

given ball weakly depresses water surfece on very short distances, and
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this is enough to ottract other bells, if they are sufficiently close. At the
beginning of the experiment, the balls are dispersed by agitating tﬁa
sﬁrface. Once ogi{otion s stopped, the aggregation phenomenon starts to
take place. The plate vl shows & photograph of the surface taken 1 700
seconds after stopping agitation. Here also one observes very tenuous
structures which strongly resembie those observed in colloids or aerosols.
One must however remember that this is a two-dimensional experiment.
The figure 4 shows a photograph of & similar experiment, but under shear
forces {using o Couette opparatus). The aggregates are apperently more

compact. Many loops can be seen inside their structure.

Fig.4: Rggregation of wax balls on the
surface of water in the presence of shear
forces (Euperiment done by Camoin and
Blanc(®) in Marseilie).



¥e call field-induced aggregaiion all aggregation experiments in
which inter-particle interactions ere not the unique cause of aggregation
but there exists some external field which forces particles to aggregate.
Let us only give some examples:

-Electrolysis: when an electric current runs into a metasllic
salt solution, metal atoms deposit on cathode. The structure of the deposit
strongly depends on the experimental conditions but when the experiment
is performed very slowly, in a diluted solution, under & weak potential,

aggregates may exhibit tiny opened branched structures(?.

Fig.5: Cathodic deposit ebtained by Matshushita et o,



