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Fractal patterns, cluster dynamics, and elastic properties of magnetorheological suspensions
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We study pattern formation and the aggregation processes in magnetorheological suspensions in the presence
of a static magnetic field, and some of their associated physical properties. In particular, we analyze the elastic
modes as a function of the intensity of the applied field and for several particle concentrations. We observe that
the clusters formed in these systems have multifractal characteristics, which are the result of three well defined
stages of the aggregation process. In these stages three generations of clusters are produced sequentially. The
structure of the suspension can be well characterized by its mass fractal dimensions and the mass radial
distribution. The size distribution of the second-generation clusters written in terms of their mass fractal
dimension allows us to calculate the sound speed of the longitudinal modes in the large wavelength regime.
This multifractal analysis applied to several kinds of aggregates reveals that the occurrence of at least three
stages of aggregation is a common feature to several physical aggregation processes.
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I. INTRODUCTION as the intensity of the interaction among the particles, the

interaction with external fields, the thermal energy, the liquid

During the last few years rheological suspensions of diviscosity, the polarizability, the shape, the mean size, and the
polar particles have been a subject of great interest for basf®ain symmetries of the suspended particles. Some models
as well as for applied research. The many body interaction82Ve been proposed to describe the structure of rheological

among the particles, which cause the complex structure g u'ds.’ [2,7]. In most_of these models, however, a simplifica-
tlon in the calculation of the rheological response and the

the suspension, apd the link _between this S”“Ct“fe and th ysical properties of the suspension is introduced, namely,
macroscopic physical properties of the system, still prese is assumed that, under the application of a magnetic field,

sefver.al unanswered fundamentgl qpest[dﬂsUpon the ap-  the particles in the system form an ordered structure. Al-
plication of an external magnetic field, magnetorheologlcalmough’ it has been observed that a complex structure is
suspensiongMRS’s) suffer a quasireversible transition from ¢,-med even for small concentrations, abgut 0.01 in vol-

a liquid system to almost a solid body in times of the order ofyme fraction[3,8,9. We have observed that clustering in

a few milliseconds. Obviously, this change in the mechanicaprdered structures is only the first one, of at least three
properties of the dispersion is due to the structure formed bgtagesy of the aggrega‘[ion processes which build up the struc-
the particles. The understanding of these phenomena requir@se in a MRS.

of some insights in the knowledge about the behavior of In this work we discuss our observations of pattern for-
systems of interacting dipolar particles. In the presence of amation and its relationship with some of the physical prop-
external field, the MRS’s acquire a fibrous structure, whicherties of the MRS, particularly with the elastic properties.
sometimes has been described as bunches of chains formEidst, we briefly describe the preparation and characterization
by piledup particleg2]. However, it has been theoretically of the iron oxide particles which we use for the rheological
discussed that for dipolar particles this situation is possibléuspensions. Then, we discuss our observations by optical
only as a limiting law case, under the conditions of low microscopy of complex pattern formation in the MRS in-
particle concentration and intense applied fi&H However, —duced by the applied field. The observed patterns are char-

experimental results indicate that in more general conditionsacterized by means of their mass fractal dimension and the
the acquired cluster structure in the dispersion is in facfadial mass distribution. On this basis, we discuss how the

much more complex. intensity of the applied magnetic field and other external
jprameters can change the cluster structure. By using an ef-

It has been found in many classes of condensed matt " di h lculate the elasti . ¢
systems that clusters produced by an aggregation process E-C lve media approach we cajculate the elaslic properties o
e suspension. Our attention is focused on the propagation

hibit a structure where a statistical short range order exist§.f lasti turbati in th " Th d di

However, at larger scales there appears a symmetry dilatiot elastic pertur ac'ionsd!?f este iys 'emls. d(_et'soury stptzg dm

which confers a fractal feature to the struct[4¢ Moreover, 1€ Suspension under difierent pnysical conditions Is studied.
IEmaIIy, we discuss the application of our multifractal analy-

there exists evidence that also some complex fluids, in par-.
ticular the magnetorheological suspensions in the presence fo other condensed matter aggregates. We f.oun.d that the
occurrence of at least three stages of aggregation is a com-

a magnetic field, arrange locally in hcc or in tetragonal struc ; ; )
tures [2], although, in some of those complex systems afhon feature to the aggregation process in several physical

larger scales, fractal characteristics of the clusters have bedyStems.

qbseryec{2,5,6]. It has _been s_hown that there exists a rela- Il AGGREGATION PATTERNS
tionship between the hierarchical nature of the structure and
the aggregation processes which generdig]itThe internal For the preparation of the MRS we synthesize iron oxide

structure of the clusters is determined by several factors sugbarticles (FgO,) of prismatic morphology by means of a
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ters, the dipolar interaction intensity and range do not scale
with cluster size. Hence, due to the relatively short range of
the dipolar potential, the mechanical interactions among
clusters, and the viscosity effects, the order of the structure is
lost in this aggregation stage. More properly described, there
occurs a symmetry dilation in the structure of the second-
generation clusters formed in this stage. We have observed a
third aggregation stage. In this stage, second-generation clus-
ters aggregate and rearrange to form the final fibrous struc-
ture of the dispersion. One expects that this sequence of
stages or patterns of aggregation would be correlated with
the change in the rheological behavior of the system, where
the first and second aggregation stages would contribute to
these changes. Note that these patterns and their relation with
——— 10u the interactions driving the aggregation processes are as ex-
pected in the time evolution of an out of equilibrium system,
FIG. 1. Iron oxide particles with prismatic habit used in the namely, the more intense the interaction, the shorter the time
preparation of the MRS. in which its effect is felt.

Since the first-generation clusters are the building blocks
coprecipitation procedure. These particles are obtained &sr the second- and the third-generation clusters, this implies
precipitates in a small volume reaction of aqueous solutionshat, locally, throughout the fibrous structure, there exist sta-
of ammonium oxalate, iroiilll) nitrate, and iron(ll) chlo- tistically ordered small arrays of particles. The average range
ride, followed by thermal decomposition. We used x-ray dif- of this order is as long as the mean size of the first-generation
fraction to determine the obtained phases. The difractogramdusters.
show the presence of magnetite and some traces of The existence of this statistical local order has been usu-
maghemite. Figure 1, shows a scanning electron microscopglly interpreted as the formation of chains or bunches of
(SEM) photograph of the particles. Note the unusual pris-chains along the system. We have observed in MRS of pris-
matic habit of the particles. They are homogenous in formmatic, but also of spheroidal magnetic, particles that the clus-
and with a sharp distribution of sizes about Ah [10]. To  ters of the different generations exhibit some asymmetry in
prepare the MRS, these particles were dispersed in silicontmeir shape; they are usually longer in the direction of the
oil. To be able to observe the structure by optical micros-applied field. This has been interpreted as the incomplete
copy, we use low particle concentrations, less than 0.1 imggregation of chaingll]. There has been some discussion
volume fraction. regarding the cause of this asymmetry. It has been argued

Using cover glass we prepare square cells, 15-mm widéhat in the aggregation process, the hydrodynamic interac-
and 1-mm thick, to contain the dispersion. To observe thdions cause anisotropic diffusion of the particles along and
pattern formation, one of these cells is set on the stage of theormal to their axe$12]. Due to the presence of the static
optical microscope and the magnetic field is applied usingnagnetic field the aggregation process driven by dipolar in-
electromagnets. We use the light transmitted mode for outeractions is essentially anisotropic for any shape of the par-
observations. ticles. For no very low particle concentratiogp®0.01), not

The process of pattern formation is filmed with a digital only the hydrodynamic interactions might contribute to the
camera. We observe the whole process, beginning some tintess of order in the structure, but also some other phenomena
before applying the field. In absence of the applied field theof entropic nature. For instance, in the aggregation process
particles are homogeneously dispersed in the silicone oil anthe particles or clusters, in its respective stage of aggrega-
we can observe the individual particles moving through theion, obstruct each other denying an ordered arrangement.
liquid. The processes of aggregation when the field is turned To specify and quantify the features of this pattern forma-
on are as follows: the magnetization induced in the particlesion, we measure the cluster mass fractal dimengiomle-
produces an attraction among nearest neighbors, which leafised by the well known power laun~rP, wherem is the
to the aggregation of particles. This clustering process drivemass contained in a circle of radiusTo measure the fractal
by the dipolar interaction occurs throughout the system, prodimension of the complex structure generated in the system
ducing relatively small first-generation clusters, whose struchy the application of a magnetic field, we proceed as follows.
ture is often crystallinelike arranged. In this latter aspect ouFrom the sequences of digital video we take some pictures of
observations agree with the results of some reported numeridifferent regions of the structure in its final configuration.
cal simulations which indicate that the structure of the sysThen we make an image treatment to obtain a more con-
tem is statistically and locally orderéga]. trasted image, so as to define only one plane of the structure.

After this relatively rapid aggregation stage there followsThen, we draw a number of equally separated concentric
the aggregation of the first-generation clusters. Now, due taircles, starting with a circle of diameter of the order of the
the larger average diameter of the clusters, viscosity effectsiean size of the particles, up to circles as large as the obser-
become more important. Also, as a consequence of the finiteation field allows, the separation between contiguous circles
size of the particles and the noncompact structure of the cluseing also of the order of the particle mean size. Provided
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FIG. 2. loggN versus logy for structures formed in a magne magnetic field (G )

torheological system, for two particle volume fractions, lower curve
¢»=0.04 and uppetp=0.06. The values af are expressed in terms FIG. 3. The average size of the first-generatity} and the

:);‘ éggn%ziarr]tsigcig mze;g vi(iezre(;ulrr:/séet;? li(;%?(;\il(ij ; Nni1 - égo\;;;gl; ;If (t:r?gcl Ssecond-generation clusterg, in a magnetorheological system as a
. , mi us; . o )
ter structure:(a) 700 G and(b) 400 G, both of them with function of the applied field for two values of the volume fraction.

=0.06.(c) 500 G and(d) 400 G, both with¢=0.04. figure appear pictures of agglomerates in a MRS for different

conditions:(a) 700 G and(b) 400 G, both with a volume

that the number of pixels is proportional to the mass in . - ;
given element of area, we count the number of pixels cor?IraCtIon ¢=0.06. (c) 500 G and(d) 400 G, both with¢

tained in the circles. We repeat this procedure taking differ-_ 0.04. The elongat.ed structures ohserved in the pictures are
he second-generation clusters. We have noted that the aver-

ent sites, arbitrarily chosen, as centers of the set of circled! | h of th h
For all the sites we obtain relatively close values for the2d€ 1€ngth of these substructures has some dependence on

corresponding number of pixels. However, in order to avoidin€ intensity of the applied field. . .
the effects of small local inhomogeneities and, mainly, to, Because the aggregation processes are driven essentially

statistically capture the trends of the global structure, Wé)y d(;PO'ar interactior)s, with the corresponding scaling for
average the number of pixels obtained for the corresponding?e ifferent generations, one may expect that Fhe average
ize of the clusters, and their average formation time, should

circles for all the sites in the structure. Empirically we have : y o
found that a set of 30 circles and 10 sites is enough to obtaiffEPeNd on the volume fraction as well as on the applied field
no significant differences. In this way, we determine the/Ntensity. ) , .
mass fractal dimension, characteristic of the stages of aggre- ' 19ureé 3 shows the average sizg of the first-generation
gation by which the hierarchical structure of the system isclusters as a function of the applied magnetic field for two
formed. values of the volume fraction, as well as the corresponding
Figure 2 shows the behavior of the mass fractal dimensiogituation for the second-generation clusters. From Figs. 2 and
for two particle concentrations, 0.04 and 0.06 in volume3 one may infer that the volume fraction and the applied field
fraction, and for different intensities of applied field. There, intensity are important parameters which determine the
we have depicted the graph of lgly; versus logyr;, where  ranges in which the aggregation processes are predominantly
N; is the number of pixels contained in the circle of radiusindividual particle aggregation, and this in turn determines
ri. Note that for both cases the corresponding graph hate average size of the statistically ordered first-generation
three clearly distinguishable portions, associated to the thre@ructures, yielding a change in the average size of the
aggregation stages mentioned above. second-generation clusters. However, for the third-generation
Each portion has a linear behavior and has been fitted b§tructures the relative changes in the average size are much
a straight line using the least squares method, considering¥naller. We have extended the measurements to 55 circles
statistical error given by the dispersion of the Jghy; values with_ the same separation as before and the trend observed for
for the respective; . The lower curve corresponds to a MRS radii larger tharry remains the same. This characterization
of Fe;O, particles dispersed in silicone oil with a volume of the different stages of the pattern formation clearly exhib-
fraction of ¢=0.04 with an applied magnetic field of 700 G; its the multifractal nature of the structure and allows us to
the upper one to a volume fraction ¢f=0.06. We have determine the average size of the substructures in the system.
shifted the figures vertically to make the comparison clearObviously, the interaction among these substructures must
Note the close similarity between both curves, showingdetermine some of the physical properties of the system.
straight portions revealing clearly similar aggregation pro- We have also studied how the cluster geometrical charac-
cesses yielding the hierarchical patterning. The changes déristics are affected by external variables such as the tem-
the aggregation stages are more evident in the radial scalirgerature, the field intensity, and the particle concentration.
of the mass density. The inset shows the behavior of the mag3ue to the micrometric size of the particles, the thermal ran-
radial distribution logo(N;—N;_,) as a function of logyr;, = domization of the magnetization can be neglected. However,
corresponding to the lower curve. On the right side of thewe observed that the speed of the aggregation processes is
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influenced by the temperature, rather than by the shape or
size of the clusters. This effect is more noticeable at low

temperatures, in the range where the viscosity of silicone oll

increases.

By using videomicroscopy a direct measurement of the
times characteristic of the aggregation stages is rather diffi-
cult, except for very low particle concentratiogp€0.01).
Nevertheless, even in this range of low particle concentration
it is possible to observe that the characteristic times decrease
with the increasing of the particle concentration. This could
be understood by considering that the characteristic times are
mainly determined by the intensity of the applied field, the
volume fraction, and the viscosity of the liquid, because 20 P T
these three factors must strongly determine the intensity of "
the interaction driving the aggregation at the different stages, 300 400 500 600 700
namely, 7;~1/N;, V, being the interaction potential magni- magnetic field (G)
tude and the subindexlabels the aggregation stages. It fol-
lows that, for the first stage, where the dipole interaction FIG. 4. The three-dimensional fractal dimension of the second-
produces the particle aggregation, one may expect a depegieneration clusters as a function of the applied field, for two values
dencer;~r3, r being the distance between two particles.of the volume fraction: trianglesp=0.04 and dots¢=0.06.

Then, because of the dependence oh the volume fraction

we are led tori~ ¢ 1. On the other hand, one may expect the three-dimensional clusters can be estimated from the
that the viscosity effects become important as the charactemeasured values of the two-dimensional ones, by means of
istic diameter of the moving clusters increases. Considerinthe relationD;=3/2D,. It is an easy task to prove that this
Stokes approximation, it is easily seen that the characteristielation is exact for Cantor-like fractal structures.

times of the aggregation at the different stages must be pro- Note that for this range of relatively small magnitudes of
portional to the effective diameter of the aggregating ele-applied field, the fractal dimension of the second-generation
ments, namelys;~ o, with o; being o, rg;, andry,, re-  clusters does not exhibit a definite dependence. However, it
spectively. This allows us to obtain the following simple is clear that the mass dimension does depend on the particle
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relation among the characteristic times concentration.
The above results lead us to assume that, given a particle
T O T T 1 concentrationD,4 depends only on the fundamental symme-

tries of the particles and on their magnetic properties. Since
these particles have soft magnetic properties, in this range of
The values ofry; andry, can be obtained from the muilti- applied field, the polarizability does not change drastically.
fractal analysis as shown in Figs. 2 and 3. Measured time&his is why the mass fractal dimension does not show a
for the formation of the structure in MRS of about 100 msstrong dependence on the magnitude of the applied field.
have been reportedl3]. Assuming a volume fraction such
that the formation of the third-generation clusters takes this
characteristic time, one obtains by using the above relations,
the following estimated characteristic times for the formation Presently, the study of classical waves propagating in
of the first- and second-generation clusterg=6 ms and complex condensed matter systems is a subject of great rel-
T5~35 ms. evance. Despite the fact that this has been a topic widely
The kinetics of the aggregation processes of dipolar magstudied for long time, the novel techniques and the capabili-
netic particles has been studied both theoreticglB] and ties of finely controlling the characteristics of the complex
experimentally[14,15], under several schemes and tech-media have made it possible to find new surprising and in-
niques. In particular the time scaling regimes in the aggregateresting results and a vast amount of datd|.
tion of magnetic dipolar particles have been studied by In the calculation of the elastic properties of the fibrous
means of scattering dichroism. It is worth noting that also instructure acquired by the rheological dispersion in the pres-
those dynamical conditions, different time scaling regimesence of an external magnetic field, the complex structure is
are detected15]. often treated as an arrangement of chains, or, in the opposite
In the low particle concentration condition, second-extreme, as homogeneous dispersion. However, these crude
generation clusters are substructures whose shape is clearhydels of the structure predict quantitatively wrong elastic
distinguishable in the global structure of the dispersion. Weproperties. We wish to explore how the multifractal cluster
search for the effect of the intensity of the applied field onnature of the structure can be incorporated into the calcula-
the fractal properties of the second-generation clusters. Itions.
Fig. 4 we show our measurements of the mass fractal dimen- According to Fig. 3 the typical size of the second-
sion of three dimensional second-generation clustggsa®a  generation clusters is about 10 or 20 times the particle mean
function of the applied field. The mass fractal dimension forsize. Consequently, one expects that these clusters might

) :
T2 g T3 Tg

Ill. ELASTIC PROPERTIES

061509-4



FRACTAL PATTERNS, CLUSTER DYNAMICS, AND. .. PHYSICAL REVIEW B8, 061509 (2003

20 ——r———1—1 1T fractal dimension. SincB can be measured andestimated,
there are no free or fitting parameters in this expression. It is
‘ T worth remarking that the most frequent cluster sizelis
R | b N ) =\?, and the quantitya(¢) is a constant which can be
1 / N calculated by means of a normalization conditjasg].
1 5 2 5 o ] We have found that for low to moderate intensities of
applied magnetic field, 500-5000 G, the above expression
fits well the frequency size distribution of the three-
dimensional second-generation clusters formed in disper-
sions of iron oxide particles, with a size distribution in the
range 10—4Qum [18]. In fact, the envelops of the measured
distributions, which appear in Fig. 5, were calculated using
this expression. Furthermore, we have found that €.
e il describes accurately the cluster size distribution in MRS pre-
10 20 30 40 50 60 70 pared with iron particles and also, under similar conditions
cluster length (x /) of particle concentration and moderate intensities of applied
electric field, in electrorheological dispersiofk9]. In this
FIG. 5. The measured s_ize distribution of the seco_nd-generatiogense, Eq(2) reveals a general trend in the aggregation pro-
clusters for a volume fractiogy=0.06. Inset: Comparison of the egses and in the pattern formation in dispersions of dipolar
size distribution fqr two different intensities of applied field, 350 G particles.
(left) and 500 G(right). We search now the role played by the clusters of different
enerations, in the elastic properties of a rheological disper-
ion in the presence of a magnetic field.

%}

10

have an important role in determining some of the elasti

properties of the rheological dispersions. To investigate this
situation, we measure directly from the photographs the size
of the second-generation clusters and construct a size fre- Sound speed

guency distribution; then, we compare it with the results ob- The elastic properties of a MRS are determined by the
tained from the analysis of the mass fractal behavior, as agnteractions among the particles and among the clusters of all
pears in Fig. 3. generations. The elastic response of the system will depend
Figure 5 shows the measured cluster longitudinal-size dison the wavelength of the elastic perturbation propagating
tribution for an applied magnetic field of 500 G and for athrough the dispersion. We focus our attention in the long
volume fraction¢=0.06. In the same sample we made thewavelength elastic perturbations by which sound propagates
measurement of the cluster size distribution for another valug, complex liquids. For these elastic perturbations, with
of the applied field350 G, previously redispersing the sus- wavelength much larger than the particle mean size, some
pension. From the comparison of the envelops, which apapproximations are commonly used. Provided that dissipa-
pears in the inset, one sees that, as expected, the most figre effects can be neglected, one may adopt one of the sim-
quent cluster size increases with the intensity of the applie@lest effective media approximations to calculate the sound
field. Note that the agreement of these measurements witdpeed. We assume that the system behaves as a continuous
the second-generation cluster size predicted by the multifragnedium with effective elastic modulus and density; then, the

tal analysis, Fig. 3, is quite good. However, we think that thesound speed can be evaluated by means of the expression
estimation of the average size via the fractal dimension is g0]

more reliable procedure, since, in the direct measurement of
the cluster size in the photographs, one introduces some error B\
with the choice of the ending part of the clusters, for those v= ; ' )
portions of them that touch or overlap with other clusters.
It has been shown that in systems with complex correlayhere the effective density is given by

tions, the expected distribution of the relevant physical quan-
tities has the form‘(x)=_Cxpep(q), p andq being real num- p=dpt(1—d)p; (4)
bers [17]. The following phenomenological expression,
vvhic_h fi'gs well the measyred second-generation cllugter sizgnd the effective elastic modulus is
distribution, can be obtained by using some heuristic argu-
ments: B=B5 ¢+ B7 (1= ), (5)
R(X) = a(¢)xPre PN, )

where the subindex labels the solid and liquid phases.
Here A=BnVkT is the ratio of the magnetic to the thermal  For dispersions of smaller particles, in the regime of
energy,m being the particle magnetizatioB,the local mag- wavelength much larger than the particle mean size, only one
netic field, which can be estimated by means of a Weiss-likelastic longitudinal mode is expected to propagate. Also, be-
mean field approximationT is an effective temperature cause the fluid does not support any shear, transversal modes
which incorporates the viscosity effects, abdis the mass cannot exist in these systems. However, still in this regime,
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one could expect that the intensity of the applied field has 5
some influence on the elastic longitudinal mode in MRS.

The surprising and intriguing observation of two longitu-
dinal elastic modes propagating in a magnetorheologicak: J
slurry in the long wavelength regini@1] has been reported. =%
One of them, called the first mode, was associated with the& >
expected sound propagation through channels in the struc
ture, where essentially the oil is the medium which supports [
the elastic perturbation. This is because the propagatior
speed of this mode was measured to be close to the soun
speed in the pure liquid.

The unexpected second mode was observed to be slower FIG. 6. logoN vs logr for structures formed in MRS prepared

than the first one and appears only in the presence of a‘H;lhégogfrsg:‘:g’isrfie'spsirg9:19;?;138"35;2 L”a?t!é’lcee:;ﬁnoé?e’&g;e
. . - . . vValu X | | VA .
applied magnetic field. It was associated with the propaga_l_he mass fractal dimension as a functionroRight side: Micro-

tion of sound through the fibrous structure formed by the )

particles. The propagation speed of both modes was obg-raphs of the cluster structute) and particlesb).

served to depend on the intensity of the applied magnetic 5

field [21]. Fo_ 3po Mg ©
The simple effective media approximation, E¢3)—(5), 27 4’

was used to describe the first one of the observed modes. It

provides an accurate description of the experimental resul%here’u“O is the magnetic permeability an, is the mag-

for the sound speed, as a function of the particle volume,qic polarization of the spheres. S

fraction and as a function of the applied field inteng2y|, Dividing this expression by the cross section area of the

however, it fails to describe correctly the second modesirycture formed by the second-generation clusters, the lon-

propagation. We now proceed to incorporate the multifractalitydinal stress is obtained. Then, taking the derivative with

nature of the MRS structure in the study of the propagatiorpespect to the longitudinal strain, namelyg/dr), one ob-

4l

of elastic modes. tains the elastic modulug=2uoM?, M being the cluster
magnetization.
We have conducted experiments with iron spheroidal par-
IV. RESULTS AND DISCUSSION ticles dispersed in glycerine, our multifractal analysis reports

very similar results to those obtained for iron oxide prismatic
To calculate the sound speed for the two observed longipaticles dispersed in silicone oil, namely, the mean cluster

tudinal modes we assume that the first mode propagat&g;e of each generation has practically the same value. Also
through almost clear oil channels. Considering only the avihe scaling behavior is closely the same. These characteris-
erage value of the density, we obtain a better agreement witfics are shown in Fig. 6. In the right side of this figure there
the measured results in comparison to those obtained by Ui a picture of the structure of a MRS prepared with iron
ing the effective values for the density and the elastic moduparticles, with average size about 20n, dispersed in glyc-
lus[21]. For weak magnetic fields, the oil channels contain aerine, with a volume fractiornb=0.06, and applied field of
dilute dispersion of iron particles, which affects only the in- 650 G. There appears also a micrograph of individual par-
ertial properties of the composite medium, namely, the valudicles. The mass scaling behavior is shown in the left side
of the density, but it does not not modify the elastic proper-with a graph of loggN; versus logyr; . Comparing with Fig.

ties. This would be more suitable for high magnetic fields,2, one observes the very close agreement, even quantita-
because as we have discussed above, cluster size increatigsly, between both MR systems. The mass fractal dimen-
with the magnetic energy, and then, more particles stick t@ion as a function of appears in the inset, showing clearly
the clusters, fewer of them remaining in the oil channels. Thehe different mass scaling regions corresponding to the ag-
second mode was associated with the propagation of an elagregation stages.

tic mode through the fibrous structure of the suspension. To In Fig. 7(a) we show our results for the sound speed for
calculate the sound speed of this second mode, we use tiheth modes as a function of the volume fraction of the sus-
same effective media approximation but model the system gsended particles. The dots and the dashed line are the experi-
a suspension of effective macroparticlesgcond-generation mental results for the first and second modes, respectively
clusters dispersed in the oil. We need then to evaluate thd21]. The continuous lines are the results obtained by the
effective density and elastic modulus of the second<effective media approximation, Eq&)—(5), averaging only
generation clusters. This can be easily done by considerinthe density for the first mode, and considering second-
the mass scaling and the second-generation cluster megeneration clusters as macroparticles dispersed in the oil for
size, and the following procedure to evaluate the elastic corthe second one. The scale for this second mode appears at the
stant of the clusters in terms of a first-neighbors magneticight side. The arrow indicates the particle volume fraction
interaction. The dipolar force between two magnetic sphereased for the measurements of the sound speed in terms of the
whose centers are separated by a distansegiven by applied field[21].
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FIG. 7. (a) The sound speed of the first and second modes as ¢
function of the particle volume fraction. The scale for the second
mode appears at the right side) The sound speed for the second B
mode as a function of the field intensity. Dots and squares are the T
measured values for increasing and decreasing intensities, respe
tively | : !
0 1 2
Figure 7b) shows our resultgcontinuous ling for the logs(r)
sound speed as a function of the intensity of the magnetic
field. Dots and squares are the measured vdlR&kfor in-
creasing and decreasing intensities, respectively. FIG. 8. For different systems formed by aggregation processes
the behavior of the fractal dimension exhibits similar characteris-
V. SIMILARITIES WITH OTHER AGGREGATES tics. Curve(a) a coagulated blood C|UStd|b) a TEOS gel cluster,

and(c) a cluster obtained numerically by DLA.

Using the procedure discussed in Sec. Il, we have ana-
lyzed some other cluster structures formed by aggregatiosrly for the scaling of the different variables and also because
processes, after considering the proper changes in the scaliésloes not incorporate information, of entropic nature, for
for the analysis. We have found in all of them a behavior ofinstance, which could be determinant factors, at least for
the fractal dimension analogous to that of the MRS discussedusters formed by weakly interacting particles.
with relation to Fig. 2. In Fig. 8 we show a comparison of the In the case of aged TEOS gels and making a more de-
fractal dimension for clusters @f) an aggregate of coagu- tailed multifractal analysis, we have observed a possible
lated blood, (b) a tetraethoxisiland TEQOS gel, and(c) a  fourth stage suggested by the trend of its fractal dimension.
cluster numerically generated by diffusion limited aggregan this later stage the patterning indicates an aggregation pro-
tion (DLA). cess which yields a structure whose mass fractal dimension

Except for case(c), we note a qualitatively analogous tends to reach its maximum value. We have analyzed several
behavior to that found for the MRS aggregates. Again, therkinds of aged gels and we obtain this trend invariably. We
are three different stages clearly differentiated. We concludesuggest that this behavior could be associated to the slow
then, that this procedure of analyzing the fractal dimensiorevents of aggregation in the latest polymerization steps.
of the final structure in complex systems allows us to statisAnalogous conclusions for the scaling behavior in gels have
tically define the stages of the aggregation processes assofieen obtained from studies by small angle x-ray scattering
ated to the predominant interactions, as well as the averag®@AXS, performed on silica aerogdlg3] and from dynami-
size of the clusters of the respective generations. Some real analysis by static light scattering and dynamic light scat-
lated results had been obtained for aggregates of smaller paering, of the aging processes on colloidal g&4].
ticles[4,5,22.

The cluster generated by DLA exhibits qualitatively im-
portant differences. One of them is that the whole structure is
accurately described by a single fractal dimension. One may The partial financial support by CONACyT, Mieo,
conclude that DLA, in general, is not able to describe realGrant No. 32100-E, and Universidad Antama de Puebla,
aggregation processes, because DLA does not account pro@rant No. [164G01, is acknowledged.
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