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This paper deals with rigidity percolation in composite materials consisting of a dispersion of mineral
particles in a microstructured viscoelastic matrix. The viscoelastic matrix in this specific case is a hydrocarbon
refinery residue. In a set of model random composites the mean interparticle surface-to-surface distance was
controlled, changing particle volume fractignand particle number density independently. This was achieved
by mixing two sets of monodisperse particles with widely differing rd@iB5um and 17.5um) with the
matrix. A scaling exponent of 3.9+0.6 for the storage mod@®Us's ¢-¢. was observed above a threshagid
in good agreement with theoretical values for rigidity percolation. It is found that at the rigidity-percolation
threshold the pore structure, as characterized by the mean surface-to-surface distance for the filler, rather than
the filler volume fraction, is similar for different types of composites. This behavior is explained from the
internal structure of the viscoelastic matrix, which consists of fractal solid aggregates dissolved in a viscous
medium; the effective radius of these aggregates and the mean surface-to-surface distance together determine
whether or not the aggregates are capable of providing rigidity to the composite. The explanation is further
supported by a qualitative comparison with effective-medium calculations. These indicate that the observed
breakdown of time-temperature superposition ngas due to the appearance of a time scale characteristic for
the mechanical interplay between the viscous binder phase and the purely elastic solid particles.
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I. INTRODUCTION pable of associating perpendicular to the plane of the sheet in

This paper deals with the mechanical properties of modef’® Presence of nonpolar or slightly polar solvents to form

random composites consisting of a viscoelastic matrix withTegular 7 stacks a few nanometers in heigd]. These

dispersed hard mineral particles. More specifically, the vis@SPhaltene stacks, which are insoluble in the maltene phase,

coelastic matrix in the composites treated here is a hydrocaf'® believed to bg peptised by a solvation shell of resin rpql-
bon residue from a crude-oil refinery process. A crude oil isSCules to form primary aggregates that are often called “mi-
a complex colloidal system, of which in the refinery celles”; whether they are true micelles in a thermodynamic

60%—70% can be easily processed by normal and vacuusense i.s .stiII a matter of debate. Depending on the degree of
distillation and thermal or catalytic cracking. The residual""romat'cIty of the maltene phase and the chemical nature and

hydrocarbon material from such processes is called a residuvoIume fraction of the asphaltenes, the micelles may either
yaro ) . “p_ i : i friove freely through the maltene phase or form larger aggre-
A main commercial use is as a “binder” for mineral particles

o R | . L gates. Results of past small angle x-ray scattering and wide
(“fillers ).to form asphalt mixes for paving applications. angle x-ray scatteringSAXS/WAXS) experiments on sev-
Such residues are mixtures of a broad range of hydrocarbogyg| residues from cracking processes were consistent with

chemical species differing by their molar masses, aromatighe presence of largéR>200 nm fractal aggregates of as-
and aliphatic structures, and polarity. Usually a separation ignaltene stacks, with aggregate radius increasing with in-
made into four pseudocomponents: saturates, aromatics, regeasing asphaltene thermodynamic instability; the fractal di-
ins, and asphaltenéso-called SARA fractions Asphaltenes mension of these aggregates was invariably=1.7-1.8,
are defined as that part of the residue that is insoluble imdicating diffusion-limited growth as their origif5,6].
paraffinic solventge.g., n-heptang but soluble in toluene. Summing up, a crude-oil residue can be viewed as a col-
The remaining heptane-soluble mixture of saturates, aromateidal dispersion of stacked asphaltenes in resin shells, dis-
ics and resin molecules is called the “maltene phase”; th@ersed in a maltene matrix. The volume fraction of asphalt-
toluene-insoluble part is the “coke.” enes, their chemical structure, the resulting colloidal state,
From the literaturd 1-3] the following picture of the as- and the level of asphaltene aggregation can vary strongly
phaltene fraction arises. The asphaltenes are heterocyclietween different residues, and this asphaltene behavior is
aromatic sheets with molecular mas#ég > 1000 a.u., with  thought to be the key factor determining the binder vis-
attached alkyl side chains restricted to the plane of the sheeatoelasticity. Furthermore, upon mixing of the binder with
The side chains may contain, in addition to hydrogen andnineral aggregates, composites made from different residues
carbon, heteroatoms such as O, N, and S. The aromatimay show widely differing mechanical behaviour: some may
sheets typically have a diameter of 1.2—2.0 nm and are cdlow rather easily; others may upon appropriate processing
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show considerable flexural strength. Recently strengths up tmental results support our hypothesis and are in agreement
9 MPa in three-point bending have been reported, similar tavith theoretical predictions in the literature on rigidity per-
that of concret¢7]. The origin of this disparity in mechani- colation. In Sec. 1V, first, the observed scaling properties of
cal properties has again been looked for in the state of ththe moduli as a function of particle volume fraction and dis-
asphaltene fraction, but as of yet a clear physical understangbersion are discussed. Literature results on elasticity perco-
ing of their role in the composites is lacking. To contribute tolation are discussed here. Second, the dependence of the per-
such a physical understanding was the main aim of the workolation threshold on the relevant length scales in the
presented here, and the focus was on identifying possiblexperiments is discussed. Since determination of characteris-
mechanical percolation behavior. tic lengthscales in bidisperse or polydisperse random sphere
Experimental evidence for rigiditjor elasticity percola- packings is a rather specialistic problem, relevant results that
tion in dispersions of an elastic filler in a viscous mediumare available in the literature will only be briefly introduced
can be found at various places in the literature. In such casesd shown in some more detail in Appendixes A and B.
it is found that the storagéelastio modulusG’ and filler  Third, the breakdown of time-temperature superposition is
volume fraction¢ are related according to the following adressed by making a comparison with effective-medium

scaling law: calculations. Conclusions follow in Sec. V.
G’ x (¢~ o), (1)
) ) Il. EXPERIMENTAL APPROACH
with ¢ the percolation threshold. A number of these results '
will be discussed in some more detail in Sec. 1V, here we will A. Model composites

only mention a part.icularly reIevant.exampIe recent]y shown A specific type of refinery residue, known to show very
by Trappe and Weit{8]. They studied the mechanical be- gesirable properties in commercial composites, is used as a
havior of suspensions of solid carbon-black in purely viscousyinder in this study. This residue has a density of
base stock oil and observed the critical onset of an elasti¢ ngg g/cd and contains 24.9 wt% of asphaltenes; this
network on increasing the volume fractignof carbon-black  g3mounts to approximately 19 vol% of asphaltenes. Two
particles or their attractive interactidsh above certain criti-  kinds of filler were used. The first are monodisperse glass
cal valuese. and U, respectively. They also noted thal  peads(GB’s) with a radiusRgg=17.5m and a density of
=¢(U) and U;=U(¢), as had been previously found in 2 46 g/cni (Whitehouse Scientific Ltd., Chester, UKThe
other systemg9]. It may therefore be expected that a similar second type of filler consists of monodisperse, calcium-
phenomenon occurs in a dispersion such as considered hekgearate-coated, CaGEBuper-Pflex” particle$SP'S, with a
of hard mineral-filler particles in a structured viscoelastiCradius Rsp=0.35 um and a density of 2.7 g/ch(Specialty
matrix (the maltene phase with the asphaltene aggregates Minerals Inc., Bethlehem, PA, USAThe shear moduluGsp
merely adds an extra filleithe hard mineralin a situation  of the SP particles is assumed to be equal to the shear modu-
analogous to that described abdtee elastic asphaltene ag- |us of CaCQ, 35 GPa. The calcium-stearate coating on the
gregates in the viscous maltene phasso the hypothesis sp particles is designed to avoid clustering.
under investigation in this paper is that the fractal asphaltene Composites were produced as follows. A balance with a
aggregates in the binder and the mineral particles toay sensitivity of 0.1 mg was used to weigh filler and binder; the
gether create a percolating network of particles providing yolume fraction of filler was calculated from the density of
rigidity to the composite. binder and filler. Preparation of the composites has been
Clearly, characteristic length scales of the fractal aggrestandardized for all samples. A cup with binder is heated to
gates as well as of the “pore” space in between the mineragi1p °C on a simple heating plate and subsequently held at
particles are of crucial importance. Only if a characteristicthis temperature, upon which the binder is melted for
interparticle distance is of the same order as the characterigs min. Then, for 5 min, the filler is slowly added under
tic size of the asphaltene aggregates can a percolating nefonstant mixing by hand. After all the filler has been added,
work be expected to arise in the first place. Therefore weyn additional 10 min of mixing by hand follows. Subse-
hypothesize that the critical volume fraction reflects an interquently the dispersion is poured into coin-shaped moulds
nal length scale and is to be related to the particle size diswith diameters of 8 mm and 20 mrin which it cools down
tribution function. to room temperature. Finally, the samples are stored in sealed

In this paper we present the results of a systematic experplastic bags. Table | gives details of the model composites
mental approach to investigate the two hypotheses merproduced in this way.

tioned above, in which this possible interplay between
mineral-filler particles and asphaltene aggregates in the
binder was investigated. The key idea has been to produce
qualitatively different mechanical behavior in a set of model Standard oscillatory-shear experiments were carried out
composites in which a length scale characteristic for the disen a strain-controlled rheometerl0]. A 25-mm-diam
tance between filler particles is varied, using different vol-parallel-plate geometry with a gap of approximately 1.5 mm
ume fractions of filler and different filler sizes independently.was used at the higher temperatures. At lower temperatures,
Details of the experimental procedures are described in Sean 8-mm-diam geometry was used with a gap of approxi-
[I. Our experimental results are presented in Sec. lll. In thenately 2.5 mm. Experiments were performed at tempera-
subsequent discussidBec. 1V) it is shown that the experi- tures ranging from —10 °C to 240 °C. Frequency sweeps

B. Rheological measurements
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TABLE |. Properties of all composites referred to in the text:

volume percentage of SPadius 3.5um) and GB(radius 17.5um) 90 |
fillers, mean surface-to-surface distangg0) for a test particle 8o L
with zero radius, and temperature ranges in oscillatory-shear
experiments. 701
@ 60 -
SPvol%  GBvol% \p(0)/Rgp T range(°C) 2 5ok
“w
0 0 - 10-120 a0r
50 0 0.18 30-200 30
30 0 0.36 30-200 20 -
20 0 0.54 20-160 10}
15 0 0.69 10-160 L 1 1
sp 13 0 0.77 10-160 10* 10° 10* 10 10° 10* 10 10°
a ‘e [rad/s]
10 0 0.92 10-150
10 10 0.85 30-160 FIG. 1. Viscoelastic behavior of pure binder: absolute modulus
8 12 0.97 40-160 G" and phase anglé vs scaled frequencgro.
SP-GB 6 14 1.15 30-160
5 15 1.27 30-160 binder. The shift factorg; for the binder master curve very
0 20 27.0 30-140 well obey the Williams-Landel-FerrgWLF) equation[11]
0 30 18.1 30-140
GB 0 50 9.0 40-130 Yog(ar) = - T~ Tre) (2)

Cot (T - Tref) ’

with ¢; andc, equal to 23 K and 195 K, respectively. In the
from 0.4 rad/s to 100 rad/s were carried out every 10 °Climit w—o, G" approaches 1 GPa. This value is consistent
starting at low T. The absolute shear modulus (w) with that reported by van der PoEl3] as the asymptotic
=|G(w)| and phase anglé(w)=arctan[G"(w)/G'(w)] were limit of the shear stiffness of all bitumens at low tempera-
measured as a function of the angular frequeacyrior to  tures(equivalent to high scaled frequendieAt high tem-
each frequency sweep a strain sweep was performed geratures or low scaled frequencies, the binder behaves in a
5rad/s to estimate the strain interval of linear responsefully viscous way[&(w)=90°, so G” dominatesG". The
Measurements were then performed at the maximum straiglope of the master curve equals 1 in this region, as expected.
for which the nonlinearity inG" was less than 2%. Table |
shows the temperature ranges for all experiments. Master
curves were createfd 1] by shifting each set of frequency-
sweep data along the axis to a reference temperature of  Figures 2a) and 2b) showG" and § vs scaled frequency
40 °C. The curves were shifted using a least-squaresa;w for the SP compositegwith 0=< p5p=<0.5; see Table)!
minimization algorithm which optimises the overlap betweenit is immediately obvious that the viscoelastic properties of
adjacent data sets. In the following, whenever reference ithe composite materials strongly depend @g Several
made to master curve§’, G’, G”, and § are short for the points deserve attention.
quantitiesG’ (arw), G’ (arw), G"(arw), and &arw), respec- G’ is more or less constant at low scaled frequencies for
tively, with a; a temperature-dependent shift factor agdb ~ materials withggp= 10%. But the value of these plateaus in
a scaled frequencgsee Sec. I). Use of master curves im- G’ is seen to depend sensitively @gp Furthermore, at the
plies invoking the time-temperature superpositioiTS) onset of the plateau’s iG", § reaches a maximum, indicat-
principle. However, it will become clear that the TTS prin- ing that on further decreasing the material gets more elas-
ciple is not applicable to all composites investigated in thistic. However, at still lowera;w, § increases again with de-
paper. As an alternative method to represent the data, sereasingw. The maximum of§ is observed to decrease for
called Black diagramgl2] are used, in whicl#(w) is plotted  increasingegp
as a function ofG"(w). In a Black diagram raw data are  The Black diagram of these results, Figc2 shows per-
plotted, so TTS is not invoked. Roughly speaking, if all datahaps more clearly that coincidence of the plateau onsét in
sets together form a smooth curve in a Black diagram, TTSind the decrease ifiis rather sudden on changing the filler
holds. content. The behaviour of the materials wiilyp=0 and
¢sp=0.1 is quite similar, whereas the behavior of the mate-
rials with ¢5p=0.13 strongly deviates from these two. The
Ill. RESULTS qualitative change in behavior occurs somewhere around
A Binder <psp:_0.l_, as was already clear from FigaR Moreover, Fig. _
: 2(b) indicates that TTS does not hold for the samples with
Figure 1 shows the master cur@,=40 °C) of G" and  high ¢gp, as each separate data set is clearly distinguishable,
é as a function of scaled frequeneyw for the unmodified especially in the case of the sample witg=0.5.

B. Model composites
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FIG. 2. Viscoelastic behavior of SP composites, Withi=¢sp (8) G and (b) & vs scaled frequencwrw. (¢) Black diagram of
SvsG'.

In the SP composites the level of the plateauGh de- IV. DISCUSSION

pends sensitively o, as was shown in Fig.(d. The pla- The points discussed in this section are the percolation
teau in combination with the decreasedtindicates a sharp pehavior(scaling behavior as well as the percolation thresh-

increase of the storage modul@$. In Fig. 3a) plateau val-  o|d), the breakdown of time-temperature superposition, and
ues of G’ and of the loss modulug” at 160 °C and 1 rad/s the relation between these points_

(Gp andGy) are plotted against. Sharp increases @' and o _
G" abovep=~0.1 are obvious, although the increase in the A. Rigidity percolation
value of G” is less pronounced than that @'. Since it is 1. Scaling behavior
assumed that this behavior originates from the percolation of
an elastic network in the mixture, it may be postulated thaﬁ‘re
G’ will behave according to a scaling law typical for perco-
lation, as given in Eq(1). The scaling exponent and the
percolation threshold,. were determined from a nonlinear

In Sec. Il the appearance of plateau’sGn at low scaled
guency was shown, both for SP composites and SP-GB
composites. From the exponent of the scaling law, evidence
was given that this behaviour is caused by the formation of a
percolating elastic network.

least-squares fit to the dat?ou=3.§310.fiol and @ As is clear from the Introduction the critical onset of an
=0.093+0.005. Figure (8) shows™log G" vs “log(¢-¢c)  elastic network, best known as elasticity or rigidity percola-
for this best fit. tion, is anticipated in the composites. It is generally accepted

Of interest now is the question whether rigidity percola-that the real par6’ of the shear modulus will near the per-

tion can also be observed in a series of composites in whicbolation threshold scale according to Ed). In numerical
@it IS kept constant and the geometry of the pore volume osimulations of percolating elastic networks, bonds may rep-
the mean surface-to-surface distang€R) is changed. To resent central forces as well as bending forces. Whenever
investigate this, SP-GB composites were used with a mix obond-bending forces are present the rigidity threshglds
SP and GB as filler. In all samples,=¢spt ¢gg=0.2. Fig-  equal to the connectivity threshold. Numerical estimates for
ure 4a) showsG" and & versus scaled frequency for the the scaling exponent in bond-bending rigidity percolation
SP-GB composites, and Fig(b} shows the corresponding yield «=3.75 in 3D[14]. This value is in accordance with a
Black diagram. Similar phenomena can be observed as faronjecture by Roux15] and Sahimi16] that
the SP composites shown in FiggaRand Zb), although _

; ) a=t+2y, 3
less pronounced because of the lower maximum filler con-
tent. Plateau’s are observed for SP-GB composites witlivheret and v are the critical exponents for the conductivity
osp= 8% andegpt pg=0.2. and for the correlation length of percolation networks, with

FIG. 3. Rigidity percolation in SP composites.

(a) Plateau valueﬁ-)r’)I anng, (160 °C, 1 rad/s
. as a function ofpgp (values forG’ at ¢5p=0 and
¢osp=0.1 from extrapolation the solid line is the
best fit of Eq.(1) to the data, withe=3.86 and
¢.=0.093; the data point fo6’ at ¢5p=0 was
excluded from the fit(b) Log-log plot of G’ data
and fit from Fig. %a), showing rigidity-
percolation scaling.
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values oft=2.0 and»=0.88 in three dimension&D), re- composites. The expectation is that, because the asphaltene
spectively. The main simplification made to arrive at thisstructure is the same in the monodisperse and bidisperse
conjecture is in neglecting, in a “nodes-links-blobs” picture composites, the characteristic length scale at which percola-
of the percolation network, the effect of the “blobs” on the tion occurs should be the same in both cases, even if the
rigidity. The situation for central-force networks is not as Vvolume fraction of filler at which percolation occurs differs.
clear. It has been proposed, based on numerical simulationdlso, one would like to get an estimate of this lengthscale,
that central-force networks are actually in the same univerfor two reasons: first, so that it can be compared to typical
sality class as bond-bending networks, which was subselimensions of asphaltene aggregates that can be found in
quently explained with a space-renormalization argumenliterature and, second, because it should be consistent with
[17]. However, the precision of these results has more rethe absence of percolation in the GB composites at the par-
cently been called into questig@8]. It is concluded that the ticle volume fractions used in our experiments. Here we first
experimental valuex=3.9+0.6 is in good agreement with find an estimate of the length scale from the percolation
the theoretical value of 3.75 f¢bond-bendinyrigidity per-  threshold in the monodisperse SP composites. Subsequently
colation as reported in the literature, supporting the hypothwe compare length scales characteristics of the pore space in
esis that rigidity percolation occurs in these materials. monodisperse and bidisperse random sphere packings in or-
The following qualitative explanation of the formation of der to compare the characteristic length at percolation.
the elastic network is proposed: at high temperatures, the With regard to the percolation threshold in the monodis-
viscosity of the maltene matrix is such that the asphalteng@erse composites, the physical picture is that of asphaltene
particles can move relatively freely through the malteneaggregates connectinelastically interacting with rigid
phase, as a result of their Brownian motion, and aggregatiofimineral fillen spheres. A characteristic size for the aggre-
of the asphaltene particles may take place on a relativelgates R, may be defined such that spheres further apart than
short time scale. If these asphaltene aggregates can conn@&tado not interact. If two spheres approach closer thag 2
adjacent filler particles, an elastic aggregate may eventuallgn interaction may occur provided an asphaltene aggregate is
form that consists oboth filler particlesand asphaltene ag- present. Furthermore, the rigid spheres can touch, but cannot
gregates. interpenetrate. Clearly one can view the distanBg &s an
) ) ] effective distance characterizing some interaction potential
2. Relation between microstructure and percolation threshold  |yatveen the rigid spheres caused by the presence of the as-
In Sec. lll the appearance of plateau’sGn at low scaled phaltenes.
frequency was shown, both for SP composites and SP-GB Adopting this view we are interested in the percolation
composites. Furthermore, the experiments with the SP-GBhreshold of such a dispersion, as a function of the length
composites at constagt conclusively show that the volume 2R,
fraction of filler ¢ alone cannot account for all observed Particularly relevant to the situation at hand are theoreti-
phenomena. From the exponent of the scaling law, evidenceal and numerical results from models for the percolation in
was given that this behavior is caused by the formation of aandom networks of monodisperse interpenetrable spheres,
percolating elastic network, and it was hypothesized that theometimes called “cherry-pit” models; a useful overview of
network consists of a random network @bolydispersg issues relevant to this subject[i$4]. In these descriptions
spheresand fractal asphaltene aggregates. This hypothesithe impenetrable hard cores are usually assigned a radius
also qualitatively explains why the percolation thresholdRi=ARy; and the penetrable shefinteraction distangea
does not only depend ap,;, butalsoon the geometry of the width R,=(1-\)Ry. As was explained above, we associate
filler assembly: a minimum requirement for percolation tothe impenetrable cores in the model description with the
occur in the sense described above is that the mean surfagaineral-filler particles and the interaction distance with the
to-surface distance is of the same order as, or smaller thasharacteristic asphaltene aggregate dimension.
the effective size of the asphaltene aggregates. A reduced number density=pVy is defined, withp the
In this section we attempt to test this hypothesis in anumber density and/p the volume of aD-dimensional
guantitative way. In order to do so we compare characteristisphere with radiu&,;. The volume fraction of hard cores is
length scales in the monodisperse SP and bidisperse SP-GBw given by»\P. All known numerical results on the per-
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FIG. 5. Connectivity percolation for penetrable sphefes.Critical volume fractiong. for connectivity percolation vs penetrability
parametei in a cherry-pit model; points indicate all known values from numerical simulations, the drawn line is a monotonously increasing
spline fit through the point&l9]. (b) Effective volume fractionp, [drawn lines, for indicated values afusing Eq.(Al)] and critical volume
fraction for connectivity percolatiot, [dashed line; compare Fig(é] vs hard-core volume fraction\3. (c) Hard-core volume fraction at
the connectivity percolation threshole)\3),, vs interpenetrability parametar.

colation thresholds of such systems in 3D are shown in Figfor general systems of random polydisperse sphevg®,)
5(@) [14,19, which shows the connectivity percolation can be calculated for all of the dispersions used in our ex-
thresholdg, vs \. Also shown is a monotonously increasing periments. It seems useful to briefly repeat the way to calcu-

spline fit through the points, which is used below. late A\p(R,), but since it is not central to the discussion pre-
The hard-core volume fraction at percolatiom\®), can  sented here, this is shown in Appendix B.

be established with the help of the relatig@sl) and (A2) In the SP-GB composites witlp,,;=0.2 the percolation

given in Appendix A[14,20. threshold is arounggz=0.12(and ¢5p=0.08. To relate this

Figure §b) showse,(7,\) vs n\S for various\, as well  result to the percolation threshojgg=0.093 of the monodis-
as ¢.(7,\) vs n\3 derived from the spline fit in Fig. (8). perse SP'composfite, it is argued that if the mean surface-to-
From the positions of the intercepts @f(7,\) anded(7,)\), surface distance in the monodisperse and bidisperse assem-
Fig. 5() has been derived, showing the hard-core volumé!i€s is equal, the asphaltene aggregates should cause rigidity
fraction at percolation(7\3),, vs \. Figure 5c) can be di- percolation in both_a_ssemblles. The pore space in monod_ls-
rectly compared to the experiments with monodisperse a verse as well as bidisperse assemblles can be chgractenzed
semblies. y the mean surface-to-surface distang€R;), and Fig. 6

For a percolation threshold of 0.093 one finds a value ofoWs calculated values ab(Ry) for several filler combina-
\=0.65 for the penetration parameter; this should correspontons. From Fig. 6 itis clear that the mean surface-to-surface
to the case of the SP composites, as has been indicated wit#stance in the SP composite wig#=0.09 and the SP-GB
an arrow in Fig. §c). It yields for the asphaltene aggregatesComposite with¢sp=0.08 and¢e=0.12 are indeed very
a characteristic size of around 190 nm, which is consistentimilar. . . .
with earlier report§1,5]. Given this approximate size, the ~ Considering the large difference in radius between the SP
composite of GB filler and asphaltene aggregates would co@nd GB fillers in these composites, one can arrive at the same
respond tox=0.995 and to a percolation threshold of 0.59 — T T T T T
[also indicated in Fig. ®)]. This is in accordance with the 12 - 7

experimental observation that fargg=0.5 percolation did ‘. b~ beg

not occur. We conclude that the interpenetrable sphere de 19 4 y
scription can explain the difference in percolation behavior 7 -~ 0.06-0.14
between the SP and GB composites, if one assumes an effer %8| . —5—0.08-0 7
tive interaction lengthscalghe asphaltene aggregate $iire b os :j:g-gg'gm T
the percolation problem. « —o—040-

We are not aware of numerical results on percolation:; 04 |
thresholds in cherry-pit models of bidisperse or polydisperse
assemblies. This means that an alternative way has to b

found to compare the results on the monodisperse compos 02 S ] )
ites to results on the bidisperse composites. In general, fev  {  TUF ===
experimental or numerical studies seem to exist in which the L
effect of polydispersity on percolation behavior is systemati- 0.0 02 04 06 0.8 1.0

cally studied(see[21], and references therginHowever, '

general results on the geometric properties of such assem-

blies can be found in14]. FIG. 6. Mean surface-to-surface distang€R;)/Rsp as a func-
As a characteristic length we use the mean surface-taion of test-particle(or asphaltene aggregatadiusR, for a range

surface distancap(R,) that is rigorously defined ih14,22]  of experimentally investigated composites.
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result in a simpler way. It may be argued that the GB parhand. With the reasonable assumption Bat G, one finds
ticles are so large and their number density so low that they

may simply be represented by an effective volume impen- ~1 1
etrable to the SP filler. This increases the effective density of Ge = 3(Cuiha * Gatip) +591()) 5(Guy + Gotl)

the SP filler to ) G,G, .
eff __ Psp (GC1y +Gohy) |
$sp= (1 - g (4)
cB in which the following substitutions are subsequently made:
In the case of the percolating SP-GB composite this leads to o
¢"=0.091, which is indeed consistent with the observed Gi=G +iGj, (8

rigidity percolation threshold for the SP composit€She with i=1,2,e. Thefurther assumptionGy<G,<G}<G;,

elastic moduli around the percolation threshold are not eX_F_ads to simple relations showing the main features predicted

pected to be the same in both cases, as the moduli and vdb ) . ,
ume fractions of SP and GB filler in the composites are dif- y Eq.(7) . One finds for the effective storage modutbgof

the composite material:

ferent)
Both lines of reasoning support the hypothesis that the G!
percolation threshold is determined by the point where char- G, = 51 (¢pp < 2/5),
acteristic length scales of asphaltene aggregates and mean 1-3¢2
surface-to-surface distance of the mineral-filler assembly are
of the same order. ) G; > /5
G, = 5,1t 265(2p-1) (@>2/5).  (9)
292

B. Breakdown of time-temperature superposition Equationg10) predict a singularity irG, arounde=2/5 and

From the experimental data presented in Figs. 1-4, it apsubsequently a large increase above it. The value of this per-
pears that TTS is applicable for the pure binder as well as fogolation threshold is larger than values observed for the com-
the composites, except for the composites showing rigidityposites in this paper, due to geometric simplifications in our
percolation—where TTS fails. In the previous section wesymmetric Bruggeman equation and due to the fact that this
have argued that the experimental data are consistent witBMT does not take finite-ranged interactions between two or
the formation of a rigid network consisting of both filler more spheres into account. Using the same approximations
particles and asphaltene aggregates. The question addresses get, forG.,
in the present section is whether these two phenomena can
be related to each other. To investigate this, the experimen- - G]
tally observed behavior o&" and & is qualitatively com- Ge = |1 _g¢z|
pared to the results of a self-consistent effective-medium
theory (EMT). So Gg has a peak aroung,=2/5, which will also show in

We define a continuous matrix with complex shear modu-+the effective phase anglg. G, at the percolation threshold
lus G; and volume fractionp; (representing the bindeand is obtained by substituting,=2/5 in Eq.(6):
inclusions with complex shear modul@ and volume frac-

(¢, < 2/5 ande, > 2/5). (10

tion ¢, (representing the filler The relationship betwee@; Ge o= \%Gle (pp=2/5). (11
andG, and the effective propert, of the medium may be o o o )
described by the so-called “Bruggeman equatif28,24] Any qualitatively realistic description of the mechanical be-

havior of the composites has to include the frequency-

Gi=Ge ,  G2=Ge , _ 0 ®) dependent viscoelasticity of the binder. The simplest possible
$1 $2=0, viscoelastic response involves a single relaxation process
Gyt EGe Gy + EGe with characteristic timer;:
which can be restated as G,= ﬂfl(w)(w7'1+ i), i) = lez 12
T 1+w Tﬁ

1 1
= — + + — + 2 + 1/2
Ge S(lel Gato) 3[((319//l Cayfo)” + 661G, For the filler a purely elastic modulus can be safely assumed,

(6) SO

with ¢5=2¢,—1 for i=1,2. In spite of its symmetrical ap- G,=G; (real). (13
pearance, this equation can be derived from an initially, . . .
asymmetric composite model, in which phase 1 is considereﬁwﬁt'tm‘lfon ‘.)f Eqs(12) and((lj3)| in Egs.(9) and(10) gives,
a continuous matrix and pha® a homogeneous assembly of or the effective storage modulus,

dispersed filler spheres. This renders the symmetrical

. . . f
Bruggeman form of the effective-medium theory particularly G, = n 1((")5le (¢, < 2/5),
suited to describe the mechanical percolation phenomena at 1 1-3¢
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It can be seen that below the percolation threshold the
calculatedG, increases monotonically with, in accordance
with the experimental behavior G;. Above the percolation
threshold a plateau develops at low frequencies, again in
agreement with the experimental results. At higher frequen-
cies G; dominates, and therefore the behavior at high fre-
quencies is quite similar fog, below and above the perco-
lation threshold see Eq(15)]. This was also experimentally
observed.

The behavior ofs, is more complex. From Ed16) it is
clear that above the percolation threshold the filler will in-
troduce, in addition to the binder time scalg a second time
scale to the systemy,/G,; as a result of this, a second peak
in 8 can occur. The separation of the peaks depends on the
material parameters of both binder and filles: and =4, and
G, respectively. Figures(8)—-8(c) show &, as a function ofv
and ¢,. In all casesmy=1s and G,=35 GPa are taken,

+ mw)on (0> 2/5), (14) whereas the second time scale is varied: in Figa)-8(c)
m 5 the ratior;G,/ 7, equals 18s, 1 s, and 1T s, respectively.
§¢2_ 1 It can be seen that fom,/G,<7; no peak arises; for
m/G,=7 there is a critical onset of a peak and fgy/G,
and for the effective loss modulus, > 7, a peak is clearly distinguishable. The latter resembles
o (o) the experimental behavior of the composites.
G, = —11—5 (¢, < 2/5 andep, > 2/5). (15 A large difference with the experimental behavior is seen
T1 |1 - §¢2| for very smallw. Wheny, <0 (¢,<2/5) the phase anglé,

Finally this allows expressions to be derived for the effectivein the calculations ultimately reaches the experimental value

phase angl&, as a function of the frequency and filler con- of .90 ' .Th's means that bth in theory and practice the ma-
terial will flow at very long time scales. However, above the

FIG. 7. Results of effective-medium calculations: the effective
modulusG;, as a function ofw and ¢2=§<p2—1. The percolation
threshold at/»,=0 (or ¢,=2/5) can be clearly distinguished at low
frequencies.

Ge= ng(gd’z - 1)

tent: percolation transition, wheit, >0 (¢,>2/5), the calculated
G, 1 de quickly drops to zero, indicating a purely elastic material,
tan 5 = S o (p2<2/5), which in practice is not observed. This difference can be
© ! explained by the fact that EMT assumes that the percolating
structure is a continuous second phase of overlapping rigid
tan f, = 1 (¢,>2/5). (16) particles; this structure will then completely dominate the
2G,n (§¢2 - 1)2 behavior of the composite. In reality such a network cannot
T+ 3 " W arise since there will only be percolation Viaearly con-

. tacting rigid particles, leaving still room for viscous dissipa-

Figure 7 shows the resulting modulus for a compogie. tion. The most important conclusion to be drawn from the
is plotted as a function ab and ¢2:§<p2—1 around the per- calculations is that adding a filler to the viscoelastic binder
colation threshold, -0.28 ¢,<<0.25 or 0.36<¢,<0.50. will introduce an additional time scale,/G, that leads to
Equation(8) and (7) is used with substitution of Eqs8), the appearance of a maximumadg(w); this effect has indeed
(12), and (13). From the experimental data the following been observed in the composites. In the experiment, it was
values are estimated;=1x 10° Pa s and,=1 s(estimated  also seen that time-temperature superposition fails in the re-
using Fig. 1 and the fact thair; =1 at 6=45°). For G, the  gion wheres, has its maximum. It can now be hypothesized
value of 35 GPa, the shear modulus of CaC®as used. that this failure of TTS originates from the introduction of

Bla oy
BN ol

4 [rad]

FIG. 8. The effective phase angh as a function ofv and «,//2=§<p2—1, as predicted from effective-medium calculations. In all cases the
matrix relaxation timer; equals 1 s; the second time scale, derived from the loss modulus of the matrix and the storage modulus of the filler
particles, given by, /G,, is varied:(a) 7,/G,=1072s, (b) 7,/G,=1® s, and(c) 7,/G,=17 s.
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the additional time scaley;/G, reflecting the mechanical “pore” space between the mineral particles is filled with

interplay of the solid particles and the maltene phase. maltene phase and fractal asphaltene aggregates. As a char-
acteristic length we use the mean surface-to-surface distance
V. CONCLUSIONS \p(Ry) that is defined irf14,22.

The probabilityhp(r)dr is defined as the probability that
We have determined the viscoelastic properties of com:

posites consisting of rigid fillers in a microstructured vis- f:nedrr]i?jrrefsrgml?rr\g?:glr?tlgrscgjfrgcfelslte;;;c?l(S"Isvtv?t?](:;gﬁ%ﬂeen
coelastic matrix. Rigidity percolation has been observed |r|n the present case we identify the asphaltene aggregates

these composite materials, shown by a scaling expoaent ; 2
-3.9+0.6 fF())rG’ near and above a );/)ercolatio% thrpeshold with these test particles. Associated witg(r)dr is the “ex-
"clusion probability”ep(r),

which is consistent with the value~=3.75 from theory and
numerical experiments. The elastic network formed is hy- r
pothesized to consist of two phases, the mineral-filler par- ep(r) = J p(r
ticles and(fracta) asphaltene aggregates. This hypothesis is -0
supported by two facts. First, experiments with composite
with bidisperse filler assemblies conclusively show that for a
given binder the geometry and characteristic length scales
the continuous-matrix space rather than the volume fractio
of filler determine whether or not rigidity percolation occurs.

(B1)

the probability that a spherical volume with radiusentered
t an arbitrary point doesot contain other surfaces. Using
is definition the mean surface-to-surface distang€R,)
can be defined as

Second, effective-medium calculations suggest that the %
breakdown of time-temperature superposition near the perco- Ap(R) = | ep(r)dr. (B2)
lation threshold is related to the appearance of a new time Re

scale in the viscoelastic behavior of the composite, as a res

of the mechanical interplay between binder and filler. Ulgelatlons given ir14], for numerical integration of E4B2)

to yield \p(R;), are repeated beloves(R,) [defined in Eq.
(B1)] is related to the quantitg,(r) with the following defi-
nition:
This work was financed by the Dutch EET research pro- )
gram under Grant No. EETK99029. We thank Shell Global e(r=1 _J hy(r')dr’
Solutions for providing the residual binder, Rob Hovenkamp ’
(Shell Amsterdamfor advice on binder rheology and sample
handling, and Dr. Gerrit Pete§U Eindhoven for fruitful ~ wherehy(r) is the probability that the nearest particle surface
discussions. lies at a distance betweerandr +dr from an arbitrary point
in the system. Se\(r) is the probability of finding a sphere
APPENDIX A: RANDOM PACKINGS with a radiusr around an arbitrary point that is empty of
OF INTERPENETRABLE SPHERES surfaces. It follows that

ACKNOWLEDGMENTS

(B3)

—00

In the discussion of the percolation threshold in the mono- ey(r)
disperse composites reference has been made to a result from ep(R) = N = R. (B4)
literature[14,19 regarding the effective volume fraction of '
random packings of monodisperse interpenetrable spherei the case of a statistically isotropic 3D system of polydis-
Equation(Al) gives an approximation of the effective vol- perse spheres in equilibriuray(r) can be approximated by
ume fraction of interpenetrable spheres:

ev(r) = ¢y exf - 27S(ap + ap + a)],  (B)

_)\3
¢p(771)\) (1- ﬂ)\g)eXP[ (1- Ag))g]A(ﬂl)\)y (A1) where
R?

where <R3><R> (86)

_ 772)\3()\ _ 1) ) s < >

Alm\) = exp = 2(1- 1;)\3)3[(7)\ tIA=2) =2 anda,, a,;, anda, are given by
X(TNZ = 5\ + 1) + 72AS(5AZ = T\ + 2)]} . EGIC _(7’1)(_177_)37” 319+ 87S gy

(A2)
_ BURRH) (1 = 7)97S B8)
APPENDIX B: RANDOM BI DISPERSE SPHERE ! (1- 77)2 '
PACKINGS

It is assumed here that the mineral-filler phase is a random a,= 3 (B9)

packing of polydisperse spheres and that the continuous (1-7
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