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Concentrated suspensions are also of use in achieving a combination of high stiffness and
loss (the product E ta@), desirable in damping layer and structural damping applica-

S. Kose tions. For realizable particulate microstructures, analytical solutions for monodisperse
. inclusion morphologies such as spherical, random fibrous and platelet, are valid only in
H. Bahia the case of a dilute concentration of inclusions. Finite element analyses were conducted of

hierarchical particulate composites with high volume fractions of particles of irregular
shape. For particle volume concentration 40 percent or less, the results are close to the

Department of Civil and Environmental Hashin-Shtrikman lower formula in a stiffness versus concentration plot and in a stiffness
Engineering, loss map. For larger concentration, stiffness is higher and Edaslower. The irregular
1415 Engineering Drive, B243 Engineering Hall, particle shape therefore enhances stiffness at a given concentration, and reduces damping
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| Introduction Creep is related to mechanical damping by a Fourier integral; if
damping is relatively small, the loss tangent is proportional to the
slope of the creep curvé(t) on a log log scale.

. X ; As for bounds on composite properties, the Hashin-Shtrikman
upon theinterface between the constituents. As for microstruczy muias provide upper and lower bounds for stiffness versus vol-
tures which are easily realizable, analytical solutions are availal|e fraction of elastic isotropic composites of arbitrary micro-
for various inclusion morphologies including spherical, fibrougicture. Specifically, the Hashin-Shtrikman form{#a for the

and platelet. These solutions are valid only in the case of a dilytiver bound on the elastic shear modutis of an elasticisotro-
concentration of inclusions. A high concentration of inclusi@ns pic composite is as follows.

has advantages in the context of stiff, high damping composites,

Composite material properties depend upon shapeof the
heterogeneities, upon thelume fractionoccupied by them, and

(i) occurs in dental composites, afid) occurs in asphalt mix- G =G.+ Vi @
tures. Arbitrarily high concentrations can be handled by the hier- L2 1 6(K,+2G,)V,
archical Hashin-Shtrikman coated spheres morphology by a hier- G,—G, 5(3K,+4G,)G,

archical laminate, or specific micro-mechanical analyd¢sThe
coated sphere structure contains spherical elements of all sifgk;dKf' Gl'dand?/l’ ar}dG% and\f/z arl]re the i)ulk rgogulus, sh(iarl
down to the infinitesimal. The hierarchical laminate contains lam -greueuiag Y&:Qﬁar{gﬁ] (;O?h: nﬁmabseerz 1’a?1r:j 2 i'n ré;ffg IVEly.
. . " ; e 1>G,. -
polons WA laminatons in e EhYsical word, one 1 IMedgs ‘e per boun, for the shear moduus
y ’ For viscoelastic composites, the moduli become complex fol-

fabricated. Nevertheless, composites with multiple length scalgs, : L - )
. . ' . . . ing the elastic-viscoelastic correspondence principle The
are of interest in both the technological and biological contexts, g P princifle

As X lasti it the | t t 8 ashin-Shtrikman “lower” curve appears in the upper right on a
S _lor viscoelastic  composites, he 0SS tangent dangiifness-loss map, and is close to the Reuss curve on the same

=Im(E*)/Re(E') is a measure of damping and is defined as theap. Anisotropy in viscoelastic composites with arbitrary volume
ratio of the imaginary part to the real part of the complex modulugaction consequently differs in its effects from elastic composites
E*. The angled is the phase angle between stress and strajfith fixed volume fractio2]. In particular, anisotropy does not
sinusoids. Tardis proportional to the energy loss per cycle withinsignificantly expand the stiffness loss map. By contrast, in a plot
the framework of linear viscoelasticity. of stiffness vs. volume fraction for elastic composites, a substan-
Mechanical damping in materials, whether they be homogenatisl gain in stiffness for a given volume fraction can be achieved
or composite, is of considerable importance in that one can daroyp introducing anisotropy. Boundg7] for viscoelasticity in a
unwanted vibrations in mechanical systems. The produstifiness-loss map either coincide with the Hashin-Shtrikman for-
|E*|tans, is a figure of merit for materials used as damping laymulas or they are close to the[8,9]. . .
ers. Figure 1 shows a stiffness-loss mep;| vs. tans, of com- High volume fractions of inclusions can be attained by using
mon materials. Also shown is behavior of asphalt derived from™BUltiple inclusion sizes, referred to as hierarchical or polydis-
master curve[2] of modulus and ta@ vs. effective frequency. PErse, by using polyhedral shapes capable of closer packing than
Structural materials occupy positions to the left or far to the left iiPheres, or both. Asphalt and dental composites are examples of
the diagram. Selected composite microstructures give rise to higfticulate composites with high volume fraction of irregular par-
stiffness combined with high loss tangd8i; such a combination cles. Composites with a high concentration of irregular particu-

is most easily achieved if the stiff phase is as stiff as pos§itile late inclusions are therefore of broad technological interest.
Asphalt mix is a composite of petroleum products, called

Contributed by the Materials Division for publication in tHeUR £ binder, as a matrix and irregular particles of different size of rock,
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Editor: S. Mall. irregular particulate inclusions have a high volume fraction, there-
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Fig. 1 Stiffness-loss map of common and high performance
materials, adapted from [25], with data added based on [1]

Il Methods

Image Acquisition and Processing. Input morphological
data were taken from an image of asphalt. Image acquisition of
hot mix asphalttHMA) cross-sections was done via a scanner.
The scanned images are gray scale pictures that contain 256
shades of gray. One such image of asphalt, is shown in Fig. 2,
which also shows the structure of a dental composite and an ide-
alized hierarchical coated spheres morphology which gives rise to
the Hashin-Shtrikman bounds for the bulk modulus. For the pur-
poses of generating FEM models, the gray scale image was con-
verted into a binary image that has only two colors, black and
white. Following the usual convention “all the pixels” belonging
to an aggregate particle were made white and those that belong to
the background were made black. To accomplish this a threshold
criterion was applied to the gray scale image. The histogram data
were obtained using MATLAB software. The process involves
counting how many times each of the gray shade valies
range 0—25boccurs in an image. For asphalt images the thresh-
old value was chosen to be very close to the bottom of the valley
(Fig. 3 in its histogram. Asphalt images usually have histograms
that are bimodal in nature, that is, the histogram consists of two

fore analytical models for dilute suspensions of particles are not
applicable. Asphalt behaves as a viscoelastic liquid or un-
crosslinked polymer with a shear modulus of abGyt=1 GPa in

the glassy regime of high frequency and low temperaktiteln

the terminal regim&10 ® to 107 Hz at 15°Q the loss angles
tends ton/2. The behavior of asphalt is approximated by time-
temperature superposition. Temperature dependence of the mee
relaxation times follows an Arrhenius lagfrom —10°C to 30°Q.
Activation energies are from 125 to 258 kJ/mole. For tempera- S
tures above about 45°C, deviations from time-temperature super@
position occur. Such behavior is similar to that seen in polymers.
Asphalt binders within hot mix asphalt are distributed in intercon-
nected domains of various geometric dimensions combined with

air voids and mineral fine particles that are distributed randomly

in this complex composite. A variety of numerical methods have
been proposed to treat asphidlo—12.

Dental composite resins consist of a polymer matrix and stiff
inorganic inclusions. The particles in many dental composites are
very angular in shapéig. 2(b)). The inorganic inclusions confer
a relatively high stiffness and high wear resistance on the material.
Since the composites_ are trgns_lucen'g they resem_ble the natig | 5 (a) Image (32X43 mm) of asphalt structure.  (b) Image
tooth structure. The inorganic inclusions are typically bariungs dental composite structure  [12]. Scale mark: 10 um. (c)
glass or silicalquartz, SiQ]. The matrix typically consists of a Coated spheres morphology which attains exactly the Hashin-
polymer such as BIS-GMA. The initial constituents are mixedshtrikman bounds for bulk modulus.
then placed in the prepared cavity to polymerize. In view of the
greater density of the inorganic particulate phase, a representative
77% by weight of particles corresponds to a volume concentratinn o

¢’

of about 55%][13], a high concentration. Young's moduli of se-

lected dental composites are typically from 10 to 16 GP4. 3.5 10°

Shear moduli are 3.3 GPa to 11.2 GPa anddat low audio

frequency is 0.035 to 0.058 depending on the compd&be 310°
In the present study, the effects of high concentrations of irreg . s

lar shape particles are explored. The analysis is considered ap3

cable to such composites as asphalt, dental composite resins, § 2 10

novel composites intended for high performance damping laye” B R

A digital image of a representative asphalt structure is obtain > 10 §

and processed to distinguish particle and matrix. A finite eleme | (¢

method is used to deal with the irregularity of the inclusion shap

An erosion method is then applied to systematically vary the vc 5 10°

ume fraction. The finite element analysis is repeated at each v

250 300

100

ume fraction. The elastic-viscoelastic correspondence principle 0 50
then applied to the stiffness versus volume fraction results to ¢

tain viscoelastic properties. These properties are compared with

the Hashin-Shtrikman formulas on a stiffness-loss map: a diagraig. 3 Histogram of image gray scale. Number of occurrences
of modulus versus viscoelastic loss tangent. vs. gray scale value.

150

gray scale
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Fig. 5 Magnified view of a portion of the finite element mesh
for the smallest particles. The full mesh contains 344,064 ele-
ments.

Fig. 4 Creation of models of different volume fraction by ero-
sion of layers from surfaces in the original scanned image

required concentration is reached. This technique simulates the
removal of small aggregates which could be realistically produced

o o ] _in the production of asphalt mixtures.
main hills and a valley. The objective is to find the lowest point of

the valley. It can be found either manually or automatically. A Finite Element Analysis. The digital cross-section images of
polynomial was fit to the histogram data. The lowest point of the sample of hot mix asphaltHMA) prepared in the lab using a
valley was determined by finding the appropriate local minimun@lyratory compactor were converted to finite element mesh such
Once this was accomplished, the histogram was divided into tléat each pixel represents one finite elemgt@]. This ensured
parts, name|y background and foreground popu|ation_ For eachtbﬁt the image and the finite element mesh are identical with re-
the populations a normal distribution was found and plotted. Tts®ect to the resolution and accuracy. The full mesh contains 344,
intersection of the two normal distributions is taken to be th@64 elements in a 512 by 672 grid. A magnified view of a portion
optimum threshold. Although this technique is used successfuf§ the finite element mesh for the smallest particles is shown in
for thresholding for other classes of images, it was not as succeki). 5. The finite element analysis was conducted using the
ful when applied to asphalt images. One of the most importaABAQUS computer packaggl9]. Elements used for meshing
factors may be the fact that in a asphalt image, populations do H¢gre four node plane strain isoperimetric elemei@BE4 with
have normal distribution. Several other auto-thresholding algB!ll integration option. The analysis was conducted under plane
rithms were tried including clustering, entropy, metric, momentstrain conditions. Typically, an asphalt image has three compo-
and inter-class variance. None of these were successful in proddents to it, namely aggregates, mastinder plus dustand air
ing an appropriate threshold value for asphalt cross-sectional iM@ids. For this research air voids are ignored and hence the current
ages. As a result, the method followed in this paper for thresholgPmposite has only two components, mastic and aggregates. Lin-
ing is to use the bimodal histogram as a guide and adjust tAar elastic properties were used to model both mastic and aggre-
threshold value visually by comparing the original image with thgate phases. Young's modulus was taken to be 50 GPa and 8.23
resulting binary image. Given the threshold, the pixels in the grdyPa for aggregate and mastic respectively, based on concurrent
scale image were assigned a value of @N1) if greater than the €xperimental work. As for the Poisson’s ratio, 0.25 was assumed
threshold value; OFFor 0) otherwise. The resulting image is afor aggregate and 0.499 was assumed for mastic. The analyses
binary image in which blacks denote mastic and whites denoiere run on a dual processor Sun Ultra Sparc 2 workstation.
aggregate. Mastic in the context of asphalt is a composite of ma-The conditions of the numerical analysis conducted are as fol-
trix and fine particulates. The overall composite structure is therd@ws. Nodes at the bottom were constrained in botimdy direc-
fore hierarchical. tions. Those nodes on top were constrained only in the vertical
To investigate the effect of percent aggregate on the Sh@afection and were displaced in the horizontal direction. The side
modulusG of the asphalt mixes two different image processingjoundaries were not constrained. This represents a constant height
technidues were used to produce d|g|ta| mixes with various agg@'lear condition. From the reaction forces of the bottom nodes in
gate content. The first technique, erosion, is a digital operatiée horizontal direction, equivalent applied shear stress was cal-
performed on binary images where background pixels usuafjilated. From the constant displacement of the top nodes and the
have a value of zer¢OFF) and the object or foreground pixelsheight of the sample, the bulk shear strain were calculated. The
have a value of onéON). Erosion[16] simply “peels off” a layer shear modulus of the composite was calculated by dividing the
of predetermined thickness around each particle of aggregate (@Pplied” shear stress by the “bulk” shear strain. It should be
ing MATLAB software (Fig. 4). As a result while some aggregategioted that since the bulk strain was much smaller than 1%, linear
disappear others become smaller. The progressive erosion metfiggtic theory is valid, and hence the constraints induced by keep-
via particle removal also uses erosion to avoid the arbitrai)d the height constant can be ignored.
change of size of large particles, an alternate erosion techniqu
(using IMAQ Vision softwarg 17]) was used. In this technique, if
the particle does not disappear after specified number of erosi
it is restored back to its original shape. This means that only the
smallest particle aggregates are eliminated at every step until the G(v)=A(e*—(v/100))+(Cv)". 2)

R/iscoelastic Analysis. The above finite element analysis is
urely elastic. The stiffnes& versus volume percent results
e fitted with the following analytical expression.
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Fig. 6 Elastic behavior of particulate composite as a function Fig. 7 Viscoelastic behavior of particular composite as a
of volume fraction, based on FEM. Comparison with the stiffness-loss map with the viscoelastic results of the Hashin-
Hashin-Shtrikman bounds. Shtrikman formulas for comparison

Curve fitting (with G in MPa producedA=2.74,C=0.024596, bounds for the viscoelastic stiffness loss map, but they are either
n=11. This was done only for the erosion model since the particigentical to or close to the true bounds. The finite element results
removal model gave a less regular curve as described below. &§ close to the Hashin-Shirikman lower formula for a relatively
obtain viscoelastic properties, the dynamic elastic-viscoelas1all concentration of particles, 40% or less, and deviates consid-
correspondence principle was applied to that expression. The c@f@bly from the lower formula at higher concentration. .
respondence principle provides a solution to a viscoelastic boundor high performance damping layers for absorption of vibra-
ary value problem, given a solution to the corresponding elastien, the figure of merit is the product E tanhigh values of
boundary value problem. As input to the mod€l=0.024596 Which appear in the upper right of Fig.(@lso see Fig. 1 which
(1+10"% i) was chosen to model the low damping of the particuS"OWs properties of various materiglsherefore a composite
late phase,a=0.033, andA=2.74 (1+0.5i) was chosen to obeying the Hashln-Shtrlkmon onver formula gives the .bes.t per-
model high damping in the matrix phase at low frequency or higRfmance. A morphology which gives rise to this behavior is in-
temperatures. The imaginary part refers to mechanical energy cfficient in terms of stiffness for given volume fraction. The
sipation. The damping tadis the ratio of imaginary part to real present re_sults_show that achievement of hlgh concentration of
part. particles via an |rregular morphology results in lower performance
than the theoretical maximum. Recall that the Hashin-Shtrikman
lower formula for bulk modulus can be exactly attained by the
hierarchical coated spheres morphology, and the one for shear
Elastic Behavior. Elastic behavior as a function of volumemodulus is exactly attained by a hierarchical laminate morphol-
fraction is shown in Fig. 6, and is compared with the Hashir29y- ) . .
Shtrikman bounds. Results for the erosion model and particle re{n asphalt and dental composite®], excessive creep is usu-
moval model were similar, but the latter gave more irregular rélly undesirable. Since the rate of creep is proportional to the
sults. All results lie between the bounds for three dimension8gmping tars, the present results show the jagged morphology at
isotropy. Since the formulation is plane strain, it is not thredligh concentrations to be beneficial in reducing creep in compari-
dimensionally isotropic. Up to about 40% volume fraction, théon with a more rounded morphology such as that of coated
composite stiffness exceeds the Hashin-Shtrikman lower formugRheres.
but not by much. This behavior is consistent with results of ana- .
lytical solutions for dilute concentrations of spherical inclusiond? ~Conclusion
Evidently the irregularity of the inclusion shape has relatively For small particle volume concentration 40% or less, the results
little effect at dilute concentrations. Above 40% volume fractiomare close to the Hashin-Shtrikman lower formula in a stiffness vs.
the composite stiffness becomes significantly greater than thencentration plot and in a stiffness loss map. For larger concen-
Hashin-Shtrikman lower formula. At dilute concentrations, theation, stiffness is higher and E tais lower. The irregular par-
particulate morphology gives the smallest composite modulus file shape therefore enhances stiffness at a given concentration,
given inclusion volume fraction, much less than for fibers osind reduces damping layer performance.
platelets[20]. The present results indicate the comparative ineffi-
cie_ncy of reinfo_rcemon_t becomes less severe as t_he Conce”traﬂ\‘?fknowledgment
of irregular particles is increased. In many applications, such as in
asphalt and in dental composite resf®1-23, an increase in  Support to R.S.L. by CMS-9896284, from NSF, and the Math-
efficacy of reinforcement is usually beneficial, since the objecti®Matical Sciences Research Institute, and support to H. B. via the
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E tans, as is the case in damping applications, then a morphologgatefully acknowledged.
which is inefficient in terms of stiffness for given volume fraction,
is beneficial. As for asphalt and dental composites, a fiber or plafeeferences
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