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ABSTRACT

This paperpresentsa methodto simulatehigh densitynon overlappingspherestructureswith anisotropy and

heterogeneity
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INTRODUCTION

Morphologicalmodelsof randomsets(Matheron,
1975; Serra, 1982) provide a meansto represent
in a syntheticway the morphological propertiesof
microstructuresandto generate8D simulationsusing
the identification of models basedon the available
information,namelypartof the Choquetcapacity

The aim of this work is to propose multi-
scalesimulationsof anisotropicstructurescontaining
aggreyates of non-overlapping spheres. Such
microstructuresrevery commonin materials,andin
thepresentasewerestudiedin ajoint researciproject
(Delarue,2000).Compositematerialswereelaborated
from an aluminiumor a PMMA matrix incorporating
Zirconor Zircon-Silicasphericainclusions.Materials
were preparedin the GEMPPM (INSA de Lyon)
and in the LTPCM (Grenoble).3D imagesof this
materialsare obtainedby X-ray microtomographyin
the Synchrotronof the ESRF(Grenoble)with a 2 um
resolutionpervoxel.

In the Centrede Morphologie Mathematique we
characterizedhese structuresby 3D measurements
such as the covariance in various directions,
a tortuosity index obtained from 3D geodesic
propagation, local volume fraction of inclusions,
distancefunctionsand angulardistributions (to study

the anisotroly of the neighborhoodof inclusions)
(Delarue ,2000).

The first part of this paperis a presentationof
a standardmethodto generateandomhomogeneous
and isotropic non-overlapping spherestructure,and
problemsrelatedto high densities.The secondpart
presentsmeasurementsable to characterizespatial
distribution from multi scale histograms.The next
part presentghe resultsof the measurementen 3D
microtomographyimagesof real materials.The last
partdescribesanalgorithmof multi-scalesimulations,
to obtain heterogeousand anisotropichard spheres
structureswith a high density

3D HIGH DENSITY HARD
SPHERE SIMULATION

Theimplantationof non-overlappingspheresvith
random coordinatesis practically impossibleif the
density is larger than 30 or 35%. To generate
simulationswith a higher density of hard spheresit
is betterto startfrom an ordereddensestructure like
cfc (cubic face centered) But this kind of structure
is completely ordered. Disorder can be introduced
by deletingsomespheresat randomand by random
translationof theremainingspheres.
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Fig. 1. Image and 2 points correlation function B;(h) = P{x € A;;x+h € A;i # j}of a cfc 3D structure (40%).
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ALGORITHM OF SIMULATION

In this part,we considersimulationof hardspheres
with a fixed radiusR = 1. The first stepof a random
hard spherestructuresimulationwith a high density
is to implant orderedhard spherewith cfc orderand
with the higher hard coreradiusR.. The maximum
theoreticalhard coreradius,for a p densitystructure,
is givenby:

T

Ric = 3op

The highestdensity when R, = 1, is 74.04%.
Thisresultcorrespondso Kepler’s conjuncturewhich
wasrecentlyprovedby Th. Hales(Aste,2000).

After implantation,spheresaremoved by random
translations.At eachstep, a sphereand a direction
is chosen.The translationis fifty timessmallerthan
the sphereradius. This is acceptedf the translation
of the sphereis madewithout arny sphereoverlap. If
it is acceptedthe sametranslationsare repeatedlO
times. This methodis very fastbut it is importantto
know how mary translationsareneededandto define
acriterionof corvergenceof the process.

CONVERGENCE

Measurementof the probability for two points
to be in two separatedspheresP{x € A;x+ h €
Al # j} is used to characterizethe spherical
packing. For a cfc structurelike that in Fig. 1, this
measuremerproducescurveswith mary oscillations.
After translationsof spheresthe order disappearsn
the structureand oscillationsdecreasgFig. 2). The
corvergencecriterion C; is definedby the following
formula:

cc—/10r (10r — ) (P{x€ A;x+he A;i # j} — p)2dh
Jh=2 ’ pl7 =P ’

For a low density (20 or 30 %), few translations
are neededor corvergence For a higherdensity (40
or 50 %) the numberof translationsncreasegjuickly
(Fig. 3). The highestvolume concentratiorof random
spheresimulatedby thistechniques closeto 55%.
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Fig. 2. Image and 2 points correlation function of 3D random hard sphere structure (40%).
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Fig. 3. Convergencetest: the number of iterations by sphere increases with the density.
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CHARACTERIZATION OF THE SPATIAL
DISTRIBUTION FROM MULTI SCALE
HISTOGRAMS

In this part, we presenta 3D characterizatiorof
granulararrangementbasedon the estimationof the
histogramof the number of spheresincludedin a
characteristiocvolume. To accountfor the anisotroy
of the structure,this volumeis a parallelepipedwith
differentorientationsDifferentsizesof parallelepiped
areusedto obtaininformationat variousscales.

In Fig. 4, histogramsof local grain numbersare
the samein both directionsx andy. But, if alonger
parallelepipedis taken (Fig. 5), histogramsbecome
anisotropic.In this last histogramit is possibleto
find the maindirectionof aggreyates(in this case the
horizontal direction). With parallelepipedsshaving
different orientationsiit is possibleto study the size
andorientationof aggreyates.

This measurementis quite fast because,for
example, for an image of 1.2 x 1.2 x 1.2 mn?,
with a resolution of 2 um and measurementsvith
parallelepipedswith dimensions64 x 64 x 128 ym?®
and 64 x 64 x 256 ym®> every 32 um returns a
measuremenmore than 10° fasterthan covariance.
Themainadwantage®f this type of measuremenisre
the characterizatiorof heterogeneityand anisotropy,
andtheverylow costof calculation.

MEASUREMENT ON REAL
MATERIALS

Figs. 6 and 7 shov measurement®btainedon
two different structures(Delarue, 2000). The first
structure (Fig. 6) is homogeneousand isotropic
without aggrejates, with 40% volume fraction of
spheres.
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Fig. 4. Histogram of local grain number. At this scale, the structureisisotropic.
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Fig. 5. Histogram of local grain number. At this scale, the structure is anisotropic.
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Fig. 6. Measurement on an homogeneous and isotropic structure.
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Fig. 7. Measurement on anisotropic aggregates.

The secondstructure(Fig. 7) is a 35% aggreyate
structure which was compressedalong the z axis.
The heterogeneityis apparentfor the two types of
histogramsThefirst oneis isotropicandcorresponds
to the smallerdimensionof aggregates.The histogram
with the larger parallelepipeds sensitve to the larger
dimensionof the aggreyate. As the covariance,this
measurementan detectthat aggreyatesare flat (like
disksorthogonato the Z axis).

Real structuresneedtwo typesof information to
be completelycharacterizedThe characterizatiorof
the spatiallocalizationof inclusionsobtainedwith the
measurementpresentechere, and the granulometry
becauseof the non unique hard sphereradius of
inclusions. The granulometry can be obtained by
labelisatiorof inclusiongasmallerosionis sometimes
requiredto separateyrains)andvolume measurement
of each of them. We assumethat inclusions are

spherical. Fig. 8 presentsthe granulometry of a
homogenousndof a heterogenoustructure.

1400

1000 PK
0 A%
600 / /
A
200 r/ \
0 1A p ,.2'4/‘ Rﬁ

Fig. 8. Granulometry of real materials (distribution of
volumes of inclusions).

STRUCTURE SIMULATION

Startingfrom the experimentahistogramof local
grain numbersand the granulometry shavn to be
characteristicof a given material, it is possibleto
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simulate three dimensionalstructuresfollowing the

same distributions. In a first step, a hard sphere
structure with a random distribution (for a high

densityin moststudiedmaterials)is simulated.Then

random translationsof the spheresare generated,
controlling the difference between the histograms
of local sphere numbersof the referenceand of

simulated structures. The size of the translation
decreasesvhenthe simulationproceedslike cooling

in athermodynamicasystemlIf N is thetotal number
of translations for the i-th translation,the maximal

sphereranged(i) is givenby theformula,

d(i) = doe™ ¥ .

Sphere motion is acceptedif this difference
decreasesThe procedureis iterated until a given
number of steps (typically N = 25000 for about
1000 spheres)or a level of error is reached As the
histogramis estimatedfor each spheremovement,
the importanceof a very fast measuremenprocess
is clear Such constrained simulations follow a
simulatedannealingprocesy Yeong,1998; Manwart,
2000). Similar approacheswere followed in 2D:
simulationsreproducethe histogramsdistributions of
the numberof pixels of the microstructuren different
windows (Srivastaa, 1994), or the covarianceof non
overlappingdiscs(Rintoul, 1997).
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GAP GENERATION

Structureswith a high heterogeneityand a high
densityare very difficult to simulateby this method.
Random translations (under histogram control) of
individual sphereganhardlygenerateggreyateswith
a high local densityand large empty spacesetween
grains.A solutionto this problemwas developedby
the controlledgeneratiorof gaps(Fig. 9).

To simulate a heterogeneoustructurewith the
density referenceD,,;, a homogeneousard sphere
structureis generateavith thedensityDg ., (Dgyu >
D,;)- After that,spheresredeletedandthedifference
betweenthe histogramsof local spherenumber of
referenceand simulated structure is controlled. If
the difference decreasesthe deletion is accepted.
When the density of the simulatedstructure Dy,
reache®, ., randomtranslationsunderthe control of
histogramdifferencesstart,aspreviously.

RESULTS

After simulation, structuresare validated with
respecto referencestructureshy a directcomparison
of the histograms (to locate and explain their
differencesyandby estimatingthe probability for two
pointsto bein two differentinclusionswhichis typical
of the anisotroy of the distribution of inclusions
(Delarue ,2000).
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Fig. 9. Smulated structure. Image and measurement look similar to thosein Fig. 7.
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CONCLUSION

In this paperwe presentthe different stepsto
obtain hard spheresimulationsusing histogramsof
spherecenter numbersincluded in a characteristic
volume. For a homogeneoudow density structure,
only two steps are neededto obtain simulations:
randomimplantationand randomtranslationundera
referencestructure histogram condition. For higher
densitiesrandomimplantationmustbe replacedby a
denseperiodicimplantationand randomtranslations.
We show that the numberof translationsneededto
convergeto disorderincreasesvith the density In the
caseof very heterogeneoustructuresfour stepsare
neededprderedmplantationof spheresvith a higher
density than the referenceone, random translation,
randomsuppressiorand translationunder control of
thereferencestructurehistograms.
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