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ABSTRACT

MagnetoelectricNIE) composites can be produced by embeddiagnetostrictie H particles in a
piezoelectricE matrix derived from a piezoelectric powder precursor. Previpuslgg a bidisperse

hard shell mod€[ll], it hasbeenshown thathe electricapercolatiorthreshold othe conductiveH phase
can bencreasedy decreasing thpiezoelectrice particle sizerelative to theH phase particle sizand

by increasing short rangsfinity between th& andH particles This study builds on our previous study
by exploring what happens during sintering of k& composite when either th or E particles

undergo deformatianit was found thatleformation oftieH particlesreduces th@ercolatiorthreshold
andthatdeformation ofE particlesincreaseinterphaseH-E mechanicatoupling, thus contributing to

enhanceME coupling
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1. Introduction and Cbjectives
Magnetostriction is a property of ferromagnetic materials that causes them to deform with strain wh

exposed to a magnetic fieldThe piezoelectric effect is the ability to generate electpo#ntial in
response to an applied mechanical stj2irY]. MagnetoelectricNIE) composites combine
magnetostrictivéd and piezoelectri& materials into a composite that can convert a magnetic field into
an electric field or viseersa with improed efficiency and sensitivityi 8]. Previous work2,3]
describehow to maxmize theME effect as a function dfl concentrationi.e. piezomagnetic volume

fraction (p=Vw/(Vu+VE)), where \f;, Ve are the volume of thel andE phases respectively.
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Fig. 1. Magnetoelectric coupling as a function of teéative amount of magnetostrictive material
shows an optimatoncentratiorior maximum ME coupling

As illustrated in Fig. 1, the magnetoelectric coupliniE(), which measures the efficiency of energy
converson from magnetic to electric media, increases withpikeomagneti¢PM or H) volume fraction
content HowevertheH phasds electrically conductive anits volume fractions limited by electrical
percolation because electrical conductivity diministtteME effect. Furthermore, sintering deforms the
H particle shapewith deformation having deleterious effect on the elecal percolation threshol( ¢),
andparticles attaining the maximum percolation threshold when they are spherical. As per Fig. 1, one
wishes to maximize the percolation threshold so that a larger voluhh@lofise can be used in order to
maximizeME coupling.

Sintering is a process by v powders are densified to remove interstitial spaciat the packing
fraction approaches one and bonds are forbeteleen precursor particleSintering is donat
temperatures generally beldtwe composite metig temperatur§d,10]. Numerical techmjues have
been employed to study the sintering of close packed spiidijeand mmerais experimental studies
have been conducted to investigatedimeeling of magnetostrictivand piezoelectric ceramic composites
[121 14], whichreport the use afonventional ceramic processby applying pressure with eghemical

binderthatpromotes bonding to produce a pellet follaWey applying heat below ther e cur sor 6 s
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temperature but sufficient to evaporate theder. Another method reported finteiing ceramics is
electric current assisted sinteriflfCAS),where powdes areinserted into a container thatheated by
applying electric current through the powders while pressure is applied at a fixed teneeraaugiven
period of timg[15]. In yet another method, magnetoelectric RZHO is produced via a chemically
driven ethlenediaminetetraacetic acid (EDddtyate gel procegd 6]. In all cases, deformation of the
constituent particles occurs as a result of pressure and high temperatures or the transport of matter by
viscous flow, evaporation, or atomic volume and surface migrfti®i7,18] Consequently, any
process consideringjectricalconduction among particles in a composite must consider the relative shape
of those particleswhich may form a conductive chain in the composite manufacturing process.
Aiming to exploit the as of yet unrealiz®E optimizationper Fig.1[2,3], andusing a hard slie
model| [1] explored the relationships between particle size,-pleseaffinity and particle attraadin, and
the electrical percolatiothhreshold19,20]in the eletrical conducting magnetostrictivel (phase) when
mixed with the nonconductive piezoelecttie ghase¥or the purpose of maximizing the magnetoelectric
(ME) effect. Barberoand Bedardl] concludedhatthe electrical percolation threshold increasden
size of theE piezoelectric partids is redua#y and also wheshort range attractive or adhesive otyak
introduced between the andE phases. Howevethese resultgl] were predicated on the assumption
that neither théd nor E particles deformed from their idealized state afchsolid spheréesut either or
bothH andE particlesmaydeformduringsintering. Therefore, lhie objectiveof this study is taddress
the effectof particle deformatioron the electrical percolation threshalithe H phase Furthermore, it is
also the objective of this study to investigabepugh simulationthe likely effect of particle deformation
on medanical contact between both phases, which is needed to effectively transteitisefiom the
piezomagnetitd phase to the piezoelectlicphase, which isrucialfor achiezing a high performance

device[21].
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2. Methodology
To simulatemesosale (100 nm)patrticle interactionparticledynamics is performed using Large

Scale Atomic and Molecular Massily Parallel Simulation LAMMPSoftware[22]. All interactions
between particles are modeledtwthewell-known LennardJones potentiabnd all results are expressed

in LennardJones natural units dfand( for energy and distance respectively.

2.1 Simulation Specifications
The simulation box initially contains 8000 spherical particles each a diaaféter 1 2 2 4 6 0 . A

fraction p=Ny/(Nu+Ng) of the particles are codédl for magnetostrictivevhile the rest a coddd for
piezoelectricwhere N denotes number of particlder[1], initially the hardshell simulatiorcontains
only particle modeled as spheres asdun in three stagds allow the particles to be mixed, but also
rendered at a final packing fractior 0.64, which is the density at which random close packed particles
jam or undergo a glass transitif@8i 25]. The first stage is the mixing (MIX) stage where particles are
mixed at a low packing fractioof f = 0.5236 corresponding to the crystallgimple cubic latticeo
allow sufficient space for complete mixindgn the second stage, referred to as equilibration (E€id)
particle size is scaled ypb y i n cin thedenhardgones potentiaiko increase the packing fraction
to an intermediate value whettee particks are allowe to equilibrate andelaxthe potential energy that
increaseds a result of the increased particle $ide In the third or gelation (GEL) stage, the particles
are again grown so that the packfractionreaches the jammin@3] or glass transitiof24,25] value of
f=0.64.

After the three stages MIX, EQU, and GEL are completediitparticles are replaced with
deformable cubes with each cube containing 125 smallerespffeig. 3)andwhereeach smaller sphere
is modeled witraLennardJones sigmavalugl . 22246/ 5 or ppPendXZrégarding. See A
LAMMPS® input scriptdor details.Post processing calculatiof@ computing the coordination
numbers ¢€.n.) and radii of gyrationRg) areperformed with ppgrams written in PERL and faer
Appendices Aand B Thealgorithms dist9M.c andzapM.c aredeveloped and uséd measure

percolation between deformeéticlusters The samerecursivealgorithmreferred to agap2.G previously
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used to mesure haresphere percolatioim [1] is heremodified to compute the smallest distance between

all possiblecontactpoints between cluster See Apendicedor details.

3. Two Dimensional ParticlesDynamics
Although this study involves full three dimensional simulatite results of two dimensional

simulatiors are easier to visualizthustwo dimensional simulatiorareinitially performedo see if
particle clusters diffuse around larger spherical particles in a waynthrats particle deformation that
occursduringactualsintering. Fig. 2 illustrates thaH clustersdeform and diffuse in a way supporting
the goals of this stygwhich is to explore the effecf sinteringonthe percolation threshold and inter
phase mechanical contdt]. In Fig. 2, t can be seethat aftersome timethe colored circlesH phase
cluster3 deform andill the interstitial spaces between the hard blue sph&@hése). Thiss
accomplished by slowly growing adhrticlesin both phasesn small discrete stef the same ratantil
the interstitial spaces afidled and the packing fractiofi=V++Ve/Vox) approachesne which is a
primary objective of the sintering proces¥n, Ve, and \box refer to the volume of thid phaseE phase

and simulation box respectively.

(b)

Fig. 2. 2D simulation with Hclusters deforming around undeformagfderical Eparticles

4. Three Dmensional Particle Dynamics
This study involves two parts. heE first part is tasimulatethe mixing of magnetostrictivél and

piezoelectriE powders wher¢heH clustersare modeled as small cubesach composed of 12nall

sphers per cubgFig. 3). Each small sphere inkh cluster is modeled using tthennardd o n ek 2 G 6
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potential All E particles aralsomodeled as hardhell spheres using thennardJ on eks2 Gi6pot ent i a
with modeling parameters adjusted tdeef larger size and interaction energy well depth. The patrticles

within each cubareallowed to movdor a short timgSectiond.1) until the sphereare in a random

configuration but still closenoughto each otheto constitute a clustexrs shown irFig. 4 Once the

densebut random configurationf small sphereas shown in Fig. & achieved, the motion gopped

(Sed. 4.1), and he collection of smaller spheresferred to as clusters aregarded as equivalent to a

continuougmatterdistribution of equal proportion&ig. 5)

Fig. 3. Left: Hardsphere result froml] state GEL, Naffinity (Noa). Right: All H-phase red spheres
left replaced with 125 poirglustercubes
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Fig. 4. H clusters deform and diffuse to fill the interstitial space betviiephase spheres

Fig. 5 Continuum of matter is replaced by 125 discrete particles in a cluster

4.1 Stopping Time
During actual sintering, particle shape chaayee todiffusion andsurface migrationand this

changestopswhen thdocal gradient of thehemical potential betweatiffusing species becomes
exhausted9,10,26] In addition in actual sinteringmass transport involving phase changestly occurs
oversmall distanceeelative to particle siza&n acompacted powder mi®], sowe restrict particle
migration to local movement onlyHowever, in the present simulation anaking into account that the
LennardJones potential represents a frictionless elastic potential, mass transpdrhesed stop unless

a dampening oa reduction in temperature argroduced. Thereforen this studyto avoidexcessive
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mass transparanendof-simulation conditionis chosen to restrict the amount of medium and long range
matter transport to undapproximately 2% of all matter in any given cluster.

In order for the cluster® simulate a continuousass, the spher@s each clustemust be relatively
close to each other. If any sphare clusteexceels a distancgreater than 2Ry (Rg = Radius of
Gyration seeSections5.2)f r om t hat c | u s(Fig 6,dhen those snak sgphered aremat s s
counted as part of trmntinuoudistribution for the purposes obmputing percolation, but astill used
to compute the coordination numhen. (Section5.3). It can be seen in Tabletf3aton the averagthe
percentof small spheres outsidRq areless than 2% for a simulation time of 3800 time stepsth an

iterative time step coded into LAMMPR2]of @t =0. 000 2.

Fig. 6. Particles at a distance greater thaRgfom clustercenter é mass excluded from electrical
percolation calculations

4.2 Range Calculations
A key parameter needed to compute libtrintra-phaseH-H percolationand theH-H or H-E

coordination numberis the maximumangeRn (in distance units afi) allowed between the centers of
two particles such that the particles are considered connethete are three distinct situatidos
calculating range The first(Fig. 7a) is the electrical contact distance betwékhardshell spheregiven
by equation (1vhereD is the diameterdfip h a s e s p h e r Feissdalindfaztar4(f0 5236)'S

(Sectiond.2.1)and QT isfactor to accounquantum taneling<1+5/100y51.05per sectiors.2.2.

PageB of 29



Antoine Joseph Bedard Jr. and Ever J. Barbero. Electrical percolation threshold of magnetostrictive
inclusions in a piezoelectric matrix under simulated sintering conditions. Computational Particle
Mechanics (2018) 5:593-605. DOI: 10.1007/s40571-018-0192-9

Quantum tunnelingsibased upomparticle size and iscaled to 100 nroorresponding to 5nm
electrical quantuntunnelingdistancg27i 29]. Quantum tunnelingonsiders the effect that classically
isolated conducting particles may still be electronically connected due to the wave nature of charge
carriers[28,29] Thescalingfactor (SF) is a factor appliedte i g ma ( LénnardJanestinteparticle
potentid to maintain the packing fraction at the random close packed criticalswatlée0.64,0.6750.73,
0.755 which are the particle densitiabove which jamming or glass transition occurs andanoti
becomes arrested fofRe = 1,2,3,4 respectivelyd0,31] (Section 42.1).

The second rangé&ig. 7) computed via equation (8 the mechanical contact between any small
spheres iranH clusteranda nearbyE particle For this mechanical contact range,quantumtunneling
is involved andhe distance between the particles centers is 3/5 the diametekE qfaaticle.

The third range is given by equation (3) and is the electrical catisdahcebetweerdeformedH-
clustes. In this third caséhe distance between the effective surfaces offvetusters is DxQID (Fig.
70), and the additional distance between the centers of 2 smallersplittriea each cluster is D/5Thus
the total effective electrical distanceSEx[DxQT-D + D/5] scaledup, wherequantum tunnelingQT) is
the additional distance an electrical signal may travel betalassically isolatedonducting particles
[1], and hescalingfactor (SF) is appliedto all particles botlt andH to mantain the packing fraction at
f=0.64in the case wheredfRe=1. Table ldisplaysthe range calculations used in this study per

equations 13.

4.2.1 Derivation of scaling factor SF
Particles arsizal to allow a packing fractiohthatallows adequate room for mixing beloglass

transition ofjamming i.e. motion restrictiof23,24]. After mixing, all particles are scaled up in size to
rescale the simulan to the packing fractiobelow which we hypothesedequateintering would not
occur efficiently because the particl@suld not becompacted.Let r; bethe particle radius before

scalingand e be the particle radius after scaling. For equally sized particlgR£RL), to increase the

packing fraction to £0 .64 for a fixed box volumed, nrmust be i ncr ea¢gr8’d@3)uch
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1) 70.64/0.5236. This means thatr(0.64/0.5236)°x r; = SFxk. Therefore, the scaling factor
(SF)for Ru/Re=1is calculated as SF= (0.64/0.5296F 1.069203.In general for all Salueslisted in

Table 1, SF =#f/0.5236Y* where f is the associated packing fraction for that particles size.

4.2.2 Quantum tunneling
Quantum tunneling is an effect whereby electric charge can jump a space between conductive but

electrically isolated particles that is forbidden by classical mecBf28]. Quantum tunneling is

reportedto rangefrom 3 nm[28] to 10 nm[32] between conducting particles in a romnducting matrix.
Per[1], if two conducting particles are at most 5 nm or closer, then there is a high likelihood of quantum
tunneling between the two condungiparticles of diameter 100 nm, so whenkhparticle diameter

D=100 nm, the conductivitglistance used to evaluate percolation between particles centergasatr

by a factor of (100 + 5/100) = 1.05.

DO #» B

D=1.12246

(a) H-H electrical (b) H-E mechanical (c) H-H cluster electrical
Equation (1) Equation (2) Equation (3)
Fig. 7. lllustrations for range calculations given by equatiorss 1
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Table 1. Range calculations per equation8 and R/Re= 1-4, f = packing fraction (sect..5), SF=
scaling factor (sect..2.1), QT = quantum tuneling (sect. £.2) Rm = range (sect..2, equations-B)

parameter f SF QT Rm

C.Nu.H (Ry/Re=1) 0.64 1.0692 1.05 1.26
C.nx-e (Ru/Re=1) 0.64 1.0692 1 1.2

C.Nn.e(Ry/Re=2) 0.675 1.08835 1 0.92
C.Nx.e(Ry/Re=3) 0.73 1.11714 1 0.84
C.Nn.e(Ru/Re=4) 0.755 1.12975 1 0.79
c.nq-e (cluster) 0.64 1.0692 1 0.72
C.Nx.H (Cluste) 0.64 1.0692 1.05 |0.25
perc.dist } c (Rw/Re=1) | 0.64 1.0692 1.05 |1.26
perc.dist } ¢ (Rw/Re=2) | 0.675 1.08835 1.05 |1.28
perc.dist J ¢ (Rv/Re=3) | 0.73 1.11714 1.05 |1.32
perc.dist J ¢ (Rv/Re=4) | 0.755 1.12975 1.05 |1.33
perc.dist J ¢ (clustes) | 0.64 1.0692 1.05 0.3

4.3 Process and Thermodynamics
All simulations of deformable phases in this study begin WigndE particles located in space as

per configuration in the GEL stage of hasidell simulations performed [d]. One such initial
configuration ofH andE particles is shown on the left of Fig. 3. Next, Hhéard spheres are replaced
with cubical clusters each containing 125 smalkmnardJones spheres.

It was foundnitially thatreplacingspheresvith deformable cuésat thelocationsoccupied by the
precursor harghellH spheresesulted in simulationdilure because portions of the cubes invadedthe
hardshellboundariescausing excessive potential eneedpove thdegal bound for the LAMMPS
simulation softwareg[22]. To solve this problenthe smalkpheres making up the deformable cubes were
reduced in size uihthe cubes have time to deform into appropriate spherical clustéessmall spheres
werethenallowed to equilibrate for a short period of tinaed thertheywereslightly scaled upn sze
by increasing théennardJones distancearametefi and adjusting the energy parameieiThe system
wasthenallowed to equibrate. This processf sudderbut incrementascalingfollowed by short time
equilibrationwas repeatedntil all particles were at the required size to restore the packing fraction (f =
Vet+tVu/Vioy) and volume ratip=Vu/(Vet+V4) to the same valugbey had before thid particles were
replaced with deformable cuheghereVy and & equal the total volume tak up by the H and E phases

respectivelyf1]. An example of the thermodynamittsat occurgluring the simulation of sintering
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shown in Fig. 8 The potential energyPE) appears discontinuous because at each discontinuity, the size
of all particles botiH andE are increaseduddenly. Tis increase ifPE causes a corresponding

increase irkinetic energy KE) as showrFig. 8
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5. Characterizationsand Measurement
The techniques used for characterization and measurement are described in this section

5.1 Packing fraction
Thepacking fraction is the volume of all solid matter relative to the volume of the simulation box and

is defined per equation (4).
Q. — ()
The volume ratio is defined per equation (5).
To— Q2 (9
The volumefraction is defined per equation (6).

n —— (6
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5.2 Radius of Gyration
The radiusof Gyration Ry) is thedistance representirtge effective angular momentum of a

distribution of point masses about the distribufiocerter of mass giveby equation (¥[33]

Y -B i i @)

In this study, e radius of gyratiors used to represettiethree dimensinal shape andeformation
of the clusters By way of comparisonhe radius ofyyrationof H andE spheresvith diameter
2xR=1 . 1 2 BRGOI775%xR= 0 . 4 @heréll i denmalddonesatural unit of distace andthe Ry
of aperfectsphere of thisameradiusis0 . 7 751 0. 56 1 2cylinder oDradiisSFaEnd equal A
volume to arE or H sphere haa radius of gyration such th@Ry)? = R?/2 + (4/3R%/12, so that
Ry=0.45Z1 .1t can be seen that ik of a cylinder is larger than th®, of a sphere of the same volume.

ThusRgpr ovi des an indication of a clusterods defor mat

5.3 Coordination Number
The coordination numbec.f.) [34i 38] is the average numbef contacts with other particles any

given particledhas. In crystallographid5], the lattice structuref asimple cubidatticehas ac.n.=6, a
body centered cubiattice has &.n.= 8, andthehexagonal closest packed fas.=12. In this study
we define two types of codination numbers. The firsdENHH (left Fig. 9, is the number of contacts the
averageH particle make with othdfl particles which is important for electrical conductioifhe oher
type of coordination numbegbeled CNHEright Fig. 9, is the number of contacts the average

particle makes with othdt particles which is important for mechanical contact and deformation transfer

00 09 )
09 03
MM %

Fig. 9. lllustrationfor coordination numbers intghaseCNHH (left), and intefphaseCNHE (right)

between phases
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Per Fig. 9CNHH characterizes the percolation paths an electrical signal could follow. Thus the
higherthe CNHH, the more likely the percolation threshald)(is todecreas. CNHE characterizes the
mechanical contact between tHeandE phaseswhich is proportionatto the efficiency ofenergy
transfer between thd andE phasesAll small spheres belonging #oparticular clustemay participate in
the calculation for eithezoordination numberegardless of distanced from center of madse average
c.n.for random close packed configuratsarf perfect spheres of equal size is reported to be
approximately siX34,37]. Higher CNHH and CNHEvalues provide an indication of a lower percolation

threshold or higheME electromechanical contacespectively

6. Results

6.1 Deformation ofH Phasearound Rigid E Phase
This section addressesat happens when thé particles deform around rigi particles. In Table

2, R Urdthe left most columstands for thénitial configuration of particles used in this study taken

from after theGEL stagecompleted if1]. A Nad s t a n d afinify@betwermMaay padies used to

compute the initial configurationnde GEL conditions pefl]. dhéd Ast amPdd ifnart yfld bet wee

andE phase parties used to compute tirétial configurationunder GEL conditions pgl]. fi 0

represents theritical or smallesvolumer a t #Va/(Vwox) Where electrical HH percolation occursVy

is the volume of the H phase anghMs the totalvolume of the simulation box for this studsich is

(2071 1. 1 RJAs4re adlius of gyration ihennard ones wunits of sigma 0.
Furthermore in Tables2andidBonds o stands for the number of ©bo

particles found during percolationdCNHHGO stands for the coordination number oftdlparticles with

respect to othdd particles when all particles are moel@lashardshell spheres witRu/Re=1that is data

from[1]. CNHEL through CNHE4tands for the coordinatiomumber of allH particles with respect to

surroundingke particles forRu/Re = 1,2,3,4 respectively.We see in Table 2 that the sum of CNHH and

CNHELlis approximately six whickorresponds tthe average coordination number of random close

packed spheres of equal s[34,36,37] Also in Table 2, it can also be seen that for the no-pasicle

(Noa) cases, the intgthaseH-H coordination CNHH tracks in direct proportion with the percolation
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threshold .. Thatis, as theH-H c.n. goes up or down, so does tHeH electrical percolation threshold.
Also, it can be seen that thaénphase particle coordination numb&@sHE1 to CNHE4 increase

sharply with increasing difference in particle siz¢gR = 1 to 4. Se Fig.13 for additional information

regarding this trend.

Table 2 Characterization of harshell spheres simulation

<R Rg Bonds CNHH CNHE1 CNHE2 CNHE3 CNHE4

RU8/Noa 0.25 0.435 1802 2.07 3.84 17.74 39.18 59.11
RU9/Noa 0.26 0.435 1450 221 419 17.16 38.8 56.37
RU10/Noa 0.22 0.435 1245 1.74 4.45 18.36 44.72 60.75
AVG 0.243 0.435 1499.000 2.007 4.160 17.753 40.900 58.743
STD 0.021 0.000 281.714 0.241 0.306 0.600 3.314 2.213
COV 8.555 0.000 18.793 12.026 7.358 3.380 8.102 3.767

RU8/Adh 0.3 0.435 1653 1.68 4.77 18.01 39.44 60.82
RU9/Adh 0.3 0.435 1931 1.73 4.86 19.33 39.29 59.72
RU10/Adh 0.29 0.435 1626 1.63 4.88 18.3 40.27 58.59
AVG 0.297 0.435 1736.667 1.680 4.837 18.547 39.667 59.710
STD 0.006 0.000 168.838 0.050 0.059 0.694 0.528 1.115
COV 1.946 0.000 9.722 2.976 1.211 3.740 1.331 1.867

The effects oH particle deformatiomre reported in Table FIA00/ #stands for o affinity between
any particles, anéiA12/ #stands for affinity between thé andE phase during the additional 3800 time
steps used to model particle deformatibat noH-H or E-E affinities, where # stands for run number.
All runs were repeated three time§he termi%s t r y s 0 s t ecentlof smélkpherepen duster e
thathave drifted away more th&xRq from the center of mas¥ a given cluster iCNHH-M 0 stands for
the average coordination number oftdltlusters with respect to othErclusters. ACNHE-M 0 stands for

the averageanrdination number of ali clusters with respect to all neighborigarticles.
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Table 3. Characterization of deformable-¢fusters insimulation

Noa pc Rz Bonds %strys CNHH-M CNHE-M
ADO/1 0.4 0594 716 2205 891 15.41
A12/1 014 0597 715 1929  8.81 17.72
ADO/2 017 059 986 2515  9.59 16.42
A12/2 0.7 0593 990 2252  9.53 19.02
ADO/3 0.3 0593 512 2077 9.8 14.03

Al12/3 0.11 0.555 281 183 8.52 15.63
AVG 0.143 0.5%4 700.000 21.347 9.257 16.372
STD 0.023 0.002 274.693 2.457 0.341 1.777
cov 1le.312 0.394 35.242 11.50%9 3.e82 10.855

Adh g Re Bonds J4strys CNHH-M CMNHE-M
A0O/1 0.15 0.588 792 24.75 8.28 16.55
Al12f1 0.15 0.592 715 15.54 8.1s 18.32
AD0/2 0.17 0.5%9 986 25.15 9.59 le.42
Al12/2 0.17 0.593 S350 25.52 9.53 1s5.02
AD0/3 0.14 0.58% 754 15.54 8.6 15.42
Al12/3 0.14 0.592 755 12.68 8.49 17.21

AVG 0.153 0.591 832.667 19.8e3 8.775 17.157
STD 0.014 0.002 122.523 5.879 0.628 1.323
cov 8.910 0.333 14.715 29.597 7.152 7.713

It can be seenin Table 3thatheer col at i on t HEpahoD| dl baaifiti#lli ont Hi ( 4
conditions (Table 3, bottom half) is higher than percolation threshold derivedifiaifinity (NOA)O

initial conditions. This reinforces the conclusion thHatE particleaffinity increases thel-H percolation
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threshold regardless bf particle deformation. It may be settvatboth the CNHHM and CNHEM
values have a relatively | ow spr eadpadideafiitity t hei r a:
during deformation) coordinatiamu mb er s ar e c IH&Eafénitytdaingtsinteringd A1 2 60 (
coordinationnumberswhile theRy values are almost the samneall cases This indicates that when
particle deformation is used as the stopping condition (sectiontBelpercolation threshold is relatively
independent of how the panes reached their final geometrical state. paticle clusters arendependent
of path taken in phasgpaceo arrive at their asymmetrical conformatsin space, assuming no phase
transition were crossed.

A comparison betwedheresults ofTables 2and3 is presented in Table 4 wheaegerage values and
theirassociatd coefficients of variance (COMjom Tables 2 and 3 are reporteltican be sen in Table
4 that regardless ofhetherthe H phase defor@tion is started from thieardshelladhesivg Adh) or
nonadhesive (Noa) harshell configuration$l], the percolation thresholgd dropsfrom 0.243to 0.1483
(Noa conditions), or from 0.297 @153 (Adh conditions)as the radius of gyratiol() increags from a
value associated witherfectly sphericalR;= 0 . 4 ¥dués pf R¢between 0.591to 0.594
associated with cltsrs of smalbsymmetrical spheroid&ig. 10.

In Fig. 11a representative histogramR§ valuesis shownfor a case of no affinity (Noa) during
placement of particleas they are at completion ihfe hardshell GEL stag¢l], followed byno affinity

(A00) simulation conditionsluring time evolution of the deformable clusters for this study.
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Table 4. Comparisorof Tables 2 and 3.

«

Noa No sintering Pseudo-sintering
. Comments

Hard-shell Deformation
P. 0.243(8.55) = 0.143(16.31) Perc. threshold decreases
R, 0.435 4 0.594(0.394) Sphere deforms
CNyny 2.01(12.03) = 9.26(3.68) Gain mechanical contact
CNye 4.16(7.36) = 16.37(10.86) Gain mechanical contact
c.n. 6.17 - 25.63
%strys 21.35(11.51)
Adh No sintering Pseudo-sintering Comments

Hard-shell Deformation
P. 0.297(1.95) = 0.153(8.91) Perc. threshold decreases
R, 0.435 - 0.591(0.33) Sphere deforms
CNyn 1.68(2.98) —=> 8.78(7.15) Gain mechanical contact
CNue 4,94(1.21) —=> 17.16(7.71) Gain mechanical contact
c.n. 6.62 > 25.94
%strys 19.83 (29.60)

Fig. 10. Cube clusters morph into spheroids.
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Fig. 11. Histogram of radius of gyratiofiRg) under No&ollowed byA0O conditionsas a functiorof
cluster deformation represented byRig

PerTable 4 it can be seethattheH phasecoordination number CNHH has valuestween @énd7,
in approximateagreement witprevious studieaboutcoordination of random close packed spheres
[34,36,37] Also per Table 4whenH phase particle deformation is allowéthkH coordinationincreases
from a valueless thar (CNHH hardshell modeél to valuesn the range 8 t8 (CNHH-M clusters
mode). This indicateshat the number of pattisr electrical signal across tt& phase has increased
dramatically, and this increase in electrical percolation pathsieglae reduction of thid-H electrical
percolationreported in Table 4, column 2t appears even mild deformation of the condudtiyghase
from spherical particles causes a large drop in the percolation thregf)oldléo per Table ACNHE
(c.n.between théd andE phases) increases from apgimately 4 tovaluesin the range 16 to 17This
indicateghatat leastafourfold increase in mechanical contact betweerHtendE phasesasoccurred
while theH particlesaremildly deformed This is an encouraging finding as thigtimumME composite
would be one that maximizes theE mechanical contact while minimizirtg-H electrical percolation.
In fact,for a continuous particle distributiaturing a physical experimerthe mechanical céact would

generallybe expected tincrease by several orders of magnitude.
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6.2 Deformation ofE Phasearound Rigid H Phase
This section addressesat happens if thE particles deform around rigidphericaH spheres The

ScherZallen[39] invariant percolation threshold for a conducting ph&beof spheres immersed i
equally sized insating(E) s p h er e s BarberojandBed&id] fobnd that decreasing thezs
of theE phase until R/Re=4 could increase the percolatithreshold tq c = 0.297 or 0.243 depending on
whetherH-E patrticle affinity (Adh) is considered or noespectiely. In other word, the highest
percolation threshold was found to b&at7%volume fractionof H phase. Therefor¢he E phase
constitutes the majority of ttdEc o mposi t e 6 s k partidesere mueh sndallet thaa tHe
particles (R/Re=4). Thus, for modeling deformation of tkephase, it is not necessary to collecthe
particles into small clusters. Specificallye assumg¢hatimmersinglargersphericaH partides in a
random close packed continuwhsmallerE particles is equivalerib deformingg particles tdill the
interstitial space between righdl particles That means thaimulation withH andE hardshell spheres
using the methodology presented[1] is able to reveal the effects of deformation of Ehghase as
depicted, for example in Fig. 12

Increase opercolation thresholg. with decreasingize ofE particlesis apparenin Fig. 12
However, smewhere betweeRw/Re = 310 4, thepercolation thresholthpers off forthe casef no
affinity (Noa)between théd andE phasesandit decreasgor dipsfor the casewheretheH andE phases
experience short range affiniAdh). In light of this dip, ve postulatéhatthe increase in the percolation
threshold ) is due to the smaller particles moving to interstitial space betweéh pheticles and hence
separatinghe H particlesawayfrom each other. However, whidte E phase particles become too
small, they can no longer push tHeparticles apartin addition the dip in the linear relationship between
} c andRu/Re between 3 and deen in Fig. 1Decomes more pronounced when thetd-E affinity
(Adh) betweerH andE particles This is because when two lafgeparticles are both attracted to the
sameE patrticle, they are effectively attradtéo each other, decrsiag thedistance betweeH phase

particles,andthusdecreasing the percolation threshold.
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The pairwise LennardJones potential used in this model does not have any friatilateral force
components,asthis dip in the trend of increasing percolation threshpfiersus R/Re=1,2,34 shown
in Fig. 12may not be so severe in practlmecause actuglarticles willexperiencdrictional forces that
keep them from being pushed out of Wy. In the casavhere there i$l-E particleaffinity (Adh),
because the-] potential does not have any lateral force compong®E, particles in this simulation
canbe pushed into interstitial spaces betwHeparticlesandact as attractors within thé phase, closing
the distances betweéhparticles and lowering the percolation threshold.

—+—No Affinity —=—Affinity
0.3

0.28 s
0.26

0.24 iy
f/
0.22 /j /1
0.2 7
0.18 1 /}/
0.16 z/
0.14

Percolation Threshold

1 2 3 4
RH/RE

Fig. 12 Percolation threshold when both H and E phases are modeled ahbhispheres.
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Fig. 13. CNHE1-4 H-E interphase coordination number of haslellmodel.

As previously mentioned, theoordination numbet.n. isanindicator of mechanical contact because
the highetthec.n., the larger theumbers of contacts between partidesithusthe more efficient the
energy transfeis. The predicted relatishipbetween intgshasedVIE mechanical conta§dCNHE) and
relative particle size i#Re is shown in Fig. 13When therelativesizeof theE particles decreasegth
respect to thél particlesthenumber of bonds between tBeandH particles(CNHE) increases
guadratically We propose simplequalitativeparametrianodel(Fig. 14 that purportghat mechanical
contactbetweerH andE patrticlesis of the same ordesf magnitudeas theratio of the surface area of a
larger sphere centered at tHeparticleintersecting the cross sectional area of the smialfarticles at

theEpar t i cl.eThissimple madedsiresults in the following equation:
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Fig. 14. Two equal size particles in contact (left), and two unequal sized particles ictdpiggat).
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whereD is the diameter of thl particles and x = HRe is the ratio of théd to E particle radii. Fig. 14
illustrates the derivation of (8) where th@. x intersect area of the small sphere = the area of the larger

sphere at distanceRRe.

40

35 .
/

30
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2 25 /
©
£ 20 //
o
g 15
S 10
y=3.2541x? + 6.5219x + 1.7267
R?=0.9988
T T |
1 1.5 2 2.5
Ru/Re

Fig. 15. Polynomial curve fit of [44] Table 2.
Liang (40] Table 2)produced a table afoordination numbers for a-bisperse population of spheres
as a function of relative particle size. Curve fitting their results of coordination versus relative patrticle
size shows a good fit for a quadratic polynon(ig). 15) thus supporting the singpinodel proposed in

(8) representing theesultsof this studyin Fig. 13.
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7. Conclusiors
In conclusion, v observedhatthe deformation of thelectrically conductingmagnetostrictived

phase particlethatoccuss in practice due to sintering is likelylower the percolation threshoiil bi-
disperseME compositedecause the deformed partseleill have more contact points amigher
coordination numbemence any electric signal will have a greater number of paths to travel across a
magnetoelectricamposite thusdiminishing theME effect.

We also observethatfor spherical particletheinter-phaseH-E coordination numbefCNHE)
associated vl mechanicatoupling between phases is likeétyincrease quadraticallys the
piezoelectricE phase particles deform during sinterindowever allowing thekE phase particles to
deformduring sinteringnay counteract th&E enhancingeffect of reducinde-phase relative particle
sizeby lowering the percolation threshaldlhe simulation datauggesthat the besivay toraise the
electrical percolatiothreshold, . while maintaininga maximummechanicatoupling between thg and
H phasess to usepiezoelectricE particlesat (3.5)* the size of magnetostrictivé particlesand
promotingE-H particleaffinity. Furthermoreduring sinteringt seems better to promote deformation of
theE phasehandeformation of théd phase in order to maximize mechanical coupling.

We also observed that the radius gfation Rgy), which characterizgsarticle deformationon
average gmws from Rg = 0.435 for perfectly sphericglarticlesto an average valuef Ry = 0.5925 in all
cases for a fixedimulationtime of 3800 time stepsvith a narrow spread for the primgogak in Fig. 11.
Therefore, not nly do allsimulatiors stop at less than 25% mass transparay from the center of mass
of each clustebuttheyalsoarriveat a precise relative increaseradius of gyratiorRg of (0.5925
0.435/0.435) x100 36.2%, for a fixedsimulation run timenf 3800 time steps, thusiplying a
relationshipbetween sintering time and extesitparticle deformation.

Regarding presintering particle mixing, umerous studies includirig 1i 44] report phase
segegation when mixing particles of different Sz& masswhich is highly deleterious to the

percolation threshold. Therefore, it is requitedt theH andE phasesrewell mixed prior tosintering
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as documented ifi]. In addition,we confirmed the results of34,37]and othershowingthat the
coordination number for random close packed sl spheres is approximatddgtween 5.@nd6.7.
Furthermorewe propose aimplified qualitative modethatshowsthat thecoordination number between
bi-disperse spheraiscreases quadraticglvith adecrease in relative particles s{&/Rg) between the

two species.
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Appendix A. Prograns used fohardshell modeling

The following listillustratesthe order in which the programase to beunin orderto produce the
results reported ifiL] for hard shells All programsn thisappendix were run on ASUS 2.53 GB# bit
Windows 7 Home Premim 2009. Referencg45,46]provide background for these programs. LAMMPS
[22] was run on the West Virginia University High Performance ClusteerUNIX operating system.

All programs and scripts are pvided as supplementary materiain  t he publ i sher és webs
Program Pumpose

1. pmpe4d.c Produce set of input coordinates for Lammps folRR=4.

2. Lammps_LTMIX.txt Run Lammps. See appendix C for MIX script

3. cvt_dmp_inp2.pl Convert output Lammps dump file to input data file.

4. Lammps_LTEQU.txt Run Lammps. See appendix C for EQigtscr

5. cvt_dmp_inp3.pl Convert output dump file to input data file.

6. Lammps_LTGEL.txt Run Lammps. See appendix C for GEL script

7. filt_coords_PM2.pl  Strip unnecessary information from dump file.

8. filt_coords_PR.pl Strip unnecessary information from dump file

9. filt_coords PMR.pl  Strip unnecessary information from dump file.

10. dist3_Rm Create file of bond pairs. Rm= connection radius

11. zap2_Rm Recurse through bond pairs and evaluate percolation.

12. CNHH_Rm Calculate c.n. for all H particles with respect to othgrdtticles.

13. pa64 Calculate local packing fraction
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Appendix B. Programs used for particle deformation

The following listrepresentshe order in which the programs in this apperatixto beun to
produce theesultsfor deformable H and E phase particles simulatrepsrted inthis paper. All
programs in this appendix were run on a model ASUS 2.53 GHZ running 64 bit Windows 7 Home
Premium 2009Reference$45,46] provide background for these progr&a LAMMPS [22] was run on
the West Virginia University High Performance Cluster running a UNIX operating syateprograms
and scripts are provided as supplementary materi al

Program Purpose
1. filt_coords_PM2.pl Strip unnecessary information from data fikee App. A.
2. filt_coords_PE2.pl Strip unnecessary information from data flkee App. A.
3. glob3 p Replace all H coordinates with 1pbint cubes, where p is the

packingfractiondefined agp= Nu / (Nu+Ng)

4. Lammps_LTinput MIX7.txt Run Lammps.See MIX7 script in Appendix C

5. Lammps_LTinput_redump.txtRemove all but coordinates from single timestep.
6. filt_coords_PMmol-R.pl Strip away unneessary information from data file.
7. filt_coords_PEmol.pl Strip away unnecessary information from data file.
8. Rg3.plts p Compute table oRg values for each cluster.

9. dist9M _p Create file of bond pairs between molecules

10. ZapM_p Recurse through bondhjps and test for percolation
11. CNHH-M Compute c.n. between H phase clusters

12. CNHE-M Compute c.n. between H and E haftell spheres

Appendix CLammps scripts

The following arenput scripts used by Lammfia2] for this study. The scriptseed to be adjusted
and customized depending on particles size and volume fraction of paditiesgrams and scripts are

provided as supplementary materials in the publi sl
Script Purpose
1. RUNS8MIX R11 B MIX stage for Noa and Adh conditiofar hardshell spheres
[1].
2. RUNS7R11 Adh_B64 EQU stage uder Noa conditions fordrd-shell spherefl].
3. RUNS7R11 NoA B64 GEL stage under Noa conditions fard-shell spherefl].
4. MIX7_SNT_GLOB G16 Simulate sintering under AOO and Noa conditions involving

particledeformation(this paper).
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