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1. Intr oduction

1.1 Simulation of interface contr olled solid-solid
transf ormations

Most mechanicabndengineeringoropertiesof metallic materialsaredeterminedy the
microstructureof thematerial. Thereforeijt is of greattechnologicalmportanceo obtain
a fundamentalinderstandindnow the microstructureof a materialis in uenced by pro-
cessingparametersuchasdeformationand heattreatment.In the processingf alloys
mary microstructurathange®ccurwith thematerialin thesolid state. Typical examples
are phasetransformationgo differentcrystal structuresgrain growth andrecrystallisa-
tion. Here,the transformatiorntakes placeby the movementof solid-solid interfacesin
the material. Basically the transformationsan be divided in two classes:martensitic
(military) anddiffusional(civilian). Martensitictransformation®ccurby a cooperatie,
usually a-thermal,movementof the atoms,whereadiffusionaltransformationsare as-
sumedo take placeby independenthermallyactivatedatomicjumps|[1]. To understand
the kineticsof diffusionaltransformationst is importantto discernbetweertransforma-
tionsthat arerate-controlledoy processest the interface (interfacecontrolledtransfor
mations)andthosethatarerate-controlledy long-rangediffusionof ary of the alloying
elements.Graingrowth andrecrystallisatiorare alwaysinterfacecontrolledtransforma-
tions. Typicalinterfacecontrolledphasdransformationsrethe massve transformations,
which canbeobsenedin mary steelalloys.

Themobility of aninterfacein aninterfacecontrolledtransformatioris determinedy
theatomicrearrangemergrocesccurringat the interface.However, the mechanisnof
theatomicrearrangemergrocesss still notwell understoodl]. Theexperimentaktudy
of theatomicmechanisnof theinterfacemovements dif cult becaus@bsenationsmust
bemadeof moving interfacesatanatomicresolution.Suchobsenationshave beenmade
but dataarestill scarce2, 3]. Thisis why atomisticsimulationsare usedmoreoftento
studythesephenomenalFor example,moleculardynamicssimulationshave beenused
successfullyin the study of martensitictransformation§4—6]. Unfortunately the time
scaleassociateavith mostinterfacecontrolledtransformationss too long for molecular
dynamicssimulations.Becausen diffusionaltransformationshe interfaceshouldmove
by independenthermallyactivatedjumps|[1], a kinetic Monte Carloapproacksimilar to
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Fig. 1.1: Schematiarawing of the two interpenetratingartially occupiedlattices. Bcc
sitesarerepresentedthy dark spheresandfcc sitesby light spheres.Occupiedsitesare
drawvn largerthanemptysites. The spacebetweernthe planeshasonly beeninsertechere
to obtainaclearerview.

thoseusedfor the simulationof solid-liquid interfacemovement[7-11] seemdeasible.
However, normal atomistickinetic Monte Carlo methodsusea rigid lattice of possible
positionsfor theatoms[12,13]. Clearly, for a phaseransformatiorat leasttwo different
crystallatticesarerequired. Therefore,a nev multi-lattice kinetic Monte Carlo method
hasbeendevelopedandis presentedherein this work.

1.2 Multi-lattice kinetic Monte Carlo

In themulti-latticekinetic Monte Carlomethoda simulationstartswith two interpenetrat-
ing partially occupiedlattices,asshavn in gure 1.1 for anfacecenterectubic (fcc) to
abodycenteredtubic(bcc) phasdransformatiorsimulation.From gure 1.1it becomes
clearthatin the multi-lattice kinetic Monte Carlo methodthe orientationrelationshipbe-
tweenthe two crystalsis a simulationparameterand must be chosenby the user In
thisway thein uence of differentinterfaceorientationgasdeterminedy the orientation
relation)canbe systematicallystudied.

After creatingtheinitial con guration (e.g. gure 1.1)thetransformations simulated
by allowing theatomsattheinterfaceto jumpto aneighbouringemptysiteon eitherof the
two lattices.Which jump actuallyis madeat eachtime stepis determinedy chanceus-
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Atom position

Fig. 1.2: For anatomicjump from positionA to B thechangen systemenegy, U, is
shown togethewith the changen systemenegy during thejump giving theenepgy bar
rier part,Q, of theactivationenegy. Q caneitherbeasimulationparameteor calculated

for every jump separately

ing aweightedrandomselectionproceduravherethe enegeticallymostfavourableump
is mostlikely to be chosen.For the calculationof the enegy changeassociatedvith the
jumpsan atomicinteractionmodelis required. In the multi-lattice kinetic Monte Carlo
methodvirtually ary interactionmodelcanbeusedtheonly limitation beingthecompu-
tationalcostassociatedvith the interactionmodel. A too complex modelcould extend
the calculationtime beyond practicallimits. As the resultspresentedn this thesiswill
shaw, it canbe bene cial to work with a simpleinteractionmodel. With a moresimple
modelthereoftenis a bettercontrolover theatomicbehaiour. With this controloverthe
atomic behaiour, normally unchangeablenaterialsproperties(for examplethe enegy
differencebetweentwo phasesyanbe setasa simulationparameterallowing the sys-
tematicinvestigationof thein uence of thesematerialspropertieson the transformation
behaiour.

If the goal of the simulationsis to studythe transformatiorbehaiour for a specic
materialthenthe mostaccurateinteractionmodel available shouldbe used. Especially
in the comparisorwith reallaboratoryexperimentsjt becomesmportantthat not only
the enegy changen the systemcauseddy ajump, U, is modeledaccuratelybut also
thatfor the activation enegy of anatomicjump a valueis usedthat takesinto account
the (unique)arrangemenof the neighbouringatoms. Therefore,dependingon the re-
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quiredlevel of accurag, two differenttypesof simulationshave beendevelopedwithin
the multi-lattice kinetic Monte Carloframevork. Whena morequantatve descriptionof
thekineticsis lessimportant,simulationsarerun wherethe sameconstanenegy barrier
partof the jump activationenegy, Q see gure 1.2,is usedfor every jump. In the other
caseq) is calculatedor every jump separatelyHowever, hereit is importantto realize
thatthe separatealculationof the activationenegy for every jump is a computationally
extremelycostly procedure.

To limit this extra costin computatiortime asmuchaspossible a two stepprocedure
hasbeendevelopedthatallowsthe muchfastercalculationof thejump speci ¢ activation
enegieswith the help of a trainedneuralnetwork. As aninterfacemovestherewill be
mary differentatomic jumps. However, the total numberof really differentjumpsis
limited dueto the periodicity of the crystallattices. By calculatingthe activationenegy
for averylargenumberof jumpsaneuralnetwork canbetrainedthatusegheinformation
of thearrangementf theneighbouringatomsasinput parameterso predicttheactivation
enepy for ajump. Thecollectingof thetrainingdataandthe actualtraining of the neural
network is the rst step. Thenasthe secondstepthe trainedneuralnetwork is usedto
calculatetheactivationenegiesfor thejumpsduringthe simulations.

1.3 Thesis overview

Themulti-latticekinetic Monte Carlomethodhasbeenusedo studythegrowth behaiour

of the (bcc)phase,ina (fcc)to (bcc) phasetransformationn a (model) single
elementsystem.In Chapter2 the basicsof the multi-lattice kinetic Monte Carlo method
are presentedtogetherwith resultsof a studyon the in uence of the driving force and
interfaceenegy on the growth modeof the bcc phase. ThenChapter3 presentdateral
growth simulationsperformedto study the activation enegy of the interface mobility.

Thesesimulationshave led to a new interpretationof the interface mobility activation

enepgy in termsof seriesof jumps of groupsof atoms. The simulationsas described
in Chapter3 wereperformedwith a bond-countingatomicinteractionmodelandwith a
constantenegy barrierfor all atomicjumps. Chapterd4 shavs thatthe sameresultsare
obtainedfor simulationswith an (iron) embeddedtommethodinteractionpotentialand
with variableperjump calculatedactivationenegies. In Chapter2 the gronth modewas
shavn to dependon the driving force andthe interfaceenegy. In Chapter5 it is showvn

that with the samedriving force the growth mode can changefrom plane-by-plando

continuousby a changeof the interfaceorientation.In Chapter6 the interfacemobility

activationenegy is comparedo the boundaryself-diffusionactivationeneny.



2. A kinetic Monte Carlo method for the simulation
of massive phase transf ormations

C. Bos,F. Sommerand E.J. Mittemeijer

Abstract

A multi-lattice kinetic Monte Carlo methodhasbeendevelopedfor the atomisticsimu-

lation of massve phasdransformationsBesidesiteson the crystallatticesof the parent
andproductphase randomlyplacedsitesareincorporatedas possiblepositions. These
randomsitesallow theatomsto take favourableintermediatgositions essentiafor areal-

istic descriptionof transformationnterfaces.Thetransformatiorfrom fcc to bcestarting
from a at interfacewith the fcc(111)//bcc(110pndfcc[112]//bcc[00I] orientationin a

singlecomponensystemhasbeensimulated.Growth occursin two differentmodesde-

pendingonthe choservaluesof thebondenepies.For largerfcc-bccenegy differences,
continuousgrowth is obsened with a roughtransformationfront. For smallerenegy

differencesplane-by-planegrowth is obsered. In this gronth modetwo-dimensional
nucleationis requiredin the next fcc planeafter completionof the transformatiorof the

previousfcc plane.

2.1 Introduction

The massve transformationis a long-rangediffusionlessphasetransformationduring
which the matrix phaseis corvertedto a productphasewith a different crystal struc-
ture but with the samecomposition[2]. This massve transformationis accomplished
by diffusionaljumps acrossthe interface betweenthe two phases.In mary iron-based
alloys the austenite, , to ferrite, , transformations of massve nature. Recently the
massve transformatiorhasreceved muchrenevedattention[2, 14,15]. Themechanism
of the transformations atopic of active discussior{16]. Most experimentaldatawere
collectedafterthetransformatiorwascompleted Dataontheinterfacestructureobtained
duringthetransformatiorwould greatlyenhancehe understandingf thetransformation
mechanismbut suchdataarescarcq3, 16].
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MoleculardynamicgMD) simulationswvould allow the studyof the structureof amov-
ing interfacein full atomicdetail, assimulationsof the martensitictransformatiornave
shown [4—6]. Unfortunatelythetimescalerequiredfor massve transformationss too de-
mandingcomputationallyln MD simulationghefull continuougrajectorief theatoms
aredescribedTo enhancehetimescalghatcanbesimulatedkineticMonteCarlo(kMC)
simulationscanbe made.However, thenthe possibleatompositionsarerestrictedto aset
of discretesites. Themovementof the atomsis thentreatedasa stochastigrocess.

Monte Carlomethodshave beenemployedsuccessfullyn simulatingsolid-vapourand
solid-liquid transformation$7-11]. The simulationshave provided detailedinformation
on the interfacestructureduring crystalgrowth for differenttypesof materials[10,11].
Unfortunatelythesemethodscannotbe applieddirectly to solid-solid transformations.
Becausea kinetic Ising modelprovidesthe basisof kMC simulationsit follows thatthe
atomsareplacedon arigid lattice[12,13]. Hence a descriptionof a solid-solidtransfor
mationrequiresatleasttwo lattices.Until now suchanapproaclwascomputationallytoo
demandind17]. However, increaseccomputationapower makesit possibleto develop
a full multi-lattice methodnow andsucha methodis presentedor the rst time in this
paper

For amassve to transformatiornsimulation,two differentcrystallatticesarere-
quired: fcc andbcc. A crucial extraimpositionis the useof randomsitesin the method
proposedhere. Thesesitesaredistributedrandomlythroughoutthe system.This allows
theoccurrencef deviationsof thecrystalstructurearrangementn particularatthetrans-
formationfront (seesection2.2).

This paperthusdescribesa multi-lattice kinetic Monte Carlomodelfor the simulation
of a massve transformation(section2.2). To describethe atomicinteractionsa nearest
neighbourbondcountingmodelis used(section2.2.1). Althoughthe modelis not at all
materialspeci ¢, when&er materialspropertieshadto be chosenyaluesthat pertainto
iron wereselected.The rst simulationsperformedwith this modelreportedherewere
devisedto testthe applicability of this type of atomisticsimulation.

Thefocusis onthetransformatiorfrom thefcctothebcc( ! ) phaseof asingleel-
ementstartingwith a at, incohereninterface.Althougha substantiahmountof thebcc
phasds presenin the startcon guration of the simulations,nucleationcanstill play an
importantrole. A completely at interfacemayrequirethe formationof (2-dimensional)
nucleifor furthergrowth of thebcc phase.As describedn section2.3, simulationshave
beenperformedto studysuch2-dimensionahucleationbehaiour andto investigatehe
possibility of growth without sucha separat@ucleationphase Theresultsof the simula-
tionsarepresentedn section2.4. Thediscussionn section2.5focusesonthenucleation
andthegrowth behaiours.
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2.2 Simulation method

As comparedo earliersimulationmodelsfor crystalgrowth (e.g. seeRef[8]) theintro-
ductionof intertwining multiple crystallatticesis the cardinalstepto be madein order
to simulatesolid-solid phasderansformationsAs describedelow, not only multiple lat-
ticesbut alsorandomlydistributed siteshave to be introducedas possiblepositionsfor
theatoms.

A systemis createdwith apartially lled fcc( ) latticeandapartially lled bcc( ) lat-
tice. This meanghattheinitial nucleationof the bcc phasds not simulated(seesections
2.1and2.3). A = interfacewith a speci c orientationis created.The eventsconsid-
eredin the kMC modelareatomjumpsfrom a lled siteto anemptysite. The enegy
change U associateavith ajumpis calculatedonthebasisof a nearesheighbourbond
countingmodelasdescribedn section2.2.1. Thejump probabilityp is takenas[12]

exp =
p: BTU ; (21)
1+ exp BT

wherekg is the Boltzmannconstantand T is temperature.The simulationalgorithm
presentedbelon hasbeendevelopedfrom thefollowing considerations.

Two sites(andatoms)are consideredo be neighboursf the distancebetweerthemis
lessthan 1:.05r; (the fcc nearesineighbourdistance).In the simulationsrs > ry (ry IS
thebccnearesheighbourdistance)thefactorl.05hasbeenchosernto preventround-of
errors. An atomis consideredaninterfaceatomif it hasa neighbourof a type different
from its own typeor if it is next to a vacang. Therebythe atomsnext to vacanciesare
includedin the collectionof “interface” atomsin orderto make movementof vacancies
possiblealsowhenthesevacanciearenot positioneddirectly attheinterface.

To preventatomsfrom jumping throughor into otheratoms,not all empty neighbour
sitescanbe valid target sites. Therearetwo typesof valid targetsites. For the rst type
the site hasto be within aradiusrg; of the sourcesite. A jump to this type of tamget site
is calleda shortjump. For the secondype the tamget site hasto be within the maximum
jump distancer naump from the sourcesite and there shouldbe no other atom within
aradiusr,y, of thetagetsite. If ry, is chosenlarge enoughthenthesetarget sitescan
be consideredo be vacancies.Theselong jumpscanthenbe consideredo be vacang
jumps. The differentrangesdiscusseareillustratedin g. 2.1. A jump from site A to
site B is valid (shortjump) assite B is within r; of site A. A jump to site C is not valid
becaussite D is within r,;, of siteC.

The distinction betweenthesetwo typesof valid jumpshasbeenmadefor computa-
tional ef ciency reasons.It is unlikely that the target site of a shortjump will have an
occupiedneigbourwithin r;, (asthe jumping atomis so near). Thereforethe compu-
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Fig. 2.1: Thedifferentranges.Occupiedfcc sites(black) andemptybccsites(white) are
shovn. Themaximumjump distances r naxump for alongandrg; for shortjump (shovn
for atomA), ry, is the minimum radiusrequiredfor a vacang hole. The bcc andfcc
nearesheighbourglistancesrer, andr;, respectrely.

tationally costly procedureof checkingfor an occupiedneigbourwithin r;, is not per
formedfor thesetametsites. To dealwith the unlikely casethatthe targetsite of a short
jump doeshave anoccupiedneigbourwithin r, theatomshave beengivenahard-sphere
core. Whentwo atomsare within a distancesmallerthanthe hard-sphereliameterdys,
theatomsexperiencea (in nitely) largerepulsion.This ensureshattwo atomswill never
overlap(seealsosection2.2.1)becaus®f ashortjump.

All simulationshave beendonewith rg; = 0:35, ry, = 0:85, and rmajump =
1:025+.

If only fcc andbcclattice sitesareincludedin the simulationthenthe transformation
mustbe accomplishedy directjumpsfrom fcc to bcc sites. However, recognizingthe
complity of actualinterfacestructuresit is considereghossiblethattheatomsrst visit
an ‘intermediate'position. The location of theseintermediatepositionsis not known
andthereforedif cult to includein the simulation. By including uniformly distributed
randomly placedsiteswithin the systemit is assuredhat at leastsomeof theseextra
positionsareavailablefor the atomsat the interface. The amountof availablecomputer
memorylimits the numberof randomsitesthatcanbeincluded. Becausahesesitesare
distributedrandomlythey have a chanceof beinglocatedat positionsthatwill never be
occupied.Theef ciency of therandomsitescanbe enhancedy continuouslyassigning
new randompositionsuntil they have beenoccupied. In otherwords, the randomsites
“search'for the (relevant) intermediatepositions. Simulationshave shovn that without
randomsitesno signi cant progresf thetransformations possible.
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Finally, a time stepis de ned suchthat after onetime stepevery interfaceatom has
madeonejump attempt.
Thesimulationalgorithmthencanbe givenasfollows:

1. At random selectaninterfaceatom

2. At random selectavalid emptyneighboursite of thatinterfaceatom

3. Calculatetheenegy change U for thejump to this emptysite

4. Calculatethe correspondingump probability p accordingto eq. (2.1)

5. Generatarandomnumbenr 2 [0; 1) from auniform distribution

6. Acceptthejumpifr < p

7. Continuestepl until all interfaceatomshave beenselectedbnceandonly once
8. Updatethetime stepcounterby one

9. Givetherandomsitesthathave remainedunoccupiedanew position.

10. Expandor contracthesystemnin thedirectionperpendiculato theoriginalinterface
(seesection2.3)

11. Continuewith stepl

2.2.1 The atomic interaction model

The modelfor theatominteractionhasbeendevisedto complywith threerequirements:

1. Thebulk bccatomsmusthave alower enegy thanbulk fcc atoms
2. It mustcostenegy to enlagetheinterfacialarea

3. Atomsvery closeto eachothermustrepeloneanother

Theatom-atoninteractionsareexpressedn termsof bondenepgiesu. As therearethree
differentkind of sites,therearesix differentkinds of bonds. Threeof thesebondshave
beengivena x edenepy. Thesearethefcc-fccbond-enagy u |, thebcc-bcdbond-enegy
Upp andthebcc-fccbond-enagy uys. Choosingspeci ¢ valuesfor u  andug, will ful i
requirementl. For bcc-bccand fce-fee the distancebetweentwo atomsis x ed (only
nearesheighboursareconsidered)but for the fcc-bccdistancethis is not the case. Yet,
thefcc-bccbondeneny, uy, is takenasa constant.Requiremen canthenbe satis ed
by choosinga speci c valuefor uy (seealsosection2.3.1).
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Thethreeotherkindsof bondsinvolve atomson randomsites(random-bccrandom-fcc
andrandom-random)T heinteractionbetweerarandomsiteandafcc/bcc/randonsiteis
takenindependentf the distancebetweerthesetwo sites,but the valueof theinteraction
is madevariableasit dependn the surroundingof the randomsite(s)asfollows. If a
randomsite is very closeto a speci c lattice site, it shouldbehae like that lattice site.
Therefore the enegy of a bondwith anatomon arandomsite dependson the distance
of thatrandomatomto the nearestattice site, r,s,. The maximumdistancebetweena
randomsite andan xcc (wherex is b or f) siteis %rx, the minimumdistanceis zero. At
the maximumdistancethe bond-enegy with anxcc atomis givenby u,,. For distances
betweertheminimumandmaximumvaluesthebondenegy for arandom- xccatompair
is interpolatedinearly.

ThereareeightdifferentinterpolationequationsFour of theseconcernabondbetween
alatticesite of typex (b or f) andarandomsitethatbehaeslik e a site of typey (b or f):

ey
U= Uyt (Uyy U)o (2.2)
aly
where is a parametethatwill be explainedbelow. The otherfour concernbondsbe-
tweenarandomsite A thatbehaeslik e a site of type x, with adistancer 4n, to thatsite,
andarandomsite B thatbehaeslik e a site of typey, with adistance ,,, to thatsite:

1 v Tran
U = 3 Ut (Uy Up) 20—+
ARY
L #
5Ix lNana
Uy + (U xy Ury)zf : (2.3)
2'x

If the distancebetweerarandomsite andthe consideredhearestattice neighboursite,
I'an, IS very small, the randomsite is almostindistinguishabldrom thatlattice site; i.e.
from anenegy pointof view it becomesndifferentif anatomoccupieghe lattice site or
therandomsite. This meanghatthe chancehatsucharandomsite become®ccupieds
large. Often, it is necessaryo countthe numberof atomsof a speci c type: for example,
the numberof bcc atomsto determinethe fraction transformedmaterial. In this case
the atomson randomsitesvery closeto bcc sitesshouldbe countedas bcc atomstoo.
Oneoptionto ascertairthattheseoccupiedrandomsitescloseto the bcclattice sitesare
recognizedasbcc atoms,is to separatelyassigna crystal structuretype to every single
randomatom basedon the local surroundingsf eachatom. However, this not trivial
taskis computationallyextensive. A secondoption is to ensurethat the atomshave a
signi cantly higherchanceto occuyy the lattice site ascomparedo the chancethatthe
randomsitewill beoccupied.Thiscanbeaccomplishedavith theparameter in egs.(2.2)
and(2.3). By choosinga valuesmallerthanonefor , the maximumenegy of a bond
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with anatomon arandomsiteis reducedlessnegative). In all simulationsavalueof 0.8
hasbeenusedfor (i.e.for r.,, thebond-enagy is 80%of uyy .
RequiremenB is ful lled by giving the atomsa hard-sphereore. The hard-sphere
diametend,s hasbeenchoseras
Ohs = 0:68ry: (2.4)

With this valuethe hard-sphereoreis just a little larger thenthe tetragonalinterstitial
holesin thebcccrystalstructure If two atomsarewithin theranged;,s of eachother, they
aregivensuchalarge (positive) bond-eneggy thata jump for which sucha bondwould be
createds neveraccepted.

2.3 Simulation Details

All interfaceshave beencreatedwith the orientationfcc(111)//bcc(110)and fcc[112]//
bcc[0dl]. Theinterfaceis completely at andlies parallelto thexy-plane.A startcon g-
urationhasthreebccplanesandbetweer835 and45fcc planes.All simulationshave been
performedwith imposedperiodic boundaryconditionsin the x- andy-directions. The
systemvolumeis rectangular The crosssectionalareaof the xy-planesis keptconstant
duringthe simulationsyvolumechangdas accommodately expansion/contractiom the
z-direction.

The bee(110)andthe fcc(111) lattice spacingS(dy110) and da11y) are generallynot
equal. This meanghatasfcc planesaretransformedo bccthe systemwantsto expand
or contract(dependingon the densitiesof the crystals)in the z-direction. The systemis
allowedto do this by shifting thosefcc sitesthat have not yet madea jump trial in the
simulation. This meansthat by this shift deviationsfrom the ideal fcc lattice canoccur
becausesomeatomsin onefcc planeare shiftedwhile othersarenot. However, these
deviations are so small that the crystal structureis not disturbed. The shift of the fcc
atomsis doneonceevery vetime stepsaccordingto

7= Nnewbcc

=N dp10)  Craryy (2.5)
bcc;plane

whereN hewbce 1S the numberof newly formedbccatomsandN pec.piane is the numberof
atomsin abccplane.This proceduras consistentith having zeropressurectingonthe
systemin the z-direction,implying thatthe systemcanfreely expandor contractin this
direction.

Thefcc andbcclatticeshave beencreatedsuchthatthenumbersof atomsin anfcc(111)
andabcc(110)planeareequal. With the chosemumberdensityof 0.10310%° atoms/ni
(thisis approximatelyl.3 timesthe densityof iron) for bccandaninitial interfacialarea
of 19.4x8.7nm, the numberof atomsperplaneis 3312.
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To avoid large heterogeneityf the distribution of therandomsitesover the entiresys-
tem,therandomsitesarenotdistributedcompletelyuniformly acrosghe system.Instead
a so calledrestrictedlyrandomdistribution is adoptedasfollows. First, the systemis di-
videdin small cubiccellswith asidelengthof 1:4r,. Then,10 randomsitesareinserted
into eachcell accordingo a uniformdistribution.

ThesimulationprogranmwasrunonasingleprocessoPC(Pentium4 Xeonat2.8GHz).

2.3.1 Possib le bond energy values

Whenthe bond enegies are chosena numberof conditionsmustbe ful lled. To en-
surethatbccis enegetically morefavourablethanfcc andrecognizingthe coordination
numberof thebccandfcc lattices,the mostimportantrequirements

8upp, < 12u : (2.6)

Not everyjump from anfcc to abccsiteleadsto anenegy decreasethis dependonthe
surrounding®f thesitesconsideredAn atomattheinterfacecanhave differentnumbers
of bcc andfcc neighbours. Whenan atomonly hasa few bcc neighboursand a large
numberof fcc neighboursthe atom shouldfavour an fcc site over a bec site (and vice
versawith mary bccneighbours).

In thesimulationof crystalgrowthit is commonto demandhatanincomingatom(from
the vapouror liquid) canonly successfullyattachon kink siteswhereit hasa certain
minimum numberof solid neighbouratoms|8, 11]. Here an analogougsequiremenis
imposed:every atomicjump from fcc to bccwhereanatomformslessthan ve bce-bec
bondsshouldleadto anenegy increas€ Ujump > 0). With lessthan ve bccneighbour
atomsthe atomdoesnot have enough'bcc character'yet andthe jump is unfavourable.
If ve or morebcc-bccbondsareformedthe jump is favourableandit is requiredthat

Uump < 0. Theseconditionscanbemetby selectingoropervaluesfor uy,, U andupg.
By looking atthe numberandtype of thebondsthatarebrokenandformedin ajumpand
in view of the requiremenbf inequality (2.6), rangeswith valid valuesfor u,,, u and
Ups canbeindicated.

With the choseninterfaceorientation,therearefor every shortjump from anfcc to a
bcc site wherefour bcc-beccbondsare formed, seven fcc-fcc bondsbroken (in caseof
along jump a vacang is involved andthesenumberschange).In caseof ve bcc-bcec
bondsformedthereare six broken fcc-fcc bonds(seeappendix2.A for an explanation
of thesenumbers).The changen the numberof mixed (fcc-bcc)bondsdependsn the
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arrangemenaroundthe jumpingatom. Theenegy change Uy, for ajump wherefour
bcc-becbondsareformedis givenby

Usob = 4Upy  7U +  Npmixed Upf; (2.7)

where Nnixed IS thechangen the numberof mixedfcc-bccbonds.As it is demanded
thatfor everyshortjump from fcc to bccwherefour bee-becbondsareformed  Uymp >
0, only the limiting caseof the smallestpossiblevaluefor Uy, becausef N pixed
mustbe considered All bondenegiesarenegative, which makes Uy, minimal when
Nmixed 1S maximal.For thegiveninterfaceorientationthe maximumvaluefor N pixed
is four, which leadsto
Usbb;min = 4Upp /U + 4Upg; (2.8)

for the minimum enegy changefor a jump wherefour bce-beccbondsareformed. By
introducingx = upp=U andusingequation(2.8),therequirement Ugpp.min > 0 canbe
written as

(4x  Tu >  Adugy: (2.9

Becausel,s andu arenegative,it followsthatx < }1. Togethemwith inequality(2.6) the
rangeof valid valuesof x canbeindicatedby

—< X< - (2.10)
Hence,for a chosenvalue of uyy,, the range(2.10) prescribeghe valid valuesfor u .
Furtherrewriting inequality(2.9) as

4 7
4

0> uy > u (2.11)

thevalid valuesfor uys canbe expressedsafunctionof x andu .

For mostsimulationsa valueof -1.04eV wasselectedor uy,. Theenegy of a (bulk)
bccatomis thenapproximatelyequalto that of aniron bccatom. Recognizingrequire-
ment(2.10),for x avalueof 1.7 wasselectedyhich correspondsvithu = 0:610eV.
Next, in view of requiremen{2.11),uy; wassetto -0.0262eV. The maximal(i.e. least
negative) bondenepgieswith randomatoms,u,, andu,;, weresetto valuestwo-thirdsof
Upr (Seetable2.1for thecompletesetof values).

2.3.2 Nucleation

All simulationsstartwith threeplanesof bccatomspresentjmplying that3-dimensional
nucleationis not required. However, becausehe startcon gurationis a at interface,
new bccphasanustnucleaten thefcc planeattheinterface. Thisimplies 2-dimensional
nucleation. The associatedritical nucleussize hasbeendeterminedoy insertingmore
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Tah 2.1: Bond-enegy valuesin eV, u,y is theenegy of abondbetweeranatomonasite
of typex andanatomon asite of typey (bcc,fcc or random).With thevaluesgivenhere,
requirement$2.10)and(2.11)areful lled.

Upb u Upt Urp Uy
-1.04 -0.610 -0.0262 -0.0174 -0.0174

Tah 2.2: Bond-enegy valuesin eV, u,y is the enegy of a bondbetweenan atomon a
site of type x andan atomon a site of typey (bcc, fcc or random). With thesevalues
inequality(2.10)is notful lled.

Upb u Upt Urp Uy
-0.959 -0.295 -0.0131 -0.00872 -0.00872

or lesscircularbcc seedsof differentsizesinto this fcc planeandmeasuringhe enegy
changeasa function of nucleussize. Thensimulationsof lateralgrowth have beenper
formed. The simulationshave beenexecutedapplyingthe bond-enayy valuesfrom table
2.1andatemperatureetto 1771K.

2.3.3 Growth

The rst atomin thefcc planeattheinterfaceto jumpto abccsiteonly formstwo bcc-becce
bonds(seeappendix2.A). Thereforewith thebondenegiesfromtable2.1, Ujymp > 0
is positive andrelatively large. This meanghatthe chancehatsuchajumpis accepteds
verylow (10 18). Evenfor thenext adjacenfcc atomin theinterfaceplaneconsidered
thatjumpsto bccandthattherebyformsthreebcc-bccbonds,the chancefor acceptance
is still low (10 ). Altogether this makesthe chanceof 2-dimensionahucleatiorvery
low andit would take yearsof calculationtime to establisha substantiatransformation.
Therefore simulationshave beenperformedwith the bond-enagy valuesgivenin table
2.2.With thesevalues jumpsfrom fcc to bccwherethreebcc-becchondsareformedhave
anegatve Ump , thisviolatesinequality(2.10). To furtherexaminethein uence of the
fcc-bececenegy difference simulationshave beenperformedfor several (lower) valuesof
Upp, Maintainingthe otherbondenepgy valuesasgivenin table2.2.

For all growth simulationsthe temperaturavassetto 1012K and 10 vacanciesvhere
insertedrandomlyinto thefcc planeattheinterface.Thevacanciesvereinsertedoecause
they have apositivein uence onthegrowth rateaswill becomeclearfrom thediscussion
of theresultsin section2.5.
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Fig. 2.2: Enegy costof building a bcc nucleusin anfcc planeat the bece/fccinterface.
Resultsof calculationswith the bondenepgy valuesgivenin table2.1. The dashedine
representghe (leastsquares)t of eq.(2.12)to the“measured'datapoints.

2.4 Results

2.4.1 Nucleation

The calculatedenegy costof insertinga moreor lesscircular bcc nucleusof heightof

oneatomicplanein thefcc planeat theinterfaceis shavnin g. 2.2asafunctionof the

nucleusradius. The size of the interfaceareaparallelto the original interfacedoesnot

changewhena bccnucleusis insertedin the fcc planeat the interface,alsonot uponits

subsequengrowth. Only the outercircumferenceof the nucleuscontributesto a change
in the total interfacearea. Therefore the enegy changefor the creationof the circular
nucleus, Unyceus, Canbewritten as

Unucleus = r#d U/ + 2 rd ; (2.12)

wherer is thenucleusradius, Uy isthefcc-bccenegy differenceperunit volume, is
theinterfaceenegy perunit areainterfaceandd is the heightof anatomicplane.A t of
eqg.(2.12)to thecalculateddatais shavn tooin g. 2.2 (dashedine). Fromthe t

U/ =( 724 04) 10°J/nt

and
= (45 02)JIn?

areobtained.
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Fig. 2.3: Lateralgrowth of a bcc nucleuswith a startradiusof 10.7 A(273 bce atoms).
Resultof simulationwith thebondenegiesfrom table2.1.

The simulationshave demonstratedhat nucleiwith a radiussmallerthanthe critical
radius( 6:1A) shrinkanddisappeaandthatnucleilarger thanthe critical size grow.
It shouldbe notedthatthis lateralgrowth is irregular (see g. 2.3). Whenvacanciesare
addedn theneighbourhooaf the nucleusthe samekind of irregulargrowth is obsenred
but the growth ratethenis muchhigher(cf. gs. 2.3and2.4). Growth is con ned to the
planein which the nucleuswas createdand no other nuclei form spontaneouslyn the
time of simulation.

2.4.2 Growth

Adoptingthebondenegiesgivenin table2.2,the entiresystemquickly transformscon-
tinuouslyfrom fcc to bcc,asshovnin g. 2.5. Theinsertionof a 2-dimensionahucleus
is not required;the bcc phasegrows spontaneouslyThe transformatiordoesnot result
in a perfectbcc crystal. A single bcc planeafter transformations shovnin g. 2.6.
Theplanecontainsafew defectan theform of atomsplacedon randomsites,sometimes
accompaniedby oneor two atomson fcc sites.

Whenthe fcc-bccenengy differencels loweredby giving up, lessnegative values,the
transformatiorcurve changesigni cantly. For threedifferentvaluesof uy, a partof the
transformatiorcurve is shovnin g. 2.7. At up, = 0:70 eV the growth modeis no
longercontinuous but is of plane-by-planenature. In the continuousgrowth modethe
transformatiortakes placein several planessimulatenously g. 2.8). In the plane-by-
planegrowth mode,a singleplaneis completelytransformedeforebccnucleatesn the
next fcc plane.
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Fig. 2.4: Lateralgrowth of a bce nucleuswith a startradiusof 10.7 A(273 bcc atoms),
with sevenvacanciesn the vicinity of the nucleus. Resultof simulationwith the bond
enepgiesfrom table2.1.
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Fig. 2.5: Numberof transformedlanesasa function of time; resultof simulationusing
thebond-enggiesfrom table2.2.
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Fig. 2.6: A close-upof a singlebcc plane,parallelto the x; y axes,aftertransformation
(simulationwith the bond-enggies from table 2.2). The black atomsare residualfcc
atomsthegrey atomsarebccatomsandtheatomsonrandomsitesarewhite. Atomsthat
seento overlapareplacedabore eachother(i.e. have differentz coordinates).

Number of transformed planes

0 10000 20000 30000 40000 50000 60000 70000 80000
Time step

Fig. 2.7: Numberof transformedlanesasa function of time for threevaluesof uy;, (the
otherbondenepiesareequalto thevaluesgivenin table2.2).
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Fig. 2.8: A continuousficc! bcctransformationn progress.The extra spacebetween
the planesis notreal,it hasbeeninsertedio provide a clearerview. Fccatomsareblack,

bccgrey andrandomatomsarewhite. The arrows indicatespotswherethe bcc phaseas

alreadygrowing in planeB beforeplaneA hasbeentransformedompletely Simulation
with bondenegiesfrom table2.2.

2.5 Discussion

2.5.1 Nucleation

Thevaluesthathave beenfoundfor Uy and canbedirectlyrelatedto thebondenegy
values(from table2.1). Upontransformatiorthe gainin bulk enegy perunit volume of
thenucleusconsidereds

Uv = Nyanst  Ubccifees (2.13)

with Nganst @s the numberof transformedatomsper unit volume of the nucleusand
Upcetee the (bulk) fcc-beccenegy differenceper atom (= %(8ubb 12u )). Fromthe
valueschoserfor the bcc densityandthe bondenegies(cf. section2.3 andtable2.1) it
thusfollows:
Uy = 81 10 J/nt:

Thiscalculatedtheoreticavaluefor Uy agreedairly well with thevalueobtainedrom
the t of eq. (2.12)to the simulateddata: ( 7.4 0:4) 10° J/n?. In the theoretical
calculationa perfectcirculardiscis taken asthe form of the nucleus.However, thereal
form of a nucleuscan be differentbecausat is madeof a discretenumberof atoms,
which causeghe differencebetweenthe measuredsimulated)andtheoreticalvaluesof
thecritical size.
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For atheoreticalpredictionfor the interfaceenegy, the numberof interfaceatomsper
unit interface area,Niaoms, Mustbe known. To this end the numbersof fcc and bcc
atomsadjacento thenucleus-matrixnterfacehave beencountedagainonly theinterface
areaperpendiculato the outercircumferencef the dischasto be considereaf. section
2.4.1). For differentnucleussizesNiaoms 1S NOt constant,but shavs small deviations
from the averagevalue (in the rangeof nucleussizesconsiderechere)which is 3:45
10" atoms/m. Niaxoms CONSsistsout of two parts: fractionsdueto fcc atoms,f ¢, and
dueto bccatoms,f.. Thesefractionsarenot constantut dependon the nucleussize.
Therefore averagevalueswill beusedfor f ;. andf ... Atomsatthedisccircumference
have, in comparisorto the otheratomsin the planeof the disc, dependingon the local
structure,oneor two kin-like bondsreplacedoy mixed (fcc-bcc)bonds. Thus,asa rst
orderapproximation,t is assumedhat for every atomat the disc circumferencepupon
becominga disccircumferenceatom,onekin-lik e bondis replacedy a mixedbond,and

canthenbeassesseds

f_fcc (Ut u )+ f_bcc (Upt  Upp) Wiatoms; (2.14)

With f . = 0:58 .. = 0:42 Nigoms = 3:45 10'° atoms/m andthe bondenegies
fromtable2.1,it thenfollows
= 4:2 JInt:

This valueis closeto the valueobtainedrom the simulations((4:5  0:2) J/n?).

The lateralgrowth of a 2-dimensionahucleusis not smoothandcontinuougqsee gs.
2.3and2.4). Thisre ectsthatanincreasen nucleussizebeyondthecritical sizedoesnot
alwaysleadto anenegy gain,asdemonstratetly theresultsshavnin g. 2.2. Becausef
local variationsof theinterfacestructuretheinterfaceenegy is notconstant Apparently
for certainnucleussizesandshapesthe overall interfaceenegy is thathigh thatfurther
growth againcostsenegy ratherthendeliversenepy, althoughthenucleussizeis already
largerthanthe critical size. This effect canbe ascribedo the limited numberof different
positionsthe atomscantake: the atomscanoccugy randomsites,but it is not guaranteed
thattheserandomsitesare locatedat enegetically favourablepositions. Therefore the
interfaceis unlikely to befully relaxed. This explanationis supportedoy the simulation
with thevacanciesaddedn theneighbourhooof thenucleugcf. g. 2.4). Thevacancies
aredissohed quickly in the interface,therebyproviding extra spaceat the interfaceand
consequentlynorerelaxationpossibilitiesfor the interfaceatoms. This explainsthe ob-
senedhighergrowth rateascomparedo the simulationwithout vacanciegcf. gs. 2.3
and2.4).
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2.5.2 Growth

Spontaneougrowth of the bcc phasewithin practical nite timesof transformationpc-
cursonadoptingthebondenegy valuesfromtable2.2,asshovnin g. 2.5.1t is obsered
that during transformatiornof the rst full ve planes,the transformatiorrateincreases
graduallyto a valuethatremainspracticallyconstanfor the remainingpartof thetrans-
formation. In the last part of the transformationthe rate dropsagainbecausehe total
interfaceareastartsto decreasasthereis no morematerialto transform.Defectscanoc-
curin thetransformedplanes( g. 2.6),in particularfor the rst few transformecdplanes.
Thereforgheseplanescontainafew moreatomsthanthenormaltotal of 3312(cf. section
2.3). This correspondsvith anincreaseof the numberof vacanciesn theuntransformed
partof thesystem.The presencef vacanciesncreaseshe growth rate(cf. discussiorin
section2.5.1),asis obsered( g. 2.5).

Dependingonthevalueof uy, thegrowth modeis eithercontinuougseeqg. 2.7,up, =

0:78eV) or plane-by-plang¢seeg. 2.7,foruy, = 0:70eV).In caseof plane-by-plane
growth it takesa certaintime beforea new bcc nucleusis formedin the next fcc plane
adjacento thetransformatiorfront. After nucleationthefcc planetransformeselatively
fast. In caseof continuousgrowth, no suchnucleationphasecan be distinguished:the
transformatiorfront is a roughinterface(see g. 2.8). Note thatevenin this casethe
product, fcc phaseis contiguous. At an intermediatevalue for u,, (see g. 2.7, for
Upp = 0:74 eV) the growth modeis mixed: for transformatiorof the rst andsecond
fcc planesaclearnucleatiornphasecanbediscernedput thengrowth becomegontinuous
(the stepsin thetransformatiorcurve disappear)Althoughnot clearlyshovnin g. 2.7,
the sameeffectshappendor u,, = 0:70eV afterlongersimulationtimes. Equations
similar to eq. (2.8) canbe written for the enegy changes U,,, and Uz, for jumps
from anfcc siteto bcesiteswith two andthreebccneighboursrespectrely

Uobp = 2Upy U+ 8ugs (215)

and
Uspp = 3Upy  8U + 4ups: (216)

Using egs. (2.15) and (2.16), the jump probabilitiesp, andps for jumpsto siteswith
two andthreebcc neighboursrespectiely, canbe calculatedoy applyingeq. (2.1) asa
function of uyy; theresultsareshovnin g. 2.9. An fcc interfaceatom surroundedy
fcc atomsonly in its own (111) planeandthatjumpsto a bcc positionmakesa p,-jump
(seealsoAppendix2.A). In therange-0.8to -0.7 eV for uyy, po is verylow (seeg. 2.9)
andhenceonly few of thesgumpswill beacceptedAn accepteg,-jumpisthe rst step
of theformationof a newv bccnucleus.If ps is alsovery low thenthis one-atom-nucleus
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Fig. 2.9: The jump probabilitiesp, and ps asa function of uy, (cf. eq. (2.1) andeqgs.
(2.15)and(2.16)),with otherbondenegiesasindicatedin table2.2andat T =1012K.

will quickly dissole becauseno stabilizingextra bcc atomswill attachto it. Thevalue
for ps increasesapidly in the uy, rangefrom -0.8to -0.7 eV andthusat uy, =-0.70eV
theformationof a new bcenucleusis muchmoredif cult thanatuy, =-0.78eV (cf. g.
2.7).

The changeof growth modeuponcontinuedtransformatiorandthe associatedough-
eningof the transformationinterfaceare consequencesf the increasen the numberof
vacanciesn the untransformegblanes(seeabove discussion)the presencef vacancies
makes nucleationeasiey becauseenegetically more favourableatom positionscan be
occupiedseealsosection2.5.1).

Thesurfacerougheningransitionhasbeenobsenedin crystalgrowth simulationswith
temperaturasvariableinsteadof a bondenegy [7,9,11]. Obviously, accordingto eq.
(2.1), a changein p, and ps canbe inducedby a temperaturechangeaswell asby a
changen uy,. Henceasimilar grovth modevariationcanbe causedy bothtemperature
andbondenepgy changes.

2.5.3 Final remarks

Theledgemechanisnhasbeensuggestedsatransformatiormechanisnior themassve
transformatior{2]. With ledgesthereis no needfor 2-dimensionahucleationaslong as
somemechanisnoperateghat makesthe formationor the preseration of ledgespossi-
ble. The simulationswith the laterally growing nucleus( gs. 2.3 and2.4) demonstrate
thatledge-wisggrowth is a possiblemechanismThusplane-by-plangrowth canbe con-



A kMC methodfor the simulation of massie phasetransformations 29

ceived asa form of ledge-wisegrowth, in associatiorwith “spontaneousformation of
new ledges.

With the atomicinteractionmodelusedhere(seesection2.2.1)the enegy of a bond
betweenwo atomsdoesnot dependon the distancebetweernthosetwo atoms.As future
work it is plannedo usea morerealisticatomicinteractionmodelsuchasthe Embedded
Atom Methodpotential[18,19]. This potentialis known to work well for metals gvenfor
the descriptionof defectstructures With the useof sucha potentiala moleculardynam-
ics approachcanthenbe usedto examineseparatelythe activation enepgy for different
(individual) jumps,anaspecthathasthusfar not beentakeninto account.

2.6 Conclusion

For the rst time a massve transformatiorhasbeensimulateddepartingfrom a multi-
lattice basisin a kinetic Monte Carlo approach.An essentiaingredientof the modelis
theincorporatiorof “randomsites”,notbelongingto the productor parentattices.In this
way relevantintermediateatomicpositionsareidenti ed andirregularitiesin the atomic
structureof transformationnterfacescanbe accountedor.

Transformatiormechanismand kinetics can be simulatedfor the massve fcc to bcc
transformatioradoptinga bondcountingmodelfor the calculationof atomicjump prob-
abilities. Startingwith acompletely at initial interface,this modelallows directassess-
mentof thecritical nucleussizeandinterfaceenegy valuesin termsof thebondenegies.

Two differentkinds of transformatiormechanism&anbe identi ed: plane-by-plane
growth in associatiorwith 2-dimensionahucleation,resemblingthe ledgemechanism,
andcontinuouggrowth in associationwith theoccurrencef aroughtransformationnter-
face.Which mechanisns dominant,depend®n thevaluesof thebondenegiesandthe
temperaturelncreasinghe fcc-bccenengy difference(i.e. makingthe enegy difference
morenegative), causeshe growth modeto changerom plane-by-plango continuous.

Thetransformatiordoesnot leadto a perfectbcccrystal. Pointdefectsareformedes-
peciallyin theinitial stageof the transformation.This correspondsvith an increaseof
thevacang concentrationn the untransformegbart of the systemcloseto the interface.
Thesevacanciesn uence theinterfaceenegy andleadto anincreaseof thetransforma-
tion rate.

2.A Calculation of the number of broken and formed bonds

In a bcc (110) planean atom hasfour (nearestneighbours. In the bcce crystalin the
planesabove andbelaw this planetheatomhasanotheitwo neighboursleadingto atotal
of eightneighboursin anfcc (111)planeanatomhassix neighboursandthreein thefcc
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planesabove andbelaw, leadingto atotal of 12 neighboursThe planesneartheinterface
have beenlabeledA, B, C andD. They arestacledin alphabeticabrder A andB arebcc
(110)planesandC andD arefcc (111)planes.Theinterfacelies betweerplaneB andC.

A bccatomin planeB hasfour bcc neighboursn that planeandtwo bcc neighbours
in planeA. The numberof possiblemixedfcc-bccbondswith atomsin planeC turnsout
to be one,two or threedependingn thelocal situation. For anfcc atomin planeC: six
fcc-fcc bondsoccurin planeC, threefcc-fcc bondswith atomsin planeD andone,two
or threemixed fcc-bccbondswith bee planeB. The changen the numberof bondsfor
a jump canbe determinedrom theseconsiderationsFor example,whenanfcc atomin
planeC movesto a bcc site two new bec-becbondsareformed (with atomsin planeB)
andnine fcc-fcc bondsare broken (six with atomsin fcc planeC andthreewith atoms
in fcc planeD). Thesebroken fcc-fcc bondsarereplacedwith bee-fccbonds,the exact
numberdepend®nthelocal arrangement.

Differentexample(cf. section2.3.1). Two bcc atomsin planeC, surroundedy fcc.
If a commonfcc neighbour(in planeC) alsobecomediccthentherearefour new bcc-
bcc bondsformed (two with planeB andtwo with planeC) and seven fcc-fcc bonds
broken (four with planeC andthreewith planeD). Mixedbondsstill dependonthelocal
arrangement.



3. An atomistic analysis of the interface mobility in
a massive transf ormation

C. Bos,F. Sommerand E.J. Mittemeijer

Abstract

A new multi-lattice kinetic Monte Carlo methodhasbeenusedfor an atomisticstudy
ontheinterpretatiorof the interfacemobility parametefor a massve face-centredubic
(fcc) to body-centrectubic (bcc) transformationn a single elementsystem. For lateral
growth of bcein a systemwith an fcc(111)//bcc(110Rnd fec[112)//bec[00]] interface
orientationthe overall activationenepy for theinterfacemobility parameters governed
by enegetically unfavourableatomicjumps. The atomson the fcc lattice often cannot
jump directly to bcc lattice sitesbecauseneighbouringatomsblock the emptybcc sites.
By single unfavourablejumpsandby groupsof unfavourablejumpsa pathfrom fcc to
bccis created.The necessityof theseunfavourablejumpsleadsto an overall activation
enepgy considerablyargerthantheactivationenepgy barrierfor asingleatomicjump.

3.1 Introduction

A typical exampleof interfacecontrolledphasetransformationss the massve transfor
mation. Becausehe massve transformatioris compositionnvariant,the transformation
rateis determinedy processeat theinterfaceandnot by long rangediffusion of arny of
thealloying elementsin apreviouspaper[20] amulti-lattice kinetic Monte Carlo (kMC)
methodwas presentedor the rst time for the atomisticsimulationof massve transfor
mations. In thatwork the focuswason thein uence of the driving force on the growth
mode. Now, this methodhasbeenextendedto studythe so-calledinterfacemobility pa-
rameterfor the face-centreaubic (fcc) to body-centredtubic (bcc) transformationn a
singleelementystem.With the (modi ed) methodpresentedhere time book-keepingis
introducedto enablethe determinatiorof the transformatiorrate. Analysisof thetrans-
formationrateasafunctionof temperaturés requiredto determingheinterfacemobility
parameter
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The interfacemobility relatesthe interfacevelocity with the (occurring)driving force
for thetransformationTheinterfacemobility, M, is generallywritten as[1]

a

M = Mgexp T ;
B

(3.1)

with M asthepre-exponentiafactor G? astheactivationenepgy, kg asthe Boltzmann
constantand T asthe temperature.Many factorsin uence the activation enegy: e.g.
interfacestructure jmpurities. This leadsto variousexpectationvaluesfor the activation
enepgy. Generally the experimentalvaluesfoundfor G2 differ signi cantly from the
expectedvalues[1]. To achieve a betterunderstandingf the atomicprocesseshat de-
termine G2 in massve transformationsthe multi-lattice KMC methodis usedherefor
simulationof theinterfacemovementin a (fcc)/ (bcc)transformation.

This paperdescribeshemodi cationsappliedto theoriginal multi-latticekMC method
(section3.2) neededo extractinterfacedynamicsfrom the simulations. The fcc to bcc
transformationn asingleelemensystems simulatedwith aninitial interfaceorientation
of fcc(111)//bce(110andfec[112]Y// bec[0Al]. Theatomicinteractionsaredescribedy
anearesheighboubondcountingmodel(section3.2.1). With this modelit is possibleto
choosethe bondenepiesin sucha way thateithercontinuousor plane-by-plangrowth
is obtainedasdescribedn Ref.[20].

Eqg. (3.1)is usuallyappliedto casesf continuousgrowth [1]. In the simulationsper
formedin this studythebondenegiesweresetto obtainthe plane-by-plangrowth mode
(cf. section3.3). Whenthetransformatiomateis determinedor lateralgrownth in asingle
planeonly (i.e. parallelto the original interface) this lateralgrowth canbe consideredo
be continuougrowth, althoughthe overallgronth modeis plane-by-planeThe choiceto
studygrowth in asingleplanewasmadebecause¢he simulationof lateral(planar)growth
requiresmuchlesscomputatiortime thanthe simulationof a continuougransformation
of theentirefcc volume.

3.2 Simulation method

Themulti-latticekMC methodasdescribedn [20] allowsthe simulationof aphasédrans-
formationfrom onecrystalstructureto anothey by incorporatingboth crystal structures
aspossiblesitesfor atoms. To allow the atomsat andnearthe moving interfaceto take
intermediatgpositionsbetweenthe lattice sites,a collectionof randomlyplacedsitesis
alsoincluded.Thesentermediatepositionsallow for irregularitiesin theatomicstructure
of transformatiorinterfaces.

L wronglyindicatedasfcc [117] in Ref.[20]
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In theoriginalmethodthechancdor ajump of anatomfrom onesiteto anothersitewas
basedonly on theenegy change U of the systemcauseddy the jump. This cannever
leadto fully correctdynamicq21], becausenly theinitial stateandendstateof ajump
aretaken into account. A classicallyexact descriptionof reactionkineticsis obtained
if the (reaction)rate constantsk, of all possibleprocesse# the systemaretakeninto
account(in the phasetransformationsimulationsthe possibleprocessesire the atomic
jumps)[22].

Eachrate constantshouldbe determinedrom the potentialenegy changealongthe
entire reactionpath from the begin to the end state. Preferably the rate constantsare
calculatedfrom transitionstatetheory but evenwith the simple transitionstatetheory
(STST)approximatioralreadygoodresultscanbe obtained22].

If atagiventime in the simulationthe numberof possiblejumpsin the whole system
IS Njump ,» the next occurringjump is selectedby rst calculatingthe total sum of the
rateconstant; of all possiblegjumpsfor the actualcon guration (i.e. the presensetof

occupiedsites):
Nygmp
Ksum = ki: (3.2)

i=1
andthus1=K g, representtheaveragenumberof jumpsperunit of time. Thenarandom
numberR; betweerzeroandK ¢, is dravn andtheactuallyoccurringjumpis identi ed
asthe rst jump a for which

ki Rl: (33)

As the probability densityof times t betweensuccessie jumpshasan exponential
distribution, thetime spentbeforemakingthe next jump, canbe calculatedwith [23]

t

< In(Ro); (3.4)

whereR, is arandomnumberbetweerzeroandone.

On this basisthe transformationrate ry hasbeenderived from the simulations(in
atoms/sec)The completesimulationalgorithmis givenin Appendix3.A.

3.2.1 Atomic interaction model

For the calculationof the rate constantf the jumpsan atomicinteractionmodelis re-
qguired. Thesamenearesheighboumbondcountingmodelasin [20] is used.In thismodel
abondeneny, u, is ascribedo all possiblecombination®f atompairs(bcc—bccfcc—fec,
fcc—bcec),independendf the distancebetweera pair of two atoms.Theatomsat random
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Fig. 3.1: A possiblevariationin enepgy alongthejump pathfrom stateS; to S,.

sitesbehae asthelattice site mostnearesto them(seetable3.1in section3.3for values
of thebondenegies).
Considerajump takingthe systemfrom stateS, to stateS,. Theenengy differencefor
thisjumpis
U=Us, Us,: (3.5)

Now assumehatthe enegy of the systemalongthe pathof this jump variesasshown in
g. 3.1.Accordingto STST(seefor exampleRef.[24]) therateconstanis givenby

a

k = ; 3.6
0 eXp kB T ’ ( )
with o apre-eponentialfrequeng factorand
E?= Q+ U= Q+ USz US:L: (37)
Obviously, for thejump backfrom S, to S; it holds
E2 = Q: (38)
Hence,n generaktherateconstantanbewritten as
8 0r U
< oex - if( U>0
k=, °TP T (V>0 (3.9)
0€Xp T otherwise

The enegy barrierthatthe atomshave to overcometo go from onesite to anothey ac-
tually dependshroughthe atomicinteractionenegieson the (local) surrounding®f the
jumping atom. In this work Q is a freely adjustablesimulationparameterBy taking Q
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Tah 3.1: Bond-enegy valuesin eV, u,y is theenegy of abondbetweeranatomonasite
of type x andan atomon a site of typey (bcc, fcc or random). With thesevaluea bcc
atomhasthe samebindingenegy asin iron bcc.

Upp u Upt Urp Uyt
-1.04 -0.663 -0.121 -0.0872 -0.0872

equalfor every jump (anddoingthis alsofor () it is possibleto studythe effect of Q on
the transformatiorrate, while keepingthe driving force for the transformatiorconstant.
Thedriving forceis determinedy the valueschoserfor thebondenegiesu.

3.3 Simulation settings

The simulationprogramcontainsa numberof parametershat prevent the atomsfrom
comingunrealisticallycloseto eachother Togethetheseparametersleterminewhether
an empty neighboursite quali es asa valid tamget site for an atomto jump to. These
parameterare:the maximumdistancefor alongjumprnaxump andfor ashortjump rsjz,
the hard spherecorediameterd,s andthe minimum vacang holeradius,r, (seeg. 1
in Ref[20]). Theminimumvacang holeradiusdetermineshe minimumdistanceto the
nearesbccupiedheighboursitea (empty)sitemusthave to beavalid tamgetsitefor along
jump. Thevaluesusedherefor theseparametersire: r maxjump = 1:0257¢, rgj = 0:35p,
dhs = 0:68r, andr,, = 0:85, unlessnotedotherwise(ry is the xcc nearesneighbour
distance).

The selectedbondenegiesfor the bondcountinginteractionmodelaregivenin table
3.1. Theseparticularvaluesresultin a plane-by-planeggrowth mode (seesection3.1
and[20]) with aneffectively impossiblenucleationof bccin anadjacenticc plane. The

-parametethatscaleshe enegy of theatomson randomsites(seeRef[20]) wassetto
0.8. Becausd2-dimensionalhucleationis effectively impossible the startcon guration
must containa bcc seedas showvn in planeB in g. 3.2. The interfaceorientationis
fcc(111)//bee(110andfecc[112)//bec[00L] andthe interfacelies parallelto the xy-plane.
Thefcc andbcccrystalswerecreatedwvith equalplanardensityfor the planesparallelto
theinterface(with bccvolumedensityof 0.10310°° atoms/nd). By choosingequalplanar
densityno vacanciewill be createdor destryed by the transformation.This facilitates
thetransformationFurthermorefor theanalysisof thedataobtainedrom thesimulations
aconstanhumberof vacanciess importantasthevacang contenthasa strongin uence
ontheinterfacemobility (seesection3.4).

2 Thedivision of jumpsin shortandlong jumpsis purelyarti®cial andhasonly beenmadefor computa-
tional ef®cieng/ reason$20].
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P

Fig. 3.2: The startcon guration for the simulations,containingl5 vacanciesThe extra
spacebetweenthe planesis not real, it hasbeeninsertedto provide a clearerview. Fcc
atomsareblack,bccatomsarewnhite. Thewhite arronvsindicatethebccgrowth direction.

The initial interfaceareais 19.4x8.7nm, the numberof atomsper planeis 3312. If
vacanciesvereinsertedn the systenthenthey werecreatedn planeB shovnin g. 3.2
by remaoving fcc atoms.Periodicboundariesvereusedin boththe x directionandthey
direction. This leadsto lateralgrowth of the bccphasen the x direction,asindicatedby
thewhitearrowvsin g. 3.2.

Therandomsitesaredistributedaccordingto a restrictedlyrandomdistribution. First,
the systemis dividedinto smallcubiccellswith asidelengthof 1:4r,. Then,10 random
sitesareinsertednto eachcell accordingto a uniform distribution.

In all simulationsavalueof 10'3 (sec ') wasusedfor .

The driving force for the transformations taken to be temperaturendependent Be-
causethe positionsof the lattice sitesare x ed,temperatur@lsohasnoin uence onthe
geometryof the interfacethroughdensitychanges.The only in uence temperaturdas
is on the transformatiorrate. With the chosenbondenegiesthe temperaturgangethat
canbe usedfor the simulationof lateral growth is very large, up to 10 10° K, because
the chancéor nucleationof becein thefcc planeadjacento theinterface(planeA in g.
3.2)is sosmall. Becauseof computationakf ciency reasongseeAppendix3.B), most
simulationshave beenperformedat highertemperatures.

ThesimulationprogramwasrunonasingleprocessoPC(Pentium4 Xeonat2.8GHz).

3.4 Results

Thetransformatiomaté, r, asafunctionof temperaturavith Q = 1:744eV in asystem

3 An estimatefor the transformatiorrateis determinedby measuringhe time betweern20% and 80%
completionof thetransformatiorof the remainingfcc atomsof planeB in ®g. 3.2into bccatoms.



An atomistic analysisof the interface mobility in a massve transformation 37

le+13 T T T T T T T T T

le+12 E

le+1l E

1le+10 E

le+09 £ E

Tif

1le+08 E

le+07 £ E

le+06 F E

100000

T
1

10000 1 1 1 1 1 1 1 1 1
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

Temperature (K)
Fig. 3.3: Thetransformatiomrateasa function of temperaturdor a systemcontainingl5
vacancieandwith Q = 1:744eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof thetransformatiorsimulation. Thesolidlineisa t of eq.(3.10).

containingl5vacanciegcreatedy removing fcc atomsfrom planeB in g. 3.2)isshavn
in g. 3.3. Thetransformatiomrateis givenby [1]

a

Upee.
T 1 exp ——oofe . (3.10)

T) =
re(T) = Cexp o

with C a pre-ponentialconstantand Uyt the bcc—fccenegy difference(=0.174
eV). To obtainthe overall activation enegy for the mobility, G2, eq.(3.10)hasbeen
tted to thesimulationdaté. Resultingvaluesfor G2 andC are:

G?= 365 0.05eV

and
C = (5:35 0:.02) 10" atoms/sec

Evidently, G? is abouttwice aslarge astheenegy barrierfor asinglejump, Q (=1.744
eV, seeabove). The overall mobility activationenegy, G?, hasalsobeendetermined
for threemoreQ-values.It followedthatthe differencebetweerQ and G? is constant:

G2 canbewrittenas
G*=Q+E, ; (3.11)

whereE, is calledheretheactivationenepy offset.

4 This implies, asusual,that only the internal enegy part of the activation enegy is determinedithe
entropy contrikutionis includedin the pre-exponentiafactor
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Tah 3.2: The actvationenegy offsetE, for variousvaluesfor the minimum vacang
holeradiusr,, andthe numberof vacanciesn thesystem( is thestandarcerrorin E,
asobtainedromthe t procedurd25] andry, is thebccnearesheighbourdistance).

#vac ryh,=r, E,

- eV eV
15 0.85 1.91 0.05
15 0.80 1.13 0.06
15 0.75 0.89 0.05
15 0.70 0.85 0.05
20 0.85 1.56 0.05
25 0.85 1.32 0.06

A singlejump canhave anactvationenegy (E 2) largerthanthe enegy barrier(Q) if

U > 0(eq.(3.9)). Thus,becausd&, > 0, it would follow thatry is controlledby
jumpswith apositve U. Detailedanalysisof the jump possibilitiesof thefcc (parent)
atomsattheinterfacehasshovn thatatany givenmomentmary fcc atomscannojumpto
abcc(product)site, becausall surroundingemptybccsitesareblocked by otheratoms.
Very often one or more unfavourablejumps(i.e. U > 0 (cf. g. 3.1), for exampleto
randomsites)of the surroundingatoms(or the atomitself) areneededo createa "path’
to abccsite. By decreasing,, anemptysiteis morelikely to qualify asa valid target
site. With morevacanciesn the systememptybccsitesarelesslik ely to be blocked by
otheratoms.Thereforepy decreasing,,, and/orincreasinghe numberof vacanciesthe
transformatiorshouldproceedfaster which is con rmed by the correspondingljfower
valuesfoundfor E, asshownin table3.2. Becausesmallerr,, makesit easieto nd a
pathfrom fcc to becfor any positionalongtheentireinterface whereaghetransformation
promotingin uence of vacanciess locally con ned, the effect of a changeof r;, is
strongerthanthe effect of a changeof the numberof vacanciegcf. table3.2).

In a simulationmary atomsat the interface continuouslyjump backandforth. Such
forward-and-backumps do not contritute to the transformation. By removing these
forward-and-backump pairsfrom the jump history, only thosejumpsare selectedhat
actually establishthe transformation. In this way a histogramshaving the numberof
effective jumpsasa functionof U canbemade:seeg. 3.4. E, wasl.56eV (table
3.2) for the settingschosenfor the simulationsgiving the datashovn in g. 3.4. The
histogramshowvs someintensityaroundl.6 eV whichis almostequalto E, . This might
suggesthatthe jumpswith U = 1:56 eV arefor somereasoncritical andtherefore
determineE, . If ratedeterminatiorby single unfavourablejumpswould occuy G2
(eq.(3.11))canbeidenti ed with E2 (eq.(3.7))and U = E, . In thesimulationst is
possibleto selectvely excludeall jumpswithin acertain  U-range. Theresultsof such
simulations,seetable 3.3, shaw thatif all jumpswith U-valuesnearE, (=1.56eV)
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Fig. 3.4: A normalizedhistogramof U-valuesof all effective jumps. The histogramis
anaverageover 10 simulationswith Q = 1:744eV, r,, = 0:85,, T = 6072K and20
vacanciesOnly the effective jumpswith U > 0 areshown.

Tah 3.3: The offsetin the effective actvationenepgy (E, ), for differentrangesof ex-
cluded U-values. Resultsfrom simulationswith Q = 1:744 eV, 20 vacanciesand
rva = 0:85ry,. isthestandarcerrorasobtainedrom the t procedurd25].

Excl. U(eV) E, (V) (eV)
- 1.56 0.05
1.13-1.31 1.95 0.12
1.44-1.70 1.65 0.11
1.74-1.92 1.56 0.11

are excludedthe new activation enegy falls within the excludedrange. The activation
enegy offset changesstronglyif jumpswith U-valuesconsiderablysmallerthanE,
areexcluded. Becausé€, canhave avaluein the middle of theexcluded U-rangeit
becomeglearthatE, cannotbecausedy singleunfavourableumpswith U = 1:56
eV. ThismeanghatE, mustcorrespondo a compositionof a groupof jumps(ajump
seriesill with  U-valueslowerthanE, (for thisreasorE, changesvhenjumpswith
U-values< E, areexcluded,seetable3.3). Thesejump serieshave their own com-
bined, effective activation enepgy, analogougo the overall activation enepgy of a series
of consecutie chemicalreactions. From reactionrate theoryit is known that for such
consecutiereactiongheoverall actvationenepy is thedifferencan enegy betweerthe
enepy of thetop of the highestenegy barrierandthe enegy of theinitial state[26]. If
ajump seriess responsibldor the obsered overall interfacemobility activationenegy,
thenthe enegy variationof the systemalongthe pathfrom fcc to bcc mustcontainmul-
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Fig. 3.5: A possiblevariationon a pathfrom stateS, to the moststablestateS; with

two intermediatestates. The enegy barrierbetweenall states(i.e. for singlejumps)is

constan{Q). Theoverallactivationenegy for thisprocess G? isthedifferencebetween
themaximumenegy level andtheenepy level of thestartstateandE, = U,s+ Uay

(all U-valuesarepositivein this gure).

tiple intermediatestates;see,for example, g. 3.5. Thejumpyield, Yjymp , is thenumber
of transformedatomspersinglejump. In all simulationsYj,m, decreasewith decreasing
temperatur@sshovnin g. 3.6. As explainedin Appendix3.B, Yj;mp canonly decrease
with temperaturdor a processwith atleasttwo intermediatestates.
Thesimulationshave shavn thatajump seriesoftencontaingumpsof different(neigh-
bouring)atoms.Thismeanghattheenepgy of groupsof atomsmustbetrackedduringthe
simulationsto determinethe combinedactivation enegy, but it cannotbe known which
groups.Effectively, this makesit impossibleto determineaxactlywhich  U-valuescom-
bineinto E, . Heretheimportantresultis thatjumpsseriesncorporatinggroupsof atoms
areinvolvedandthatE, is thereforenotdeterminedy singleatomjumps.

3.5 General discussion

Forincoherenboundariesheactivationenepy for diffusionof atomsin grainboundaries
is oftentaken asan estimatefor the activation enegy of theinterfacemobility ( G2 in
eg.(3.1))[1]. However, experimentakesultson interfacemotionin massve transforma-
tionsrevealvaluedor thisactivationenepgy thataresigni cantly largerthantheactivation
enepy for grain-boundangiffusion[27]. Similar resultshave beenobtainedfor bound-
ary motionin graingrowth [1]. Two possibleexplanationshave beenoffered: rstly, the
atomsmay be activatedin groupsratherthan singly [28] or secondly the presenceof
impuritiesor inclusionsin uencesthetemperaturelependencef the growth rate,sothe
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Fig. 3.6: Thejumpyield, Yjump , asafunction of temperaturdor a systemcontainingl5
vacancieandwith Q = 1:744eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof thetransformatiorsimulation.

measure@ctivationenegy is no longerpurelythe activationenegy for boundarymove-
ment[1]. The secondexplanationseemdo be supportedy, alsovery recent,molecular
dynamicssimulationson grain growth in single phasematerials[29—-31]: the activation
enepgy for grain-boundarymigrationin pure metalsas determinedby the simulations
wasfound to be actuallymuchlessthanthe activation enegy obsened experimentally
Strikingly, the activationenegy determinedn thosesimulationss evensmallerthanthe
activationeneqgy for grain-boundaryliffusion.

In the presensimulationsthe enegy barrierfor every jump, Q, is constant.Therefore
the activation enepy for the processof bulk diffusionin the currentmodelis also Q.
Diffusionin theboundarywill mostlikely alsoincludeunfavourableumpsandtherefore
in the presentcasethe activation enegy for boundarydiffusion will be higherthanfor
bulk diffusion. Work is in progresgo incorporaterealisticatomicinteractionpotentials
(suchas provided by the EmbeddedAtom Method[18,19]). With sucha potentialit
shouldbe possibleto includein the simulationsnot only  U-valuesbut also Q-values
that dependon the local surroundingf the jumping atoms. Only with thesevariable
Q-valuesa meaningfulcomparisorof the actvation enegiesfor the interfacemobility,
boundarydiffusionandbulk diffusioncanbe made.

It hasbeensuggestedhatduring grain growth step-wisegrowth occursfor eachgrain
[28], suchthatin eachstepa groupof n atomsof the parentmaterialbecomedisordered
or melt simultaneoushandthentake on the structureof the growing (product)crystal
(with thetotal activationenegy dependenbn n). Althoughthe groupsaresmallandno
meltingor strongdisorderings obsered,the presensimulationshave shovn thatgroups
of atomsareinvolvedin the phasdransformatiorat the transformationnterface.
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The exactvaluefor E, is dif cult to predictfrom the simulationsettings.During the
transformationall alongtheinterface,unfavourablejumpsarerequiredto provide a path
from fcc to bce. The enegy change U associatedvith eachof thesejumpsdepends
on the local surroundings. Along the interfaceand with motion of the interfacethese
local surroundingshangecontinuously This meanghatfor the transformationumpsof
mary different U-values(andcombination®f U-valuesfor jumpseriesjrerequired.
Unlike in mary otherprocesse¢suchasdiffusion)it is not oneandthe same constant,
activationenegy barrierthatis ratelimiting asshown by the large uncertaintyrangesn
g. 3.3andtable3.3.

3.6 Conclusion

By calculatingtheatomicjump ratesonthebasisof simpletransitionstatetheory thenewx
multi-latticekinetic Monte Carloschemeanbe usedfor the simulationof transformation
kineticsin thefcc to becetransformationn a singleelementsystem.

The obsened effective overall activation enegy for the interface mobility parameter
is higherthanthe enepgy barrierfor singleatomicjumps(which wastaken constant).lt
follows that the mobility activation enepgy is determinedoy enegetically unfavourable
jumps. During the transformatiomrmostfcc atomsat the interfacecannotjump directly
to emptybccsitesbecausehe emptybccsitesareblocked by otherneighbouringatoms.
Fromthetemperaturelependencef thejumpyield andfrom simulationsn whicharange
of enegetically unfavourablejumpswasexcludedit canbe concludedthat by seriesof
unfavourablgumpsperformedoy groupsof atomsa pathfrom fcc to beceis createdalbeit
at the costof an effective overall activation enegy for the interfacemobility larger than
theactivationenegy barrierfor asingleatomicjump.

3.A The simulation algorithm

1. Createa list of all interfaceatoms

2. Calculatek for everyvalid jumpof theinterfaceatoms(usingeq.(3.9))
3. CalculateK ¢ (usingeq.(3.2))

4. GeneatearandomnumbemrR 2 [0; K sym)

5. Find thecorrespondingump(eq.(3.3))

6. Lettheatomjump

7. GeneatearandomnumberR; 2 [0; 1)
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8. Increasethesimulationtimeby t ascalculatedwith eq.(3.4)

9. Givetherandomsitesthat haveremainedunoccupiediuring the entire simulation
a new (different)randomposition(this is only doneafter every 50000jumps)[20]

10. Continuewith stepl

3.B  The jump yield

Firstconsideratransformatiorwheretheatomscanonly jump betweertwo statesS; and
S, with Us, < Us, asshovn for examplein g. 3.1. Theratefor thetransformatiorfrom
state? to statel for this two statetransformationy.,, canbe written asthe difference
betweernthe numberof atomsjumpingfrom S, to S; andthe numberof atomsjumping
in the oppositedirection:

ez = NokKar Nk, (3.12)

whereN, is the numberof active atoms in stateS,. Theratesconstantk,, andk,; are
givenby (cf. eq.(3.6)):

Q+ Uy
kio= o€ - = 3.13
12 0 EeXp Ko T ( )
and 0

Koy = oex 3.14
21 0 EXP Ko T ( )

UndertheassumptiomN; = N, = N, r¢., canberewritteninto

Q Uoq
2= oN 1 3.15
M2 oN exp T exp KT ( )

By comparingegs.(3.10))and(3.15))it is seenthatthe overall actvationenegy equals
theheightof theenegy barrier( G? = Q) in thistwo statesituation.

The transformatiorrate givesthe numberof transformedatomsper unit of time. The
jumprater; is thenumberof jumpsperunit of time:

M2 = N(Kp2 + Ka): (3.16)

Theratio of ry andr; de nesthejump yield Y;, the numberof transformedatomsper
jump. For thetwo statesystemit followsfrom egs.(3.12)and(3.16):

reo(T) _ 1 exp k:%l _

ri2(T) 1+ exp e

Y, o(T) = (3.17)

5 Only atomsthatcanactuallymake ajump attempt(active atoms) asatomsat the transformatiorfront,
mustbetakeninto account.



An atomistic analysisof the interface mobility in a massie transformation 44

Q
AG?

5 Us,
Q AUz
|

US3_ ./

US1 _

S1 S2 S3

State
Fig. 3.7: A possibleenegy variationon a pathfrom stateS; (fcc in the simulations)to
themoststablestateS, (bcc)with oneintermediatestates.Theenepgy barrierbetweerall
stategs constan{Q). Theoverallactivationenegy for thisprocess G? isthedifference
betweerthe maximumenepy level andthe enegy level of the startstate.

Evidently, since U,; > 0, thejumpyield decreasewith increasingemperature.

In all simulations G2 wasfoundto be largerthanthe activation enegy barrierfor a
singleatomicjump, Q, andit wasconcludedhatunfavourablejumps,i.e.with U > 0O,
governtheinterfacemobility. If G2 is determinedy single(independentiinfavourable
jumpsthenanatom rst makesonejump to anintermediatestateandthena jump to the
nal (bcc)stateoccurs,asshovn schematicallyin g. 3.7(hence G2 = Q+ Uy).

Thetransformatiomratefor this threestatesystemis givenby

1
;3 = §N2k21 Nikio (3.18)
andthejumprateby
M3 = NiKiz + Na(K21 + Ka3) + N3Ksz! (3.19)

Assumingsteadystateconditions(constamumberof activeatomsin all statespndN; =
N3 = N, thejumpyield followsfrom egs.(3.18)and(3.19):

res(T) . €xp 2% 1

ra(T) 4 1+ exp M

Y, o(T) = (3.20)

AsY; 2, Y, 3 alsodecreasewith increasingemperatureasshovnin g. 3.8.
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0 Temperature ———>

Fig. 3.8: The jump yield for athreestatetransformatiorprocesqY; s, €q.(3.20))anda
four statetransformatiorprocesgY; 4, €q.(3.23)).

Now consideratransformatiorprocesswvith two intermediatestatesasshovn for exam-
plein g. 3.5(here G®= Q+ Uxy+ Us,). Forthisfour statecasetherateequations
are

ltf;4 = %N2k21 N1Kio (3.21)
and
ri;a = Nikip + Np(Ko1 + Koz) + Na(Ksz + Kaa) + Nakas: (3.22)

With Us, < Us, < Us, < Us, andassumingsteadystateconditionsandN; = N3 = N,
thejumpyield follows from egs.(3.21)and(3.22):

M :a(T)

Y 4(T) o a(T) (3.23)
= exp % exp l: 31“_ exp liS% /
Sexp Usl+i:5;+ Uss 4 sexp Uslk;iTZU%
4exp % + Sexp USZ+IZS%+ Us,

Although eq. (3.23) hasbeenexpressedn absoluteenepgy levels U insteadof enegy
differences U, Y;.4(T) doesnotchangenvhenUs,, Us,, Us, andUs, arechangedy the
sameamount.Now, andin contrastith Y; o(T) andY; 5(T), Yj. 4(T) hasamaximumata
certaintemperatur@andbelow thattemperaturéhe jump yield decreasewith decreasing
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temperaturesee g. 3.8. Thisis the samebehaiour asobsenedin the simulations(cf.
g. 3.6)). Howeverthisbehaiour for Y;. 4(T) is only obtainedf Us, < Us,. If Us, > Us,
thenY;. 4(T) will behaesimilarasyY;.3(T) in g. 3.8. Apparentlytheenepgy levelsof the
intermediatestatesmustbe arrangedsuchthat thereis a decreasén enepgy (favourable
singlejump) againsthe directionof thetransformation.

A higherjumpyield meanghatlessjumpsarenecessaryo obtainthe sameamountof
productphase.For this reasonmostsimulationshave beendoneat relatively high tem-

peraturedbecausdessjumps mustbe simulated,which greatly shortenghe calculation
times.



4. Multi-lattice kinetic Monte Carlo simulation of
interphase kinetics for an iron fcc to bcc
transf ormation

C. Bos,F. Sommerand E.J. Mittemeijer
Abstract

Using an embeddecatom methodpotentialfor iron, the kinetics of (lateral) growth
in the massve austenitq ) to ferrite ( ) transformatiorwasanalysedapplyinga newly
developedmulti-lattice kinetic Monte Carlo simulationapproach.On this basis,for the

rst time the variable,individual activation enegy for eachsingle atomic jump could
be accountedor. It wasshown that the transformationis rate controlledby seriesof
enegetically unfavourablejumpsby groupsof atoms,necessaryo createa pathfrom
to attheinterphase.

4.1 Introduction

Massve transformationsand grain growth are typical examplesof thermally activated,
interface controlledsolid statetransformations.Models that describethe resulting mi-
crostructureof theseindustriallyimportantprocessesependon an adequatelescription
of theinterfacemobility. Thetextbookequationfor theinterfacevelocity, v, thatusually
presentsa gooddescriptionof the experimentalobsenations,reads[1] (seealso, gure
4.1):

viT)=M 1 exp (4.1)

G
kT
with

a
kT
with M, a pre-ponentialconstant, G? the activationenegy of theinterfacemobility
M, kg the Boltzmannconstant,T thetemperature@and G the (positive) Gibbsenegy
differencebetweerthe parentand productphase.Oneof the maindif culties in theuse

M = Mgexp

4.2)

of equation(4.1) is to obtainreliabledatafor G?#, especiallyasa functionof interface



Multi-lattice kMC simulation of interphasekinetics ofan Fe to transformation 48

Energy

a State g

Fig.4.1: A possiblevariationin systemenegy onapathfromthe phasdothe phase.

orientation/structureThe backgroundf equation(4.1) is the assumptiorthatthe inter-
facemovesby independenfumpsof atomsacrosghe boundarywhereeachatomhasto
overcomeaneneqgy barrierin thejump. Thus,in a phasdransformatiorfrom thefcc ( )
tothebcc( ) phaseatomgumpingfrom to will experiencealoweractvationenegy
barrierthanatomsjumpingin thereversedirection,asshavnin gure 4.1.

Recently multi-lattice kinetic Monte Carlo [20] simulationsof a massve fcc to bcc
transformatiorin a singleelementsystemhave shovn that G? is determinedoy series
of enepetically unfavourablejumps' performedby groupsof atoms[32]. This means
thatthereareseveralintermediatestatesn the pathfrom to asshavn schematically
in gure 4.2. Theoverallactvationenegy ( G?) is thedifferencebetweerthemaximum
enepy of thesystemandtheenegy of theinitial state(onapathfrom to ). Thegroups
of intermediatgumpsarerequiredbecausgenerallyanfcc atomcannotfump directly to
abccsitebecausehebccsitesareblocked by neighbouringatoms.

In the multi-lattice kinetic Monte Carlosimulationgheatomicjumpratesk, arecalcu-

latedaccordingto 8
< pex e Y jf( U>0
Kk = . 0 p IéBT ( . ) . (43)
0eXp 5§ otherwise

with Q the heightof the enegy barrierof ajump, o a(constant)frequeng factorand
U thechangen systemenepgy causedy thejump consideredTheobseneddifference
betweerQ and G? wasfoundto dependntheopennessf theinterfacestructure.

1 An unfavourablejump implies thatthe enegy of the systemafter the jump is larger than beforethe
jump;i.e.in ®gured4.1ajumpfrom to .
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Fig. 4.2: A possiblevariationin systemenegy onapathfromthe phaseaothe phase
with two intermediatestates.The enegy barrierbetweenrall stateqi.e. for singlejumps)
is constant(Q). The overall activation enepgy for this process G? is the difference
betweerthe maximumenegy level andthe enegy level of the begin state.

In the previous work [20,32] U wascalculatedfor eachjump with a simple bond
countingenegy modelandQ wastaken constantor every jump, which areseveresim-
pli cations. To nd outif the resultsobtainedwith thesesimpli cations are generally
valid, in the currentwork simulationshave beenperformedincorporatingthe embedded
atommethod[18,19] (EAM), a more accurateatomicinteractionmodelthanthe bond
countingmodel,thatallows calculationof U andthe activationenegy barrierQ both
for eachindividual jump, therebyexpressingthe effect of the local surroundingof the
jumpingatoms.

4.2 Simulation method

The multi-lattice KMC methodasdescribedn [20] and[32] allows the simulationof a
phaseransformatiorfrom onecrystalstructureto anothey by incorporatingboth crystal
structuresspossiblesitesfor atoms.To allow theatomsatandnearthe moving interface
to take intermediatepositionsbetweenthe lattice sites,a collection of randomlyplaced
sitesis alsoincluded. Theseintermediatepositionsallow for irregularitiesin the atomic
structureof transformatiorinterfaces.

In the presentvork two typesof simulationshave beenperformed.In the rst typethe
atomicjump rate,k, is calculatedwith a constantenepgy barrierQ (cf. equation(4.3)).
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ThenQ is asimulationparameterTheenegy difference U for eachjumpis calculated
with theJohnson-OHEAM potentialfor iron [33].

Thesecondypeof simulationusesavariableactivationenegy barrierQ for theatomic
jumps, by makingthe activationenepy for eachindividual jump dependenbn the local
surrounding®f thejumpingatom. Thejump rateequationcanbewritten as

Ea

ke T

k= oexp (4.4)
withE2= Q+ Uif U > 0andE? = Q otherwisgcf. equation(4.3)). Foreveryjump
E? is determinedseparatelapplyinga constrainecdtonjugategradientenegy minimiza-
tion methodaspresentedn referencd34]. In this methodthe jumpingatomis pushedn
anumberof smallstepsgrom thestartpositiontowardstheendpositionof theatom. After
every stepthe enepgy of the systemis minimizedby a conjugategradientmethod,i.e. by
a (continuous)adjustmenbf the atomicpositions,underthe constrainthatthe jumping
atomis allowedto move only perpendicularlyo theline dravn from startto endposition.
This calculationcanonly be performedwith anatomicinteractionmodelwhich givesthe
interactionenegy asa continuousfunction of the distancebetweentwo atoms(suchas
anEAM potential).

If every E? would be calculatedasdescribedabove with the constraineatonjugategra-
dientenegy minimizationmethodthecalculationtime for thesimulationsvouldbecome
muchtoo long. Therefore a neuralnetwork [35] wastrainedon the basisof dataof over

ve thousangumpsrigorouslycalculatedwvith the constrainedtonjugategradientenegy
minimizationmethod.Thethustrainedneuralnetwork canbe usedin the simulationsto
calculateE 2 for eachindividualjump. To obtainanaccurateneuralnetwork descriptiorof
E 2 theright setof inputparametermustbeselectedBecausd= 2 is primarily determined
by the surroundingatomsof the jumping atom,the input parametershouldin particular
expressthe role of thesesurroundingatoms. A descriptionthatis accurateenoughand
yet allows fastsimulationis the setof distance®f the 14 neighbouringatomsclosestin
distanceto the straightline drawvn from begin to endpositionof the jumping atom. To-
getherwith thejump distanceandthe systemenegy beforeandafterthejumpthesanput
parametersufce to obtaina neuralnetwork thatdescribed€ @ for eachindividual jump
within ameansquareerrorof lessthantwo percent.

4.3 Simulation setup

Thestartcon guration containeda bccseedor thesimulationof lateralgrownth asshown
in gure 4.3. Theinterfaceorientationis fcc(111)//bcc(110pndfcc[112]//bec[00L] and
the interfacelies parallelto the xy-plane. The fcc and bcc crystalswere createdwith
equalplanardensityfor the planesparallelto the interface (with bcc numberdensityof
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Fig. 4.3: The startcon guration for the simulations,containingl7 vacancies.The extra
spacebetweenthe planesis not real, it hasbeeninsertedto provide a clearerview. Fcc
atomsaredarkgrey, bccatomsarelight grey. The white arrows indicatethe bcc growth
direction.

84.910*" atoms/ni). The numberof atomsperplaneis 3312.If vacanciesvereinserted
in the systemthenthey were createdin planeB shovn in gure 4.3 by removing fcc
atoms. Periodicboundariesvere usedin boththe x directionandthey direction. This
leadsto lateralgrowth of thebccphaséan thex direction,asindicatedby thewhite arrovs
in gure 4.3.

Therandomsitesweredistributedaccordingo arestrictedlyrandomdistribution. First,
the systemwasdividedin small cubic cells with a sidelengthof 1:4ry, (with ry, the bcc
nearesheighbourdistance).Then,N,,, randomsiteswereinsertednto eachcell accord-
ing to auniformdistribution. UnlessnotedotherwiseN,, = 10.

In all simulationsavalueof 10'3 (sec ') wasusedfor .

Thedriving forcefor thetransformations determinedy the(iron) EAM potentialand,
for the chosendensitiesof the fcc andbcc crystals,it i Upeerec =0.03eV. With this
driving forceandthe chosennterfaceorientationthe chanceof bccnucleatingn planeA
(cf. gure 4.3)is extremelysmall(cf. reference[20]). andthereforeonly lateralgrowth
in planeB occurs.Becauséhe positionsof the lattice sitesare x ed,temperaturdnasno
in uence on the geometryof the interfacethroughdensitychanges.The only in uence
temperaturéasis onthetransformatiorrate. For optimalcalculationtime ef ciency [32]
thesimulationswereperformedn atemperaturgangefrom 1250to 4000K.

In the constanenepy barriersimulations(seesections4.2 and4.4.1)avalueof 0.872
eV wasusedfor Q.
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Fig. 4.4: The transformatiorrate asa function of temperaturdor a systemcontaining
17 vacancieandwith Q = 0:872eV. All datapointsrepresenthe averagefrom a min-
imum of 10 repetitionsof the transformationsimulation. The error barsrepresenthe
correspondingtandardieviation. Thesolidlineisa t of equation(4.5).

By calculatingthetransformatiorrater; 2 of simulationsat differenttemperatureghe
overall activation enegy for the interface mobility, G?, canbe found by non-linear
least-squaresting to the obtaineddataof 3

a

KT

1 exp chc;fcc . (4_5)

re (T) = Cexp T

with C a pre-eponentialconstantand Upc.tcc the fcc-bccenegy difference(driving
force,equalto 0.03eV; seeabore andseeequationg4.1)and(4.2)).

4.4 Results

4.4.1 EAM constant- Q simulations

Thetransformatiorrateis shavn asa function of temperaturdor a systemwith 17 va-
canciesn gure 4.4.By tting equation(4.5)to thedata

G? = 1:576 0:006eV

2 An estimatefor the transformatiorrateis determinedoy measuringhe time between20% and 80%
completionof thetransformatiorof theremainingfcc atomsof planeB in ®gure4.3.

3 This implies, asusual, that only the internal enegy part of the actvation enegy is determinedithe
entropy contrikutionis includedin the pre-exponentiafactor
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and
C = (5721 0:006) 10 atoms/sec

have beenobtained. Evidently, G? is abouttwice aslarge asthe enegy barrierfor a
singlejump, Q (=0.872eV). This alreadyshavsthat G? is controlledby unfavourable
jumps( U > 0, cf. equation(4.3)). If it is onetype of unfavourablejump thatis rate
limiting it shouldbe possibleto write G2 as

G*= Q+ Uy (4.6)

where Uy, isthe U of theratelimiting jump. If equation(4.6) holdsthen U, =
G? Q= 0:704eV. Excludingall jumpswith U betweer0.63and0.78eV from the
simulationsa new overall activationenegy

&c = 1:63 0:03eV

excl —

hasbeenfound. With equation(4.6)thisgives U, = 0:76 eV whichfalls within theex-
cluded U-range.Thereforejt mustbeconcludedhatinterpretatiorof the valuesfound
for G? onthebasisof equation(4.6)is invalid andthat G? is determinedoy multi-
ple unfavourablejumps,i.e. by groupsof unfavourablejumpsasshovn schematicallyn
gure 4.2.

Thejumpyield Y is de ned asthenumberof transformedfcc to bcc)atomsperatomic
jump. It canbe shovn thatY asafunction of temperatureanonly have a maximumat
T 6 O0if the processhasmultiple intermediatestateswhereat leasttwo of the enegy
levelsof theintermediatestatesnustbe arrangeduchthattheir enegy level increasesn
thedirectionof the transformation(i.e. Us, Us, > 0in gure 4.2; seealso gure B2
in [32]). Thejump yield asa function of temperaturdor a systemwith 17 vacanciess
shavnin gure 4.5. Thejumpyield hasanmaximumatT 6 0. Hence G?isdetermined
by groupsof unfavourablejumps.

In the simulationwith the bondcountinginteractionmodelit wasfoundthatthediffer-
encebetween G2 andQ is stronglyin uenced by the interfacestructure[32]. If more
vacanciesreaddedo the systentheinterfacestructurewill becomanoreopen(because
the vacancieglissole at the interface),which shouldleadto a smaller G?2. In gure
4.6 G? is shovn asafunctionof the numberof vacanciesn thesystem.Indeed, G*?
decreasewith anincreasinghumberof vacancies.

As notedin sectionst.2and4.3the systemalsocontainsa setof randomlyplacedsites.
Therole of theserandomsitesis to allow the atomsto take intermediatepositionsat the
transformatiorfront. The seriesof unfavourablejumpsby groupsof atomsarerequired
becausehe emptybcc sitesare often blocked by neighbouringatomswhich meanshat
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Fig.4.5: Thejumpyield asafunctionof temperaturéor asystencontainingl7 vacancies
andwith Q = 0:872eV. All datapointsrepresenthe averagefrom a minimum of 10
repetitionsof the transformatiorsimulation. The error barsrepresenthe corresponding
standardeviation.
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Fig. 4.6: The overall interface mobility activation enegy as a function of the number
of vacanciesn the system(simulationswith Q = 0:872eV). The error barsshav the

standarcerrorasobtainedrom the t procedure.
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Fig. 4.7: Thetransformatiomrateasa function of temperaturdor a systemcontainingl?7
vacanciesand with neuralnetwork calculatedE #-values. All datapointsrepresenthe
averagefrom a minimum of 10 repetitionsof the transformatiorsimulation. The error
barsrepresenthe correspondingtandarddeviation. The solid line is a t of equation
(4.5).

most fcc atomscannotjump directly to a bcc site. Or in differentwords: the groups
of jumpsprovide a pathfrom fcc to bcc. If morerandomsitesare availableit is easier
for the atomsto nd a pathto bccand G2 decreasegcon rmed by simulationswith

differentvaluesfor N,a,). However, whentoo muchrandomsitesareaddedo thesystem
the relative chancefor a jump to a randomsite ascomparedo a jump to a lattice site
becomesso large that all calculationtime is spendon jumpsto andfrom randomsites
insteadof onjumpsthatcouldeffectuatethetransformation.

4.4.2 EAM variable-Q simulations

Thetransformatiorrateasa function of temperaturdor a systemwith 17 vacanciesand
with E? (cf. equation(4.4)) calculatedwith thetrainedneuralnetwork is shovnin gure
4.7.Froma t of equation(4.5)

G2 = 0:99 0:02eV

hasbeenobtainedfor the overall interface mobility activationenegy, G2, of these
neural network simulations. By ltering out all back-and-forthumps from the jump
history only thosejumpsthat actually effectuatethe transformationcan be selected. A
histogramthatshavs how oftenjumpswith aspeci ¢ E? occurin this groupof effective
jumpsis shovnin gure 4.8. It followsthatthereis only avery minimalfractionof jumps
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Fig.4.8: Thedistributionof E 2-valuesof theeffective, singlejumpsrecordedor asystem

containingl?7 vacanciest atemperaturef 2530K.

with E? = GZ,. Excludingall jumpswith E? in therangeof 0.91-1.12eV leadsto a
new overall actvationenegy, G

a .
nn;excl-

a = 1:.00 0:.02eV:

nn;excl —

This value for the effective mobility activation enegy is in the middle of the excluded
rangeof activation enegy valuesfor single jumps, leadingto the conclusionthat the
variableE? simulationsalso demonstratehat G2 is determinedby groupsof jumps
(by the sameline of reasoningasin section4.4.1). Also, the jump yield asa function
of temperatureshavn in gure 4.9, againhasa maximumat T 6 0, supportingthe
conclusionthat G2 is determinedy groupsof jumps.

Finally, for simulationswith differentnumbersof vacanciesn the systemthe same
trendasin gure 4.6is obsered;i.e. G? decreasewith increasingzacang content.

4.5 Discussion

All obsenationsmadewith the original bond-countingvith constantQ simulationshave
beencon rmed for boththe EAM with constaniQ andthe EAM with variableQ simu-
lations. Apparentlyequation(4.1) remainsa very good approximationfor the transfor
mationrateregardlesf the exactshapeof the enepgy variationalongthe pathfrom to

aslong G? is takenasthe differencebetweenthe highestenegy level andthe start
level enegy alongthatpath. For example,no signi cant changeof theinterfacevelocity
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Fig.4.9: Thejumpyield asafunctionof temperaturéor asystencontainingl7 vacancies
andwith neuralnetwork calculatede #-values.All datapointsrepresentheaveragefrom
a minimum of 10 repetitionsof the transformatiorsimulation. The error barsrepresent
the correspondingtandardieviation.

occursf theenepgy barrierbetweerstateS; andstate in gure 4.2is muchsmallerthan
Q.

The introductionof the EAM based variable,neuralnetwork calculatedsingle jump
activationenepiesis animportantstepforwardin applyingthemulti-latticekineticMonte
Carlomethodasa quantatve method.With the neuralnetwork approachit is possibleto
use even more accurateinteratomicpotentials,becausehe enegy barriersfor only a
limited numberof jumps(hereabout5000jumps)have to be calculatedo obtainthedata
to train theneuralnetwork.

4.6 Conclusion

The resultsof the simulationsperformedherefor the massve (fcc) to (bcc) phase
transformatiorfully supportconclusiondravn on the basisof the previous simulations
with a constantsinglejump activation enegy barrieranda bond-countingatomicinter-
actionmodel;i.e. for both the embeddedatommethod(EAM) with constantactivation
enepgy barrierandthe EAM with neuralnetwork calculated variablesingle jump acti-
vation enegy simulations the overall interfacemobility activationenegy is determined
by seriesof unfavourablejumpsby groupsof atoms.Thesegroupsof jumpsarerequired
to createa pathfrom fcc to bcc asmostfcc atomscannotjump directly to bec sitesbe-
causethey areblocked by neighbouringatoms.A moreopeninterfacestructureleadsto
asmalleroverallinterfacemobility activationenegy.
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5. Atomistic Simulations of Interface Contr olled
Phase Transf ormations

C. Bos,F. Sommerand E.J. Mittemeijer

Abstract

A multi-latticekinetic Monte Carlomethodhasbeenusedfor anatomisticstudyon mov-

ing interfacesin interface-controlledphasetransformations.Dependingon the driving

force of thetransformatiora continuousor a plane-by-plandateralgrowth modeoccurs.
In caseof plane-by-plangrowth 2-dimensionahucleationis requiredto accomplishthe
transformation.To studythe activationenegy of the interfacemobility for anfcc to bcc
massve transformationn asingleelementystemJateralgrowth modesimulationshave

beenperformed.Seriesof unfavourableatomicjumpscontrolthetransformatiornratebe-
causeatomson the fcc lattice in generalcannotjump directly to bcc lattice sitessince
neighbouringatomsblock the emptybcc sites. The magnitudeof the differencebetween
themobility activationenegy andtheactivationenepy for diffusionis determinedy the
interfacestructure.

5.1 Introduction

A typical exampleof aninterfacecontrolledphasdransformations themassve transfor
mation. Therateof transformationn amassvetransformations determinedy processes
attheinterface. In mary iron-basedlloys the austenite, , to ferrite, , transformation
is of massve nature. Recently the massve transformatiorhasreceved muchrenaved
attention[2, 14,36,37]. The mechanisnof the transformations atopic of active discus-
sion[16]. Mostexperimentaldatawerecollectedafterthetransformatiorwascompleted.
Dataon theinterfacestructureobtainedduringthetransformatiorwould greatlyenhance
theunderstandingf thetransformatiormechanismbut suchdataarescarcq3, 16].

MoleculardynamicgdMD) simulationswvould allow the studyof thestructureof amov-
ing interfacein full atomicdetail, assimulationsof the martensitictransformatiornave
showvn [4—6]. Recently MD simulationshave alsobeenusedin the simulationof elasti-
cally drivenmigrationof at grainboundarie$31,38].
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Unfortunately the timescalerequiredfor the simulationof massve transformationss
generallytoo demandingcomputationally In MD simulationsthe full continuoudrajec-
toriesof theatomsaredescribedTo enhancehetimescaleghatcanbe simulatedkinetic
Monte Carlo (kMC) simulationscanbe made.However, thenthe possibleatompositions
arerestrictedto a setof discretesites. The movementof the atomsis in this casetreated
asastochastigrocess.

Monte Carlomethodshave beenemployedsuccessfullyn simulatingsolid-vapourand
solid-liquid transformationg7-11]. Unfortunatelythesemethodscannotbe applieddi-
rectly to solid-statetransformationshecausea descriptionof a solid-statetransformation
requiresatleasttwo lattices.

The recentlyintroducedmulti-lattice kinetic Monte Carlo (kMC) method[20] for the
simulationof a solid-statephasetransformatiorfrom onecrystalstructureto anotherin-
corporatedoth crystalstructuresaspossiblesitesfor atoms. To allow the atomsat and
nearthe moving interfaceto take intermediatgoositionsbetweenthe lattice sites,a col-
lection of randomlyplacedsitescanalsobe included. These randomsites' allow for
irregularitiesin the atomicstructureof transformatiorinterfaces.Dependingon the driv-
ing force for the transformatiorand on the mobility of the atomsat the interface,these
intermediatesitescanbe esssentiaio thetransformation.

In this work resultsof the simulationof an fcc to bce transformationn a single ele-
mentsystemare presented Both the activation enegy of the interfacemobility andthe
in uence of thedriving force on the growth modehave beeninvestigated.

5.2 Simulation Method
Thetextbookequationfor theinterfacevelocity, v, readq1]

v=M 1 exp

- (5.1)

with

a
kg T
whereMy is a pre-exponentialfactor G2 is the activation enegy of the interfacemo-

M = Mgexp

(5.2)

bility, kg is the Boltzmannconstant,T is thetemperatureand G is the Gibbsenegy
differencebetweenthe parentand productphases.Eq. (5.1) is basedon the assumption
thatthe interfacemovesby (with respecto time andspace)ndependenthermallyacti-
vatedjumpsacrossthe interface,wherethe atomsjumping from the parentphaseto the
productphaseexperiencean effective enegy barrierof G2 andatomsjumpingin the
reversedirectionexperienceaneffective enegy barrierof G2+ G.
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Multi-lattice kMC allows the atomisticsimulationof interfacecontrolledtransforma-
tionsbasedon the sameassumptionsi,e. the interfacemovesby independenthermally
activatedatomicjumps.

In the multi-lattice kKMC methodasemployed herethe jumprate,k, is calculatedrom
simpletransitionstatetheory(seefor exampleRef. [24]) with

Ea

T : (5.3)

k= oexp

with ( apre-eponentialfactorandE? the activationenegy for the jump. In thekMC
methoda jump is selectedat randombasedon the relative chanceof eachjump!. Let
K sum bethesumof the jump ratesof all possiblgumpsin the system,

Kam= ki (5.4)

whereNj,mp isthetotalnumberof possiblgumps. Theaveragenumberof jumpsperunit
of timeis givenby 1=Kg,,,. Now, arandomnumberR; betweerzeroandK g, is dravn
andtheactuallyoccurringjumpis identi ed asthe rst jump a for which

ki Rl: (55)

Thetime t betweersuccessie jumpscanbe calculatedwith [23]

1

t
K sum

In(R,); (5.6)

whereR, is arandomnumberbetweerzeroandone.

For the calculationof E2 in Eq. (5.3) it is hereassumedhatevery jump hasthe same
enepy barrierQ, asshavn for a jump from positionA to positionB in Figure5.1. This
meanghatEq. (5.3) canberewritten as

8
< gexp XY if(U>0
k= o Ter T U200 (5.7)
0€Xp = otherwise

where U is thepotentialenegy changeof the systemcausedy thejump.

For the calculationof U anatomicinteractionmodelis required. In this work two
differentmodelshave beenused: an embeddedcitom method(EAM) potential[18,19]
anda bond-countingnodel (asdescribedn Ref. [20]). In the bondcountingmodelall
possiblebondshave beengivena x ed enepgy regardlessof the distancebetweentwo

1 SeeRef.[32] for afull descriptionof thesimulationalgorithm
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State

Fig. 5.1: Thevariationin enegy alongthe atomicjump pathfrom positionA to position
B andvice versa.

atoms.In totalthereare vedifferentbondenegies:uy, for abce-becbond,u for afcc-
fcc bond,uys for amixedbcc-fccbond,u,s for abondbetweenanfcc atomandanatom
onarandomsiteandu,, for abondbetweeranbccatomandanatomon arandomsite.
The EAM potentialgivesmuchmorerealisticinteractionenegies,but the bondcounting
modelhasthe advantagehatthedriving force( Upccfec = %(8ubb 12u )) andbcc-fce
interfaceenepgy canbe choseralmostarbitrarily.

5.3 Simulation settings

Besideghetemperaturethe constanenegy barrier(Q), the densitiesof the crystallat-
tices,the numberof randomsitesin the systemthe interfaceorientationandthe number
of vacanciesn the system the simulationswith the bondcountingmodel,ascompared
with the EAM model, have oneimportantextra parameterthe hard corediametey dys,
which preventsatomsfrom overlapping. Further for simulationsusingthe bond count-
ing modeltwo moreparametermustbespeci ed: themaximumdistancedor alongjump
I'maxjump andfor ashortjumprg;. Thesewo parametersainly in uence thecomputation
efciency of the simulation,asdescribedn Ref. [20]. Hererg = 0:15rp, dys = 0:65,
andr,, = 0:75, have beenused(r,, is thebccnearesheighbourdistance).

For the EAM potentialthe Johnson-OH33] potentialfor iron wasused. The three
differentsetsof bondenegies(setsA, B andC) thatwereusedaregivenin Table5.1.
Thesedifferentsetswereusedto vary thedriving forcefor thetransformatiorandto vary
thebcc-fccinterfaceeneny.

To studythe interfacemobility activationenegy anfcc(111)//bcc(110yvith fcc[112]//
bce[0dl] interfacewas created with for bcc the equilibrium (iron) densityandfor fcc



Atomistic simulations of interface controlled phasetransformations 63

Tah 5.1: Bond-enegy valuesin eV, u,y is theenegy of abondbetweeranatomonasite
of typex andanatomon a site of typey (bcc,fcc or random).

Setname| Uy u Upf Urp Uit
A -1.15 -0.663 -0.121 -0.0872 -0.0872
B -1.18 -0.663 -0.567 -0.0872 -0.0872
C -1.22 -0.663 -0.567 -0.0872 -0.0872

Fig. 5.2: A typical fcc(111)//bcc(110Wwith fcc[112])// bec[0A] con guration. The extra
spacebetweerthe planesis notreal; it hasbeeninsertedto provide a clearerview. Bcc
atomsare dark, fcc atomsarelight gray Periodicboundariesvereusedin the x andy
directions.

a densitywas chosensuchthat the fcc(111) and bcc(110) planeshave the sameplane
density A typical con guration is shovn in Figure5.2. For the simulationof lateral
growth of abccseedasin planeB of Figure5.2,the EAM potentialwasused.

To studythe 2-dimensionahucleationbehaiour the samesystemwas usedbut now
with the bond countinginteractionmodel. Besidesthe fcc(111)//bcc(110)nterfaceori-
entation,anfcc(252)//bcc(110yvith fcc[520]//bec[l00] interfacewasalsoused.Because
with this orientationequalplanedensitycannotbe created(asfcc (252) is not a closed
pacled plane),this systemwas createdwith almostequaldensitiesfor fcc andbcc (fcc
densitywasslightly smallerthanthe bccdensity).By keepingthe numberof fcc andbcc
sitesin the simulationvolumeequalevery fcc atomcanin principle nd abccsite.

Therandomsitesweredistributedaccordingo arestrictedlyrandomdistribution. First,
the systemwasdividedin smallcubic cellswith a sidelengthof 1:4r,. Then,N,, ran-
dom siteswereinsertedinto eachcell accordingto a uniform distribution. Unlessnoted
otherwiseN 4, = 10.

In all simulationsa value of 10'3 (sec !) wasusedfor (. The default value for Q
is 0.872eV. Most simulationswere done at temperaturegsround2500 K. This is for
computationakf ciency reasonsasexplainedin Ref.[32].
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Fig. 5.3: Growth curvesfor four differentsimulationsystems.Systemsl, 2 and 3 have
anfcc(111)//bcc(110andsystemd hasanfcc(252)//becc(110)nterfaceorientation. For
systemsl and4 thebondenegiesfrom setA, for system?2 the bondenegiesfrom setB
andfor system3 thebondenegiesfrom setC (seeTable5.1) wereused.All simulations
pertainto T = 2275K andwerecarriedoutwith N, = 0.

5.4 Results

5.4.1 Nucleation behaviour

The growth curvesof four differentsystemsareshown in Figure5.3. Systemsl, 2 and
3 have the samefcc(111)//bce(110)nterfaceorientationbut pertainto differentsetsof
bondenenqies.

With bondenegy setA, i.e. systeml, (seeTable5.1) bccis notableto nucleatan new
planes(for examplein planeA from Figure5.2), only the arti cially insertedbcc seed
grows andthenthe transformatiorstops. With bondenegy setB, i.e. system2, which
meansa higherdriving force and a lower interfaceenegy (seeTable5.1), bccis able
to nucleatein new planesanda plane-by-planegrowth modeis obsered. For an even
strongerdriving force,bondenegy setC (system3), the continuousgrowth modeis ob-
sened,whichmeandhatthetransformatiortakesplacein severalplanessimultaneously
As opposedo systeml, for system4 with anfcc(252)//bcc(110)nterface orientation
nucleatiorandgrowth with bondenepgy setA is possible.
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Fig. 5.4: Thetransformatiorrateasa function of temperaturdor a systemcontainingl5
vacancieandwith Q = 0:872eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof the transformatiorsimulation. Thesolidlineisa t of Eq.(5.8).

5.4.2 Interface mobility activation energy

Normally, the interfacevelocity, v is measuredat a numberof differenttemperatures
andthen the interface mobility actvation enegy, G? is found by tting Eqgns.(5.1)
and(5.2). In the simulationsthe interfaceareais constantwhich meansthatinsteadof

v, the transformatiorrate, ry (in atoms/sec)canalsobe usedto determine G2. The
transformatiorrateis givenby

a

kKT

chc;fcc

ra(T) = Cexp les

1 exp (5.8)

wherethe entrogy partof the driving force hasbeentakeninto the pre-exponentialcon-
stantC and G (cf. Eq. (5.1)) hasbeenreplacedwith the fcc-bcc enepgy difference,
chc;fcc-
Thetransformatiomate® asa functionof temperaturés shavn in Figure5.4 (for lateral
growth in a fcc(111)//bcc(110pystemusingthe EAM potential). By non-linearleast
squarestting of Eq. (5.8)to thesimulationdata(with  Upccfec = 0:03eV)

G? = 1.576 0:006eV

2 An estimatefor the transformatiorrateis determinedby measuringhe time betweern20% and 80%
completionof thetransformatiorof the remainingfcc atomsof planeB in ®g. 5.2into bccatoms.
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is found. Thevalueobtainedfor G? is almosttwice aslarge asthe valueusedfor the
singleatomicjump enegy barriet Q (seeEq. (5.7)andFigure5.1).

Simulationswith differentvaluesfor Q have shavn thatthe differencebetween G2
andQ is constant. This differenceis called herethe enegy offsetE, , which canbe
written as

Eo = G* Q: (5.9)

Becausd&, > 0, it alreadyfollowsthatthetransformations controlledby enegetically
unfavourablejumps( U > 0, seeEq. (5.7)). It could bethatonesingletype of jumps
is ratedetermining,which would meanthatE, = U;. HereE, = 0:704eV. For
simulationswhereall jumpswith U 2 (0:628;0:776) (in eV) were excluded,a new
E& of 0:76 0:03eV wasfound.Becausd & 2 (0:628;0:776)it follows that

Eo 6 Ucrit ;

Hence,thereis no singlecritical jump. It mustbe concludedhatthe interfacemobility
activationenepy is determinedy a seriesof jumps,i.e.

E, = U; (510)

whereN is thenumberof intermediatgumps. Theexactsizeof N is unknavn, but from
thevalueof E, andtypical U valuesN is expectedo have avalueof 4 or 5.

The seriesof unfavourablejumps performedby groupsof atomsarerequiredbecause
mostfcc atomsat the interfacecannotdirectly jump to a bcclattice site becauseall sur
roundingemptybccsitesareblocked by neighbouringfcc) atoms(by overlap).Only by
a complex multiple jump mechanisntanevery fcc atom nd a placeon the bcclattice.
On a local scalethis meansthat the interfacewill often stopfor a while (or evenmove
backwards)andthensuddenlymove forwardoneor moreatomrows.

If thereis moreroom at the interface, the rearrangemenprocessshouldbe easierto
accomplish.This hasindeedbeenobsenedin our work for systemswith differentnum-
bersof vacanciegcreatedoy removing atomsfrom planeB in Figure5.2). Indeed, G?
decreasewith increasingvacang content.

5.5 Discussion

Although bothinterfaceorientationsconsideredn this work (fcc(111)//bcc(110andfcc
(252)//bcc(110)areincoherentthe disorderat the interfaceis larger for the fcc(252)//
bce(110)rientation.This explainswhy the (2-dimensionalhucleatiorof new becplanes
is mucheasielin thefcc(252)//bcc(110pystem(cf. systeml vs. systemd in Figure5.3).
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Fig.5.5: A possiblevariationonapathfromfcc to bec(right to left) with two intermediate

states.The enepy barrierbetweenall stateqi.e. for singlejumps)is constan{Q). The

overall activation enepy for this process G? is the differencebetweenthe maximum

enepgy level andthe enegy level of the startstateandthusE, = Ux+ Uz (@ll
U-valuesarepositive in this Figure).

In the fcc(111)//bcc(110pystemthe grovth modedependson the driving force and
the bce-fecinterfaceenegy. With a high driving force and a low interfaceenegy, the
enegy gainupontransformations solarge thatthe costin enegy on formationof a 2-
dimensionabccnucleuss norealbarrierfor nucleation.A moremoderatedriving force
leadsto a plane-by-planggronth mode. Which meansthat growth is muchfasterthan
nucleation put nucleationcanstill occur With anevensmallerdriving force,the growth
modeparallelsthewell known ledge-wisegronth mechanisnandanexternalmechanism
is requiredfor theformationof new ledges.

Because G? is determinedby seriesof unfavourablejumps by groupsof atomsit
followsthattherearemultiple intermediatestateson the pathfrom fcc to bce,asschemat-
ically shavnin Figure5.5. Onthebasisof Figure5.5anexactexpressiorfor theinterface
velocity canbe found (adoptingthe steadystateconstraint).If Upee < Ugee < Us < Usg,

G? is givenby (cf. Eq.(5.1)):

X
Ga = Q + Ui = Q + U23 + U3;fcc: (5-11)
i

If U3 < U, (asin Figure5.5)Eq. (5.1)is only avery goodapproximationbut holdsover
alargetemperatureange)[32].
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As a rst estimationfor G® grainboundarydiffusionactvationenegies, G§,, are
oftenused[1]. However, experimentshave shavn that G2 is oftenlargerthan Gg,
[27]. This differenceis attributedto solutedrag effects[1]. In the simulationsystem
usedhere the activationenegy for volumediffusion GY is alwaysequalto Q because

U = 0 for bulk diffusionjumps. In reality G}, is smallerthan GY becausghe
activationenegiesfor theatomicjumpsin thegrainboundaryarelower. However, in the
simulationghe activationenegy for ary jumpis alwaysatleastQ. Becausenary jumps
in the boundarywill have U > 0, G§, will belargerthanQ. To be ableto really
compare G2, % and GP from simulations,all theseactivation enegies should
be determinedwith a variable(for every jump separatelycalculated)Q. Thiswork is in

progress.

5.6 Conclusion

The growth modedependson the atomicinteractionenepgies, i.e. the driving force and
interfaceenegy, andon the interfaceorientation. With the sameatomicinteractionset-
tings, bccwill not growv unlessan external nucleationmechanisnis operatve (compa-
rableto ledge-wisegrowth) with anfcc(111)//bce(110andfcc[112)//bcc[00]] interface
orientation,whereasa systemwith anfcc(252)//bcc(110)with fcc[520]//bec[l00] inter-
faceorientationwill grow by (2-dimensionalnucleationof newv bcc(110)planes. This
canbeattributedto the moredisorderedstructureof thefcc(252)//bcc(110)nterface.By
increasinghe driving force for the transformatiora plane-by-plangrownth modeis ob-
tained: growth is muchfasterthennucleation but nucleationcanoccur The continuous
growth modecanbe obtainedby furtherincreasinghedriving force. Thennucleationis
nolongeranobstacleandgrowth takesplacein severalplanessimultaneously

Becausethe mobility activation enepgy is determinedby enegetically unfavourable
jumps, the obsened effective interfacemobility activationenegy is higherthanthe en-
ergy barrierfor single atomicjumps. During the transformatiormostfcc atomsat the
interfacecannotump directly to emptybccsitesbecause¢he emptybccsitesareblocked
by other neighbouringatoms. Simulationswherejumpswithin a certainenegy range
wereexcludedhave shavn that seriesof unfavourablejumpsby groupsof atomsarere-
quiredfor fcc atomsto nd apathto thebcclattice.



6. An atomistic study on the activ ation enthalpies
for interface mobility and boundar y diffusion in a
massive transf ormation

C. Bos,F. Sommerand E.J. Mittemeijer

Abstract

In the multi-lattice kinetic Monte Carlo simulationof the fcc to beetransformationn
iron, theatomscantake positiononthesitesof thecrystallatticesandonanumberof sites
randomlydispersedver the systemto allow for irregularitiesin the atomicstructureof
transformationnterfaces.Lateralgrowth simulationswith aninitial interfaceorientation
of fcc(111)//bece(110)nd fec[112)//bec[00D], provided dataon the activation enthaly
for the interfacemobility andthe migrationactivation enthalfy for boundarydiffusion.
Theresultsobtainedallow a critical appraisabf rulesof thumbproposecearlierfor the
relationbetweertheactivationenthalpiegor interfacemobility, grain-boundargiffusion
andvolumediffusion. In particularit is shavn that,dependingon the interfacestructure
the interface migration activation enthalfy canbe larger or smallerthanthe migration
activationenthalyy for boundarydiffusion.

6.1 Introduction

Themassvetransformations atypical exampleof aninterfacecontrolledphaseransfor
mation. In the descriptionof the kineticsof thesetransformationghe interfacemobility,
M, is oneof thekey quantities.M , is generallywritten as[1]

a

ke T

M = Mgexp (6.1)
with M asthepre-exponentiaffactor H? astheactivationenthaly (theentroyy partis
containedn M), kg asthe BoltzmannconstanandT asthetemperatureTheinterface
mobility isassumedo bedeterminedy themobility of theatomsattheinterphasdound-
ary andthereforeit is usuallyclaimedthatthe activationenthalyy for grain-boundarglif-
fusion, HZg, wouldbeagoodestimatefor H @ for incoherentnterfaceq1]. However,
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experimentakesults[27,39] shav thaton averagevaluesfor H 2 arein betweertheac-
tivation enthalfy for boundarydiffusion and the activation enthaly for bulk diffusion,

HD:

HgB 12
2 —:= 6.2
H? 2’3 (6.2)
and Ha )
—: 6.3
HD 3 (6.3)

Recently multi-lattice kinetic Monte Carlo (kMC) atomisticsimulationshave shovn
thatthe activationenthalfy for theinterfacemobility canbe considerablyargerthanthe
activation enthaly for a singlejump at the boundary: H? is determinedoy seriesof
enepetically unfavourablejumps performedby groupsof atomsratherthan by single
atomicjumps[32,40]. A method,basedon a neuralnetwork description,that allows
thetime ef cient calculationof jump speci ¢ actvationenegies,E 2, wasintroducedin
Ref. [40]. Accordingto this methodthe activation enegy for a jump canbe calculated
dependenonthelocal surrounding®f thejumpingatom.

The purposeof thiswork is to determineboth  H2; and H 2 from simulationswith
thesevariable,jump speci ¢ E2-values.Thena valid comparisorof thesetwo activation
enthalpiecanbe made.

Lateralgrowth of the (bcc) productphasein a (fcc) to  (bcc) transformationn
asingleelementsystem(iron) is simulatedwith aninitial interfaceorientationgivenby
fcc(111)//bece(110pndfec[112]//bec[00I]. With this setupthe temperaturelependence
of boththeinterfacemobility andthe boundaryself diffusionhave beenexamined.

6.2 Simulation method and settings

Themulti-latticekMC methodasdescribedn Refs.[20] and[40] allowsthesimulationof
aphasdransformatiorirom onecrystalstructureto anotherby incorporatingoothcrystal
structuresas possiblesitesfor the atoms. To allow the atomsat and nearthe moving
interfaceto take intermediatgositionsbetweerthe lattice sites,a collectionof randomly
placedsitesis alsoincluded. Theseintermediatepositionsallow for irregularitiesin the
atomicstructureof transformationnterfaceq20].

Thetransformations simulatedby letting the atomsat the interfacejump to a neigh-
bouringemptysite. Thejump rateconstantk, is calculatedoy

a

ke T

k= oexp (6.4)

whereE 2 is calculatedusingaconstraineadonjugategradientenegy minimizationmethod
aspresentedn Ref.[34]. To reducethe calculationtime of the simulationsa neuralnet-
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Fig. 6.1: A typical startcon guration for the simulations. The extra spacebetweenthe
planesis notreal;it hasbeeninsertedto provide a clearerview. Fccatomsarelight grey,
bccatomsaredark.

work is trainedwith datafrom over tenthousandgumps. The trainedneuralnetwork is
thenusedin the simulationsto calculateE? (with a meansquareerror of lessthan 2
percent).

Thestartcon gurationinvolvesabccseedor thesimulationof lateralgrowth in atomic
planeB for the structureshavn in Fig. 6.1.

Thefcc andbcccrystalswerecreatedvith equalplanardensityfor theplanesparallelto
theinterface(with bccnumberdensityof 84.9 10?7 atoms/ni). If vacanciesvereinserted
in the systenmthenthey werecreatedn planeB showvn in Fig. 6.1 by removing fcc atoms.
Periodicboundariesvereusedin boththex andy directions.

Therandomsitesweredistributedaccordingo arestrictedlyrandomdistribution. First,
the systemwasdividedin small cubic cellswith a sidelengthof 1:4ry, (with ry the bcc
nearesheighbourdistance).Then,N,, randomsiteswereinsertednto eachcell accord-
ing to auniformdistribution.

In all simulationsa valueof 10'® (sec ') wasusedfor  (cf. Eg.(6.4)). The atomic
interactionenegies were calculatedusing the Johnson-Otembeddecitom methodpo-
tentialfor iron [33].

With thesesimulationsettingshefollowing analysesveremade:

Theinterfacemobility activationenthalyy (heredenotedcas H?2*, i.e.with anad-
ditional superscripts'; cf. Eq. (6.1), to signify thatit is the activationenthalyy as
determinedrom the simulations,seealsosection6.4) was determinedby a non-
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linearleastsquarest to the obtaineddatafor thetransformatiorrate,r X, accord-
ing to [32]:
a,s

KT

chc;f cc

T) = -
ra(T) = Cexp pdee

1 exp (6.5)

whereC is a pre-ponentialconstantand  Upcctcc (=0.03eV) is thefcc-beccen-
engy difference.

The activation enthalfy for vacang migrationin boundaryself diffusion, HZgg,
was obtainedfrom the determinationof meansquareatomdisplacement$MSD)
[41] in asystemwith acompletely at interface(i.e. nobccseedn planeB of Fig.
6.1)with asinglevacang attheinterface(i.e.in planeB of Fig. 6.1). Thesummed
squareatomdisplacemen{SSD)is givenby

Nes
SSD;ito) = (rj(t+to) rj(to)*; (6.6)
j=1
wheret istime,Ngg isthenumberof atomsattheboundaryatomswith neighbours
of bothfcc andbcctype)andr; is the positionof atomj . If a representshe slope
of aSSDvs.time plotthen H{; canbefoundbya t of

m
|_|GB.

I =C°
n(a =C KeT

(6.7)

with C%asa constantfo the datafor a obtainedat severaltemperaturesT .

For ef ciency reasonall simulationswereperformedn thetemperatureangeof 2000
to 3200K (seealsoAppendixB of Ref.[32]).

6.3 Results

Theresultsobtainedor H?2#°and HZy for differentvaluesof N, areshovnin Table
6.1. Thebcchbulk diffusionmigrationactvationenthaly, H.?', (whichis E? from Eq.
(6.4)for avacang jumpin the bulk) wasfoundto be

Hy = 1:34eV:

1 An estimatefor the transformatiorrateis determinedby measuringhe time between20% and 80%
completionof thetransformatiorof theremainingfcc atomsin planeB asshowvn in Fig. 6.1.
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Tah 6.1: Interfacemobility (  H #°) andboundaryself diffusion( H J5) migrationac-
tivationenthalpiedor differentnumbersof randomsitesin the system( is the standard
errorasobtainedrom the t procedurg25]).

Nran H&s Has H CTB HZ
- [ @) (V) (eV) (eV)
0 1.14 0.06 1.46  0.02
4 106 006 137 0.03
8 1.04 0.05 145 0.11
15 | 098 0.03 080 0.12

6.4 Discussion

Usually, theactivationenthalpy for theinterfacemobility (  H ?) is comparedo the acti-
vationenthally for boundaryselfdiffusion( H 2g) and/orvolumeselfdiffusion( HY),
wherefor incoherentoundaries H? is expectedto be approximatelyequalto HZg,
ratherthanequalto HJY [1].

The activation enthalpy for self diffusioncanbe conceved ascomposef a partdue
to migration(of a vacang) anda partdueto the formationof avacanyg [39]. Thusfor
boundarydiffusion

Hs = HT + Hge; (6.8)

with HgB asthevacang formationenthaly atthe boundaryandfor volumediffusion
HY = HI+ H{; (6.9)

with H\f, asthe bulk vacang formationenthaly. Normally, sucha split is not made
for H?2. For reasonghatwill be explainedbelow, herea comparisonis now madeof
the migrationactivation enthalpiedor volumediffusion( H\') andboundarydiffusion
( H{gg) andtheactvationenthalyy for boundarymobility ( H #°), asthey wereobtained
from the simulations.

For all valuesof N5, H?® is smallerthan H{' (Table6.1). Only for the largest
valueof N4n(=15) H?2®islargerthan H gy for theothervaluesof N, (=0,4 and8)

HZg islargerthan H?#® (and,even, H{).

To interprettheseresultsit is remarled that the activation enegy for an atomicjump
(E?2 cf. EqQ.(6.4)) canbewritten as

E2= U+ Q; (6.10)

where U is the changein systemenegy causeddy the jump andQ is the enegy bar
rier (see gure 6.2). For bulk vacang diffusion U = 0 andQ always hasthe same
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Fig. 6.2: For anatomicjump from positionA to B the changen systemenegy caused
by thejump, U, is shavn togetherwith the changein systemenegy during the jump
giving theenegy barrierpart, Q, of theactivationenegy.

value (herel.34 eV, seesection6.3). For jumpsat the boundary U will generallybe
differentfrom zero,becausenostatompositionsat the boundaryhave differentbinding
enegies. Thusvacanciesttheboundarycanbetrappedn enepgetically favourableposi-
tions(meaningthatanunfavourable( U > 0) atomjump mustbe madefor thevacang
to escape).At the boundaryQ canbe aslarge or smallerasin the bulk, but not larger.
A “vacang trap' atthe boundarywherea positve U-valueis pairedwith areasonably
large Q-valuecanexplainwhy HJ&; canbelargerthan H\' (againnote: actvation
enthalpiegor migrationof avacany arecomparedere).For relatively large numbersof
randomsitestheserapsarelesslik ely to occur becauseherewill bemorejump possibil-
ities, whichincreaseshechancehatajumpwith eitherasmaller U or smallerQ-value
canbe found to escapehe trap. Accordingly HZg becomesmallerthan H\' for
largevaluesof N,4,, asobsened.

For themovementf theinterface(duringthetransformatiorfrom fcc to bcc)anumber
of dif cult jumpscouldberequiredat a certainpartof the interfaceandthis would slow
down theinterfacemovement(locally). In themeantimerelatively easyjumpsin aneigh-
bouring part of the interfacecould changethe structurein sucha way that the dif cult
jumpsin the rst mentionedpart of the interfaceareno longernecessaryVisualization
of the movementof the atomsduring the transformatiorfor the simulationsperformed
in this work, hasindeedshown that oftena small part of the interfaceis not moving un-
til a transformationin a neighbouringpart of the interfacetakes placetherebyallowing
easieratomjumpsat (the edgesof) the (previously) immobile part. This meanghatthe
transformatiorcantake placeby relatively easyjumpsonly, explaining why, evenwith
low valuesfor Ny, H?®® is alwayssmallerthan H\''. In Refs.[32,40] it wasshavn
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Fig. 6.3: A possiblevariationin systemenegy onapathfromthe phaseaothe phase
(right to left) with two intermediatestates.For comparisorthe sizeof the enegy barrier
for migrationin volumevacang diffusion, Q.sc, hasalsobeenindicated. Q4. is larger
thantheinterfacemobility actvationenthalyy, H 5.

that H?2° is notdeterminedy singlejumpsbut by seriesof enepgetically unfavourable
jumpsperformedby groupsof atoms. Then,theresult H#% < H{, impliesthatall
thejumpsin the seriesof unfavourablejumpshave signi cantly lower Q-valuesthanthe
Q-valuefor volumediffusion,asshovn schematicallyn gure 6.3.

Simulationswith differentvacanyg contenthave shavn thatwith morefreespacgmore
vacanciespt the interface,a pathfrom fcc to bccis easierfound, leadingto higherin-
terfacemobilities[32,40]. Vacanciegarti cially) insertedin the simulationsystemwill
oftenbe ‘smearedut' overtheinterface. The seriesof unfavourableatomjumpscanbe
seemasrearrangementsf thelocally availablefreespaceo thenecessaryolumesand/or
(continuous)shapesf free spaceto enablejumpsfrom fcc to bcc. Therefore, H?2®
canbesaidto containa ‘formation' enthalfy partof anappropriatevzolumeof free space
(probablyup to the size of the atomicvolume). This “formation’ part of the activation
enthaly mustnot be confusedwith a contribtution of formationenthalfy to the activation
enthalpy for theinterfacemobility dueto the possibletemperaturelependencef thethe
amountof free space(vacang content),which latter contribution doesnot occurin the
currentsimulationsbecaus¢heamountof freespaces keptconstananddetermineanly
by the (chosen)nitial simulationcon guration (theinterfaceorientationandthe number
of (arti cial) vacanciedn the system). If, in nature,the intrinsic (con guration deter
mined)amountof freespacads sufcient theactivationenthaly for theinterfacemobility
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H2 will begivenby H 23, If thisintrinsicamountof freespacas insufcient, thenthe
effect of thermalactivation of the amountof free space(vacanciespecomessigni cant
andthus H{g mustbeincludedin  H&s to obtain H2. Thisis thereasorthatin the
above discussion H #* wasdirectly comparedo the migration activationenthalpiedor
boundaryandbulk diffusion. It hasbeenshavn by simulationsthat, H#*° dependsn
the (constantj.e. temperaturéndependenthumberof vacanciesn the systen40]. This
indicatesthat H?2 cannotbe written asa simple sumof constantcontritutions H2*®
and H{g (asin Eqns.(6.8)and(6.9)).

For differentinterfaceorientationsthe amountof intrinsic free space(seeabove) will
be different. The simulationsreportedhere,were all performedwith a relatively high
vacang concentratiof Preliminary simulationswith lessvacanciessuggestthat, for
the currentinterfaceorientationwherethe closestpaclked planesin  (fcc) and (bcc)
areparallelat theinterface,it is very probablethatthe amountof intrinsic free spaceis
insufcient to inducethetransformation.

The vacang formationenthalfy will be higherin the bulk thanat the interface[42].
Thereby in particularfor the highest(andthereforemostrealistic®) numberof random
sitesin the system(N,, = 15, seeTable6.1) HZ; cansatisfy the rangeof values
indicatedby Eq. (6.2).

Now, in orderto compare H?, Hg; and HJ therearetwo possibilities.Depend-
ing on the amountof intrinsic free spaceat the interface,either (i) a vacang formation
enthally mustbe addedto H 5 to obtain H?2, or (ii) a vacang formationenthaly
mustnotbeaddedto H*° to obtain H? (seeabove). In the rst casethetotal com-
binedinterface mobility activation enthalyy ( H?2) will belargerthan HZ; (seeTa-
ble 6.1 for the mostrealisti¢, high numberof N,,, (=15) andwhereit is assumedhat

HgB and H?2° canbesimply addedto get H?; seethe discussionabore), which
is in agreementvith experimentalobsenationsindicatedby Eq. (6.3). In the second
case, H3< HZ;, whichresultagreesvith moleculardynamicssimulationson grain-
boundarymigrationandself diffusionin copper{38].

6.5 Conclusion

Simulationswith variable, surroundingsspeci c, activation enegies for atomic jumps
have shavn that the (migration partsof the) activation enthalpiesfor interface mobil-

2 The bce nucleusinsertedin planeB of ®gure 6.1 doesnot ®t perfectlyin the surroundingfcc matrix,
whichmeanghatlessbccatomsareinsertedhanfcc atomsareremoved. Thenumberof vacanciesreated
in the remainingfcc partof planeB in this way is relatively large (comparablédo the equilibriumvacang
concentratiorat a (virtual) temperaturef 2200K).

3 In reality, atomsat the interfacecantake ary positionandare not limited to a ®xed setof possible
sites. Thereforea high numberof randomsitesin the systemprovidesa betterapproximationof reality.
The numberof randomsitesthat canbe includedin the simulationsis limited by the available computer
hardware.
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ity andfor boundaryself-diffusion dependon the numberof randomsitesin the system
(whichallow for irregularitiesin the atomicstructureof interfaces).

Becaus¢hechangean systemenegy canbenon-zerdor atomicjumpsin theboundary
asopposedo atomicjumpsin the bulk, the migrationactivation enthalfy for boundary
diffusion canbe larger thanthe migrationactivation enthalyy for bulk diffusion,in par
ticular if the numberof randomsitesin the systemis low. The chancethata relatvely
easyjump is availablefor a vacang at the interfacebecomedarge with a high number
of randomsitesin the systemandthenthe migration activation enthalyy for boundary
diffusionis lower thanthe migrationactivationenthalyy for bulk diffusion.

The ‘migration’ activationenthalyy for theinterfacemobility, asdeterminedor a case
of largeamountof intrinsic free spaceattheinterface,is alwayslower thanthe migration
activationenthaly for bulk diffusion,andis higherthanthe migrationactivationenthalyy
for boundanydiffusionprovidedthe numberof randomsitesin the systemis high (which
is themostrealisticcase).

Dependenbntheamountof intrinsic freespaceattheinterface theactivationenthaly
for the interfacemobility canor cannotcontaina contritution dueto the formationen-
thalpy of avacang in theinterface.Onthatbasisthe activationenthalpy for theinterface
mobility canbeeitherlargeror smallerthanthetotal (= migration+ formation)activation
enthalyy for grain-boundaryiffusion.
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7. Zusammenfassung

7.1 Einfihrung

Fureinegrenz chen-kontrolliertePhasenumandlungwird die Umwandlungsgeschwin-
digkeitvon ProzesseanderGrenz che bestimmt.Die massve Umwandlungist einty-
pischesBeispielfur einegrenz chen-kontrollierte Phasenumandlung.Einesdertech-
nologischwichtigstenBeispieleist die Austenitzu Ferrit Umwandlung,die in Eisenlie-
gerungeralsmassve Umwandlungauftreterkann.

In letzter Zeit hat die massve Umwandlungerneutviel Aufmerksamleit erhalten[2,
14,15], wobeiinsbesonderder Mechanismusler Umwandlungdiskutiert[16] wird. Die
verfugbarerexperimentellerErgebnissesind gréf3tenteilerstnachderUmwandlungge-
messenworden.Um den Mechanismugier Umwandlungbesserzu verstehenwerden
Informationenzur Grenz chenstrukturbendtigt,die w hrend der Umwandlunggemes-
senwerden Hierzugibt esnur wenigeexperimentelleErgebnissg3, 16].

Die Anwendungder “moleculardynamic” (MD) Methodezur Untersuchungler mar
tensitischerumwandlunghatgezeigt,dalBMD Simulationergeeignesindum die Struk-
tur einer sich bevegendenGrenz che auf atomarerEbenezu untersucheri4—6]. Seit
kurzemwerdenMD Simulationenauchzur Untersuchungler BewegungebeneiGrenz-

chen w hrend desKornwachstumsn Kristallenbenutz{31,38].

Die ZeitdauereinermassvenUmwandlungist jedochgenerellzu langum mit derMD
Methodesimuliertzuwerden.In MD Simulationenverdendie Atombevegungerkonti-
nuierlichbeschriebeJm die Zeitdauerzuverl ngern,die simuliertwerderkann,kénnen
Berechnungemit der“kinetic Monte Carlo” (kMC) Methodedurchgefiihriverden Hier
sind die moglichenPositionender Atome auf diskrete(*Gitter”) Pl tze beschr nkt,und
die Bewegungder Atomeverl uft Gberstochastisch8priinge.

Monte CarloMethodensindbishererfolgreichzur Simulationvon FestkdrpeiGasund
FestkorpesfFlissigleit Umwandlungereingesetzivorden[7-9,11] . Hierbeiwird aber
nur von einemKristallgitter fir moglichePositionender Atome ausggangenFUr Fest-
korperFestkorpetJmwandlungenst eserforderlich,dafl3die Atome Positionerauf min-
destengzwei Gitter einnehmerkdnnen,hierzuist in dieserArbeit eine* multi-lattice ki-
neticMonteCarlo” (mlkMC) Methodeentwickelt worden.
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DieseArbeit beschreibdie neuentwickelte mkMC Methodesowie ihre Anwendung
zur UntersuchunglermassvenUmwandlungvon einemkubisch chenzentrierten(fcc)
Gitter zu einemkubischraumzentrierterfbcc) Gitter fur einreinesMetall (Eisen).

7.2 Die multi-lattice kinetic Monte Carlo Methode

Um ein Mehrphasensysteu beschreibenverdenin der mlkMC Methodegleichzeitig
unterschiedlich&itter alsmoglichePlI tze fur die AtomeverwendetZu jedergegebenen
Zeit ist nur ein Teil der Gitterpositionenbesetzt.Die Umwandlungwird durch Atom-
sprungevon besetzterzu unbesetztel tze simuliert. Um esden Atomenan und nahe
dersichbewvegendenGrenz che zuermdéglicherPositionerewischendenGitterpl tzen
einzunehmenwird eine Anordnungzuf Ilig ausgev hlter Pl tze in dasSimulationssy-
stemaufgenommerDieseZwischenpl tzelasserdasAuftretenvon Unregelm Rigkeiten
in der AtomstrukturderGrenz che zu.

In dieserArbeit werdenzwei unterschiedlich&imulationsalgorithmemerwendetim
erstenAlgorithmuswird ein Atom an der Grenz che zuf llig ausgev hit. Dannwird
einbenachbartdeererPlatzzuf llig alsseinZielplatzausgev hit. Der Sprungchancep,

wird berechnemnit
o exp kB—U

S
1+exp or

; (7.1)

wobei U die Enegie nderungdurchdenSprung,T die Temperatuundkg die Boltz-
mannKonstantast. Indemmanp mit einerzuf llig gew hlten Zahl zwischennull und
einsvermleicht, wird der Sprungentwederangenommeioder zuriickgaviesen.Bei die-
semAlgorithmuswird die Zeit in Monte-CarloSchrittenausgedriickt.

Im zweiten Algorithmus wird die Summeder Rate, k, jedesmdglichenSprungsim
Systemerrechnemit

Nygm
Ksum = Ki: (7.2)
i=1
Als n chsteswird derersteSprung,a, mit
xa
ki R (7.3)

ausge hit, wobeiR; einezuf llig gew hlte Zahlzwischemull undeinsist.
Mit diesemAlgorithmuskanndie Zeit zwischendenSpriingen, t, berechnetverden
mit
1
Ksum

wobeiR; einezweitezuf llig gew hlte Zahlzwischemull undeinsist.

t =

In(Ry); (7.4)
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Fig. 7.1: SchematischA&nderungder Enegie entlangdesPfadeseinesAtomsprungs/on
PlatzA zuPlatzB.

Die Sprungratewird mit Hilfe der“simple transitionstatetheory” (s. z.B. Ref. [24])

berechnemit .

KeT
wobei ¢ einkonstantepr exponentiellefFaktorund E 2 die Aktivierungsenegie fur den
Sprungist.

k= oexp (7.5)

Zur Berechnungrom E2 in Gleichung(7.5) gibt eszwei Méglichkeiten.Einmalwird
angenommendal3jeder Sprungdie gleiche EnegiebarriereQ aufweist,(s. Abbildung
7.1).Damitegibt sichftir Gleichung(7.5)

8
< osexp LY falls( U>0
k=, °OF T ( ) (7.6)
0 exp KT sonst

E?2 kannauchfir jeden Sprungbestimmtwerden.Dazuwird dasspringendeAtom
in kleinen Schrittenin Richtungdes Zielplatzesbewegt. Nach jedem Schritt wird die
Enepgie desSystemanmit einer“constrainedconjugategradient” (CCG) Methodemini-
malisiert.E? ist danndie DifferenzzwischenderhdchsterauftretenderEnegie undder
Ausgangsengie desSystems.

Zur Berechnungron U wird ein Modell fir die atomareNechselirkungenbendétigt.
In dieserArbeit werdenzwei Modelle benutzt:ein einfachesBindungsmodellund das
“embeddedatom method” [18,19] (EAM) Potential.Im Bindungsmodellwird fir alle
Bindungereinekonstantéenegie unabh ngigvonderEntfernungzwischendenAtomen
angenommenin der SimulationeinerPhasenumandlungvon fcc zur bccgibt esinsge-
samtfinf unterschiedlich®indungsenegien: uy, flr einebcc-beeBindung,u  fir eine
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fcc-fee Bindung,uy flr einegemischtebcc-fccBindung,uys fir eineBindungzwischen
einemfcc Atom und einemAtom auf einemzuf lligen Platzund uy, fir eine Bindung
zwischeneinembcc Atom undeinemAtom aufeinemzuf lligen Platz.

DasBindungsmodelhatdenVorteil, daf3die Triebkraftfir die Umwandlung( Upccfec
= %(8ubb 12u ))unddieGrenz chenenegiefastbeliebiggew hit werderkénnenDas
EAM Potentialerzeugdageenrealistischer&Vertefur die Wechselirkungsenegie.

Die CCG Methodezur Minimalisierungder Systemengyie, notwendigzur Bestim-
mungvon E2, kannnichtin Kombinationmit demBindungsmodelbenutztwerden.Die
Berechnungron E? ist sehrrechenaufwendigind kanndeshalbnicht direkt in der Si-
mulationangevendetwerdenohnezu unakzeptabelangenRechenzeiterzu fihren.Es
ist abermoglich ein neuralesNetz mit Datenvon einigenzehntausen&pringereu trai-
nieren(die mit der CCG Methodezur Minimalisierungder Systemengjie ausgerechnet
werdenkdnnen).Mit dem trainiertenneuralenNetz kannE2 w hrend einer Simulati-
on fir jedenSprungeinzelnausgerechnewerden.Das neuraleNetz bendtigtfolgende
Eingabe-Rrameterdie Systemengjie vor und nachdem Sprung,die Sprungl ngenso-
wie die Abst nde von 14 Nachbarndie der Linie zwischenStart-und Zielpositiondes
springendestomsamn chstenliegen.Mit diesenParameterrkannE @ mit einermittle-
renAbweichungkleinerals zwei Prozenterechnetverden.

7.3 Simulationssz enarien

Die Mehrheitder Simulationenwurdemit dergleichenfcc(111)//bcc(110undfcc[112)//
bce[0Q] Grenz chenorientierungausgefiihrtEs werdendie Grenz chen einesreinen
Metallsbetrachtetwobeidiefcc (111)unddie bcc(110)Ebenerdie gleicheFl chedichte
habenEinetypischeAusgangskn guration zeigtAbbildung7.2.
EswurdenSimulationerezur UntersuchungdolgenderPh nomendurchgefuhrt:

Wachstumsverhalten DerEin uf3 dergew hiten Bindungsenagie-Werteaufdas
Wachstumserhaltenwvurdeuntersucht.

Keimbildung Daszwei-dimensional&eimbildungserhalterderbccPhasevurdedurch
die Bildung von kreisformigenKeimenin EbeneB (s. Abbildung 7.2) untersucht.
Die Simulationenwvurdenmit demeinfachenBindungsmodelturchgefihrt.

Grenz achenmobilitét Um die Aktivierungsenagie der Grenz chenmobilitt zu un-
tersuchenwurdenSimulationerdeslateraleWachtstumsoneinemKeimin Ebene
B (s. Abbildung 7.2) mit demzweitenAlgoritmus ausgefihrtDie Enegieberech-
nungenwurdensovohl mit dem einfachenBindungsmodellals auch mit einem
Eisen-EAM-Potential33] durchgefiihrtEswurdensownvohl Simulationemmit kon-
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Fig. 7.2: Eine typischefcc(111)//bcc(110Kon guration. Der zus tzliche Abstandzwi-
schendenEbenendientnur der Veranschaulichungcc Atome sind dunkel eingezeich-
net,fcc Atome grau.Fur die x undy RichtungenwurdenperiodischeRandbedingungen
verwendet.

stantemQ-Wert, als auchmit Q-Werten,die fur einzelneAtom-Spriingemit dem
neuralerNetzberechnetvurden,durchgefihrt.

Grenz achendiffusion Um die AktivierungsenagiederGrenz chenselbstdifusionzu
untersuchenwurdedie BewegungeinerLeerstellein EbeneB (s. Abbildung 7.2,
aberohnebccKeim) mit demzweitenAlgoritmussimuliert.Die Enegieberechnun-
genwurdenmit der Eisen-EAM-Potentiatlurchgefuhrt Es wurdenSimulationen
mit Q-Werten,die flr einzelneAtom-Spriingemit dem neuralenNetz berechnet
wurden,durchgefinhrt.

In fastallen Simulationssystemesind zuf llig ausgev hite Pl tze aufgenommenvor-
den,die nacheinerbegrenztzuf lligen Verteilunghinzugefiigtwurden.Hierzuwird zu-
erstdasSystemin kleine kubischeZellen mit einerL nge von 1:4r, aufgeteilt(ry, ist der
n chsteNachbarmbstandim bccGitter) unddannwerdendie Zellennacheinerstetigen
Gleichwerteilungmit zuf lligen Pl tze gefuillt.

7.4 Ergebnisse

7.4.1 Wachstumsverhalten

In Simulationenmit dem einfachemBindungsmodellwird die Triebkraft fir die Um-
wandlungdurchdie Differenzder Bindungsenagie einerbcc-bccund einerfcc-fcc Bin-
dung bestimmt.Fur Simulationen,die mit einerebenenGrenz che anfangen(s. Ab-
bildung 7.2) wurdenzwei unterschiedlich&VachstumsgrhaltenbeobachtetBei grof3er
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Fig. 7.3: Die drei Umwandlungskuren zeigen,wie der Wachtstumsmodusich mit ab-
nehmendebcc-bceBindungsenagie ndert.

Triebkraftverl uft dasWachstunkontinuierlichunddie Grenz che erstrecktsich Giber
mehrereatomareEbenen(bei Wachstumshginn parallel zur Grenz che). Bei niedri-
ger Triebkraft ndert sichdasWachtstumsegrhalten Zuerstwird eine Ebenevollst ndig

umgeavandeltbevor die Umwandlungin dern chstenEbeneanf ngt. Bei diesemwWachs-
tums\erhaltenist die zweidimensional&eimbildungvon bccin dern chstenfcc Ebene
(wie z.B.in EbeneC, s. Abbildung 7.2) schwierigey sodal3eine Wartezeitzwischender
UmwandlungeinzelnerEbenenvorliegt (s. Abbildung7.3).

7.4.2 Keimbildung

Abbildung 7.4 zeigt die Anderungder Systemengjie wennkreisformigebcc Keimeun-
terschiedlicheiGro3ein EbeneB in Abbildung 7.2 eingesetztverden.Der kritischer
Keimsradiug | sst sichausder U(r) Abh ngigkeit (s. Abbildung 7.4) einfach be-
stimmen.Die Simulationerhabenbest tigt, dalRBKeimemit einemRadiuskleineralsr
schrumpfenw hrend gréRereTeilchenwachsenDie gestricheltd inie in Abbildung7.4
ist eineFit von

Unuleus = r2d Uy + 2 rd ; (7.7)

wobeir de Keimradius, U, die fcc-bcc Enegiedifferenzpro Volumeneinheit, die
Grenz chenenegie proFl che undd die Dicke einerAtomebenast. Uy, und kodnnen
alsFunktionder Bindungsenggie berechnetverden wobeidieseWertesehrgut mit den
Wertenausder Fit von Gleichung(7.7) Gbereinstimmen.
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Fig. 7.4: Die Anderungder Systemengjie durch Einbringungvon bcc Keimenin einer
fcc Ebeneanderfcc/bccGrenz che. Die gestricheltelinie zeigtden (kleinsteFehler
guadrate}-it derGleichung(7.7) andie “gemessenenDaten.

7.4.3 Grenz ac henmobilitat

Die Aktivierungsenggie derGrenz chenmobilit t kanndurcheinenFit von

a

chc;fcc .
T 1 exp —— (7.8)

re (T) = Cexp T

wobeiC eineKonstantaund Upctcc die fcc-bccEnegiedifferenzist, mit denbei ver-
schiedeneMemperaturermus Simulationenberechnetetymwandlungsgeschwindigh-
ten,ry, bestimmiwerden.
Simulationemit konstantenQ-Werthabengezeigtdal3die DifferenzzwischenQ und
G2 bei ansonstemleichenBedingungerkonstantist. DieseDifferenzwird “Energie-
offset”E, genannt:
Eo = G* Q: (7.9)

Eo, istimmerpositv. Aus G2 > Q folgt, daRdie Umwandlungsgeschwindight durch
enegetischungunstigeSpriungebestimmtwird ( U > 0s. Gleichung(7.6)).

Auf derBasisvon Simulationenbeideneralle Springemit einem U-Wertin derN -
hevonE, herausge Itertwurden,konntegezeigtwerdendal? G2 durchGruppenvon
enepgetischungunstigerAtom-Springerbestimmtwird. Diesbedeutetdaldder Enegie-
pfad zwischenfcc und bcc mehrereZwischenzust ndeenth It. Abbildung 7.5 zeigtein
Beispielhierzu.

Die Sprungekzienz ist de niert alsdie Anzahlder umgevandeltenAtome pro Atom-
Sprung Eskanngezeigtwerdendal3nur ein Enegiepfad mit mehrererZwischenzust n-
den zu einer Steigerungder Sprungetkienz bei steigendeTemperaturftihrenkann.In
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Fig. 7.5: Schematisch&eichnungeinesEnegiepfadsvon derfcc ( ) Phasezur derbcc
( ) Phasemit zwei Zwischenzust ndenDie Enegiebarrierezwischenallen Zust nden
(fir einzelnenSpringe)ist konstant(Q). Die gesammteAktivierungsenagie fur diesen
Prozess, G2, ist die DifferenzzwischenderhtchsterEnegie undder Enegie desAn-
fangszustands.

denSimulationersteigtdie Sprungekzienz beisteigendeffemperaturwodurchbest tigt
wird, daf3 G? tats chlichvon GrupperenegetischungunstigeSpringebestimmiwird.

EinedetaillierteAnalyseder Bewegungder AtomeanderGrenz che hatgezeigtdald
die fcc Atomein denmeistenF llen nicht direkt auf einenbcc Gitterplatzspringenkdn-
nen, da alle benachbarteicc Gitterpl tze von anderenAtomen blockiert werden.Ein
komplizierterUmordnungsprozestellt einenWeg fiir die Atomevon fcc zu bcczur Ver-
fugung,der tbermehrfacheZwischenzust nderitihrt. WennmehrRauman der Grenz-

che zu Verfugungsteht,ist esfur die Atome einfacher einenWeg zum neuenGitter
zu nden, waszu einemniedrigerenWert fir G2 fuhrt. Dies wurdein Simulationen
mit unterschiedlichekeerstellenknzentratiorgezeigt,sovie in Simulationemmit unter
schiedlicheiGrenz chenorientierung.

Alle Schlussfolgerungegeltensowohl fiir beide Enegiemodelle(daseinfacheBin-
dungsmodelund dasEAM-Potential)als auchfiir Simulationenmit konstanterQ-Wert
undSimulationerbeidemein neuraleNetzdie Q-Wertefir die einzelnerAtom-Spriinge
berechnet.
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7.4.4 Grenz ac hendiffusion

Die Wanderungs-Aktiierungseneagie der Grenz chenselbstdifusion, Ggg wird aus
“Mean SquareDisplacement™Messungerbestimmt.Die “Sum SquaredDisplacement”
(SSD)wird berechnemnit

Nee
SSDEito) = (rj(t+to) ri(to)’; (7.10)
j=1
wobeit die Zeit, Ngg die ZahlderGrenz chenatomeundr; die PositionvonAtomj ist.
Falls a die TangenteeinenSSD(t) Darstellungist undfir einige Temperaturetestimmt
wurde,kann Ggg durcheinFit von
Ggs .
ke T '

In(a) = C° (7.11)
bestimmtwerdenwobeiC°eineKonstantest.

Die Simulationerhabergezeigtdall Ggz vonderZahlderzuf llig ausgev hite Pl t-
zeim Systemabh ngigist. Bei grol3erwerdendeZahl dieserPl tze wird Gy niedri-
ger. Bei einerDichtevon 15 zuf llig ausgev hiten Pl tzen pro Zelle (s. Paragraplv.3)ist

8g niedrigeralsderausder SimulationerarhalteneNertfur G2.
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