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1. Intr oduction

1.1 Simulation of interface contr olled solid-solid

transf ormations

Most mechanicalandengineeringpropertiesof metallicmaterialsaredeterminedby the

microstructureof thematerial.Therefore,it is of greattechnologicalimportanceto obtain

a fundamentalunderstandinghow themicrostructureof a materialis in�uenced by pro-

cessingparameterssuchasdeformationandheattreatment.In the processingof alloys

many microstructuralchangesoccurwith thematerialin thesolidstate.Typicalexamples

arephasetransformationsto differentcrystalstructures,grain growth andrecrystallisa-

tion. Here,the transformationtakesplaceby the movementof solid-solid interfacesin

the material. Basically, the transformationscanbe divided in two classes:martensitic

(military) anddiffusional(civilian). Martensitictransformationsoccurby a cooperative,

usuallya-thermal,movementof the atoms,whereasdiffusional transformationsareas-

sumedto take placeby independentthermallyactivatedatomicjumps[1]. To understand

thekineticsof diffusionaltransformationsit is importantto discernbetweentransforma-

tions thatarerate-controlledby processesat the interface(interfacecontrolledtransfor-

mations)andthosethatarerate-controlledby long-rangediffusionof any of thealloying

elements.Graingrowth andrecrystallisationarealwaysinterfacecontrolledtransforma-

tions.Typical interfacecontrolledphasetransformationsarethemassivetransformations,

whichcanbeobservedin many steelalloys.

Themobility of aninterfacein aninterfacecontrolledtransformationis determinedby

theatomicrearrangementprocessoccurringat theinterface.However, themechanismof

theatomicrearrangementprocessis still notwell understood[1]. Theexperimentalstudy

of theatomicmechanismof theinterfacemovementis dif�cult becauseobservationsmust

bemadeof moving interfacesatanatomicresolution.Suchobservationshavebeenmade

but dataarestill scarce[2,3]. This is why atomisticsimulationsareusedmoreoften to

studythesephenomena.For example,moleculardynamicssimulationshave beenused

successfullyin the studyof martensitictransformations[4–6]. Unfortunately, the time

scaleassociatedwith mostinterfacecontrolledtransformationsis too long for molecular

dynamicssimulations.Becausein diffusionaltransformationstheinterfaceshouldmove

by independentthermallyactivatedjumps[1], a kinetic MonteCarloapproachsimilar to
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Fig. 1.1: Schematicdrawing of the two interpenetratingpartially occupiedlattices. Bcc
sitesarerepresentedby dark spheresandfcc sitesby light spheres.Occupiedsitesare
drawn largerthanemptysites.Thespacebetweentheplaneshasonly beeninsertedhere
to obtainaclearerview.

thoseusedfor thesimulationof solid-liquid interfacemovement[7–11] seemsfeasible.

However, normalatomistickinetic Monte Carlo methodsusea rigid lattice of possible

positionsfor theatoms[12,13]. Clearly, for a phasetransformationat leasttwo different

crystallatticesarerequired.Therefore,a new multi-latticekinetic MonteCarlomethod

hasbeendevelopedandis presentedherein thiswork.

1.2 Multi-lattice kinetic Monte Carlo

In themulti-latticekineticMonteCarlomethodasimulationstartswith two interpenetrat-

ing partially occupiedlattices,asshown in �gure 1.1 for an facecenteredcubic (fcc) to

abodycenteredcubic(bcc)phasetransformationsimulation.From�gure 1.1 it becomes

clearthatin themulti-latticekinetic MonteCarlomethodtheorientationrelationshipbe-

tweenthe two crystalsis a simulationparameterand must be chosenby the user. In

thisway thein�uence of differentinterfaceorientations(asdeterminedby theorientation

relation)canbesystematicallystudied.

After creatingthe initial con�guration (e.g.�gure 1.1) thetransformationis simulated

byallowing theatomsattheinterfaceto jumpto aneighbouringemptysiteoneitherof the

two lattices.Which jump actuallyis madeateachtime stepis determinedby chance,us-
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Fig. 1.2: For anatomicjump from positionA to B thechangein systemenergy, � U, is
shown togetherwith thechangein systemenergy during thejumpgiving theenergy bar-
rier part,Q, of theactivationenergy. Q caneitherbeasimulationparameteror calculated
for every jumpseparately.

ing aweightedrandomselectionprocedurewheretheenergeticallymostfavourablejump

is mostlikely to bechosen.For thecalculationof theenergy changeassociatedwith the

jumpsan atomicinteractionmodelis required. In the multi-lattice kinetic Monte Carlo

methodvirtually any interactionmodelcanbeused,theonly limitation beingthecompu-

tationalcostassociatedwith the interactionmodel. A too complex modelcould extend

the calculationtime beyond practicallimits. As the resultspresentedin this thesiswill

show, it canbebene�cial to work with a simpleinteractionmodel. With a moresimple

modelthereoftenis abettercontrolover theatomicbehaviour. With thiscontrolover the

atomicbehaviour, normally unchangeablematerialsproperties(for examplethe energy

differencebetweentwo phases)canbe setasa simulationparameter, allowing the sys-

tematicinvestigationof the in�uence of thesematerialspropertieson thetransformation

behaviour.

If the goal of the simulationsis to study the transformationbehaviour for a speci�c

materialthenthe mostaccurateinteractionmodelavailableshouldbe used. Especially

in the comparisonwith real laboratoryexperiments,it becomesimportantthat not only

theenergy changein thesystemcausedby a jump, � U, is modeledaccuratelybut also

that for the activationenergy of an atomicjump a valueis usedthat takesinto account

the (unique)arrangementof the neighbouringatoms. Therefore,dependingon the re-
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quiredlevel of accuracy, two differenttypesof simulationshave beendevelopedwithin

themulti-latticekinetic MonteCarloframework. Whena morequantativedescriptionof

thekineticsis lessimportant,simulationsarerunwherethesameconstantenergy barrier

partof the jump activationenergy, Q see�gure 1.2, is usedfor every jump. In theother

casesQ is calculatedfor every jump separately. However, hereit is importantto realize

thattheseparatecalculationof theactivationenergy for every jump is a computationally

extremelycostlyprocedure.

To limit this extra costin computationtime asmuchaspossible,a two stepprocedure

hasbeendevelopedthatallowsthemuchfastercalculationof thejumpspeci�c activation

energieswith thehelp of a trainedneuralnetwork. As an interfacemovestherewill be

many different atomic jumps. However, the total numberof really different jumps is

limited dueto theperiodicityof thecrystallattices.By calculatingtheactivationenergy

for averylargenumberof jumpsaneuralnetwork canbetrainedthatusestheinformation

of thearrangementof theneighbouringatomsasinputparametersto predicttheactivation

energy for a jump. Thecollectingof thetrainingdataandtheactualtrainingof theneural

network is the �rst step. Thenasthe secondstepthe trainedneuralnetwork is usedto

calculatetheactivationenergiesfor thejumpsduringthesimulations.

1.3 Thesis overview

Themulti-latticekineticMonteCarlomethodhasbeenusedtostudythegrowthbehaviour

of the � (bcc) phase,in a 
 (fcc) to � (bcc) phasetransformationin a (model) single

elementsystem.In Chapter2 thebasicsof themulti-latticekinetic MonteCarlomethod

arepresented,togetherwith resultsof a studyon the in�uence of the driving force and

interfaceenergy on the growth modeof the bcc phase.ThenChapter3 presentslateral

growth simulationsperformedto study the activation energy of the interfacemobility.

Thesesimulationshave led to a new interpretationof the interfacemobility activation

energy in termsof seriesof jumps of groupsof atoms. The simulationsas described

in Chapter3 wereperformedwith a bond-countingatomicinteractionmodelandwith a

constantenergy barrierfor all atomicjumps. Chapter4 shows that thesameresultsare

obtainedfor simulationswith an(iron) embeddedatommethodinteractionpotentialand

with variableperjump calculatedactivationenergies.In Chapter2 thegrowth modewas

shown to dependon thedriving forceandthe interfaceenergy. In Chapter5 it is shown

that with the samedriving force the growth modecan changefrom plane-by-planeto

continuousby a changeof the interfaceorientation. In Chapter6 the interfacemobility

activationenergy is comparedto theboundaryself-diffusionactivationenergy.



2. A kinetic Monte Carlo method for the sim ulation

of massive phase transf ormations

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

Abstract

A multi-lattice kinetic Monte Carlo methodhasbeendevelopedfor the atomisticsimu-

lation of massivephasetransformations.Besidesiteson thecrystallatticesof theparent

andproductphase,randomlyplacedsitesareincorporatedaspossiblepositions.These

randomsitesallow theatomsto takefavourableintermediatepositions,essentialfor areal-

istic descriptionof transformationinterfaces.Thetransformationfrom fcc to bccstarting

from a �at interfacewith the fcc(111)//bcc(110)andfcc[112]//bcc[001] orientationin a

singlecomponentsystemhasbeensimulated.Growth occursin two differentmodesde-

pendingonthechosenvaluesof thebondenergies.For largerfcc-bccenergy differences,

continuousgrowth is observed with a rough transformationfront. For smallerenergy

differences,plane-by-planegrowth is observed. In this growth modetwo-dimensional

nucleationis requiredin thenext fcc planeaftercompletionof thetransformationof the

previousfcc plane.

2.1 Intr oduction

The massive transformationis a long-rangediffusionlessphasetransformationduring

which the matrix phaseis convertedto a productphasewith a different crystal struc-

ture but with the samecomposition[2]. This massive transformationis accomplished

by diffusional jumpsacrossthe interfacebetweenthe two phases.In many iron-based

alloys the austenite,
 , to ferrite, � , transformationis of massive nature. Recently, the

massive transformationhasreceivedmuchrenewedattention[2,14,15]. Themechanism

of the transformationis a topic of active discussion[16]. Most experimentaldatawere

collectedafterthetransformationwascompleted.Dataontheinterfacestructureobtained

duringthetransformationwouldgreatlyenhancetheunderstandingof thetransformation

mechanism,but suchdataarescarce[3,16].
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Moleculardynamics(MD) simulationswouldallow thestudyof thestructureof amov-

ing interfacein full atomicdetail,assimulationsof the martensitictransformationhave

shown [4–6]. Unfortunatelythetimescalerequiredfor massivetransformationsis toode-

mandingcomputationally. In MD simulationsthefull continuoustrajectoriesof theatoms

aredescribed.To enhancethetimescalethatcanbesimulated,kineticMonteCarlo(kMC)

simulationscanbemade.However, thenthepossibleatompositionsarerestrictedto aset

of discretesites.Themovementof theatomsis thentreatedasastochasticprocess.

MonteCarlomethodshavebeenemployedsuccessfullyin simulatingsolid-vapourand

solid-liquid transformations[7–11]. Thesimulationshave provideddetailedinformation

on the interfacestructureduringcrystalgrowth for differenttypesof materials[10,11].

Unfortunatelythesemethodscannotbe applieddirectly to solid-solid transformations.

Becausea kinetic Ising modelprovidesthebasisof kMC simulationsit follows that the

atomsareplacedon a rigid lattice[12,13]. Hence,adescriptionof asolid-solidtransfor-

mationrequiresat leasttwo lattices.Until now suchanapproachwascomputationallytoo

demanding[17]. However, increasedcomputationalpower makesit possibleto develop

a full multi-lattice methodnow andsucha methodis presentedfor the �rst time in this

paper.

For a massive 
 to � transformationsimulation,two differentcrystal latticesare re-

quired: fcc andbcc. A crucialextra impositionis theuseof randomsitesin themethod

proposedhere.Thesesitesaredistributedrandomlythroughoutthesystem.This allows

theoccurrenceof deviationsof thecrystalstructurearrangement,in particularat thetrans-

formationfront (seesection2.2).

This paperthusdescribesa multi-latticekinetic MonteCarlomodelfor thesimulation

of a massive transformation(section2.2). To describethe atomicinteractionsa nearest

neighbourbondcountingmodelis used(section2.2.1). Althoughthemodelis not at all

materialspeci�c, whenever materialspropertieshadto bechosen,valuesthatpertainto

iron wereselected.The �rst simulationsperformedwith this modelreportedherewere

devisedto testtheapplicabilityof this typeof atomisticsimulation.

Thefocusis on thetransformationfrom thefcc to thebcc(
 ! � ) phaseof asingleel-

ement,startingwith a �at, incoherentinterface.Althoughasubstantialamountof thebcc

phaseis presentin thestartcon�guration of thesimulations,nucleationcanstill play an

importantrole. A completely�at interfacemayrequiretheformationof (2-dimensional)

nuclei for furthergrowth of thebccphase.As describedin section2.3,simulationshave

beenperformedto studysuch2-dimensionalnucleationbehaviour andto investigatethe

possibilityof growth withoutsuchaseparatenucleationphase.Theresultsof thesimula-

tionsarepresentedin section2.4.Thediscussionin section2.5focuseson thenucleation

andthegrowth behaviours.
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2.2 Simulation method

As comparedto earliersimulationmodelsfor crystalgrowth (e.g. seeRef [8]) the intro-

ductionof intertwining multiple crystal latticesis the cardinalstepto be madein order

to simulatesolid-solidphasetransformations.As describedbelow, not only multiple lat-

ticesbut alsorandomlydistributedsiteshave to be introducedaspossiblepositionsfor

theatoms.

A systemis createdwith apartially �lled fcc (
 ) latticeandapartially �lled bcc(� ) lat-

tice. Thismeansthattheinitial nucleationof thebccphaseis not simulated(seesections

2.1 and2.3). A 
 =� interfacewith a speci�c orientationis created.The eventsconsid-

eredin the kMC modelareatomjumpsfrom a �lled site to an emptysite. The energy

change� U associatedwith a jump is calculatedon thebasisof anearestneighbourbond

countingmodelasdescribedin section2.2.1.Thejumpprobabilityp is takenas[12]

p =
exp

�
� � U

kB T

�

1 + exp
�
� � U

kB T

� ; (2.1)

wherekB is the Boltzmannconstantand T is temperature.The simulationalgorithm

presentedbelow hasbeendevelopedfrom thefollowing considerations.

Two sites(andatoms)areconsideredto beneighboursif thedistancebetweenthemis

lessthan1:05r f (the fcc nearestneighbourdistance).In the simulationsr f > rb (rb is

thebccnearestneighbourdistance),thefactor1.05hasbeenchosento preventround-off

errors.An atomis consideredan interfaceatomif it hasa neighbourof a typedifferent

from its own typeor if it is next to a vacancy. Therebytheatomsnext to vacanciesare

includedin thecollectionof “interface”atomsin orderto make movementof vacancies

possiblealsowhenthesevacanciesarenotpositioneddirectly at theinterface.

To preventatomsfrom jumping throughor into otheratoms,not all emptyneighbour

sitescanbevalid targetsites.Therearetwo typesof valid targetsites.For the �rst type

thesitehasto bewithin a radiusr sj of thesourcesite. A jump to this typeof targetsite

is calleda shortjump. For thesecondtypethetargetsitehasto bewithin themaximum

jump distancermaxjump from the sourcesite and thereshouldbe no otheratomwithin

a radiusr vh of the target site. If r vh is chosenlarge enoughthenthesetarget sitescan

be consideredto be vacancies.Theselong jumpscanthenbe consideredto be vacancy

jumps. Thedifferentrangesdiscussedareillustratedin �g. 2.1. A jump from siteA to

siteB is valid (shortjump) assiteB is within r sj of siteA. A jump to siteC is not valid

becausesiteD is within r vh of siteC.

The distinctionbetweenthesetwo typesof valid jumpshasbeenmadefor computa-

tional ef�ciency reasons.It is unlikely that the target site of a short jump will have an

occupiedneigbourwithin r vh (as the jumping atomis so near). Thereforethe compu-



A kMC method for the simulation of massive phasetransformations 14

r f

r bbb
rr maxjump

r vh

r sj

C

B

A

D

r

Fig. 2.1: Thedifferentranges.Occupiedfcc sites(black)andemptybccsites(white)are
shown. Themaximumjumpdistanceis r maxjump for a longandr sj for shortjump(shown
for atomA), r vh is the minimum radiusrequiredfor a vacancy hole. The bcc and fcc
nearestneighboursdistancesarer b andr f , respectively.

tationally costly procedureof checkingfor an occupiedneigbourwithin r vh is not per-

formedfor thesetargetsites.To dealwith theunlikely casethat thetargetsiteof a short

jumpdoeshaveanoccupiedneigbourwithin r vh theatomshavebeengivenahard-sphere

core. Whentwo atomsarewithin a distancesmallerthanthe hard-spherediameterdhs,

theatomsexperiencea(in�nitely) largerepulsion.Thisensuresthattwo atomswill never

overlap(seealsosection2.2.1)becauseof ashortjump.

All simulationshave beendonewith r sj = 0:35r b, r vh = 0:85r b and rmaxjump =

1:025r f .

If only fcc andbcc latticesitesareincludedin thesimulationthenthe transformation

mustbe accomplishedby direct jumpsfrom fcc to bcc sites. However, recognizingthe

complexity of actualinterfacestructures,it is consideredpossiblethattheatoms�rst visit

an `intermediate'position. The location of theseintermediatepositionsis not known

andthereforedif�cult to includein the simulation. By including uniformly distributed

randomlyplacedsiteswithin the systemit is assuredthat at leastsomeof theseextra

positionsareavailablefor theatomsat the interface.Theamountof availablecomputer

memorylimits thenumberof randomsitesthatcanbe included.Becausethesesitesare

distributedrandomlythey have a chanceof beinglocatedat positionsthatwill never be

occupied.Theef�ciency of therandomsitescanbeenhancedby continuouslyassigning

new randompositionsuntil they have beenoccupied. In otherwords,the randomsites

`search'for the (relevant) intermediatepositions. Simulationshave shown that without

randomsitesnosigni�cant progressof thetransformationis possible.
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Finally, a time stepis de�ned suchthat after onetime stepevery interfaceatomhas

madeonejumpattempt.

Thesimulationalgorithmthencanbegivenasfollows:

1. At random,selectaninterfaceatom

2. At random,selectavalid emptyneighboursiteof thatinterfaceatom

3. Calculatetheenergy change� U for thejump to thisemptysite

4. Calculatethecorrespondingjumpprobabilityp accordingto eq. (2.1)

5. Generatea randomnumberr 2 [0; 1) from auniformdistribution

6. Acceptthejump if r < p

7. Continuestep1 until all interfaceatomshavebeenselectedonceandonly once

8. Updatethetimestepcounterby one

9. Givetherandomsitesthathaveremainedunoccupiedanew position.

10. Expandorcontractthesystemin thedirectionperpendicularto theoriginalinterface

(seesection2.3)

11. Continuewith step1

2.2.1 The atomic interaction model

Themodelfor theatominteractionhasbeendevisedto complywith threerequirements:

1. Thebulk bccatomsmusthavea lowerenergy thanbulk fcc atoms

2. It mustcostenergy to enlargetheinterfacialarea

3. Atomsverycloseto eachothermustrepeloneanother

Theatom-atominteractionsareexpressedin termsof bondenergiesu. As therearethree

differentkind of sites,therearesix differentkindsof bonds.Threeof thesebondshave

beengivena�x edenergy. Thesearethefcc-fccbond-energy u� , thebcc-bccbond-energy

ubb andthebcc-fccbond-energy ubf . Choosingspeci�c valuesfor u� andubb will ful�ll

requirement1. For bcc-bccand fcc-fcc the distancebetweentwo atomsis �x ed (only

nearestneighboursareconsidered),but for thefcc-bccdistancethis is not thecase.Yet,

thefcc-bccbondenergy, ubf , is takenasa constant.Requirement2 canthenbesatis�ed

by choosingaspeci�c valuefor ubf (seealsosection2.3.1).
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Thethreeotherkindsof bondsinvolveatomsonrandomsites(random-bcc,random-fcc

andrandom-random).Theinteractionbetweenarandomsiteanda fcc/bcc/randomsiteis

takenindependentof thedistancebetweenthesetwo sites,but thevalueof theinteraction

is madevariableasit dependson thesurroundingsof therandomsite(s)asfollows. If a

randomsite is very closeto a speci�c lattice site, it shouldbehave like that lattice site.

Therefore,theenergy of a bondwith anatomon a randomsitedependson thedistance

of that randomatomto the nearestlattice site, r ran . The maximumdistancebetweena

randomsiteandanxcc (wherex is b or f) site is 1
2r x, theminimumdistanceis zero. At

themaximumdistancethebond-energy with anxcc atomis givenby urx . For distances

betweentheminimumandmaximumvaluesthebondenergy for arandom- xccatompair

is interpolatedlinearly.

Thereareeightdifferentinterpolationequations.Fourof theseconcernabondbetween

a latticesiteof typex (b or f) anda randomsitethatbehaveslikeasiteof typey (b or f):

u = urx + (�u xy � urx )
1
2r y � r ran

1
2r y

; (2.2)

where� is a parameterthat will be explainedbelow. The otherfour concernbondsbe-

tweena randomsiteA thatbehaveslikeasiteof typex, with a distancer ranA to thatsite,

anda randomsiteB thatbehaveslikea siteof typey, with adistancer ranB to thatsite:

u =
1
2

"

urx + (�u xy � urx )
1
2r y � r ranB

1
2r y

+

ury + (�u xy � ury )
1
2r x � r ranA

1
2r x

#

: (2.3)

If thedistancebetweena randomsiteandtheconsiderednearestlatticeneighboursite,

r ran , is very small, the randomsite is almostindistinguishablefrom that latticesite; i.e.

from anenergy pointof view it becomesindifferentif anatomoccupiesthelatticesiteor

therandomsite.Thismeansthatthechancethatsucha randomsitebecomesoccupiedis

large.Often,it is necessaryto countthenumberof atomsof aspeci�c type: for example,

the numberof bcc atomsto determinethe fraction transformedmaterial. In this case

the atomson randomsitesvery closeto bcc sitesshouldbe countedasbcc atomstoo.

Oneoptionto ascertainthat theseoccupiedrandomsitescloseto thebcclatticesitesare

recognizedasbcc atoms,is to separatelyassigna crystalstructuretype to every single

randomatombasedon the local surroundingsof eachatom. However, this not trivial

task is computationallyextensive. A secondoption is to ensurethat the atomshave a

signi�cantly higherchanceto occupy the latticesite ascomparedto the chancethat the

randomsitewill beoccupied.Thiscanbeaccomplishedwith theparameter� in eqs.(2.2)

and(2.3). By choosinga valuesmallerthanonefor � , the maximumenergy of a bond
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with anatomona randomsiteis reduced(lessnegative). In all simulationsavalueof 0.8

hasbeenusedfor � (i.e. for r ran thebond-energy is 80%of uxy .

Requirement3 is ful�lled by giving the atomsa hard-spherecore. The hard-sphere

diameterdhs hasbeenchosenas

dhs = 0:68r b: (2.4)

With this valuethe hard-spherecoreis just a little larger thenthe tetragonalinterstitial

holesin thebcccrystalstructure.If two atomsarewithin therangedhs of eachother, they

aregivensucha large(positive)bond-energy thata jumpfor whichsuchabondwouldbe

createdis neveraccepted.

2.3 Simulation Details

All interfaceshave beencreatedwith the orientationfcc(111)//bcc(110)and fcc[112]//

bcc[001]. Theinterfaceis completely�at andliesparallelto thexy-plane.A startcon�g-

urationhasthreebccplanesandbetween35and45fcc planes.All simulationshavebeen

performedwith imposedperiodicboundaryconditionsin the x- andy-directions. The

systemvolumeis rectangular. Thecrosssectionalareaof thexy-planesis keptconstant

duringthesimulations;volumechangeis accommodatedby expansion/contractionin the

z-direction.

The bcc(110)and the fcc(111) lattice spacings(db(110) anddf(111) ) are generallynot

equal.This meansthatasfcc planesaretransformedto bcc thesystemwantsto expand

or contract(dependingon thedensitiesof thecrystals)in thez-direction. Thesystemis

allowed to do this by shifting thosefcc sitesthat have not yet madea jump trial in the

simulation. This meansthat by this shift deviationsfrom the ideal fcc latticecanoccur

becausesomeatomsin onefcc planeareshiftedwhile othersarenot. However, these

deviationsare so small that the crystal structureis not disturbed. The shift of the fcc

atomsis doneonceevery � ve timesteps,accordingto

� z =
Nnewbcc

Nbcc;plane

�
db(110) � df(111)

�
; (2.5)

whereNnewbcc is thenumberof newly formedbccatomsandNbcc;plane is thenumberof

atomsin abccplane.Thisprocedureis consistentwith having zeropressureactingonthe

systemin thez-direction,implying that thesystemcanfreely expandor contractin this

direction.

Thefcc andbcclatticeshavebeencreatedsuchthatthenumbersof atomsin anfcc(111)

anda bcc(110)planeareequal.With thechosennumberdensityof 0.103�1030 atoms/m3

(this is approximately1.3 timesthedensityof iron) for bccandaninitial interfacialarea

of 19.4x8.7nm,thenumberof atomsperplaneis 3312.
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To avoid largeheterogeneityof thedistributionof therandomsitesover theentiresys-

tem,therandomsitesarenotdistributedcompletelyuniformly acrossthesystem.Instead

a socalledrestrictedlyrandomdistribution is adoptedasfollows. First, thesystemis di-

videdin smallcubiccellswith a sidelengthof 1:4r b. Then,10 randomsitesareinserted

into eachcell accordingto auniformdistribution.

ThesimulationprogramwasrunonasingleprocessorPC(Pentium4 Xeonat2.8GHz).

2.3.1 Possib le bond energy values

When the bond energies are chosena numberof conditionsmust be ful�lled. To en-

surethatbcc is energeticallymorefavourablethanfcc andrecognizingthecoordination

numbersof thebccandfcc lattices,themostimportantrequirementis

8ubb < 12u� : (2.6)

Not everyjumpfrom anfcc to abccsiteleadsto anenergy decrease:thisdependson the

surroundingsof thesitesconsidered.An atomat theinterfacecanhavedifferentnumbers

of bcc and fcc neighbours.Whenan atomonly hasa few bcc neighboursanda large

numberof fcc neighbours,the atomshouldfavour an fcc site over a bcc site (andvice

versawith many bccneighbours).

In thesimulationof crystalgrowth it is commontodemandthatanincomingatom(from

the vapouror liquid) can only successfullyattachon kink siteswhereit hasa certain

minimum numberof solid neighbouratoms[8, 11]. Herean analogousrequirementis

imposed:every atomicjump from fcc to bccwhereanatomformslessthan� ve bcc-bcc

bondsshouldleadto anenergy increase(� Ujump > 0). With lessthan� vebccneighbour

atomstheatomdoesnot have enough̀ bcccharacter'yet andthe jump is unfavourable.

If � ve or morebcc-bccbondsareformedthe jump is favourableandit is requiredthat

� Ujump < 0. Theseconditionscanbemetby selectingpropervaluesfor ubb, u� andubf .

By lookingat thenumberandtypeof thebondsthatarebrokenandformedin a jumpand

in view of the requirementof inequality(2.6), rangeswith valid valuesfor ubb, u� and

ubf canbeindicated.

With the choseninterfaceorientation,therearefor every short jump from an fcc to a

bcc site wherefour bcc-bccbondsare formed,seven fcc-fcc bondsbroken (in caseof

a long jump a vacancy is involved andthesenumberschange).In caseof � ve bcc-bcc

bondsformedtherearesix broken fcc-fcc bonds(seeappendix2.A for an explanation

of thesenumbers).Thechangein thenumberof mixed(fcc-bcc)bondsdependson the
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arrangementaroundthejumpingatom.Theenergy change� U4bb for a jump wherefour

bcc-bccbondsareformedis givenby

� U4bb = 4ubb � 7u� + � Nmixed ubf ; (2.7)

where� Nmixed is thechangein thenumberof mixedfcc-bccbonds.As it is demanded

thatfor everyshortjumpfrom fcc to bccwherefour bcc-bccbondsareformed� Ujump >

0, only the limiting caseof the smallestpossiblevaluefor � U4bb becauseof � Nmixed

mustbeconsidered.All bondenergiesarenegative,which makes� U4bb minimal when

� Nmixed is maximal.For thegiveninterfaceorientationthemaximumvaluefor � Nmixed

is four, which leadsto

� U4bb;min = 4ubb � 7u� + 4ubf ; (2.8)

for the minimum energy changefor a jump wherefour bcc-bccbondsareformed. By

introducingx = ubb=u� andusingequation(2.8),therequirement� U4bb;min > 0 canbe

writtenas

(4x � 7)u� > � 4ubf : (2.9)

Becauseubf andu� arenegative,it follows thatx < 7
4. Togetherwith inequality(2.6)the

rangeof valid valuesof x canbeindicatedby

3
2

< x <
7
4

: (2.10)

Hence,for a chosenvalueof ubb, the range(2.10) prescribesthe valid valuesfor u� .

Furtherrewriting inequality(2.9)as

0 > ubf >
� 4x � 7

� 4

�

u� (2.11)

thevalid valuesfor ubf canbeexpressedasa functionof x andu� .

For mostsimulationsa valueof -1.04eV wasselectedfor ubb . Theenergy of a (bulk)

bccatomis thenapproximatelyequalto thatof an iron bccatom. Recognizingrequire-

ment(2.10),for x a valueof 1.7wasselected,which correspondswith u� = � 0:610eV.

Next, in view of requirement(2.11),ubf wassetto -0.0262eV. Themaximal(i.e. least

negative)bondenergieswith randomatoms,urb andurf , weresetto valuestwo-thirdsof

ubf (seetable2.1 for thecompletesetof values).

2.3.2 Nucleation

All simulationsstartwith threeplanesof bccatomspresent,implying that3-dimensional

nucleationis not required. However, becausethe start con�guration is a �at interface,

new bccphasemustnucleatein thefcc planeat theinterface.This implies2-dimensional

nucleation.The associatedcritical nucleussizehasbeendeterminedby insertingmore
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Tab. 2.1: Bond-energy valuesin eV, uxy is theenergy of abondbetweenanatomonasite
of typex andanatomonasiteof typey (bcc,fcc or random).With thevaluesgivenhere,
requirements(2.10)and(2.11)areful�lled.

ubb u� ubf urb urf

-1.04 -0.610 -0.0262 -0.0174 -0.0174

Tab. 2.2: Bond-energy valuesin eV, uxy is the energy of a bondbetweenan atomon a
site of type x andan atomon a site of type y (bcc, fcc or random). With thesevalues
inequality(2.10)is not ful�lled.

ubb u� ubf urb urf

-0.959 -0.295 -0.0131 -0.00872 -0.00872

or lesscircularbccseedsof differentsizesinto this fcc planeandmeasuringtheenergy

changeasa functionof nucleussize. Thensimulationsof lateralgrowth have beenper-

formed.Thesimulationshavebeenexecutedapplyingthebond-energy valuesfrom table

2.1anda temperaturesetto 1771K.

2.3.3 Growth

The�rst atomin thefcc planeattheinterfaceto jumpto abccsiteonly formstwo bcc-bcc

bonds(seeappendix2.A). Therefore,with thebondenergiesfrom table2.1,� Ujump > 0

is positiveandrelatively large.Thismeansthatthechancethatsucha jumpis acceptedis

very low (� 10� 16). Evenfor thenext adjacentfcc atomin theinterfaceplaneconsidered

that jumpsto bccandthat therebyformsthreebcc-bccbonds,thechancefor acceptance

is still low (� 10� 9). Altogether, thismakesthechanceof 2-dimensionalnucleationvery

low andit would take yearsof calculationtime to establisha substantialtransformation.

Therefore,simulationshave beenperformedwith thebond-energy valuesgiven in table

2.2.With thesevalues,jumpsfrom fcc to bccwherethreebcc-bccbondsareformedhave

anegative� Ujump , thisviolatesinequality(2.10).To furtherexaminethein�uence of the

fcc-bccenergy difference,simulationshave beenperformedfor several(lower) valuesof

ubb, maintainingtheotherbondenergy valuesasgivenin table2.2.

For all growth simulationsthe temperaturewassetto 1012Kand10 vacancieswhere

insertedrandomlyinto thefcc planeat theinterface.Thevacancieswereinsertedbecause

they haveapositivein�uenceonthegrowth rateaswill becomeclearfrom thediscussion

of theresultsin section2.5.
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Fig. 2.2: Energy costof building a bcc nucleusin an fcc planeat the bcc/fccinterface.
Resultsof calculationswith the bondenergy valuesgiven in table2.1. The dashedline
representsthe(leastsquares)�t of eq.(2.12)to the“measured”datapoints.

2.4 Results

2.4.1 Nucleation

The calculatedenergy costof insertinga moreor lesscircular bcc nucleusof heightof

oneatomicplanein thefcc planeat theinterfaceis shown in �g. 2.2asa functionof the

nucleusradius. The sizeof the interfaceareaparallel to the original interfacedoesnot

changewhena bccnucleusis insertedin the fcc planeat the interface,alsonot uponits

subsequentgrowth. Only theoutercircumferenceof thenucleuscontributesto a change

in the total interfacearea. Therefore,the energy changefor the creationof the circular

nucleus,� Unucleus, canbewritten as

� Unucleus = � r 2d� UV + 2� rd
 ; (2.12)

wherer is thenucleusradius,� UV is thefcc-bccenergy differenceperunit volume,
 is

theinterfaceenergy perunit areainterfaceandd is theheightof anatomicplane.A �t of

eq. (2.12)to thecalculateddatais shown too in �g. 2.2(dashedline). Fromthe�t

� UV = (� 7:4 � 0:4) � 109 J/m3

and


 = (4:5 � 0:2) J/m2

areobtained.
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Fig. 2.3: Lateralgrowth of a bccnucleuswith a startradiusof 10.7Å(=̂73 bcc atoms).
Resultof simulationwith thebondenergiesfrom table2.1.

The simulationshave demonstratedthat nuclei with a radiussmallerthanthe critical

radius(� 6:1 Å) shrink anddisappearandthatnuclei larger thanthe critical sizegrow.

It shouldbenotedthat this lateralgrowth is irregular (see�g. 2.3). Whenvacanciesare

addedin theneighbourhoodof thenucleusthesamekind of irregulargrowth is observed

but thegrowth ratethenis muchhigher(cf. �gs. 2.3and2.4). Growth is con�ned to the

planein which the nucleuswascreatedandno othernuclei form spontaneouslyin the

timeof simulation.

2.4.2 Growth

Adoptingthebondenergiesgivenin table2.2, theentiresystemquickly transformscon-

tinuouslyfrom fcc to bcc,asshown in �g. 2.5. Theinsertionof a 2-dimensionalnucleus

is not required;the bcc phasegrows spontaneously. The transformationdoesnot result

in a perfectbcc crystal. A singlebcc planeafter transformationis shown in �g. 2.6.

Theplanecontainsa few defectsin theform of atomsplacedonrandomsites,sometimes

accompaniedby oneor two atomson fcc sites.

Whenthe fcc-bccenergy differenceis loweredby giving ubb lessnegative values,the

transformationcurve changessigni�cantly. For threedifferentvaluesof ubb a partof the

transformationcurve is shown in �g. 2.7. At ubb = � 0:70 eV the growth modeis no

longercontinuous,but is of plane-by-planenature. In the continuousgrowth modethe

transformationtakesplacein several planessimulatenously(�g. 2.8). In the plane-by-

planegrowth mode,a singleplaneis completelytransformedbeforebccnucleatesin the

next fcc plane.
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Fig. 2.4: Lateralgrowth of a bccnucleuswith a startradiusof 10.7Å(=̂73 bcc atoms),
with sevenvacanciesin the vicinity of the nucleus.Resultof simulationwith the bond
energiesfrom table2.1.
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Fig. 2.5: Numberof transformedplanesasa functionof time; resultof simulationusing
thebond-energiesfrom table2.2.
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Fig. 2.6: A close-upof a singlebccplane,parallelto thex; y axes,after transformation
(simulationwith the bond-energies from table 2.2). The black atomsare residualfcc
atoms,thegrey atomsarebccatomsandtheatomsonrandomsitesarewhite. Atomsthat
seemto overlapareplacedaboveeachother(i.e.havedifferentz coordinates).
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Fig. 2.7: Numberof transformedplanesasa functionof time for threevaluesof ubb (the
otherbondenergiesareequalto thevaluesgivenin table2.2).
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Fig. 2.8: A continuousfcc ! bcc transformationin progress.The extra spacebetween
theplanesis not real,it hasbeeninsertedto provide a clearerview. Fccatomsareblack,
bccgrey andrandomatomsarewhite. Thearrows indicatespotswherethebccphaseis
alreadygrowing in planeB beforeplaneA hasbeentransformedcompletely. Simulation
with bondenergiesfrom table2.2.

2.5 Discussion

2.5.1 Nucleation

Thevaluesthathavebeenfoundfor � UV and
 canbedirectlyrelatedto thebondenergy

values(from table2.1). Upontransformationthegain in bulk energy perunit volumeof

thenucleusconsideredis

� UV = N transf � Ubcc;fcc; (2.13)

with N transf as the numberof transformedatomsper unit volume of the nucleusand

� Ubcc;fcc the (bulk) fcc-bccenergy differenceper atom(= 1
2(8ubb � 12u� )). From the

valueschosenfor thebccdensityandthebondenergies(cf. section2.3 andtable2.1) it

thusfollows:

� UV = � 8:1 � 109 J/m3:

Thiscalculated,theoreticalvaluefor � UV agreesfairly well with thevalueobtainedfrom

the �t of eq. (2.12) to the simulateddata: (� 7:4 � 0:4) � 109 J/m3. In the theoretical

calculationa perfectcirculardisc is takenasthe form of thenucleus.However, thereal

form of a nucleuscan be different becauseit is madeof a discretenumberof atoms,

which causesthedifferencebetweenthemeasured(simulated)andtheoreticalvaluesof

thecritical size.
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For a theoreticalpredictionfor theinterfaceenergy, thenumberof interfaceatomsper

unit interfacearea,N iatoms , must be known. To this end the numbersof fcc and bcc

atomsadjacentto thenucleus-matrixinterfacehavebeencounted(againonly theinterface

areaperpendicularto theoutercircumferenceof thedischasto beconsideredcf. section

2.4.1). For different nucleussizesN iatoms is not constant,but shows small deviations

from the averagevalue(in the rangeof nucleussizesconsideredhere)which is 3:45 �

1019 atoms/m2. N iatoms consistsout of two parts: fractionsdue to fcc atoms,f fcc, and

dueto bccatoms,f bcc. Thesefractionsarenot constantbut dependon thenucleussize.

Therefore,averagevalueswill beusedfor f fcc andf bcc. Atomsat thedisccircumference

have, in comparisonto the otheratomsin the planeof the disc, dependingon the local

structure,oneor two kin-like bondsreplacedby mixed(fcc-bcc)bonds.Thus,asa �rst

orderapproximation,it is assumedthat for every atomat the disc circumference,upon

becomingadisccircumferenceatom,onekin-likebondis replacedby amixedbond,and


 canthenbeassessedas


 =
�
f fcc (ubf � u� ) + f bcc (ubf � ubb)

�
N iatoms ; (2.14)

With f fcc = 0:58, f bcc = 0:42, N iatoms = 3:45 � 1019 atoms/m2 andthe bondenergies

from table2.1,it thenfollows


 = 4:2 J/m2:

Thisvalueis closeto thevalueobtainedfrom thesimulations((4:5 � 0:2) J/m2).

The lateralgrowth of a 2-dimensionalnucleusis not smoothandcontinuous(see�gs.

2.3and2.4).This re�ects thatanincreasein nucleussizebeyondthecritical sizedoesnot

alwaysleadto anenergy gain,asdemonstratedby theresultsshown in �g. 2.2.Becauseof

localvariationsof theinterfacestructure,theinterfaceenergy is notconstant.Apparently,

for certainnucleussizesandshapes,theoverall interfaceenergy is thathigh that further

growth againcostsenergy ratherthendeliversenergy, althoughthenucleussizeis already

largerthanthecritical size.Thiseffect canbeascribedto thelimited numberof different

positionstheatomscantake: theatomscanoccupy randomsites,but it is not guaranteed

that theserandomsitesarelocatedat energetically favourablepositions.Therefore,the

interfaceis unlikely to befully relaxed. This explanationis supportedby thesimulation

with thevacanciesaddedin theneighbourhoodof thenucleus(cf. �g. 2.4).Thevacancies

aredissolvedquickly in the interface,therebyproviding extra spaceat the interfaceand

consequentlymorerelaxationpossibilitiesfor the interfaceatoms.This explainstheob-

servedhighergrowth rateascomparedto thesimulationwithout vacancies(cf. �gs. 2.3

and2.4).
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2.5.2 Growth

Spontaneousgrowth of thebccphase,within practical�nite timesof transformation,oc-

cursonadoptingthebondenergy valuesfrom table2.2,asshown in �g. 2.5. It is observed

that during transformationof the �rst full � ve planes,the transformationrate increases

graduallyto a valuethatremainspracticallyconstantfor theremainingpartof thetrans-

formation. In the last part of the transformationthe ratedropsagainbecausethe total

interfaceareastartsto decreaseasthereis nomorematerialto transform.Defectscanoc-

cur in thetransformedplanes(�g. 2.6), in particularfor the�rst few transformedplanes.

Thereforetheseplanescontainafew moreatomsthanthenormaltotalof 3312(cf. section

2.3). This correspondswith anincreaseof thenumberof vacanciesin theuntransformed

partof thesystem.Thepresenceof vacanciesincreasesthegrowth rate(cf. discussionin

section2.5.1),asis observed(�g. 2.5).

Dependingonthevalueof ubb thegrowth modeis eithercontinuous(see�g. 2.7,ubb =

� 0:78eV) or plane-by-plane(see�g. 2.7,for ubb = � 0:70eV). In caseof plane-by-plane

growth it takesa certaintime beforea new bcc nucleusis formedin the next fcc plane

adjacentto thetransformationfront. After nucleation,thefcc planetransformesrelatively

fast. In caseof continuousgrowth, no suchnucleationphasecanbe distinguished:the

transformationfront is a roughinterface(see�g. 2.8). Note that even in this casethe

product, fcc phaseis contiguous. At an intermediatevalue for ubb (see�g. 2.7, for

ubb = � 0:74 eV) thegrowth modeis mixed: for transformationof the �rst andsecond

fcc planesaclearnucleationphasecanbediscerned,but thengrowth becomescontinuous

(thestepsin thetransformationcurve disappear).Althoughnot clearlyshown in �g. 2.7,

thesameeffectshappensfor ubb = � 0:70 eV after longersimulationtimes. Equations

similar to eq. (2.8) canbe written for the energy changes� U2bb and� U3bb for jumps

from anfcc siteto bccsiteswith two andthreebccneighbours,respectively

� U2bb = 2ubb � 9u� + 8ubf (2.15)

and

� U3bb = 3ubb � 8u� + 4ubf : (2.16)

Using eqs. (2.15) and (2.16), the jump probabilitiesp2 andp3 for jumps to siteswith

two andthreebccneighbours,respectively, canbecalculatedby applyingeq. (2.1) asa

function of ubb; the resultsareshown in �g. 2.9. An fcc interfaceatomsurroundedby

fcc atomsonly in its own (111)planeandthat jumpsto a bccpositionmakesa p2-jump

(seealsoAppendix2.A). In therange-0.8to -0.7eV for ubb, p2 is very low (see�g. 2.9)

andhenceonly few of thesejumpswill beaccepted.An acceptedp2-jump is the�rst step

of theformationof a new bccnucleus.If p3 is alsovery low thenthis one-atom-nucleus
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Fig. 2.9: The jump probabilitiesp2 andp3 asa function of ubb (cf. eq. (2.1) andeqs.
(2.15)and(2.16)),with otherbondenergiesasindicatedin table2.2andatT = 1012K.

will quickly dissolve becauseno stabilizingextra bccatomswill attachto it. The value

for p3 increasesrapidly in theubb rangefrom -0.8 to -0.7eV andthusat ubb = -0.70eV

theformationof a new bccnucleusis muchmoredif�cult thanat ubb = -0.78eV (cf. �g.

2.7).

Thechangeof growth modeuponcontinuedtransformationandtheassociatedrough-

eningof the transformationinterfaceareconsequencesof the increasein thenumberof

vacanciesin theuntransformedplanes(seeabove discussion):thepresenceof vacancies

makesnucleationeasier, becauseenergetically more favourableatom positionscan be

occupied(seealsosection2.5.1).

Thesurfacerougheningtransitionhasbeenobservedin crystalgrowth simulationswith

temperatureasvariableinsteadof a bondenergy [7, 9,11]. Obviously, accordingto eq.

(2.1), a changein p2 and p3 can be inducedby a temperaturechangeas well as by a

changein ubb. Henceasimilargrowth modevariationcanbecausedby bothtemperature

andbondenergy changes.

2.5.3 Final remarks

Theledgemechanismhasbeensuggestedasatransformationmechanismfor themassive

transformation[2]. With ledgesthereis no needfor 2-dimensionalnucleationaslong as

somemechanismoperatesthatmakesthe formationor thepreservationof ledgespossi-

ble. The simulationswith the laterally growing nucleus(�gs. 2.3 and2.4) demonstrate

thatledge-wisegrowth is apossiblemechanism.Thusplane-by-planegrowth canbecon-
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ceived asa form of ledge-wisegrowth, in associationwith “spontaneous”formationof

new ledges.

With the atomicinteractionmodelusedhere(seesection2.2.1)the energy of a bond

betweentwo atomsdoesnot dependon thedistancebetweenthosetwo atoms.As future

work it is plannedto useamorerealisticatomicinteractionmodelsuchastheEmbedded

Atom Methodpotential[18,19]. Thispotentialis known to work well for metals,evenfor

thedescriptionof defectstructures.With theuseof sucha potentiala moleculardynam-

ics approachcanthenbe usedto examineseparatelythe activation energy for different

(individual) jumps,anaspectthathasthusfarnot beentakeninto account.

2.6 Conc lusion

For the �rst time a massive transformationhasbeensimulateddepartingfrom a multi-

latticebasisin a kinetic Monte Carloapproach.An essentialingredientof the modelis

theincorporationof “randomsites”,notbelongingto theproductor parentlattices.In this

way relevant intermediateatomicpositionsareidenti�ed andirregularitiesin theatomic

structureof transformationinterfacescanbeaccountedfor.

Transformationmechanismandkineticscanbe simulatedfor the massive fcc to bcc

transformationadoptinga bondcountingmodelfor thecalculationof atomicjump prob-

abilities. Startingwith a completely�at initial interface,this modelallows directassess-

mentof thecritical nucleussizeandinterfaceenergy valuesin termsof thebondenergies.

Two differentkinds of transformationmechanismscanbe identi�ed: plane-by-plane

growth in associationwith 2-dimensionalnucleation,resemblingthe ledgemechanism,

andcontinuousgrowth in associationwith theoccurrenceof aroughtransformationinter-

face.Which mechanismis dominant,dependson thevaluesof thebondenergiesandthe

temperature.Increasingthefcc-bccenergy difference(i.e. makingtheenergy difference

morenegative),causesthegrowth modeto changefrom plane-by-planeto continuous.

Thetransformationdoesnot leadto a perfectbcccrystal.Pointdefectsareformedes-

pecially in the initial stageof the transformation.This correspondswith an increaseof

thevacancy concentrationin theuntransformedpartof thesystemcloseto the interface.

Thesevacanciesin�uence theinterfaceenergy andleadto anincreaseof thetransforma-

tion rate.

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

In a bcc (110) planean atom hasfour (nearest)neighbours. In the bcc crystal in the

planesaboveandbelow thisplanetheatomhasanothertwo neighbours,leadingto atotal

of eightneighbours.In anfcc (111)planeanatomhassix neighboursandthreein thefcc
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planesaboveandbelow, leadingto atotalof 12neighbours.Theplanesneartheinterface

havebeenlabeledA, B, C andD. They arestackedin alphabeticalorder, A andB arebcc

(110)planesandC andD arefcc (111)planes.TheinterfaceliesbetweenplaneB andC.

A bccatomin planeB hasfour bccneighboursin that planeandtwo bccneighbours

in planeA. Thenumberof possiblemixedfcc-bccbondswith atomsin planeC turnsout

to beone,two or threedependingon thelocal situation.For anfcc atomin planeC: six

fcc-fcc bondsoccurin planeC, threefcc-fcc bondswith atomsin planeD andone,two

or threemixedfcc-bccbondswith bccplaneB. Thechangein thenumberof bondsfor

a jump canbedeterminedfrom theseconsiderations.For example,whenanfcc atomin

planeC movesto a bccsite two new bcc-bccbondsareformed(with atomsin planeB)

andnine fcc-fcc bondsarebroken (six with atomsin fcc planeC andthreewith atoms

in fcc planeD). Thesebroken fcc-fcc bondsarereplacedwith bcc-fccbonds,the exact

numberdependson thelocal arrangement.

Dif ferentexample(cf. section2.3.1). Two bcc atomsin planeC, surroundedby fcc.

If a commonfcc neighbour(in planeC) alsobecomesbcc thentherearefour new bcc-

bcc bondsformed (two with planeB and two with planeC) and seven fcc-fcc bonds

broken(four with planeC andthreewith planeD). Mixedbondsstill dependon thelocal

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

on theinterpretationof theinterfacemobility parameterfor a massive face-centredcubic

(fcc) to body-centredcubic (bcc) transformationin a singleelementsystem.For lateral

growth of bcc in a systemwith an fcc(111)//bcc(110)and fcc[112]//bcc[001] interface

orientationtheoverall activationenergy for theinterfacemobility parameteris governed

by energetically unfavourableatomic jumps. The atomson the fcc lattice often cannot

jump directly to bcc latticesitesbecauseneighbouringatomsblock theemptybccsites.

By singleunfavourablejumpsandby groupsof unfavourablejumpsa pathfrom fcc to

bcc is created.The necessityof theseunfavourablejumpsleadsto an overall activation

energy considerablylargerthantheactivationenergy barrierfor asingleatomicjump.

3.1 Intr oduction

A typical exampleof interfacecontrolledphasetransformationsis themassive transfor-

mation.Becausethemassive transformationis compositioninvariant,thetransformation

rateis determinedby processesat theinterfaceandnot by long rangediffusionof any of

thealloying elements.In apreviouspaper[20] amulti-latticekineticMonteCarlo(kMC)

methodwaspresentedfor the �rst time for theatomisticsimulationof massive transfor-

mations.In thatwork the focuswason the in�uence of thedriving forceon thegrowth

mode.Now, this methodhasbeenextendedto studytheso-calledinterfacemobility pa-

rameterfor the face-centredcubic (fcc) to body-centredcubic (bcc) transformationin a

singleelementsystem.With the(modi�ed) methodpresentedhere,time book-keepingis

introducedto enablethedeterminationof the transformationrate. Analysisof thetrans-

formationrateasafunctionof temperatureis requiredto determinetheinterfacemobility

parameter.
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The interfacemobility relatesthe interfacevelocity with the(occurring)driving force

for thetransformation.Theinterfacemobility, M , is generallywrittenas[1]

M = M 0 exp
�

�
� Ga

kB T

�

; (3.1)

with M 0 asthepre-exponentialfactor, � Ga astheactivationenergy, kB astheBoltzmann

constantandT as the temperature.Many factorsin�uence the activation energy: e.g.

interfacestructure,impurities.This leadsto variousexpectationvaluesfor theactivation

energy. Generally, the experimentalvaluesfound for � Ga differ signi�cantly from the

expectedvalues[1]. To achieve a betterunderstandingof the atomicprocessesthat de-

termine� Ga in massive transformations,themulti-latticekMC methodis usedherefor

simulationof theinterfacemovementin a 
 (fcc)/� (bcc)transformation.

Thispaperdescribesthemodi�cationsappliedto theoriginalmulti-latticekMC method

(section3.2) neededto extract interfacedynamicsfrom the simulations.The fcc to bcc

transformationin asingleelementsystemis simulated,with aninitial interfaceorientation

of fcc(111)//bcc(110)andfcc[112]1// bcc[001]. Theatomicinteractionsaredescribedby

anearestneighbourbondcountingmodel(section3.2.1).With thismodelit is possibleto

choosethebondenergiesin sucha way thateithercontinuousor plane-by-planegrowth

is obtained,asdescribedin Ref. [20].

Eq. (3.1) is usuallyappliedto casesof continuousgrowth [1]. In thesimulationsper-

formedin thisstudythebondenergiesweresetto obtaintheplane-by-planegrowth mode

(cf. section3.3).Whenthetransformationrateis determinedfor lateralgrowth in asingle

planeonly (i.e. parallelto theoriginal interface),this lateralgrowth canbeconsideredto

becontinuousgrowth, althoughtheoverallgrowth modeis plane-by-plane.Thechoiceto

studygrowth in asingleplanewasmadebecausethesimulationof lateral(planar)growth

requiresmuchlesscomputationtime thanthesimulationof a continuoustransformation

of theentirefcc volume.

3.2 Simulation method

Themulti-latticekMC methodasdescribedin [20] allowsthesimulationof aphasetrans-

formationfrom onecrystalstructureto another, by incorporatingboth crystalstructures

aspossiblesitesfor atoms.To allow theatomsat andnearthemoving interfaceto take

intermediatepositionsbetweenthe lattice sites,a collectionof randomlyplacedsitesis

alsoincluded.Theseintermediatepositionsallow for irregularitiesin theatomicstructure

of transformationinterfaces.

1 wrongly indicatedasfcc [111] in Ref. [20]
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In theoriginalmethodthechancefor ajumpof anatomfromonesitetoanothersitewas

basedonly on theenergy change� U of thesystemcausedby the jump. This cannever

leadto fully correctdynamics[21], becauseonly theinitial stateandendstateof a jump

are taken into account. A classicallyexact descriptionof reactionkinetics is obtained

if the (reaction)rateconstants,k, of all possibleprocessesin the systemaretaken into

account(in the phasetransformationsimulationsthe possibleprocessesare the atomic

jumps)[22].

Eachrateconstantshouldbe determinedfrom the potentialenergy changealongthe

entire reactionpath from the begin to the endstate. Preferably, the rateconstantsare

calculatedfrom transitionstatetheory, but even with the simple transitionstatetheory

(STST)approximationalreadygoodresultscanbeobtained[22].

If at a giventime in thesimulationthenumberof possiblejumpsin thewholesystem

is N jump , the next occurring jump is selectedby �rst calculatingthe total sum of the

rateconstantski of all possiblejumpsfor theactualcon�guration (i.e. thepresentsetof

occupiedsites):

K sum =
N jumpX

i =1

ki : (3.2)

andthus1=Ksum representstheaveragenumberof jumpsperunit of time. Thenarandom

numberR1 betweenzeroandK sum is drawn andtheactuallyoccurringjump is identi�ed

asthe�rst jumpa for which
aX

i =1

ki � R1: (3.3)

As the probability densityof times� t betweensuccessive jumpshasan exponential

distribution,thetimespentbeforemakingthenext jump,canbecalculatedwith [23]

� t = �
� 1

K sum

�

ln(R2); (3.4)

whereR2 is a randomnumberbetweenzeroandone.

On this basisthe transformationrate r tf hasbeenderived from the simulations(in

atoms/sec).Thecompletesimulationalgorithmis givenin Appendix3.A.

3.2.1 Atomic interaction model

For thecalculationof the rateconstantsof the jumpsan atomicinteractionmodelis re-

quired.Thesamenearestneighbourbondcountingmodelasin [20] is used.In thismodel

abondenergy, u, is ascribedto all possiblecombinationsof atompairs(bcc–bcc,fcc–fcc,

fcc–bcc),independentof thedistancebetweena pair of two atoms.Theatomsat random
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Fig. 3.1: A possiblevariationin energy alongthejumppathfrom stateS1 to S2.

sitesbehaveasthelatticesitemostnearestto them(seetable3.1in section3.3for values

of thebondenergies).

Considera jump takingthesystemfrom stateS1 to stateS2. Theenergy differencefor

this jump is

� U = US2 � US1 : (3.5)

Now assumethattheenergy of thesystemalongthepathof this jumpvariesasshown in

�g. 3.1.Accordingto STST(seefor exampleRef. [24]) therateconstantis givenby

k = � 0 exp
�

�
E a

kB T

�

; (3.6)

with � 0 apre-exponentialfrequency factorand

E a = Q + � U = Q + US2 � US1 : (3.7)

Obviously, for thejumpbackfrom S2 to S1 it holds

E a = Q: (3.8)

Hence,in generaltherateconstantcanbewrittenas

k =

8
<

:

� 0 exp
�
� Q+� U

kB T

�
if (� U > 0)

� 0 exp
�
� Q

kB T

�
otherwise

: (3.9)

The energy barrier that the atomshave to overcometo go from onesite to another, ac-

tually dependsthroughtheatomicinteractionenergieson the(local) surroundingsof the

jumpingatom. In this work Q is a freely adjustablesimulationparameter. By takingQ
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Tab. 3.1: Bond-energy valuesin eV, uxy is theenergy of abondbetweenanatomonasite
of type x andan atomon a site of type y (bcc, fcc or random).With thesevaluea bcc
atomhasthesamebindingenergy asin iron bcc.

ubb u� ubf urb urf

-1.04 -0.663 -0.121 -0.0872 -0.0872

equalfor every jump (anddoingthis alsofor � 0) it is possibleto studytheeffect of Q on

the transformationrate,while keepingthedriving force for the transformationconstant.

Thedriving forceis determinedby thevalueschosenfor thebondenergiesu.

3.3 Simulation settings

The simulationprogramcontainsa numberof parametersthat prevent the atomsfrom

comingunrealisticallycloseto eachother. Togethertheseparametersdeterminewhether

an emptyneighboursite quali�es asa valid target site for an atomto jump to. These

parametersare:themaximumdistancefor a long jumpr maxjump andfor ashortjumpr sj
2,

thehardspherecorediameterdhs andthe minimumvacancy hole radius,r vh (see�g. 1

in Ref [20]). Theminimumvacancy holeradiusdeterminestheminimumdistanceto the

nearestoccupiedneighboursitea(empty)sitemusthaveto beavalid targetsitefor a long

jump. Thevaluesusedherefor theseparametersare: r maxjump = 1:025r f , r sj = 0:35r b,

dhs = 0:68r b andr vh = 0:85r b unlessnotedotherwise(r x is thexcc nearestneighbour

distance).

Theselectedbondenergiesfor thebondcountinginteractionmodelaregivenin table

3.1. Theseparticularvaluesresult in a plane-by-planegrowth mode(seesection3.1

and[20]) with aneffectively impossiblenucleationof bcc in anadjacentfcc plane.The

� -parameterthatscalestheenergy of theatomson randomsites(seeRef [20]) wassetto

0.8. Because(2-dimensional)nucleationis effectively impossible,thestartcon�guration

must containa bcc seedas shown in planeB in �g. 3.2. The interfaceorientationis

fcc(111)//bcc(110)andfcc[112]//bcc[001] andthe interfacelies parallelto thexy-plane.

Thefcc andbcccrystalswerecreatedwith equalplanardensityfor theplanesparallelto

theinterface(with bccvolumedensityof 0.103�1030 atoms/m3). By choosingequalplanar

densityno vacancieswill becreatedor destroyedby the transformation.This facilitates

thetransformation.Furthermore,for theanalysisof thedataobtainedfromthesimulations

aconstantnumberof vacanciesis importantasthevacancy contenthasastrongin�uence

on theinterfacemobility (seesection3.4).

2 Thedivisionof jumpsin shortandlong jumpsis purelyarti®cial andhasonly beenmadefor computa-
tionalef®ciency reasons[20].
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Fig. 3.2: Thestartcon�guration for thesimulations,containing15 vacancies.Theextra
spacebetweentheplanesis not real, it hasbeeninsertedto provide a clearerview. Fcc
atomsareblack,bccatomsarewhite. Thewhitearrowsindicatethebccgrowth direction.

The initial interfaceareais 19.4x8.7nm, the numberof atomsper planeis 3312. If

vacancieswereinsertedin thesystemthenthey werecreatedin planeB shown in �g. 3.2

by removing fcc atoms.Periodicboundarieswereusedin boththex directionandthey

direction.This leadsto lateralgrowth of thebccphasein thex direction,asindicatedby

thewhitearrows in �g. 3.2.

Therandomsitesaredistributedaccordingto a restrictedlyrandomdistribution. First,

thesystemis dividedinto smallcubiccellswith a sidelengthof 1:4r b. Then,10 random

sitesareinsertedinto eachcell accordingto auniformdistribution.

In all simulationsavalueof 1013 (sec� 1) wasusedfor � 0.

The driving force for the transformationis taken to be temperatureindependent.Be-

causethepositionsof thelatticesitesare�x ed,temperaturealsohasno in�uence on the

geometryof the interfacethroughdensitychanges.The only in�uence temperaturehas

is on the transformationrate. With thechosenbondenergiesthe temperaturerangethat

canbe usedfor the simulationof lateralgrowth is very large, up to 10�103 K, because

thechancefor nucleationof bccin thefcc planeadjacentto theinterface(planeA in �g.

3.2) is sosmall. Becauseof computationalef�ciency reasons(seeAppendix3.B), most

simulationshavebeenperformedathighertemperatures.

ThesimulationprogramwasrunonasingleprocessorPC(Pentium4 Xeonat2.8GHz).

3.4 Results

Thetransformationrate3, r tf , asafunctionof temperaturewith Q = 1:744eV in asystem

3 An estimatefor the transformationrateis determinedby measuringthe time between20% and80%
completionof thetransformationof theremainingfcc atomsof planeB in ®g. 3.2 into bccatoms.



An atomistic analysisof the interface mobility in a massive transformation 37

10000

100000

1e+06

1e+07

1e+08

1e+09

1e+10

1e+11

1e+12

1e+13

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

r tf

Temperature (K)

Fig. 3.3: Thetransformationrateasa functionof temperaturefor a systemcontaining15
vacanciesandwith Q = 1:744eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof thetransformationsimulation.Thesolid line is a �t of eq.(3.10).

containing15vacancies(createdby removing fcc atomsfrom planeB in �g. 3.2)is shown

in �g. 3.3. Thetransformationrateis givenby [1]

r tf (T) = C exp
�

�
� Ga

kT

� �

1 � exp
�

�
� Ubcc;f cc

kT

��

; (3.10)

with C a pre-exponentialconstantand� Ubcc;f cc the bcc–fccenergy difference(=0.174

eV). To obtainthe overall activation energy for the mobility, � Ga, eq. (3.10)hasbeen

�tted to thesimulationdata4. Resultingvaluesfor � Ga andC are:

� Ga = 3:65� 0:05eV

and

C = (5:35� 0:02) � 1014 atoms/sec:

Evidently, � Ga is abouttwiceaslargeastheenergy barrierfor asinglejump,Q (=1.744

eV; seeabove). Theoverall mobility activationenergy, � Ga, hasalsobeendetermined

for threemoreQ-values.It followedthatthedifferencebetweenQ and� Ga is constant:

� Ga canbewrittenas

� Ga = Q + Eo� ; (3.11)

whereEo� is calledheretheactivationenergy offset.

4 This implies, asusual,that only the internalenergy part of the activation energy is determined;the
entropy contribution is includedin thepre-exponentialfactor
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Tab. 3.2: The activationenergy offset Eo� for variousvaluesfor the minimum vacancy
holeradiusr vh andthenumberof vacanciesin thesystem(� is thestandarderrorin Eo�

asobtainedfrom the�t procedure[25] andr b is thebccnearestneighbourdistance).

#vac r vh=rb Eo� �
- - 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 anactivationenergy (E a) larger thantheenergy barrier(Q) if

� U > 0 (eq. (3.9)). Thus,becauseEo� > 0, it would follow that r tf is controlledby

jumpswith a positive � U. Detailedanalysisof thejump possibilitiesof thefcc (parent)

atomsattheinterfacehasshown thatatany givenmomentmany fcc atomscannotjumpto

a bcc(product)site,becauseall surroundingemptybccsitesareblockedby otheratoms.

Very often oneor moreunfavourablejumps(i.e. � U > 0 (cf. �g. 3.1), for exampleto

randomsites)of thesurroundingatoms(or theatomitself) areneededto createa `path'

to a bccsite. By decreasingr vh an emptysite is morelikely to qualify asa valid target

site. With morevacanciesin thesystem,emptybccsitesarelesslikely to beblockedby

otheratoms.Therefore,by decreasingr vh and/orincreasingthenumberof vacancies,the

transformationshouldproceedfaster, which is con�rmed by the correspondinglylower

valuesfoundfor Eo� asshown in table3.2.Becauseasmallerr vh makesit easierto �nd a

pathfrom fcc to bccfor any positionalongtheentireinterface,whereasthetransformation

promotingin�uence of vacanciesis locally con�ned, the effect of a changeof r vh is

strongerthantheeffectof achangeof thenumberof vacancies(cf. table3.2).

In a simulationmany atomsat the interfacecontinuouslyjump backandforth. Such

forward-and-backjumps do not contribute to the transformation. By removing these

forward-and-backjump pairs from the jump history, only thosejumpsareselectedthat

actuallyestablishthe transformation. In this way a histogramshowing the numberof

effective jumpsasa functionof � U canbemade:see�g. 3.4. Eo� was1.56eV (table

3.2) for the settingschosenfor the simulationsgiving the datashown in �g. 3.4. The

histogramshowssomeintensityaround1.6eV which is almostequalto Eo� . Thismight

suggestthat the jumpswith � U = 1:56 eV are for somereasoncritical andtherefore

determineEo� . If ratedeterminationby singleunfavourablejumpswould occur, � Ga

(eq.(3.11))canbeidenti�ed with E a (eq.(3.7))and� U = Eo� . In thesimulationsit is

possibleto selectively excludeall jumpswithin a certain� U-range.Theresultsof such

simulations,seetable3.3, show that if all jumpswith � U-valuesnearEo� (=1.56eV)
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Fig. 3.4: A normalizedhistogramof � U-valuesof all effective jumps.Thehistogramis
anaverageover 10 simulationswith Q = 1:744eV, r vh = 0:85r b, T = 6072K and20
vacancies.Only theeffective jumpswith � U > 0 areshown.

Tab. 3.3: The offset in the effective activationenergy (Eo� ), for differentrangesof ex-
cluded � U-values. Resultsfrom simulationswith Q = 1:744 eV, 20 vacanciesand
r vh = 0:85r b. � is thestandarderrorasobtainedfrom the�t procedure[25].

Excl. � U (eV) Eo� (eV) � (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

areexcludedthe new activation energy falls within the excludedrange. The activation

energy offset changesstronglyif jumpswith � U-valuesconsiderablysmallerthanEo�

areexcluded. BecauseEo� canhave a valuein themiddleof theexcluded� U-rangeit

becomesclearthatEo� cannotbecausedby singleunfavourablejumpswith � U = 1:56

eV. This meansthatEo� mustcorrespondto a compositionof a groupof jumps(a jump

series)all with � U-valueslower thanEo� (for this reasonEo� changeswhenjumpswith

� U-values< Eo� areexcluded,seetable3.3). Thesejump serieshave their own com-

bined,effective activation energy, analogousto the overall activationenergy of a series

of consecutive chemicalreactions.From reactionrate theory it is known that for such

consecutivereactionstheoverallactivationenergy is thedifferencein energy betweenthe

energy of thetop of thehighestenergy barrierandtheenergy of the initial state[26]. If

a jump seriesis responsiblefor theobservedoverall interfacemobility activationenergy,

thentheenergy variationof thesystemalongthepathfrom fcc to bccmustcontainmul-
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Fig. 3.5: A possiblevariationon a path from stateS4 to the moststablestateS1 with
two intermediatestates.The energy barrierbetweenall states(i.e. for single jumps) is
constant(Q). Theoverallactivationenergy for thisprocess� Ga is thedifferencebetween
themaximumenergy level andtheenergy level of thestartstateandEo� = � U23 + � U34

(all � U-valuesarepositive in this �gure).

tiple intermediatestates;see,for example,�g. 3.5. Thejump yield, Yjump , is thenumber

of transformedatomspersinglejump. In all simulationsYjump decreaseswith decreasing

temperatureasshown in �g. 3.6. As explainedin Appendix3.B,Yjump canonly decrease

with temperaturefor a processwith at leasttwo intermediatestates.

Thesimulationshaveshown thata jumpseriesoftencontainsjumpsof different(neigh-

bouring)atoms.Thismeansthattheenergy of groupsof atomsmustbetrackedduringthe

simulationsto determinethecombinedactivationenergy, but it cannotbeknown which

groups.Effectively, thismakesit impossibleto determineexactlywhich� U-valuescom-

bineinto Eo� . Heretheimportantresultis thatjumpsseriesincorporatinggroupsof atoms

areinvolvedandthatEo� is thereforenotdeterminedby singleatomjumps.

3.5 General discussion

For incoherentboundariestheactivationenergy for diffusionof atomsin grainboundaries

is often takenasanestimatefor theactivationenergy of the interfacemobility (� Ga in

eq.(3.1)) [1]. However, experimentalresultson interfacemotionin massive transforma-

tionsrevealvaluesfor thisactivationenergy thataresigni�cantly largerthantheactivation

energy for grain-boundarydiffusion[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�uencesthetemperaturedependenceof thegrowth rate,sothe
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Fig. 3.6: Thejump yield, Yjump , asa functionof temperaturefor a systemcontaining15
vacanciesandwith Q = 1:744eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof thetransformationsimulation.

measuredactivationenergy is no longerpurelytheactivationenergy for boundarymove-

ment[1]. Thesecondexplanationseemsto besupportedby, alsovery recent,molecular

dynamicssimulationson grain growth in singlephasematerials[29–31]: the activation

energy for grain-boundarymigration in pure metalsas determinedby the simulations

wasfound to be actuallymuchlessthanthe activationenergy observedexperimentally.

Strikingly, theactivationenergy determinedin thosesimulationsis evensmallerthanthe

activationenergy for grain-boundarydiffusion.

In thepresentsimulationstheenergy barrierfor every jump,Q, is constant.Therefore

the activation energy for the processof bulk diffusion in the currentmodel is also Q.

Diffusionin theboundarywill mostlikely alsoincludeunfavourablejumpsandtherefore

in the presentcasethe activation energy for boundarydiffusion will be higher thanfor

bulk diffusion. Work is in progressto incorporaterealisticatomicinteractionpotentials

(suchas provided by the EmbeddedAtom Method [18,19]). With sucha potential it

shouldbe possibleto includein the simulationsnot only � U-valuesbut alsoQ-values

that dependon the local surroundingsof the jumping atoms. Only with thesevariable

Q-valuesa meaningfulcomparisonof the activationenergiesfor the interfacemobility,

boundarydiffusionandbulk diffusioncanbemade.

It hasbeensuggestedthatduringgraingrowth step-wisegrowth occursfor eachgrain

[28], suchthat in eachstepa groupof n atomsof theparentmaterialbecomedisordered

or melt simultaneouslyand then take on the structureof the growing (product)crystal

(with thetotal activationenergy dependenton n). Althoughthegroupsaresmallandno

meltingor strongdisorderingis observed,thepresentsimulationshaveshown thatgroups

of atomsareinvolvedin thephasetransformationat thetransformationinterface.
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Theexactvaluefor Eo� is dif�cult to predictfrom thesimulationsettings.During the

transformation,all alongtheinterface,unfavourablejumpsarerequiredto provideapath

from fcc to bcc. The energy change� U associatedwith eachof thesejumpsdepends

on the local surroundings.Along the interfaceand with motion of the interfacethese

localsurroundingschangecontinuously. Thismeansthatfor thetransformationjumpsof

many different� U-values(andcombinationsof � U-valuesfor jumpseries)arerequired.

Unlike in many otherprocesses(suchasdiffusion) it is not oneandthesame,constant,

activationenergy barrierthat is ratelimiting asshown by the largeuncertaintyrangesin

�g. 3.3andtable3.3.

3.6 Conc lusion

By calculatingtheatomicjumpratesonthebasisof simpletransitionstatetheory, thenew

multi-latticekineticMonteCarloschemecanbeusedfor thesimulationof transformation

kineticsin thefcc to bcctransformationin asingleelementsystem.

The observed effective overall activation energy for the interfacemobility parameter

is higherthantheenergy barrierfor singleatomicjumps(which wastakenconstant).It

follows that the mobility activation energy is determinedby energetically unfavourable

jumps. During the transformationmost fcc atomsat the interfacecannotjump directly

to emptybccsitesbecausetheemptybccsitesareblockedby otherneighbouringatoms.

Fromthetemperaturedependenceof thejumpyield andfromsimulationsin whicharange

of energetically unfavourablejumpswasexcludedit canbe concludedthat by seriesof

unfavourablejumpsperformedby groupsof atomsapathfrom fcc to bccis created,albeit

at thecostof aneffective overall activationenergy for the interfacemobility larger than

theactivationenergy barrierfor asingleatomicjump.

3.A The sim ulation algorithm

1. Createa list of all interfaceatoms

2. Calculatek for everyvalid jumpof theinterfaceatoms(usingeq.(3.9))

3. CalculateK sum (usingeq.(3.2))

4. Generatea randomnumberR 2 [0; K sum)

5. Find thecorrespondingjump(eq.(3.3))

6. Let theatomjump

7. Generatea randomnumberR2 2 [0; 1)
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8. Increasethesimulationtimeby � t ascalculatedwith eq.(3.4)

9. Givetherandomsitesthat haveremainedunoccupiedduring theentire simulation

a new (different)randomposition(this is only doneafter every50000jumps)[20]

10. Continuewith step1

3.B The jump yield

Firstconsidera transformationwheretheatomscanonly jumpbetweentwo statesS1 and

S2 with US1 < US2 asshown for examplein �g. 3.1.Theratefor thetransformationfrom

state2 to state1 for this two statetransformation,r tf ;2, canbewritten asthe difference

betweenthenumberof atomsjumping from S2 to S1 andthenumberof atomsjumping

in theoppositedirection:

r tf ;2 = N2k21 � N1k12; (3.12)

whereNx is thenumberof active atoms5 in stateSx . Theratesconstantsk12 andk21 are

givenby (cf. eq.(3.6)):

k12 = � 0 exp
�

�
Q + � U21

kB T

�

(3.13)

and

k21 = � 0 exp
�

�
Q

kB T

�

: (3.14)

UndertheassumptionN1 = N2 = N , r tf ;2 canberewritten into

r tf ;2 = � 0N exp
�

�
Q

kB T

� �

1 � exp
�

�
� U21

kB T

��

: (3.15)

By comparingeqs.(3.10))and(3.15))it is seenthat theoverall activationenergy equals

theheightof theenergy barrier(� Ga = Q) in this two statesituation.

The transformationrategivesthenumberof transformedatomsper unit of time. The

jumprater j is thenumberof jumpsperunit of time:

r j; 2 = N (k12 + k21): (3.16)

The ratio of r tf andr j de�nes the jump yield Yj , the numberof transformedatomsper

jump. For thetwo statesystemit followsfrom eqs.(3.12)and(3.16):

Yj; 2(T) =
r tf ;2(T)
r j; 2(T)

=
1 � exp

�
� � U21

kB T

�

1 + exp
�
� � U21

kB T

� : (3.17)

5 Only atomsthatcanactuallymakea jumpattempt(activeatoms),asatomsat thetransformationfront,
mustbetakeninto account.
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Fig. 3.7: A possibleenergy variationon a pathfrom stateS3 (fcc in thesimulations)to
themoststablestateS1 (bcc)with oneintermediatestates.Theenergy barrierbetweenall
statesis constant(Q). Theoverallactivationenergy for thisprocess� Ga is thedifference
betweenthemaximumenergy level andtheenergy level of thestartstate.

Evidently, since� U21 > 0, thejumpyield decreaseswith increasingtemperature.

In all simulations� Ga wasfound to be larger thantheactivationenergy barrierfor a

singleatomicjump,Q, andit wasconcludedthatunfavourablejumps,i.e. with � U > 0,

governtheinterfacemobility. If � Ga is determinedby single(independent)unfavourable

jumpsthenanatom�rst makesonejump to anintermediatestateandthena jump to the

�nal (bcc)stateoccurs,asshown schematicallyin �g. 3.7 (hence� Ga = Q + � U23).

Thetransformationratefor this threestatesystemis givenby

r tf ;3 =
1
2

N2k21 � N1k12 (3.18)

andthejumprateby

r j; 3 = N1k12 + N2(k21 + k23) + N3k32: (3.19)

Assumingsteadystateconditions(constantnumberof activeatomsin all states)andN1 =

N3 = N , thejumpyield followsfrom eqs.(3.18)and(3.19):

Yj; 3(T) =
r tf ;3(T)
r j; 3(T)

=
exp

�
� U31
kB T

�
� 1

4
�
1 + exp

�
� U31
kB T

� � : (3.20)

As Yj; 2, Yj; 3 alsodecreaseswith increasingtemperature,asshown in �g. 3.8.
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Fig. 3.8: The jump yield for a threestatetransformationprocess(Yj; 3, eq.(3.20))anda
four statetransformationprocess(Yj; 4, eq.(3.23)).

Now consideratransformationprocesswith two intermediatestatesasshown for exam-

ple in �g. 3.5(here� Ga = Q + � U23 + � U34). For this four statecasetherateequations

are

r tf ;4 =
1
2

N2k21 � N1k12 (3.21)

and

r j; 4 = N1k12 + N2(k21 + k23) + N3(k32 + k34) + N4k43: (3.22)

With US1 < US4 < US3 < US2 andassumingsteadystateconditionsandN1 = N3 = N ,

thejumpyield follows from eqs.(3.21)and(3.22):

Yj; 4(T) =
r tf ;4(T)
r j; 4(T)

(3.23)

= exp
� US2 + US3

kB T

� �

exp
� US4

kB T

�

� exp
� US1

kB T

��

/
�

5exp
� US1 + US2 + US3

kB T

�

+ 4exp
� US1 + 2US3

kB T

�

+

4exp
� 2US2 + 2US4

kB T

�

+ 5exp
� US2 + US3 + US4

kB T

��

:

Although eq. (3.23) hasbeenexpressedin absoluteenergy levels U insteadof energy

differences� U, Yj; 4(T) doesnotchangewhenUS1 , US2 , US3 andUS4 arechangedby the

sameamount.Now, andin contrastwith Yj; 2(T) andYj; 3(T), Yj; 4(T) hasamaximumata

certaintemperatureandbelow thattemperaturethejumpyield decreaseswith decreasing
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temperature,see�g. 3.8. This is thesamebehaviour asobserved in thesimulations(cf.

�g. 3.6)).Howeverthisbehaviour for Yj; 4(T) is only obtainedif US4 < US3 . If US4 > US3

thenYj; 4(T) will behavesimilarasYj; 3(T) in �g. 3.8.Apparently, theenergy levelsof the

intermediatestatesmustbearrangedsuchthat thereis a decreasein energy (favourable

singlejump)againstthedirectionof thetransformation.

A higherjump yield meansthatlessjumpsarenecessaryto obtainthesameamountof

productphase.For this reasonmostsimulationshave beendoneat relatively high tem-

peraturesbecauselessjumpsmustbe simulated,which greatlyshortensthe calculation

times.



4. Multi-lattice kinetic Monte Carlo sim ulation of

interphase kinetics for an iron fcc to bcc

transf ormation

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

Abstract

Using an embeddedatom methodpotentialfor iron, the kinetics of (lateral) growth

in themassive austenite(
 ) to ferrite (� ) transformationwasanalysedapplyinga newly

developedmulti-lattice kinetic Monte Carlo simulationapproach.On this basis,for the

�rst time the variable, individual activation energy for eachsingle atomic jump could

be accountedfor. It was shown that the transformationis rate controlledby seriesof

energeticallyunfavourablejumpsby groupsof atoms,necessaryto createa pathfrom 


to � at theinterphase.

4.1 Intr oduction

Massive transformationsandgrain growth are typical examplesof thermallyactivated,

interfacecontrolledsolid statetransformations.Models that describethe resultingmi-

crostructureof theseindustrially importantprocessesdependon anadequatedescription

of theinterfacemobility. Thetextbookequationfor theinterfacevelocity, v, thatusually

presentsa gooddescriptionof the experimentalobservations,reads[1] (seealso,�gure

4.1):

v(T) = M
�

1 � exp
�

�
� G
kT

��

(4.1)

with

M = M 0 exp
�

�
� Ga

kT

�

; (4.2)

with M 0 a pre-exponentialconstant,� Ga theactivationenergy of the interfacemobility

M , kB the Boltzmannconstant,T the temperatureand� G the (positive) Gibbsenergy

differencebetweentheparentandproductphase.Oneof themaindif�culties in theuse

of equation(4.1) is to obtainreliabledatafor � Ga, especiallyasa functionof interface
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Fig. 4.1: A possiblevariationin systemenergy onapathfrom the
 phaseto the� phase.

orientation/structure.Thebackgroundof equation(4.1) is theassumptionthat the inter-

facemovesby independentjumpsof atomsacrosstheboundary, whereeachatomhasto

overcomeanenergy barrierin thejump. Thus,in aphasetransformationfrom thefcc (
 )

to thebcc(� ) phase,atomsjumpingfrom 
 to � will experiencealoweractivationenergy

barrierthanatomsjumpingin thereversedirection,asshown in �gure 4.1.

Recently, multi-lattice kinetic Monte Carlo [20] simulationsof a massive fcc to bcc

transformationin a singleelementsystemhave shown that � Ga is determinedby series

of energetically unfavourablejumps1 performedby groupsof atoms[32]. This means

that thereareseveral intermediatestatesin thepathfrom 
 to � asshown schematically

in �gure 4.2.Theoverallactivationenergy (� Ga) is thedifferencebetweenthemaximum

energy of thesystemandtheenergy of theinitial state(onapathfrom 
 to � ). Thegroups

of intermediatejumpsarerequiredbecausegenerallyanfcc atomcannotjumpdirectly to

abccsitebecausethebccsitesareblockedby neighbouringatoms.

In themulti-latticekineticMonteCarlosimulationstheatomicjumprates,k, arecalcu-

latedaccordingto

k =

8
<

:

� 0 exp
�
� Q+� U

kB T

�
if (� U > 0)

� 0 exp
�
� Q

kB T

�
otherwise

; (4.3)

with Q the heightof the energy barrierof a jump, � 0 a (constant)frequency factorand

� U thechangein systemenergy causedby thejumpconsidered.Theobserveddifference

betweenQ and� Ga wasfoundto dependon theopennessof theinterfacestructure.
1 An unfavourablejump implies that the energy of the systemafter the jump is larger thanbeforethe

jump; i.e. in ®gure4.1a jump from � to 
 .
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Fig. 4.2: A possiblevariationin systemenergy on apathfrom the
 phaseto the� phase
with two intermediatestates.Theenergy barrierbetweenall states(i.e. for singlejumps)
is constant(Q). The overall activation energy for this process� Ga is the difference
betweenthemaximumenergy level andtheenergy level of thebegin state.

In the previous work [20,32] � U wascalculatedfor eachjump with a simplebond

countingenergy modelandQ wastakenconstantfor every jump, which areseveresim-

pli�cations. To �nd out if the resultsobtainedwith thesesimpli�cations aregenerally

valid, in thecurrentwork simulationshave beenperformedincorporatingtheembedded

atommethod[18,19] (EAM), a moreaccurateatomic interactionmodel thanthe bond

countingmodel,thatallows calculationof � U andtheactivationenergy barrierQ both

for eachindividual jump, therebyexpressingthe effect of the local surroundingsof the

jumpingatoms.

4.2 Simulation method

The multi-lattice kMC methodasdescribedin [20] and[32] allows the simulationof a

phasetransformationfrom onecrystalstructureto another, by incorporatingbothcrystal

structuresaspossiblesitesfor atoms.To allow theatomsatandnearthemoving interface

to take intermediatepositionsbetweenthe lattice sites,a collectionof randomlyplaced

sitesis alsoincluded.Theseintermediatepositionsallow for irregularitiesin theatomic

structureof transformationinterfaces.

In thepresentwork two typesof simulationshave beenperformed.In the�rst typethe

atomicjump rate,k, is calculatedwith a constantenergy barrierQ (cf. equation(4.3)).
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ThenQ is asimulationparameter. Theenergy difference� U for eachjump is calculated

with theJohnson-OhEAM potentialfor iron [33].

Thesecondtypeof simulationusesavariableactivationenergy barrierQ for theatomic

jumps,by makingtheactivationenergy for eachindividual jump dependenton the local

surroundingsof thejumpingatom.Thejumprateequationcanbewrittenas

k = � 0 exp
�

�
E a

kB T

�

; (4.4)

with E a = Q+ � U if � U > 0andE a = Q otherwise(cf. equation(4.3)).For everyjump

E a is determinedseparatelyapplyinga constrainedconjugategradientenergy minimiza-

tion methodaspresentedin reference[34]. In thismethodthejumpingatomis pushedin

anumberof smallstepsfrom thestartpositiontowardstheendpositionof theatom.After

everysteptheenergy of thesystemis minimizedby a conjugategradientmethod,i.e. by

a (continuous)adjustmentof theatomicpositions,undertheconstraintthat the jumping

atomis allowedto moveonly perpendicularlyto theline drawn from startto endposition.

Thiscalculationcanonly beperformedwith anatomicinteractionmodelwhichgivesthe

interactionenergy asa continuousfunctionof the distancebetweentwo atoms(suchas

anEAM potential).

If everyE a wouldbecalculatedasdescribedabovewith theconstrainedconjugategra-

dientenergy minimizationmethod,thecalculationtimefor thesimulationswouldbecome

muchtoo long. Therefore,a neuralnetwork [35] wastrainedon thebasisof dataof over

� ve thousandjumpsrigorouslycalculatedwith theconstrainedconjugategradientenergy

minimizationmethod.Thethustrainedneuralnetwork canbeusedin thesimulationsto

calculateE a for eachindividualjump. Toobtainanaccurateneuralnetworkdescriptionof

E a theright setof inputparametersmustbeselected.BecauseE a is primarily determined

by thesurroundingatomsof thejumpingatom,theinput parametersshouldin particular

expressthe role of thesesurroundingatoms. A descriptionthat is accurateenoughand

yet allows fastsimulationis thesetof distancesof the14 neighbouringatomsclosestin

distanceto thestraightline drawn from begin to endpositionof the jumpingatom. To-

getherwith thejumpdistanceandthesystemenergy beforeandafterthejumptheseinput

parameterssuf�ce to obtaina neuralnetwork thatdescribesE a for eachindividual jump

within ameansquareerrorof lessthantwo percent.

4.3 Simulation setup

Thestartcon�gurationcontainedabccseedfor thesimulationof lateralgrowth asshown

in �gure 4.3. The interfaceorientationis fcc(111)//bcc(110)andfcc[112]//bcc[001] and

the interfacelies parallel to the xy-plane. The fcc andbcc crystalswere createdwith

equalplanardensityfor theplanesparallelto the interface(with bccnumberdensityof
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Fig. 4.3: Thestartcon�guration for thesimulations,containing17 vacancies.Theextra
spacebetweentheplanesis not real, it hasbeeninsertedto provide a clearerview. Fcc
atomsaredarkgrey, bccatomsarelight grey. Thewhite arrows indicatethebccgrowth
direction.

84.9�1027 atoms/m3). Thenumberof atomsperplaneis 3312.If vacancieswereinserted

in the systemthen they were createdin planeB shown in �gure 4.3 by removing fcc

atoms.Periodicboundarieswereusedin both the x directionandthe y direction. This

leadsto lateralgrowth of thebccphasein thex direction,asindicatedby thewhitearrows

in �gure 4.3.

Therandomsitesweredistributedaccordingto arestrictedlyrandomdistribution. First,

the systemwasdivided in small cubic cells with a sidelengthof 1:4r b (with rb the bcc

nearestneighbourdistance).Then,N ran randomsiteswereinsertedinto eachcell accord-

ing to a uniformdistribution. UnlessnotedotherwiseN ran = 10.

In all simulationsavalueof 1013 (sec� 1) wasusedfor � 0.

Thedriving forcefor thetransformationis determinedby the(iron) EAM potentialand,

for the chosendensitiesof the fcc andbcc crystals,it is � Ubcc;f cc = 0.03eV. With this

driving forceandthechoseninterfaceorientationthechanceof bccnucleatingin planeA

(cf. �gure 4.3) is extremelysmall (cf. reference[20]). andthereforeonly lateralgrowth

in planeB occurs.Becausethepositionsof thelatticesitesare�x ed,temperaturehasno

in�uence on the geometryof the interfacethroughdensitychanges.The only in�uence

temperaturehasis onthetransformationrate.For optimalcalculationtimeef�ciency [32]

thesimulationswereperformedin a temperaturerangefrom 1250to 4000K.

In theconstantenergy barriersimulations(seesections4.2and4.4.1)a valueof 0.872

eV wasusedfor Q.
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Fig. 4.4: The transformationrateasa function of temperaturefor a systemcontaining
17 vacanciesandwith Q = 0:872eV. All datapointsrepresenttheaveragefrom a min-
imum of 10 repetitionsof the transformationsimulation. The error barsrepresentthe
correspondingstandarddeviation. Thesolid line is a �t of equation(4.5).

By calculatingthetransformationrater tf
2 of simulationsat differenttemperatures,the

overall activation energy for the interfacemobility, � Ga, can be found by non-linear

least-squares�tting to theobtaineddataof 3

r tf (T) = C exp
�

�
� Ga

kT

� �

1 � exp
�

�
� Ubcc;f cc

kT

�

;
�

: (4.5)

with C a pre-exponentialconstantand� Ubcc;f cc the fcc-bccenergy difference(driving

force,equalto 0.03eV; seeaboveandseeequations(4.1)and(4.2)).

4.4 Results

4.4.1 EAM constant- Q sim ulations

The transformationrateis shown asa functionof temperaturefor a systemwith 17 va-

canciesin �gure 4.4. By �tting equation(4.5) to thedata

� Ga = 1:576� 0:006eV

2 An estimatefor the transformationrateis determinedby measuringthe time between20% and80%
completionof thetransformationof theremainingfcc atomsof planeB in ®gure4.3.

3 This implies, asusual,that only the internalenergy part of the activation energy is determined;the
entropy contribution is includedin thepre-exponentialfactor.
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and

C = (5:721� 0:006)� 1014 atoms/sec:

have beenobtained.Evidently, � Ga is abouttwice aslarge asthe energy barrier for a

singlejump,Q (=0.872eV). This alreadyshows that � Ga is controlledby unfavourable

jumps(� U > 0, cf. equation(4.3)). If it is onetype of unfavourablejump that is rate

limiting it shouldbepossibleto write � Ga as

� Ga = Q + � Url ; (4.6)

where� Url is the � U of the rate limiting jump. If equation(4.6) holds then � Url =

� Ga � Q = 0:704eV. Excludingall jumpswith � U between0.63and0.78eV from the

simulationsanew overallactivationenergy

� Ga
excl = 1:63� 0:03eV

hasbeenfound.With equation(4.6) thisgives� Url = 0:76eV which fallswithin theex-

cluded� U-range.Therefore,it mustbeconcludedthatinterpretationof thevaluesfound

for � Ga on the basisof equation(4.6) is invalid andthat � Ga is determinedby multi-

ple unfavourablejumps,i.e. by groupsof unfavourablejumpsasshown schematicallyin

�gure 4.2.

Thejumpyield Y is de�nedasthenumberof transformed(fcc to bcc)atomsperatomic

jump. It canbeshown thatY asa functionof temperaturecanonly have a maximumat

T 6= 0 if the processhasmultiple intermediatestateswhereat leasttwo of the energy

levelsof theintermediatestatesmustbearrangedsuchthattheirenergy level increasesin

thedirectionof the transformation(i.e. US2 � US3 > 0 in �gure 4.2; seealso�gure B2

in [32]). The jump yield asa functionof temperaturefor a systemwith 17 vacanciesis

shown in �gure 4.5.Thejumpyield hasanmaximumatT 6= 0. Hence� Ga is determined

by groupsof unfavourablejumps.

In thesimulationwith thebondcountinginteractionmodelit wasfoundthatthediffer-

encebetween� Ga andQ is stronglyin�uenced by the interfacestructure[32]. If more

vacanciesareaddedto thesystemtheinterfacestructurewill becomemoreopen(because

the vacanciesdissolve at the interface),which shouldleadto a smaller� Ga. In �gure

4.6 � Ga is shown asa functionof thenumberof vacanciesin thesystem.Indeed,� Ga

decreaseswith anincreasingnumberof vacancies.

As notedin sections4.2and4.3thesystemalsocontainsasetof randomlyplacedsites.

Therole of theserandomsitesis to allow theatomsto take intermediatepositionsat the

transformationfront. Theseriesof unfavourablejumpsby groupsof atomsarerequired

becausetheemptybccsitesareoftenblockedby neighbouringatomswhich meansthat
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Fig.4.5: Thejumpyield asafunctionof temperaturefor asystemcontaining17vacancies
andwith Q = 0:872 eV. All datapoints representthe averagefrom a minimum of 10
repetitionsof the transformationsimulation. Theerrorbarsrepresentthecorresponding
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averagefrom a minimum of 10 repetitionsof the transformationsimulation. The error
barsrepresentthe correspondingstandarddeviation. The solid line is a �t of equation
(4.5).

most fcc atomscannotjump directly to a bcc site. Or in different words: the groups

of jumpsprovide a pathfrom fcc to bcc. If morerandomsitesareavailableit is easier

for the atomsto �nd a pathto bcc and� Ga decreases(con�rmed by simulationswith

differentvaluesfor N ran ). However, whentoomuchrandomsitesareaddedto thesystem

the relative chancefor a jump to a randomsite ascomparedto a jump to a lattice site

becomesso large that all calculationtime is spendon jumpsto andfrom randomsites

insteadof on jumpsthatcouldeffectuatethetransformation.

4.4.2 EAM variab le-Q sim ulations

Thetransformationrateasa functionof temperaturefor a systemwith 17 vacanciesand

with E a (cf. equation(4.4))calculatedwith thetrainedneuralnetwork is shown in �gure

4.7.Froma �t of equation(4.5)

� Ga
nn = 0:99� 0:02eV

hasbeenobtainedfor the overall interfacemobility activation energy, � Ga
nn , of these

neuralnetwork simulations. By �ltering out all back-and-forthjumps from the jump

history only thosejumpsthat actuallyeffectuatethe transformationcanbe selected.A

histogramthatshowshow oftenjumpswith a speci�c E a occurin thisgroupof effective

jumpsis shown in �gure 4.8. It followsthatthereis only averyminimal fractionof jumps
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Fig.4.8: Thedistributionof E a-valuesof theeffective,singlejumpsrecordedfor asystem
containing17 vacanciesata temperatureof 2530K.

with E a = � Ga
nn . Excludingall jumpswith E a in therangeof 0.91-1.12eV leadsto a

new overallactivationenergy, � Ga
nn;excl:

� Ga
nn;excl = 1:00� 0:02eV:

This valuefor the effective mobility activation energy is in the middle of the excluded

rangeof activation energy valuesfor single jumps, leadingto the conclusionthat the

variableE a simulationsalso demonstratethat � Ga is determinedby groupsof jumps

(by the sameline of reasoningas in section4.4.1). Also, the jump yield asa function

of temperature,shown in �gure 4.9, againhasa maximumat T 6= 0, supportingthe

conclusionthat� Ga is determinedby groupsof jumps.

Finally, for simulationswith different numbersof vacanciesin the systemthe same

trendasin �gure 4.6is observed;i.e. � Ga decreaseswith increasingvacancy content.

4.5 Discussion

All observationsmadewith theoriginal bond-countingwith constantQ simulationshave

beencon�rmed for both theEAM with constantQ andtheEAM with variableQ simu-

lations. Apparentlyequation(4.1) remainsa very goodapproximationfor the transfor-

mationrateregardlessof theexactshapeof theenergy variationalongthepathfrom 
 to

� aslong � Ga is takenasthe differencebetweenthe highestenergy level andthestart

level energy alongthatpath.For example,no signi�cant changeof theinterfacevelocity
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Fig.4.9: Thejumpyield asafunctionof temperaturefor asystemcontaining17vacancies
andwith neuralnetwork calculatedE a-values.All datapointsrepresenttheaveragefrom
a minimum of 10 repetitionsof the transformationsimulation. The error barsrepresent
thecorrespondingstandarddeviation.

occursif theenergy barrierbetweenstateS3 andstate
 in �gure 4.2is muchsmallerthan

Q.

The introductionof the EAM based,variable,neuralnetwork calculatedsingle jump

activationenergiesis animportantstepforwardin applyingthemulti-latticekineticMonte

Carlomethodasa quantativemethod.With theneuralnetwork approachit is possibleto

useeven more accurateinteratomicpotentials,becausethe energy barriersfor only a

limited numberof jumps(hereabout5000jumps)haveto becalculatedto obtainthedata

to train theneuralnetwork.

4.6 Conc lusion

The resultsof the simulationsperformedherefor the massive 
 (fcc) to � (bcc) phase

transformationfully supportconclusionsdrawn on thebasisof theprevioussimulations

with a constantsinglejump activationenergy barrieranda bond-countingatomicinter-

actionmodel; i.e. for both the embeddedatommethod(EAM) with constantactivation

energy barrierandthe EAM with neuralnetwork calculated,variablesingle jump acti-

vationenergy simulations,theoverall interfacemobility activationenergy is determined

by seriesof unfavourablejumpsby groupsof atoms.Thesegroupsof jumpsarerequired

to createa pathfrom fcc to bccasmostfcc atomscannotjump directly to bccsitesbe-

causethey areblockedby neighbouringatoms.A moreopeninterfacestructureleadsto

asmalleroverall interfacemobility activationenergy.
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5. Atomistic Simulations of Interface Contr olled

Phase Transf ormations

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

Abstract

A multi-latticekineticMonteCarlomethodhasbeenusedfor anatomisticstudyonmov-

ing interfacesin interface-controlledphasetransformations.Dependingon the driving

forceof thetransformationacontinuousor aplane-by-planelateralgrowth modeoccurs.

In caseof plane-by-planegrowth 2-dimensionalnucleationis requiredto accomplishthe

transformation.To studytheactivationenergy of theinterfacemobility for anfcc to bcc

massivetransformationin asingleelementsystem,lateralgrowth modesimulationshave

beenperformed.Seriesof unfavourableatomicjumpscontrolthetransformationratebe-

causeatomson the fcc lattice in generalcannotjump directly to bcc lattice sitessince

neighbouringatomsblock theemptybccsites.Themagnitudeof thedifferencebetween

themobility activationenergy andtheactivationenergy for diffusionis determinedby the

interfacestructure.

5.1 Intr oduction

A typicalexampleof aninterfacecontrolledphasetransformationis themassivetransfor-

mation.Therateof transformationin amassivetransformationis determinedbyprocesses

at the interface. In many iron-basedalloys theaustenite,
 , to ferrite, � , transformation

is of massive nature. Recently, the massive transformationhasreceived muchrenewed

attention[2,14,36,37]. Themechanismof thetransformationis a topic of active discus-

sion[16]. Mostexperimentaldatawerecollectedafterthetransformationwascompleted.

Dataon theinterfacestructureobtainedduringthetransformationwouldgreatlyenhance

theunderstandingof thetransformationmechanism,but suchdataarescarce[3,16].

Moleculardynamics(MD) simulationswouldallow thestudyof thestructureof amov-

ing interfacein full atomicdetail, assimulationsof the martensitictransformationhave

shown [4–6]. Recently, MD simulationshave alsobeenusedin thesimulationof elasti-

cally drivenmigrationof �at grainboundaries[31,38].
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Unfortunately, the timescalerequiredfor thesimulationof massive transformationsis

generallytoo demandingcomputationally. In MD simulationsthefull continuoustrajec-

toriesof theatomsaredescribed.To enhancethetimescalethatcanbesimulated,kinetic

MonteCarlo(kMC) simulationscanbemade.However, thenthepossibleatompositions

arerestrictedto a setof discretesites.Themovementof theatomsis in this casetreated

asa stochasticprocess.

MonteCarlomethodshavebeenemployedsuccessfullyin simulatingsolid-vapourand

solid-liquid transformations[7–11]. Unfortunatelythesemethodscannotbe applieddi-

rectly to solid-statetransformations,becauseadescriptionof asolid-statetransformation

requiresat leasttwo lattices.

The recentlyintroducedmulti-lattice kinetic Monte Carlo (kMC) method[20] for the

simulationof a solid-statephasetransformationfrom onecrystalstructureto anotherin-

corporatesboth crystalstructuresaspossiblesitesfor atoms.To allow theatomsat and

nearthemoving interfaceto take intermediatepositionsbetweenthe latticesites,a col-

lection of randomlyplacedsitescanalsobe included. These`randomsites' allow for

irregularitiesin theatomicstructureof transformationinterfaces.Dependingon thedriv-

ing force for the transformationandon the mobility of the atomsat the interface,these

intermediatesitescanbeesssentialto thetransformation.

In this work resultsof the simulationof an fcc to bcc transformationin a singleele-

mentsystemarepresented.Both theactivationenergy of the interfacemobility andthe

in�uence of thedriving forceon thegrowth modehavebeeninvestigated.

5.2 Simulation Method

Thetextbookequationfor theinterfacevelocity, v, reads[1]

v = M
�

1 � exp
�

�
� G
kB T

��

(5.1)

with

M = M 0 exp
�

�
� Ga

kB T

�

; (5.2)

whereM 0 is a pre-exponentialfactor, � Ga is theactivationenergy of the interfacemo-

bility, kB is the Boltzmannconstant,T is the temperatureand� G is the Gibbsenergy

differencebetweentheparentandproductphases.Eq. (5.1) is basedon theassumption

that the interfacemovesby (with respectto time andspace)independentthermallyacti-

vatedjumpsacrossthe interface,wheretheatomsjumping from theparentphaseto the

productphaseexperiencean effective energy barrierof � Ga andatomsjumping in the

reversedirectionexperienceaneffectiveenergy barrierof � Ga + � G.
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Multi-lattice kMC allows the atomisticsimulationof interfacecontrolledtransforma-

tionsbasedon thesameassumptions,i.e. the interfacemovesby independentthermally

activatedatomicjumps.

In themulti-latticekMC methodasemployedherethejump rate,k, is calculatedfrom

simpletransitionstatetheory(seefor exampleRef. [24]) with

k = � 0 exp
�

�
E a

kB T

�

; (5.3)

with � 0 a pre-exponentialfactorandE a theactivationenergy for the jump. In thekMC

methoda jump is selectedat randombasedon the relative chanceof eachjump1. Let

K sum bethesumof thejumpratesof all possiblejumpsin thesystem,

K sum =
N jumpX

i =1

ki ; (5.4)

whereN jump is thetotalnumberof possiblejumps.Theaveragenumberof jumpsperunit

of time is givenby 1=Ksum. Now, a randomnumberR1 betweenzeroandK sum is drawn

andtheactuallyoccurringjump is identi�ed asthe�rst jumpa for which

aX

i =1

ki � R1: (5.5)

Thetime � t betweensuccessive jumpscanbecalculatedwith [23]

� t = �
� 1

K sum

�

ln(R2); (5.6)

whereR2 is a randomnumberbetweenzeroandone.

For thecalculationof E a in Eq. (5.3) it is hereassumedthatevery jump hasthesame

energy barrierQ, asshown for a jump from positionA to positionB in Figure5.1. This

meansthatEq.(5.3)canberewrittenas

k =

8
<

:

� 0 exp
�
� Q+� U

kB T

�
if (� U > 0)

� 0 exp
�
� Q

kB T

�
otherwise

; (5.7)

where� U is thepotentialenergy changeof thesystemcausedby thejump.

For the calculationof � U an atomicinteractionmodel is required. In this work two

differentmodelshave beenused: an embeddedatommethod(EAM) potential[18,19]

anda bond-countingmodel(asdescribedin Ref. [20]). In the bondcountingmodelall

possiblebondshave beengiven a �x ed energy regardlessof the distancebetweentwo

1 SeeRef. [32] for a full descriptionof thesimulationalgorithm
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Fig. 5.1: Thevariationin energy alongtheatomicjump pathfrom positionA to position
B andviceversa.

atoms.In total thereare� vedifferentbondenergies:ubb for abcc-bccbond,u� for a fcc-

fcc bond,ubf for a mixedbcc-fccbond,urf for a bondbetweenanfcc atomandanatom

on a randomsiteandurb for a bondbetweenanbccatomandanatomon a randomsite.

TheEAM potentialgivesmuchmorerealisticinteractionenergies,but thebondcounting

modelhastheadvantagethatthedriving force(� Ubcc;fcc = 1
2(8ubb � 12u� )) andbcc-fcc

interfaceenergy canbechosenalmostarbitrarily.

5.3 Simulation settings

Besidesthetemperature,theconstantenergy barrier(Q), thedensitiesof thecrystallat-

tices,thenumberof randomsitesin thesystem,theinterfaceorientationandthenumber

of vacanciesin thesystem,thesimulationswith the bondcountingmodel,ascompared

with the EAM model,have oneimportantextra parameter:the hardcorediameter, dhs,

which preventsatomsfrom overlapping.Further, for simulationsusingthebondcount-

ing modeltwo moreparametersmustbespeci�ed: themaximumdistancefor a longjump

rmaxjump andfor ashortjumpr sj. Thesetwo parametersmainly in�uencethecomputation

ef�ciency of thesimulation,asdescribedin Ref. [20]. Herer sj = 0:15r b, dhs = 0:65r b

andr vh = 0:75r b havebeenused(r b is thebccnearestneighbourdistance).

For the EAM potentialthe Johnson-Oh[33] potentialfor iron was used. The three

differentsetsof bondenergies(setsA, B andC) that wereusedaregiven in Table5.1.

Thesedifferentsetswereusedto vary thedriving forcefor thetransformationandto vary

thebcc-fccinterfaceenergy.

To studytheinterfacemobility activationenergy anfcc(111)//bcc(110)with fcc[112]//

bcc[001] interfacewascreated,with for bcc the equilibrium (iron) densityand for fcc
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Tab. 5.1: Bond-energy valuesin eV, uxy is theenergy of abondbetweenanatomonasite
of typex andanatomonasiteof typey (bcc,fcc or random).

Setname ubb u� ubf urb urf

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(110)with fcc[112]// bcc[001] con�guration. Theextra
spacebetweentheplanesis not real; it hasbeeninsertedto provide a clearerview. Bcc
atomsaredark, fcc atomsarelight gray. Periodicboundarieswereusedin the x andy
directions.

a densitywaschosensuchthat the fcc(111)andbcc(110)planeshave the sameplane

density. A typical con�guration is shown in Figure 5.2. For the simulationof lateral

growth of abccseed,asin planeB of Figure5.2,theEAM potentialwasused.

To studythe 2-dimensionalnucleationbehaviour the samesystemwasusedbut now

with thebondcountinginteractionmodel. Besidesthe fcc(111)//bcc(110)interfaceori-

entation,anfcc(252)//bcc(110)with fcc[520]//bcc[100] interfacewasalsoused.Because

with this orientationequalplanedensitycannotbe created(asfcc (252) is not a closed

packed plane),this systemwascreatedwith almostequaldensitiesfor fcc andbcc (fcc

densitywasslightly smallerthanthebccdensity).By keepingthenumberof fcc andbcc

sitesin thesimulationvolumeequalevery fcc atomcanin principle�nd a bccsite.

Therandomsitesweredistributedaccordingto arestrictedlyrandomdistribution. First,

thesystemwasdivided in small cubiccellswith a sidelengthof 1:4r b. Then,Nran ran-

domsiteswereinsertedinto eachcell accordingto a uniform distribution. Unlessnoted

otherwiseNran = 10.

In all simulationsa valueof 1013 (sec� 1) wasusedfor � 0. The default value for Q

is 0.872 eV. Most simulationswere doneat temperaturesaround2500 K. This is for

computationalef�ciency reasonsasexplainedin Ref. [32].
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Fig. 5.3: Growth curvesfor four differentsimulationsystems.Systems1, 2 and3 have
an fcc(111)//bcc(110)andsystem4 hasan fcc(252)//bcc(110)interfaceorientation.For
systems1 and4 thebondenergiesfrom setA, for system2 thebondenergiesfrom setB
andfor system3 thebondenergiesfrom setC (seeTable5.1)wereused.All simulations
pertainto T = 2275K andwerecarriedoutwith N ran = 0.

5.4 Results

5.4.1 Nucleation behaviour

Thegrowth curvesof four differentsystemsareshown in Figure5.3. Systems1, 2 and

3 have the samefcc(111)//bcc(110)interfaceorientationbut pertainto differentsetsof

bondenergies.

With bondenergy setA, i.e. system1, (seeTable5.1)bccis notableto nucleatein new

planes(for examplein planeA from Figure5.2), only the arti�cially insertedbcc seed

grows andthenthe transformationstops. With bondenergy setB, i.e. system2, which

meansa higherdriving force anda lower interfaceenergy (seeTable5.1), bcc is able

to nucleatein new planesanda plane-by-planegrowth modeis observed. For an even

strongerdriving force,bondenergy setC (system3), thecontinuousgrowth modeis ob-

served,whichmeansthatthetransformationtakesplacein severalplanessimultaneously.

As opposedto system1, for system4 with an fcc(252)//bcc(110)interfaceorientation

nucleationandgrowth with bondenergy setA is possible.
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Fig. 5.4: Thetransformationrateasa functionof temperaturefor a systemcontaining15
vacanciesandwith Q = 0:872eV. All datapointsareanaveragefrom a minimumof 10
repetitionsof thetransformationsimulation.Thesolid line is a �t of Eq. (5.8).

5.4.2 Interface mobility activ ation energy

Normally, the interfacevelocity, v is measuredat a numberof different temperatures

and then the interfacemobility activation energy, � Ga is found by �tting Eqns.(5.1)

and(5.2). In thesimulationsthe interfaceareais constant,which meansthat insteadof

v, the transformationrate,r tf (in atoms/sec),canalsobe usedto determine� Ga. The

transformationrateis givenby

r tf (T) = C exp
�

�
� Ga

kT

� �

1 � exp
�

�
� Ubcc;fcc

kT

��

; (5.8)

wheretheentropy partof thedriving forcehasbeentaken into thepre-exponentialcon-

stantC and � G (cf. Eq. (5.1)) hasbeenreplacedwith the fcc-bcc energy difference,

� Ubcc;fcc.

Thetransformationrate2 asa functionof temperatureis shown in Figure5.4(for lateral

growth in a fcc(111)//bcc(110)systemusing the EAM potential). By non-linearleast

squares�tting of Eq. (5.8) to thesimulationdata(with � Ubcc;fcc = 0:03eV)

� Ga = 1:576� 0:006eV
2 An estimatefor the transformationrateis determinedby measuringthe time between20% and80%

completionof thetransformationof theremainingfcc atomsof planeB in ®g. 5.2into bccatoms.
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is found. Thevalueobtainedfor � Ga is almosttwice aslarge asthevalueusedfor the

singleatomicjumpenergy barrier, Q (seeEq.(5.7)andFigure5.1).

Simulationswith differentvaluesfor Q have shown that the differencebetween� Ga

andQ is constant. This differenceis calledherethe energy offset Eo� , which canbe

writtenas

Eo� = � Ga � Q: (5.9)

BecauseEo� > 0, it alreadyfollowsthatthetransformationis controlledby energetically

unfavourablejumps(� U > 0, seeEq. (5.7)). It couldbe thatonesingletypeof jumps

is ratedetermining,which would meanthat Eo� = � Ucrit . HereEo� = 0:704eV. For

simulationswhereall jumps with � U 2 (0:628;0:776) (in eV) wereexcluded,a new

E excl
o� of 0:76� 0:03eV wasfound.BecauseE excl

o� 2 (0:628;0:776)it follows that

Eo� 6= � Ucrit ;

Hence,thereis no singlecritical jump. It mustbeconcludedthat the interfacemobility

activationenergy is determinedby aseriesof jumps,i.e.

Eo� =
NX

i =1

� Ui ; (5.10)

whereN is thenumberof intermediatejumps.Theexactsizeof N is unknown, but from

thevalueof Eo� andtypical � U valuesN is expectedto haveavalueof 4 or 5.

Theseriesof unfavourablejumpsperformedby groupsof atomsarerequiredbecause

mostfcc atomsat the interfacecannotdirectly jump to a bcc latticesitebecauseall sur-

roundingemptybccsitesareblockedby neighbouring(fcc) atoms(by overlap).Only by

a complex multiple jump mechanismcanevery fcc atom�nd a placeon thebcc lattice.

On a local scalethis meansthat the interfacewill often stopfor a while (or evenmove

backwards)andthensuddenlymoveforwardoneor moreatomrows.

If thereis moreroom at the interface,the rearrangementprocessshouldbe easierto

accomplish.This hasindeedbeenobservedin our work for systemswith differentnum-

bersof vacancies(createdby removing atomsfrom planeB in Figure5.2). Indeed,� Ga

decreaseswith increasingvacancy content.

5.5 Discussion

Althoughbothinterfaceorientationsconsideredin this work (fcc(111)//bcc(110)andfcc

(252)//bcc(110))are incoherent,the disorderat the interfaceis larger for the fcc(252)//

bcc(110)orientation.Thisexplainswhy the(2-dimensional)nucleationof new bccplanes

is mucheasierin thefcc(252)//bcc(110)system(cf. system1 vs.system4 in Figure5.3).
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Fig.5.5:A possiblevariationonapathfromfcc tobcc(right to left) with two intermediate
states.Theenergy barrierbetweenall states(i.e. for singlejumps)is constant(Q). The
overall activation energy for this process� Ga is the differencebetweenthe maximum
energy level andtheenergy level of thestartstateandthusEo� = � U23 + � U3;f cc (all
� U-valuesarepositive in thisFigure).

In the fcc(111)//bcc(110)systemthe growth modedependson the driving force and

the bcc-fcc interfaceenergy. With a high driving force anda low interfaceenergy, the

energy gainupontransformationis so large that thecostin energy on formationof a 2-

dimensionalbccnucleusis no realbarrierfor nucleation.A moremoderatedriving force

leadsto a plane-by-planegrowth mode. Which meansthat growth is muchfasterthan

nucleation,but nucleationcanstill occur. With anevensmallerdriving force,thegrowth

modeparallelsthewell known ledge-wisegrowth mechanismandanexternalmechanism

is requiredfor theformationof new ledges.

Because� Ga is determinedby seriesof unfavourablejumps by groupsof atomsit

followsthattherearemultiple intermediatestatesonthepathfrom fcc to bcc,asschemat-

ically shown in Figure5.5.Onthebasisof Figure5.5anexactexpressionfor theinterface

velocity canbefound(adoptingthesteadystateconstraint).If Ubcc < Ufcc < U2 < U3,

� Ga is givenby (cf. Eq. (5.1)):

� Ga = Q +
NX

i

� Ui = Q + � U23 + � U3;fcc: (5.11)

If U3 < U2 (asin Figure5.5)Eq. (5.1) is only a verygoodapproximation(but holdsover

a largetemperaturerange)[32].
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As a �rst estimationfor � Ga grainboundarydiffusionactivationenergies,� Ga
gb, are

often used[1]. However, experimentshave shown that � Ga is often larger than� Ga
gb

[27]. This differenceis attributed to solutedrag effects [1]. In the simulationsystem

usedhere,theactivationenergy for volumediffusion� GD
V is alwaysequalto Q because

� U = 0 for bulk diffusion jumps. In reality � Ga
gb is smallerthan � GD

V becausethe

activationenergiesfor theatomicjumpsin thegrainboundaryarelower. However, in the

simulationstheactivationenergy for any jump is alwaysat leastQ. Becausemany jumps

in the boundarywill have � U > 0, � Ga
gb will be larger thanQ. To be able to really

compare� Ga, � Ga
gb and � GD

V from simulations,all theseactivation energies should

bedeterminedwith a variable(for every jump separatelycalculated)Q. This work is in

progress.

5.6 Conc lusion

The growth modedependson the atomicinteractionenergies,i.e. the driving force and

interfaceenergy, andon the interfaceorientation.With thesameatomicinteractionset-

tings, bcc will not grow unlessan externalnucleationmechanismis operative (compa-

rableto ledge-wisegrowth) with an fcc(111)//bcc(110)andfcc[112]//bcc[001] interface

orientation,whereasa systemwith anfcc(252)//bcc(110)with fcc[520]//bcc[100] inter-

faceorientationwill grow by (2-dimensional)nucleationof new bcc(110)planes.This

canbeattributedto themoredisorderedstructureof thefcc(252)//bcc(110)interface.By

increasingthedriving force for the transformationa plane-by-planegrowth modeis ob-

tained:growth is muchfasterthennucleation,but nucleationcanoccur. Thecontinuous

growth modecanbeobtainedby further increasingthedriving force. Thennucleationis

no longeranobstacleandgrowth takesplacein severalplanessimultaneously.

Becausethe mobility activation energy is determinedby energetically unfavourable

jumps,theobservedeffective interfacemobility activationenergy is higherthanthe en-

ergy barrier for singleatomic jumps. During the transformationmost fcc atomsat the

interfacecannotjumpdirectly to emptybccsitesbecausetheemptybccsitesareblocked

by otherneighbouringatoms. Simulationswherejumpswithin a certainenergy range

wereexcludedhave shown thatseriesof unfavourablejumpsby groupsof atomsarere-

quiredfor fcc atomsto �nd apathto thebcclattice.



6. An atomistic stud y 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 themulti-latticekinetic MonteCarlosimulationof the fcc to bcc transformationin

iron, theatomscantakepositiononthesitesof thecrystallatticesandonanumberof sites

randomlydispersedover thesystemto allow for irregularitiesin theatomicstructureof

transformationinterfaces.Lateralgrowth simulationswith aninitial interfaceorientation

of fcc(111)//bcc(110)and fcc[112]//bcc[001], provided dataon the activation enthalpy

for the interfacemobility andthe migrationactivationenthalpy for boundarydiffusion.

Theresultsobtainedallow a critical appraisalof rulesof thumbproposedearlierfor the

relationbetweentheactivationenthalpiesfor interfacemobility, grain-boundarydiffusion

andvolumediffusion. In particularit is shown that,dependingon theinterfacestructure

the interfacemigration activation enthalpy can be larger or smallerthan the migration

activationenthalpy for boundarydiffusion.

6.1 Intr oduction

Themassivetransformationis a typicalexampleof aninterfacecontrolledphasetransfor-

mation. In thedescriptionof thekineticsof thesetransformationstheinterfacemobility,

M , is oneof thekey quantities.M , is generallywrittenas[1]

M = M 0 exp
�

�
� H a

kB T

�

; (6.1)

with M 0 asthepre-exponentialfactor, � H a astheactivationenthalpy (theentropy partis

containedin M 0), kB astheBoltzmannconstantandT asthetemperature.Theinterface

mobility isassumedtobedeterminedby themobility of theatomsattheinterphasebound-

aryandthereforeit is usuallyclaimedthattheactivationenthalpy for grain-boundarydif-

fusion,� H D
GB , wouldbeagoodestimatefor � H a for incoherentinterfaces[1]. However,
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experimentalresults[27,39] show thaton averagevaluesfor � H a arein betweentheac-

tivation enthalpy for boundarydiffusion and the activation enthalpy for bulk diffusion,

� H D
V :

� H D
GB

� H D
V

2
� 1
2

;
2
3

�

(6.2)

and
� H a

� H D
V

�
2
3

: (6.3)

Recently, multi-lattice kinetic Monte Carlo (kMC) atomisticsimulationshave shown

thattheactivationenthalpy for theinterfacemobility canbeconsiderablylargerthanthe

activation enthalpy for a single jump at the boundary:� H a is determinedby seriesof

energetically unfavourablejumps performedby groupsof atomsrather than by single

atomic jumps [32,40]. A method,basedon a neuralnetwork description,that allows

thetime ef�cient calculationof jump speci�c activationenergies,E a, wasintroducedin

Ref. [40]. Accordingto this methodthe activationenergy for a jump canbe calculated

dependenton thelocal surroundingsof thejumpingatom.

Thepurposeof this work is to determineboth� H D
GB and� H a from simulationswith

thesevariable,jump speci�c E a-values.Thena valid comparisonof thesetwo activation

enthalpiescanbemade.

Lateralgrowth of the � (bcc) productphasein a 
 (fcc) to � (bcc) transformationin

a singleelementsystem(iron) is simulated,with aninitial interfaceorientationgivenby

fcc(111)//bcc(110)andfcc[112]//bcc[001]. With this setupthe temperaturedependence

of boththeinterfacemobility andtheboundaryself diffusionhavebeenexamined.

6.2 Simulation method and settings

Themulti-latticekMC methodasdescribedin Refs.[20] and[40] allowsthesimulationof

aphasetransformationfrom onecrystalstructureto another, by incorporatingbothcrystal

structuresas possiblesitesfor the atoms. To allow the atomsat andnearthe moving

interfaceto take intermediatepositionsbetweenthelatticesites,acollectionof randomly

placedsitesis alsoincluded. Theseintermediatepositionsallow for irregularitiesin the

atomicstructureof transformationinterfaces[20].

The transformationis simulatedby letting the atomsat the interfacejump to a neigh-

bouringemptysite.Thejumprateconstant,k, is calculatedby

k = � 0 exp
�

�
E a

kB T

�

; (6.4)

whereE a is calculatedusingaconstrainedconjugategradientenergyminimizationmethod

aspresentedin Ref. [34]. To reducethecalculationtime of thesimulationsa neuralnet-
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Fig. 6.1: A typical startcon�guration for the simulations.The extra spacebetweenthe
planesis not real;it hasbeeninsertedto providea clearerview. Fccatomsarelight grey,
bccatomsaredark.

work is trainedwith datafrom over ten thousandjumps. The trainedneuralnetwork is

then usedin the simulationsto calculateE a (with a meansquareerror of lessthan 2

percent).

Thestartcon�gurationinvolvesabccseedfor thesimulationof lateralgrowth in atomic

planeB for thestructureshown in Fig. 6.1.

Thefcc andbcccrystalswerecreatedwith equalplanardensityfor theplanesparallelto

theinterface(with bccnumberdensityof 84.9�1027 atoms/m3). If vacancieswereinserted

in thesystemthenthey werecreatedin planeB shown in Fig. 6.1by removing fcc atoms.

Periodicboundarieswereusedin boththex andy directions.

Therandomsitesweredistributedaccordingto arestrictedlyrandomdistribution. First,

the systemwasdivided in small cubic cells with a sidelengthof 1:4r b (with rb the bcc

nearestneighbourdistance).Then,N ran randomsiteswereinsertedinto eachcell accord-

ing to a uniformdistribution.

In all simulationsa valueof 1013 (sec� 1) wasusedfor � 0 (cf. Eq. (6.4)). The atomic

interactionenergieswerecalculatedusingthe Johnson-Ohembeddedatommethodpo-

tentialfor iron [33].

With thesesimulationsettingsthefollowing analysesweremade:

� Theinterfacemobility activationenthalpy (heredenotedas� H a;s, i.e. with anad-

ditional superscript̀ s'; cf. Eq. (6.1), to signify that it is theactivationenthalpy as

determinedfrom the simulations,seealsosection6.4) wasdeterminedby a non-
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linearleastsquares�t to theobtaineddatafor thetransformationrate,r tf
1, accord-

ing to [32]:

r tf (T) = C exp
�

�
� H a;s

kT

� �

1 � exp
�

�
� Ubcc;f cc

kT

��

; (6.5)

whereC is a pre-exponentialconstantand� Ubcc;f cc (=0.03eV) is the fcc-bccen-

ergy difference.

� The activationenthalpy for vacancy migrationin boundaryself diffusion, � H m
GB ,

wasobtainedfrom the determinationof meansquareatomdisplacements(MSD)

[41] in asystemwith acompletely�at interface(i.e. no bccseedin planeB of Fig.

6.1)with asinglevacancy at theinterface(i.e. in planeB of Fig. 6.1).Thesummed

squareatomdisplacement(SSD)is givenby

SSD(t; t0) =
NGBX

j =1

(r j (t + t0) � r j (t0))2 ; (6.6)

wheret is time,NGB is thenumberof atomsattheboundary(atomswith neighbours

of bothfcc andbcctype)andr j is thepositionof atomj . If a representstheslope

of aSSDvs. timeplot then� H m
GB canbefoundby a �t of

ln(a) = C0 �
� H m

GB

kB T
; (6.7)

with C0 asaconstant,to thedatafor a obtainedatseveraltemperatures,T.

For ef�ciency reasonsall simulationswereperformedin thetemperaturerangeof 2000

to 3200K (seealsoAppendixB of Ref. [32]).

6.3 Results

Theresultsobtainedfor � H a;s and� H m
GB for differentvaluesof N ran areshown in Table

6.1. Thebccbulk diffusionmigrationactivationenthalpy, � H m
V , (which is E a from Eq.

(6.4)for a vacancy jump in thebulk) wasfoundto be

� H m
V = 1:34eV:

1 An estimatefor the transformationrateis determinedby measuringthe time between20% and80%
completionof thetransformationof theremainingfcc atomsin planeB asshown in Fig. 6.1.
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Tab. 6.1: Interfacemobility (� H a;s) andboundaryself diffusion(� H m
GB ) migrationac-

tivationenthalpiesfor differentnumbersof randomsitesin thesystem(� is thestandard
errorasobtainedfrom the�t procedure[25]).

Nran � H a;s � � H a;s � H m
GB � � H m

GB

- (eV) (eV) (eV) (eV)
0 1.14 0.06 1.46 0.02
4 1.06 0.06 1.37 0.03
8 1.04 0.05 1.45 0.11
15 0.98 0.03 0.80 0.12

6.4 Discussion

Usually, theactivationenthalpy for theinterfacemobility (� H a) is comparedto theacti-

vationenthalpy for boundaryselfdiffusion(� H D
GB ) and/orvolumeselfdiffusion(� H D

V ),

wherefor incoherentboundaries� H a is expectedto beapproximatelyequalto � H D
GB ,

ratherthanequalto � H D
V [1].

Theactivationenthalpy for self diffusioncanbeconceivedascomposedof a partdue

to migration(of a vacancy) anda partdueto the formationof a vacancy [39]. Thusfor

boundarydiffusion

� H D
GB = � H m

GB + � H f
GB ; (6.8)

with � H f
GB asthevacancy formationenthalpy at theboundary, andfor volumediffusion

� H D
V = � H m

V + � H f
V ; (6.9)

with � H f
V asthe bulk vacancy formationenthalpy. Normally, sucha split is not made

for � H a. For reasonsthat will be explainedbelow, herea comparisonis now madeof

themigrationactivationenthalpiesfor volumediffusion(� H m
V ) andboundarydiffusion

(� H m
GB ) andtheactivationenthalpy for boundarymobility (� H a;s), asthey wereobtained

from thesimulations.

For all valuesof N ran , � H a;s is smallerthan� H m
V (Table6.1). Only for the largest

valueof Nran (=15) � H a;s is largerthan� H m
GB ; for theothervaluesof N ran (=0,4 and8)

� H m
GB is largerthan� H a;s (and,even,� H m

V ).

To interprettheseresultsit is remarked that the activationenergy for an atomicjump

(E a cf. Eq.(6.4))canbewritten as

E a = � U + Q; (6.10)

where� U is thechangein systemenergy causedby the jump andQ is theenergy bar-

rier (see�gure 6.2). For bulk vacancy diffusion � U = 0 andQ alwayshasthe same
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Fig. 6.2: For anatomicjump from positionA to B thechangein systemenergy caused
by the jump, � U, is shown togetherwith thechangein systemenergy during the jump
giving theenergy barrierpart,Q, of theactivationenergy.

value(here1.34eV; seesection6.3). For jumpsat the boundary� U will generallybe

differentfrom zero,becausemostatompositionsat theboundaryhave differentbinding

energies.Thusvacanciesat theboundarycanbetrappedin energeticallyfavourableposi-

tions(meaningthatanunfavourable(� U > 0) atomjump mustbemadefor thevacancy

to escape).At the boundaryQ canbe aslarge or smallerasin the bulk, but not larger.

A `vacancy trap' at theboundarywherea positive � U-valueis pairedwith a reasonably

large Q-valuecanexplain why � H m
GB canbe larger than� H m

V (againnote: activation

enthalpiesfor migrationof avacancy arecomparedhere).For relatively largenumbersof

randomsitesthesetrapsarelesslikely to occur, becausetherewill bemorejumppossibil-

ities,which increasesthechancethata jumpwith eitherasmaller� U or smallerQ-value

canbe found to escapethe trap. Accordingly, � H m
GB becomessmallerthan � H m

V for

largevaluesof N ran , asobserved.

For themovementof theinterface(duringthetransformationfrom fcc to bcc)anumber

of dif�cult jumpscouldberequiredat a certainpartof the interfaceandthis would slow

down theinterfacemovement(locally). In themeantimerelatively easyjumpsin aneigh-

bouringpart of the interfacecould changethe structurein sucha way that the dif�cult

jumpsin the �rst mentionedpartof the interfaceareno longernecessary. Visualization

of the movementof the atomsduring the transformationfor the simulationsperformed

in this work, hasindeedshown thatoftena smallpartof the interfaceis not moving un-

til a transformationin a neighbouringpart of the interfacetakesplacetherebyallowing

easieratomjumpsat (theedgesof) the(previously) immobilepart. This meansthat the

transformationcantake placeby relatively easyjumpsonly, explaining why, even with

low valuesfor N ran , � H a;s is alwayssmallerthan� H m
V . In Refs.[32,40] it wasshown
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Fig. 6.3: A possiblevariationin systemenergy on apathfrom the
 phaseto the� phase
(right to left) with two intermediatestates.For comparisonthesizeof theenergy barrier
for migrationin volumevacancy diffusion,Qvac, hasalsobeenindicated.Qvac is larger
thantheinterfacemobility activationenthalpy, � H a;s.

that� H a;s is not determinedby singlejumpsbut by seriesof energeticallyunfavourable

jumpsperformedby groupsof atoms.Then,theresult� H a;s < � H m
V , implies thatall

thejumpsin theseriesof unfavourablejumpshave signi�cantly lower Q-valuesthanthe

Q-valuefor volumediffusion,asshown schematicallyin �gure 6.3.

Simulationswith differentvacancy contenthaveshown thatwith morefreespace(more

vacancies)at the interface,a pathfrom fcc to bcc is easierfound, leadingto higherin-

terfacemobilities [32,40]. Vacancies(arti�cially) insertedin thesimulationsystemwill

oftenbe`smearedout' over theinterface.Theseriesof unfavourableatomjumpscanbe

seenasrearrangementsof thelocally availablefreespaceto thenecessaryvolumesand/or

(continuous)shapesof free spaceto enablejumps from fcc to bcc. Therefore,� H a;s

canbesaidto containa `formation' enthalpy partof anappropriatevolumeof freespace

(probablyup to the sizeof the atomicvolume). This `formation' part of the activation

enthalpy mustnotbeconfusedwith acontributionof formationenthalpy to theactivation

enthalpy for theinterfacemobility dueto thepossibletemperaturedependenceof thethe

amountof free space(vacancy content),which latter contribution doesnot occurin the

currentsimulationsbecausetheamountof freespaceis keptconstantanddeterminedonly

by the(chosen)initial simulationcon�guration(theinterfaceorientationandthenumber

of (arti�cial) vacanciesin the system). If, in nature,the intrinsic (con�guration deter-

mined)amountof freespaceis suf�cient theactivationenthalpy for theinterfacemobility
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� H a will begivenby � H a;s. If this intrinsicamountof freespaceis insuf�cient, thenthe

effect of thermalactivationof theamountof freespace(vacancies)becomessigni�cant

andthus� H f
GB mustbeincludedin � H a;s to obtain� H a. This is thereasonthatin the

abovediscussion� H a;s wasdirectly comparedto themigrationactivationenthalpiesfor

boundaryandbulk diffusion. It hasbeenshown by simulationsthat, � H a;s dependson

the(constant,i.e. temperatureindependent)numberof vacanciesin thesystem[40]. This

indicatesthat � H a cannotbe written asa simplesumof constantcontributions� H a;s

and� H f
GB (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

vacancy concentration2. Preliminarysimulationswith lessvacanciessuggestthat, for

the currentinterfaceorientationwherethe closestpacked planesin 
 (fcc) and� (bcc)

areparallelat the interface,it is very probablethat the amountof intrinsic free spaceis

insuf�cient to inducethetransformation.

The vacancy formationenthalpy will be higher in the bulk thanat the interface[42].

Thereby, in particularfor the highest(andthereforemostrealistic3) numberof random

sitesin the system(N ran = 15, seeTable 6.1) � H D
GB can satisfy the rangeof values

indicatedby Eq.(6.2).

Now, in orderto compare� H a, � H D
GB and� H D

V therearetwo possibilities.Depend-

ing on the amountof intrinsic freespaceat the interface,either(i) a vacancy formation

enthalpy mustbe addedto � H a;s to obtain� H a, or (ii) a vacancy formationenthalpy

mustnot beaddedto � H a;s to obtain� H a (seeabove). In the �rst case,the total com-

bined interfacemobility activation enthalpy (� H a) will be larger than � H D
GB (seeTa-

ble 6.1 for the mostrealistic3, high numberof N ran (=15) andwhereit is assumedthat

� H f
GB and� H a;s canbe simply addedto get � H a; seethe discussionabove), which

is in agreementwith experimentalobservationsindicatedby Eq. (6.3). In the second

case,� H a < � H D
GB , whichresultagreeswith moleculardynamicssimulationsongrain-

boundarymigrationandself diffusionin copper[38].

6.5 Conc lusion

Simulationswith variable,surroundingsspeci�c, activation energies for atomic jumps

have shown that the (migration partsof the) activation enthalpiesfor interfacemobil-
2 Thebccnucleusinsertedin planeB of ®gure6.1 doesnot ®t perfectlyin thesurroundingfcc matrix,

whichmeansthatlessbccatomsareinsertedthanfcc atomsareremoved.Thenumberof vacanciescreated
in theremainingfcc partof planeB in this way is relatively large(comparableto theequilibriumvacancy
concentrationat a (virtual) temperatureof 2200K).

3 In reality, atomsat the interfacecantake any positionandarenot 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 availablecomputer
hardware.
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ity andfor boundaryself-diffusiondependon thenumberof randomsitesin thesystem

(whichallow for irregularitiesin theatomicstructureof interfaces).

Becausethechangein systemenergy canbenon-zerofor atomicjumpsin theboundary

asopposedto atomicjumpsin the bulk, the migrationactivationenthalpy for boundary

diffusioncanbe larger thanthe migrationactivationenthalpy for bulk diffusion, in par-

ticular if the numberof randomsitesin the systemis low. The chancethat a relatively

easyjump is availablefor a vacancy at the interfacebecomeslarge with a high number

of randomsitesin the systemandthenthe migrationactivation enthalpy for boundary

diffusionis lower thanthemigrationactivationenthalpy for bulk diffusion.

The`migration' activationenthalpy for theinterfacemobility, asdeterminedfor a case

of largeamountof intrinsic freespaceat theinterface,is alwayslower thanthemigration

activationenthalpy for bulk diffusion,andis higherthanthemigrationactivationenthalpy

for boundarydiffusionprovidedthenumberof randomsitesin thesystemis high (which

is themostrealisticcase).

Dependenton theamountof intrinsic freespaceat theinterface,theactivationenthalpy

for the interfacemobility canor cannotcontaina contribution dueto the formationen-

thalpy of avacancy in theinterface.Onthatbasistheactivationenthalpy for theinterface

mobility canbeeitherlargeror smallerthanthetotal (= migration+ formation)activation

enthalpy for grain-boundarydiffusion.
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7. Zusammenfassung

7.1 Einführung

Füreinegrenz��chen-kontrolliertePhasenumwandlungwird dieUmwandlungsgeschwin-

digkeit vonProzessenanderGrenz��che bestimmt.Die massiveUmwandlungist ein ty-

pischesBeispielfür einegrenz��chen-kontrolliertePhasenumwandlung.Einesder tech-

nologischwichtigstenBeispieleist die Austenitzu Ferrit Umwandlung,die in Eisenlie-

gerungenalsmassiveUmwandlungauftretenkann.

In letzterZeit hat die massive Umwandlungerneutviel Aufmerksamkeit erhalten[2,

14,15], wobeiinsbesonderederMechanismusderUmwandlungdiskutiert[16] wird. Die

verfügbarenexperimentellenErgebnissesindgrößtenteilserstnachderUmwandlungge-

messenworden.Um den Mechanismusder Umwandlungbesserzu verstehen,werden

Informationenzur Grenz��chenstrukturbenötigt,die w�hrend derUmwandlunggemes-

senwerden.Hierzugibt esnurwenigeexperimentelleErgebnisse[3,16].

Die Anwendungder “moleculardynamic” (MD) Methodezur Untersuchungdermar-

tensitischenUmwandlunghatgezeigt,daßMD SimulationengeeignetsindumdieStruk-

tur einer sich bewegendenGrenz��che auf atomarerEbenezu untersuchen[4–6]. Seit

kurzemwerdenMD Simulationenauchzur UntersuchungderBewegungebenerGrenz-

��chen w�hrend desKornwachstumsin Kristallenbenutzt[31,38].

Die ZeitdauereinermassivenUmwandlungist jedochgenerellzu langum mit derMD

Methodesimuliertzu werden.In MD Simulationenwerdendie Atombewegungenkonti-

nuierlichbeschrieben.Um dieZeitdauerzuverl�ngern,diesimuliertwerdenkann,können

Berechnungenmit der“kinetic MonteCarlo” (kMC) Methodedurchgeführtwerden.Hier

sinddie möglichenPositionender Atomeauf diskrete(“Gitter”) Pl�tze beschr�nkt,und

dieBewegungderAtomeverl�uft überstochastischeSprünge.

MonteCarloMethodensindbishererfolgreichzurSimulationvonFestkörper-Gasund

Festkörper-Flüssigkeit Umwandlungeneingesetztworden[7–9,11] . Hierbei wird aber

nur von einemKristallgitter für möglichePositionenderAtomeausgegangen.Für Fest-

körper-FestkörperUmwandlungenist eserforderlich,daßdieAtomePositionenaufmin-

destenszwei Gitter einnehmenkönnen,hierzuist in dieserArbeit eine“multi-latticeki-

neticMonteCarlo” (mlkMC) Methodeentwickelt worden.
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DieseArbeit beschreibtdie neuentwickeltemlkMC Methodesowie ihre Anwendung

zurUntersuchungdermassivenUmwandlungvoneinemkubisch��chenzentrierten(fcc)

Gitter zueinemkubischraumzentrierten(bcc)Gitter für ein reinesMetall (Eisen).

7.2 Die multi-lattice kinetic Monte Carlo Methode

Um ein Mehrphasensystemzu beschreibenwerdenin der mlkMC Methodegleichzeitig

unterschiedlicheGitteralsmöglichePl�tze für dieAtomeverwendet.Zu jedergegebenen

Zeit ist nur ein Teil der Gitterpositionenbesetzt.Die Umwandlungwird durch Atom-

sprüngevon besetztenzu unbesetztenPl�tze simuliert.Um esdenAtomenanundnahe

dersichbewegendenGrenz��che zu ermöglichenPositionenzwischendenGitterpl�tzen

einzunehmen,wird eineAnordnungzuf�llig ausgew�hlter Pl�tze in dasSimulationssy-

stemaufgenommen.DieseZwischenpl�tzelassendasAuftretenvonUnregelm�ßigkeiten

in derAtomstrukturderGrenz��che zu.

In dieserArbeit werdenzwei unterschiedlicheSimulationsalgorithmenverwendet.Im

erstenAlgorithmuswird ein Atom an der Grenz��che zuf�llig ausgew�hlt. Dannwird

einbenachbarterleererPlatzzuf�llig alsseinZielplatzausgew�hlt. DerSprungchance,p,

wird berechnetmit

p =
exp

�
� � U

kB T

�

1 + exp
�
� � U

kB T

� ; (7.1)

wobei � U die Energie�nderungdurchdenSprung,T die TemperaturundkB die Boltz-

mannKonstanteist. Indemmanp mit einerzuf�llig gew�hlten Zahl zwischennull und

einsvergleicht,wird der Sprungentwederangenommenoderzurückgewiesen.Bei die-

semAlgorithmuswird die Zeit in Monte-CarloSchrittenausgedrückt.

Im zweitenAlgorithmus wird die Summeder Rate,k, jedesmöglichenSprungsim

Systemerrechnetmit

K sum =
N jumpX

i =1

ki : (7.2)

Als n�chsteswird derersteSprung,a, mit

aX

i =1

ki � R1: (7.3)

ausgew�hlt, wobeiR1 einezuf�llig gew�hlte Zahl zwischennull undeinsist.

Mit diesemAlgorithmuskanndie Zeit zwischendenSprüngen,� t, berechnetwerden

mit

� t = �
� 1

K sum

�

ln(R2); (7.4)

wobeiR2 einezweitezuf�llig gew�hlte Zahlzwischennull undeinsist.
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Fig. 7.1:SchematischeÄnderungderEnergie entlangdesPfadeseinesAtomsprungsvon
PlatzA zuPlatzB.

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

berechnetmit

k = � 0 exp
�

�
E a

kB T

�

; (7.5)

wobei� 0 einkonstanterpr�exponentiellerFaktorundE a dieAktivierungsenergiefür den

Sprungist.

Zur Berechnungvom E a in Gleichung(7.5) gibt eszwei Möglichkeiten.Einmalwird

angenommen,daßjeder Sprungdie gleicheEnergiebarriereQ aufweist,(s. Abbildung

7.1).Damitergibt sichfür Gleichung(7.5)

k =

8
<

:

� 0 exp
�
� Q+� U

kB T

�
falls (� U > 0)

� 0 exp
�
� Q

kB T

�
sonst

: (7.6)

E a kann auchfür jedenSprungbestimmtwerden.Dazu wird dasspringendeAtom

in kleinen Schrittenin RichtungdesZielplatzesbewegt. Nach jedemSchritt wird die

Energie desSystemsmit einer “constrainedconjugategradient” (CCG) Methodemini-

malisiert.E a ist danndie DifferenzzwischenderhöchstenauftretendenEnergie undder

AusgangsenergiedesSystems.

Zur Berechnungvon � U wird einModell für dieatomareWechselwirkungenbenötigt.

In dieserArbeit werdenzwei Modelle benutzt:ein einfachesBindungsmodellund das

“embeddedatommethod” [18,19] (EAM) Potential.Im Bindungsmodellwird für alle

BindungeneinekonstanteEnergieunabh�ngigvonderEntfernungzwischendenAtomen

angenommen.In derSimulationeinerPhasenumwandlungvon fcc zur bccgibt esinsge-

samtfünf unterschiedlicheBindungsenergien:ubb für einebcc-bccBindung,u� für eine
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fcc-fcc Bindung,ubf für einegemischtebcc-fccBindung,urf für eineBindungzwischen

einemfcc Atom und einemAtom auf einemzuf�lligen Platzund urb für eineBindung

zwischeneinembccAtom undeinemAtom aufeinemzuf�lligen Platz.

DasBindungsmodellhatdenVorteil, daßdieTriebkraftfür dieUmwandlung(� Ubcc;fcc

= 1
2(8ubb � 12u� )) unddieGrenz��chenenergiefastbeliebiggew�hlt werdenkönnen.Das

EAM PotentialerzeugtdagegenrealistischereWertefür die Wechselwirkungsenergie.

Die CCG Methodezur Minimalisierungder Systemenergie, notwendigzur Bestim-

mungvon E a, kannnicht in Kombinationmit demBindungsmodellbenutztwerden.Die

Berechnungvon E a ist sehrrechenaufwendigund kanndeshalbnicht direkt in der Si-

mulationangewendetwerdenohnezu unakzeptabellangenRechenzeitenzu führen.Es

ist abermöglichein neuralesNetzmit Datenvon einigenzehntausendSprüngenzu trai-

nieren(die mit derCCGMethodezur MinimalisierungderSystemenergie ausgerechnet

werdenkönnen).Mit dem trainiertenneuralenNetz kann E a w�hrend einer Simulati-

on für jedenSprungeinzelnausgerechnetwerden.DasneuraleNetz benötigtfolgende

Eingabe-Parameter:die Systemenergie vor undnachdemSprung,die Sprungl�ngenso-

wie die Abst�nde von 14 Nachbarn,die der Linie zwischenStart-und Zielpositiondes

springendesAtomsamn�chstenliegen.Mit diesenParameternkannE a mit einermittle-

renAbweichungkleineralszweiProzentberechnetwerden.

7.3 Simulationssz enarien

Die MehrheitderSimulationenwurdemit dergleichenfcc(111)//bcc(110)undfcc[112]//

bcc[001] Grenz��chenorientierungausgeführt.Eswerdendie Grenz��chen einesreinen

Metallsbetrachtet,wobeidiefcc (111)unddiebcc(110)EbenendiegleicheFl�chedichte

haben.EinetypischeAusgangskon�gurationzeigtAbbildung7.2.

EswurdenSimulationenzurUntersuchungfolgenderPh�nomendurchgeführt:

Wachstumsverhalten DerEin�uß dergew�hlten Bindungsenergie-Werteauf das

Wachstumsverhaltenwurdeuntersucht.

Keimbildung Daszwei-dimensionaleKeimbildungsverhaltenderbccPhasewurdedurch

die Bildung von kreisförmigenKeimenin EbeneB (s. Abbildung7.2) untersucht.

Die Simulationenwurdenmit demeinfachenBindungsmodelldurchgeführt.

Grenz�ächenmobilität Um die Aktivierungsenergie der Grenz��chenmobilit�t zu un-

tersuchen,wurdenSimulationendeslateraleWachtstumsvoneinemKeimin Ebene

B (s. Abbildung7.2) mit demzweitenAlgoritmusausgeführt.Die Energieberech-

nungenwurdensowohl mit dem einfachenBindungsmodellals auchmit einem

Eisen-EAM-Potential[33] durchgeführt.Eswurdensowohl Simulationenmit kon-
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Fig. 7.2: Eine typischefcc(111)//bcc(110)Kon�guration. Der zus�tzlicheAbstandzwi-
schendenEbenendientnur derVeranschaulichung.Bcc Atomesinddunkel eingezeich-
net,fcc Atomegrau.Für die x undy RichtungenwurdenperiodischeRandbedingungen
verwendet.

stantemQ-Wert, als auchmit Q-Werten,die für einzelneAtom-Sprüngemit dem

neuralenNetzberechnetwurden,durchgeführt.

Grenz�ächendiffusion Um dieAktivierungsenergiederGrenz��chenselbstdiffusionzu

untersuchen,wurdedie BewegungeinerLeerstellein EbeneB (s. Abbildung 7.2,

aberohnebccKeim)mit demzweitenAlgoritmussimuliert.Die Energieberechnun-

genwurdenmit der Eisen-EAM-Potentialdurchgeführt.Es wurdenSimulationen

mit Q-Werten,die für einzelneAtom-Sprüngemit dem neuralenNetz berechnet

wurden,durchgeführt.

In fastallenSimulationssystemensindzuf�llig ausgew�hlte Pl�tze aufgenommenwor-

den,die nacheinerbegrenztzuf�lligen Verteilunghinzugefügtwurden.Hierzuwird zu-

erstdasSystemin kleinekubischeZellenmit einerL�nge von 1:4r b aufgeteilt(r b ist der

n�chsteNachbarnAbstandim bccGitter)unddannwerdendieZellennacheinerstetigen

Gleichverteilungmit zuf�lligen Pl�tze gefüllt.

7.4 Ergebnisse

7.4.1 Wachstumsverhalten

In Simulationenmit dem einfachemBindungsmodellwird die Triebkraft für die Um-

wandlungdurchdie DifferenzderBindungsenergie einerbcc-bccundeinerfcc-fcc Bin-

dung bestimmt.Für Simulationen,die mit einer ebenenGrenz��che anfangen(s. Ab-

bildung 7.2) wurdenzwei unterschiedlicheWachstumsverhaltenbeobachtet.Bei großer
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Fig. 7.3: Die drei Umwandlungskurvenzeigen,wie der Wachtstumsmodussich mit ab-
nehmenderbcc-bccBindungsenergie �ndert.

Triebkraftverl�uft dasWachstumkontinuierlichunddie Grenz��che erstrecktsichüber

mehrereatomareEbenen(bei Wachstumsbeginn parallel zur Grenz��che). Bei niedri-

gerTriebkraft �ndert sichdasWachtstumsverhalten.Zuerstwird eineEbenevollst�ndig

umgewandeltbevor die Umwandlungin dern�chstenEbeneanf�ngt. Bei diesemWachs-

tumsverhaltenist die zweidimensionaleKeimbildungvon bccin dern�chstenfcc Ebene

(wie z.B. in EbeneC, s.Abbildung7.2)schwieriger, sodaßeineWartezeitzwischender

UmwandlungeinzelnerEbenenvorliegt (s.Abbildung7.3).

7.4.2 Keimbildung

Abbildung7.4zeigtdie ÄnderungderSystemenergie wennkreisförmigebccKeimeun-

terschiedlicherGrößein EbeneB in Abbildung 7.2 eingesetztwerden.Der kritischer

Keimsradiusr � l�sst sich ausder � U(r ) Abh�ngigkeit (s. Abbildung 7.4) einfach be-

stimmen.Die Simulationenhabenbest�tigt, daßKeimemit einemRadiuskleiner als r �

schrumpfen,w�hrend größereTeilchenwachsen.Die gestrichelteLinie in Abbildung7.4

ist eineFit von

� Unucleus = � r 2d� UV + 2� rd
 ; (7.7)

wobei r de Keimradius,� UV die fcc-bcc Energiedifferenzpro Volumeneinheit,
 die

Grenz��chenenergieproFl�che undd dieDickeeinerAtomebeneist. � UV und
 können

alsFunktionderBindungsenergie berechnetwerden,wobeidieseWertesehrgut mit den

WertenausderFit von Gleichung(7.7)übereinstimmen.
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Fig. 7.4: Die Änderungder Systemenergie durchEinbringungvon bccKeimenin einer
fcc Ebenean der fcc/bccGrenz��che. Die gestrichelteLinie zeigt den(kleinsteFehler-
quadrate)Fit derGleichung(7.7)andie “gemessenen”Daten.

7.4.3 Grenz�äc henmobilität

Die AktivierungsenergiederGrenz��chenmobilit�t kanndurcheinenFit von

r tf (T) = C exp
�

�
� Ga

kT

� �

1 � exp
�

�
� Ubcc;f cc

kT

��

; (7.8)

wobeiC eineKonstanteund � Ubcc;f cc die fcc-bccEnergiedifferenzist, mit denbei ver-

schiedenenTemperaturenausSimulationenberechnetenUmwandlungsgeschwindigkei-

ten,r tf , bestimmtwerden.

Simulationenmit konstantemQ-Werthabengezeigt,daßdieDifferenzzwischenQ und

� Ga bei ansonstengleichenBedingungenkonstantist. DieseDifferenzwird “Energie-

offset” Eo� genannt:

Eo� = � Ga � Q: (7.9)

Eo� ist immerpositiv. Aus � Ga > Q folgt, daßdieUmwandlungsgeschwindigkeit durch

energetischungünstigeSprüngebestimmtwird (� U > 0 s.Gleichung(7.6)).

Auf derBasisvonSimulationen,beidenenalleSprüngemit einem� U-Wert in derN�-

hevon Eo� herausge�ltertwurden,konntegezeigtwerden,daß� Ga durchGruppenvon

energetischungünstigenAtom-Sprüngenbestimmtwird. Diesbedeutet,daßderEnergie-

pfad zwischenfcc und bcc mehrereZwischenzust�ndeenth�lt. Abbildung 7.5 zeigt ein

Beispielhierzu.

Die Sprungef�zienz ist de�niert alsdie AnzahlderumgewandeltenAtomepro Atom-

Sprung.Eskanngezeigtwerden,daßnureinEnergiepfadmit mehrerenZwischenzust�n-

denzu einerSteigerungder Sprungef�zienz bei steigenderTemperaturführenkann.In
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Fig. 7.5: SchematischeZeichnungeinesEnergiepfadsvon der fcc (
 ) Phasezur derbcc
(� ) Phasemit zwei Zwischenzust�nden.Die Energiebarrierezwischenallen Zust�nden
(für einzelnenSprünge)ist konstant(Q). Die gesammteAktivierungsenergie für diesen
Prozess,� Ga, ist die DifferenzzwischenderhöchstenEnergie undderEnergie desAn-
fangszustands.

denSimulationensteigtdieSprungef�zienz beisteigenderTemperatur, wodurchbest�tigt

wird, daß� Ga tats�chlichvonGruppenenergetischungünstigerSprüngebestimmtwird.

EinedetaillierteAnalysederBewegungderAtomeanderGrenz��che hatgezeigt,daß

die fcc Atomein denmeistenF�llen nicht direkt auf einenbccGitterplatzspringenkön-

nen,da alle benachbartenbcc Gitterpl�tze von anderenAtomen blockiert werden.Ein

komplizierterUmordnungsprozeßstellt einenWeg für die Atomevon fcc zubcczurVer-

fügung,der übermehrfacheZwischenzust�ndenführt. WennmehrRaumander Grenz-

��che zu Verfügungsteht,ist esfür die Atome einfacher, einenWeg zum neuenGitter

zu �nden, waszu einemniedrigerenWert für � Ga führt. Dies wurde in Simulationen

mit unterschiedlicherLeerstellenkonzentrationgezeigt,sowie in Simulationenmit unter-

schiedlicherGrenz��chenorientierung.

Alle Schlussfolgerungengeltensowohl für beideEnergiemodelle(daseinfacheBin-

dungsmodellunddasEAM-Potential)alsauchfür Simulationenmit konstantenQ-Wert

undSimulationenbeidemeinneuralesNetzdieQ-Wertefür dieeinzelnenAtom-Sprünge

berechnet.
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7.4.4 Grenz�äc hendiffusion

Die Wanderungs-Aktivierungsenergie der Grenz��chenselbstdiffusion, � Gm
GB wird aus

“Mean SquareDisplacement”Messungenbestimmt.Die “Sum SquaredDisplacement”

(SSD)wird berechnetmit

SSD(t; t0) =
NGBX

j =1

(r j (t + t0) � r j (t0))
2 ; (7.10)

wobeit dieZeit,NGB dieZahlderGrenz��chenatomeundr j diePositionvonAtom j ist.

Falls a die TangenteeinenSSD(t)Darstellungist undfür einigeTemperaturenbestimmt

wurde,kann� Gm
GB durchein Fit von

ln(a) = C0 �
� Gm

GB

kB T
; (7.11)

bestimmtwerden,wobeiC0eineKonstanteist.

Die Simulationenhabengezeigtdaß� Gm
GB vonderZahlderzuf�llig ausgew�hlte Pl�t-

ze im Systemabh�ngig ist. Bei größerwerdenderZahl dieserPl�tze wird � Gm
GB niedri-

ger. Bei einerDichtevon15zuf�llig ausgew�hlten Pl�tzen proZelle(s.Paragraph7.3)ist

� Gm
GB niedrigeralsderausderSimulationenarhalteneWert für � Ga.
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