Contents

Contributing AUENOTS........cciiiiciiciieiniieaeeee e nre et re st s sse b e besaensesbeneensavenen Xvit
ACKNOWIEAZEMENLS ....oeeeriieeiiiirre ettt ae e e st ees st e s sae e enee XXI

1 TITOQUCHION. c.cv ettt ettt sttt res s s s entems o nen et s e e e satenesesssasasan 1
Paul D. Bons, Mark W. Jessell and Daniel Koehn
1.1 Historical background..............oococouiiiinniiiiniicnicnsie e
1.1.1 Simulation of lattice-preferred orientations............ccevervveevencrerirnnennees
1.1.2 Simulation of crystal growth in veins ........cocecoecerernennncnenienecncccceninns
1.1.3 Simulation of rigid objects.........c.ccocerurirrcruenen.
1.2 Why numerical simulation of microstructures? ......
1.3 Time and length scaling, resolution ..............c......
1.4 Numerical opportunities and challenges.........cccovcemvvrevecnencnencccnionens

2 Numerical METNOAS ......c.uvveeieeeieeeee et erer et b e eas e e e e nrnaenae 15
Paul D. Bons, Daniel Koehn and Mark W. Jessell
2.1 INtroducCtion......ocvericerreceierreeineeeressreseeseseeeesasenees

2.1.1 Data Structure ..........coveeveeveeereereeereeerassnnenns
2.1.2 Variables and parameters.......cccovurreericeenerenennereeeenensereeesensessensosens
2. 1.3 EQUALIONS .ueeuirerneeiieeeiiereeiecssesieeeseneesesiestenteressinesseseenssasnrasaseneenesessrans
2.1.4 Boundary conditions
2.2 Lattice data structures: Monte Carlo, Ising, Potts, etc. .....cccccoviinnvincnncn 20
2.2.1 Introduction to Monte Carlo Principle ........cccviveevcneeincreneisnenccnens 20
2.2.2 The Ising model
2.2.3 POUS MOAEIS......ccevveeeeieeeeeeetieecereeeeineeereesteeeeraeeesaaseasseenassaensneassessnnennns
2.2.4 Cellular AULOMALA ....ccverrrecieeeierecriereerereeessee s eesaesseesaraetbesseesssessesensas
2.2.5 Lattice-Gas and Lattice-Boltzmann method
2.3 Boundary models.......ccoecerirreiineenneinnineeneecenenenens
2.4 Finite Difference method ..........ccooevveveeeveiiereieennnen,
2.4.1 PrincCiples ..........ccceiiiininiiccninnneees
2.4.2 Explicit Finite Difference method......................
2.4.3 Implicit Finite Difference method.....................
2.4 .4 The Crank-Nicholson scheme ........ccooecevvvvieeecnna.
2.4.5 Final remarks on the Finite Difference method
2.5 Finite Element method
2.6 Phase Field modelling..........ccoooveeveeienernensieceicccncorecesniessenes
2.7 Molecular and Dislocation DYNAMHECS .....c.ceinceccrsmmismmsnisssssssrsssssssssssasssnsas
2.7.1 Molecular Dynamics
2.7.2 Modelling of dislocations
2.8 Lattice-Spring models ..........c..cooiveecirivineiiereerereeeseesassnseessseseres
2.8.1 Normal Force model
2.8.2 Normal and Angular Force models ...........ooeremreercarmernnincasesinncnncencs
2.8.3 Elastic Beam models..........c..c.ooevvieeieieceveninnncniinniese s




X  Contents

2.8.4 Discrete Element models with contact fOrces .........ocoevevinvinnniiicnnnnns 69
2.8.5 Fracturing or failure ..o 71
3 Microprocess Simulations.......coocirmnmenieniiriiniie e 75

Daniel Koehn, Mark W. Jessell and Paul D. Bons

3.1 INtroduction tO ElIe .........occoveeieeiieeeieeiernreee ettt ne s ansae s 77
Lynn Evans, Mark W. Jessell, Paul D. Bons and Daniel Koehn
3.1.1 ThE EllE PIOJECE c..ccverienerireereeee et estreceresc oot eeiseesse e sresssaesssssrsstsnsans
3.1.2 The Elle Data SIHUCHUTE......cc.ceeeeeeerireeceienresereeinressenesennssesessonessssnons
3.1.3 Base LIDIaries ......cocuvuerieeirienieineereesrraieeteeseesirsessenessmisseessonsonsacssonas
3.1.4 Precompiled Binaries ..........cc.cccocoeirinciiciiiincicnnnnecense s
3.1.5 The Elle Data File ........ccooeiimenierreienciesonereccnasieesesssesenes
3.1.6 EXPeriment SCrPLS .......ccccreemeemerenmrmimmrmreessscasssesssscrsscsssicsnsans
3.1.7 Microprocess Simulation

3.2 Garnet - biotite cation eXChanEe.......ccerer v 87
Youngdo Park, Lynn Evans, Dal Park and Jin-Han Ree
3.2.1 Phenomenological 0bServation..........ooveoceevercerieciceneecrerenescesacesins 87
3.2.2 Natural €XamPIe .......cc.eemveeirieirreee e esenseecsesesese s seresnesenesssensasnss
3.2.3 Inferred processes
3.2.4 Driving forces, controls and governing equations ............cccoecoeenniene 89
3.2.5 Possible and actual simulation techniques........c..cccevereecveennrevcrcnnnnen 90
3.2.6 Implementation in Elle
3.2.7 Example Elle Run: garnet-biotite cation exchange.........c.ccco.occveunee. 94
3.3 Subgrain growth Potts model .......c.ccccovinimmmionenerirererrseet e seenenas 97
Sandra Piazolo and Mark W. Jessell
3.3.1 Phenomenological 0bservations.........coccviciicncnienieneccssnenens 97
3.3.2 Natural examples and eXPeriments ........coccoereeerreeiiiceescriesssens 97
3.3.3 INferred ProCeSSeS .ovov e serses st 99
3.3.4 Driving forces, controls and governing equations ...........cccccccveerunns 99
3.3.5 Possible and actual simulation techniques..........ococcvverecccncrienennne. 100
3.3.6 Implementation in Elle.........ccccvcienmrncniirccrieencceveneirsesnesnerons 100
3.3.77 Example Elle RUNS .......c.ccoriiienicreicicinveetnencee st v sesenenes 101
3.4 Nucleation and subgrain formation........c.c.ccocvceeeeveerrneneereeeeeree e, 105

Sandra Piazolo and Mark W. Jessell

3.4.1 Phenomenological ObSErvations.........cccovecveecvecceorsoernsecesveessenesens
3.4.2 Natural eXamples.......ccorvereereeienninnienenniee e

3.4.3 Inferred ProCesses.........covvuimmecriimrcrcrrrccnreneenes e sererenees

3.4.4 Driving forces, controls and governing equations
3.4.5 Possible and actual simulation techniques
3.4.6 Implementation in Elle
3.47 Example Elle Run




Contents  XI

3.5 Grain boundary mMigration.........cccevierercentierneiiierensneeneeesioressesesersesessecrenes 115
Paul D. Bons, Mark W. Jessell and Jens Becker
3.5.1 Phenomenological ObServations........c.c.coevverenrverniinicereinnecnsennne
3.5.2 Natural eXamples.........cccocvveieeriiiicnrrerenicer et evassesernas
3.5.3 INFEITE@A PrOCESSES....ccuviierrerrreceerrrearceresie e esesae s e sneesesessneneeesseareseessas
3.5.4 Driving forces, controls and governing equations ....
3.5.5 Possible and actual simulation techniques............cocoververviiecvnonnen.
3.5.6 Implementation in Elle........ccceevnieiennerneninieieiceeesinneseeneniereennes
3.5.7 Example Elle Run: Grain growth
3.5.8 Alternative implementations in Elle ........cocoveevenenneenniereneesnennae

3.6 Veln MICTOSIUCIUIES .......civeireerenieeeeeeenerrecstereseseretesesasnestsnsnesssssessenesees 127
Paul D. Bons and Daniel Koehn
3.6.1 Phenomenological ObServations ............ceverviireninreenenenienencrvesees 127
3.6.2 Modeling of vein miCTrOStIUCIULES ......ccoccvurremierrrenererreeennnreneseresaseenens 128

3.7 Melt processes during grain growth ........c.coceccevereeneneenicereninseeerenienennnees 133
Jens Becker and Paul D. Bons
3.7.1 Phenomenological observations

3.7.2 Natural eXamples.......ccooioevcminiiiniccenncnnce e
3.7.3 Analogue MOAEliNg ....cccoerierniinereniencncrtees e
3.7.4 DriviINg fOICES ...ourereerirreriieireeerct et et sreesebebeseses et e e seeesenens
3.7.5 Possible and actual techniques
3.7.6 Implementation in Elle.........coveuivireeenermicnenncnierercireenseneseeeseseenenene
3.7 TExample i Elle ...
3.8 Basil: stress and deformation in a viscous material ...........coeeevecveencecnennns 139
Greg Houseman, Terence Barr and Lynn Evans
3.8.1 INtroduction .....ccc.eeeeeeerieeete ettt s 139
3.8.2 Formulation and assumptions........cc..ccoccouieniiniernieiiccnenienrenns 141
3.8.3 Numerical Method .........ovvveecvieiiiiiictece s 143
3.8.4 Porphyroblast example sOIUtion .......ccccoceveeirriveninieeercreieierenieenns 147
3.8.5 Implementation in Elle: Growth and deformation of a
POXPhyTObIast ..o 149
3.8.6 CONCIUSIONS ..cucveieeiisieccreiei ettt eseenaeseesasssessasensesesassas s 153
3.9 A hybrid FEM/Taylor Bishop Hill method ..........ccoururiieiireninnnsinen 155
Mark W. Jessell
3.9. 1 INOQUCHION ..vovvviveivcceie et cest et esesaesesnessess s snies s 155
3.9.2 Models of Lattice Rotation during Deformation...............coeveeescuscncs 156
3.93 Implementation in Elle...........occooeeeeveueecersresesesssssssesssssencamsmesesnssssses 158

3.9.4 EXamPpIe Elle RUN.........oooueeeeeiirirecee et cssernnssesssssseesesesissanae 159



XII  Contents

3.10 DiffUusSiOn CIEEP ..veevrevereeirnrercreirerresiesiies sttt n e bans 161
John Wheeler and Judy Ford
3.10.1 Phenomenological ObSErvation..........coevevirvirvnirieniveisncnseenenns 161
3.10.2 Natural examples........ccovceevvvinnecrmincnensennns
3.10.3 Inferred processes
3.10.4 Driving forces, controls and governing equations ..........c.ccocvuemenees 162
3.10.5 Possible simulation teChniques........ccovvevererirrnreccinnnniinrereccnnas 166
3.10.6 Implementation in DiffFOrfm.......everermrerieicnirenteen et 167
3.10.7 Simple example and description of input parameters...................... 167
311 Fractuling oo ceeieeeecceie et erees et stset st st e e seenceaesre e srs s ssnsesnsensanas 171
Daniel Koehn
3.11.1 Phenomenological ObServations...........cccccovemireeicrvrenmnicinecenisinnas 171
3.11.2 Natural examples.........cccvuvcvuerrrecrerueerenrnecnnencs

3.11.3 Inferred processes
3.11.4 Driving forces, controls and governing equations
3.11.5 Possible and actual simulation techniques..........criervenciene.
3.11.6 Implementation in Elle
3.11.7 Example Elle Runs

3.12 Fluid s0lid f@aCHONS ...c.currererrneccreeriririreerereesersseresensesseesasenesesssessnssneene 183
Daniel Koehn
3.12.1 Phenomenological ObServations..........cccvveervecrreerieinensinieiseseneesscenns 183
3.12.2 Natural €Xamples......coecvevcerinerereencrnrerrenisereeenssieesesessesee e sesenene 184
3.12.3 INferred ProCeSSES....ccvirrerceirreenreeenierrensisieietemsaraeietsrinseaseesessseenrens 185
3.12.4 Driving forces, controls and governing equations .............c.coueeuce. 185
3.12.5 Possible and actual simulation techniques.........coccccvveevrerercrerrevanens 187
3.12.6 Implementation in Elle
3.12.7 Example Elle Runs..........cccccoereveeneucuene

3.13 Solid-solid phase transitions and heat conduction .............ccoecccinnecece 195
Till Sachau and Daniel Koehn
3.13.1 Phenomenological observations..........c.cocoveerceerrencenrenccncnenns 195
3.13.2 Natural eXamples......ccooveuercimerieeeremrensecrnreeae et eneneseseresssenns 196
3.13.3 Driving forces, equations describing the system............ccevev.neee... 197

3.13.4 Possible simulation techniques
3.13.5 Implementation in Elle
3.13.6 Exampies

4 Case studies and coupling Of PrOCESSES ......eovurvrreureeeisreieererreeeereeeereeereesevesens 207
Mark W. Jessell, Daniel Koehn and Paul D. Bons

4.1 Grain shapes and sizes during static grain coarsening in salt.................... 209
Mark W. Jessell, Janos L. Urai and Oliver Schenk
4.1.1 Anisotropic grain growth
4.1.2 Implementation in Elle...........cccooveverrmennenirerereeeeeertseeteeceeessesees 210



Contents  XIII

4.].3 DISCUSSION ...veeeveieiteieeetieeeee e reeie e enr e e tbe s be s tese st eeseseesteeeneeseneesees
4.1.4 Conclusions

4.2 Dynamic recrystallisation and crystalline plasticity ..........c.coooevevvvereercnnne 215
Sandra Piazolo
4.2.1 INTOUCHON «..coovrvininteecriree ettt be e et bebeensseseneseane 215
4.2.2 Theoretical background and implementation in Elle ........................ 215
4.2.3 Experimental RUNS ......ccocoviiriiiineiecentee st evee s seseesens
424 RESUILS ..ottt cneaeenes
4.2.5 DISCUSSION .c.eevertrrrienireinrereresteeereseseattssesenessesesecssennsesesessnstesesenssesensres
4.2.6 Discussion of technique
4.2.7 CONCIUSIONS ...ttt et b et et stsse e b ane e s

4.3 Localisation of deformation...........cocvvvecrrieieerninenisisnneserseseeeneesesereenes 225
Mark W. Jessell, Esteban Siebert, Paul D. Bons, Lynn Evans
and Sandra Piazolo
4.3.1 INTrOAUCHON ...cvervreeieciriercrereneeniere et sese e stsseeteseansesesaesaesessaassaesesenn
4.3.2 Implementation in Elle
4.3.3 Experimental Results

4.3.4 CONCIUSIONS ..evvveeirrerieniirinienteareeereeseeeeetsessesnesestesasessssaassssesnessasesassens
4.4 Reactions and fTACIUTING .......ccveriereriererrerenercereneesieeresseeresteesseseeesaasesnnnes 231
Daniel Koehn
4.4.1 Overview of phenomenon............c.ccccevuverververerenisreeienirerieseseeesanes 231
4.4.2 Implementation i Elle..........ccccoiriineciiececieieseeee e svesnennens 232
4.4.3 EXperimental TUNS ........ccoovvicieerierereeiireeresseeeessessesesssessesesnasessssens 232
4.5 Combined phase transition and heat diffusion ........cccccecveererrcerienncncenene. 237
Till Sachau and Daniel Koehn
4.5.1 INrOAUCHION ..ecveieeieieeicteeet et et nes et e s s ebane e e enes 237
4.5.2 IMPlemMenNtation.....ccccoevireriereceerienrererestecesteeeesecrees et rse s sesasessseseeseaes 238
4.5.3 EXAMPLE TUNS oeoeivnrcecieieieeereseseceeetnreese e sesare e sea s aesensassinns 238
4.6 Visco-elastic and brittle deformation..........cceeveeecreiereesereeenncnesicnns 241

Daniel Koehn and Till Sachau
4.6.1 Overview of phenomenon
4.6.2 Implementation in Elle..........ccooovurvreurerenene

4.6.3 EXPEriMeNntal FUNS ...c.c.ooivveeevieerieeeeeieeisieeeasessaessssasssssesesescossnsasesrsnsans

4.7 Strain localisation and rigid-object KINEMALICS .......rvvevseresssenesssenisecsmnnes 247
Scott E. Johnson
4.7 1 INTOAUCHON ...c.ovvveererrireec et seseesenesasasanssnees
4.7.2 Numerical experiments
4T3 RESUIS ...t nne




XIV  Contents

4.8 Transient strain-rate partitioning during porphyroblast growth................ 255
Wesley G. Groome and Scott E. Johnson
4.8.1 OVEIVIEW ..o.eeeuirieereeereceieesee e ceraceee st nns et se s b s ra s aa s anrean 255
4.8.2 Theoretical background and natural example............coovevieriiminnns 255
4.8.3 Implementation in Elle ...........c.ccceirvevnierircomninncinseensesnersaenss 257
4.8.4 Experiments and diSCUSSION.......c.cccovmierrnrenieniienninnniccrenimeensice s 259
4.8.5 CONCIUSIONS .vcucuerrerirreriereceerinieseeseucsnissesiesaseseesesssrsessencsassssensesosesen 264
REEIENCES .cutiicieienr ettt bt eb e se s ee s ean b eresbe s e ssebenten 267
APPEIAICES. ... veieereecrieiecrre ettt ettt et st nen e stk e s r et asene s s 291
Appendix A INStAlIng Elle ........ccoveeeriieneeiienerinerietscree e scsr e sesssenaesessrssrssenen 293
Mark W. Jessell

AL WINAOWS L.ttt esasaeas et suessanne
A.l1.1. Installing Basil and Sybil
A.2 Linux

Appendix B EXample eXperiments. .......ccorcrecmieeemieeircneeereseresaesneseseesessens 297
Mark W. Jessell
The Experiment LAUNCRET ...........cuveieeieceeeenieeesinsseniesessinseiessansssasssensssenens
Experiment 1 - Diffusion ......
Experiment 2 - Fluid flow in a porous medlum
Experiment 3 - Crystal growth from melt...........cococvveeercrenenaee.
Experiment 4 - Fracturing in granular aggregates
Experiment 5 - Cation exchange reactions ............oceceeeceervenceae
Experiment 6 - Subgrain growth ...........c.ccooecoevnieeiniicreeeccceene e
Experiment 7 - Grain growth .........c.ccociriiniiiinicnissessesseaesese
Experiment 8 - Evolution of a partial melt ........ccovvnivcnnniccniencinnnecennnn,
Experiment 9 - Rigid porphyroblast growing in a deforming matrix ............. 314
Experiment 10 - LattiCe rotations .........cceccveereeecenereeceenierisseraesinsesseeseseeseesesens
Experiment 11 - Boudinage ..........c.ccceevevrmenniricccene
Experiment 12 - Dissolution grooves
Experiment 13 -~ Stylolites ..o
Experiment 14 - Strain-rate partitioning during porphyroblasts growth......... 327
Experiment 15 - Anisotropic grain growth
Experiment 16 - Dynamic recrystallisation
Experiment 17 - Deformation localisation.................
Experiment 18 - Expanding inclusions ......................
Experiment 19 - Mud Cracks.......ccccermimneireereeeenriicieieceeeeee e seessssasaens
Experiment 20 - Visco-elastic deformation and fractures
Experiment 21 - Strain localization and rigid object kinematics..................... 345




Contents XV

Appendix C The Elle graphical user interface..........ccccccovvemmurinrerenenenseenennn, 349
Jens Becker
C.1 INrOQUCHION ..coccotccnie ettt e s sesa s s s esssenas

C.3.3 The Graphics Menu
C.3.4 The Data MenU ......ccoeceuvrereeeiernreeinreeseniessnnesesesessssesssssse e essenass
C.3.5 The Help Menu.................
C.4 The Run Options dialog
C.5 The Preferences Window
C.5.1 Flynn Preferences
C.5.2 Boundaries Preferences
C.5.3 BNOde PreferenCes ........ccviveiereinieieieieniererinieeiessessasesesessesasssnesesasseses
C.5.4 Unode Preferences......cocoivenmevenierientneesinieieesesesessesssesesssssesseseseens
C.5.5 The colour map
C.6 The zooming WindOW ........c.cccccvurmecriiincicnenireeneereeeens e eve e sssenesessans
C.7 The data-WinAOWS.....ccrueeerreintrierttereeteteeens et sresess s e ssansessssasesnssasans

Appendix D Different ways to run an Elle experiment ............o.ececvvrereererevennnnan. 361
Mark W. Jessell
D.1 Via the Experiment LAuncher ................cconeeenesicoreenieninieneseeeeesseneninns
D.2 Direct launching of experiments
D.3 Developer mode (Windows and Linux)

Appendix E How to create multiple-process eXperiments...........ccocv.everenrerreennn 365
Lynn Evans
E.1 Shelle scripts/batch SCIPLS c....cocevevireereriereinirecnirieeeteteesssts e ssesesnsnssseenenes 365
E.2 Shelle: An Elle Shell Script Generator (V1.24).....ccooeevvveverieerernricrenns 366
E.2.1 How to use the Shelle Script Generator
E.2.2 Notes on the Shelle SCript. ..o
E.2.3 Debugging Shell SCripts........cocoiveiimevrnnnenneesececcrererceccnannenas
Appendix F Sybil - The Basil pOSt-PrOCESSOT ......occerireeeeireeircrecererenrasesasessaensesns 371

Lynn Evans, Terence Barr and Greg Houseman

FoLIDEOQUCTION ..ottt ettt ass i e ea s
F.2 Menu Options ......ccovcevveveeeeeeieceeieeeeeeeeisse s eees

F2.1File..........




XVI  Contents

Appendix G HOW t0 US€ Elle_Latte .........uceoriimiieereiciirietcicesss s 379
Till Sachau and Daniel Koehn
G.1 INrOAUCHON. ...ttt st s rssesns s srserenessanens 379
G.2 The experiment interface for Windows and Linux users......c..c.ccouvumnne. 380
G.2.1 Introduction

G.2.2 INStallation MOTES.......cceverveeeerreeitereeieeserecreseseasenassanasssseessnrensaeansrnnnas
(G.2.3 The MAIN-WINAOW ......ccocveeiieeiiiinearrneesirsreerseessresessesssessesssrassnesesseese
G.2.4 The ‘Files’ tab.....cccoveveeeecireecreieicrecrsreceenenenns
G.2.5 The New file and the Edit file window
(G.2.6 The Statistics Window ........ccceveerveevrrenieeseceenenes
G.2.7 ReMAINiNg tADS c.veiirier ettt srnens

G.3 The command line interface for Windows and Linux developers ........... 386

Appendix H Miscellaneous processes and UtilItES .......ccovveveeerrencvrecenenrenevcennenens 389
Mark Jessell
H.1 INEOQUCHON. ...ttt cse b erese e e nnsesesasasmsannees 389
H.2 €lle_GBAILf ...c.ooeoeoeeeeeeeeeeee e stssnssss s ses s sssssansesessasmesatens 389
H.3 @UE_Aiff ..ottt et e ea s tes e esanees 389
H.4 elle_met 389
HLS @1E_FeCOVEry.........ccoueeiiciiciirecnnnene et eesese s s
HL6 €U1E_VISCOSITY «oovnnennereeeereeeeeeeceseereesae e ssss st eresssss s sesasssesessssssaesasensans
H.7 elle_expand & elle_pblast ..............oon.uu.....
H.8 elle_manuel.........cccoooomnveencnevecnreeeieneneas
H.9 reposition .........eeeceececeveeeeeeeveereevee
HAO fidy et
H.11 elle2poly, basil2elle, elle2oof, goof2elle
HI2 PPI2EILeE ...ttt s saa s eas s sr b senns
H.13 ebsd2elle, elle2ebsd...........nnnioreiirniicreenicircerireesctenseerenseseeensane
H.14 DIOIAXES ...ttt eacsae e sns e e sa s

Appendix I How to Create an Elle file..........cccooeivemioeninnicneneenceneneireeneecesnns 393
Mark W. Jessell

Appendix J The Elle file fOrmat ..........coooeceivniinninesrreeeecenreeseensevensenesons 395
Mark W. Jessell
J.1Example Elle file ......o.oooouiieiiiinieieisierceeentstne s e v siese e ss s 395
J.2 Elle file BIOCKS .....cooeirinieciceciiieccncciiet et ss s s ere e 397



