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ABSTRACT

Tl1e objective of tl1is tl1esis was tl1e sil11ulation of tl1e ΓeCΓΥstaΙΙίΖatίοη and gr-ain gr-owtl1 of a single­

pl1ase AIUllliniul11-MagnesilIlll (5χχχ) alloy containing Scandiul11 and ΖiΓcοηίuιιι additions. Tl1e alloy

l1as aΙΓeadΥ been cold WΟΓked and uηdeΓgοηe annealing. DUΓίηg annealing, ΓeCΓΥstaΙΙίΖatiοn and gΓaίη

gΓOwtl1 οccuπed. Tl1Γee initial conditions l1ave been cοηsίdeΓed. Tl1e fiΓst one ΓegaΓds to tl1e influence

of tl1e stΟΓed eηeΓgΥ οη t11e ΓeCΓΥstaΙΙiΖed voluιlle fΓactiοη. Tl1e second one ΓegaΓds to tl1e inflLlence of

t11e initial aveΓage gΓaiη size of tl1e l11ίCΓΟstnJCtΙΙΓe οη tl1e ΓeCΓΥstaΙΙiΖed VOllll11e fΓactiοη. Tl1e tΙ1iΓd one

ΓegaΓds to tl1e contιibution of pinning fΟΓce of Α13(Sc,ΖΓ) ΡaΓticΙes οη tl1e aveΓage gr-ain Γadius of tl1e

fiηall11iCΓΟstΓuctιιΓe.

Recγystallization and gr-ain gΓOwtl1 sil11ulations of tl1e AI-Mg-Sc-ZΓ alloy l1ave been catτied ollt l1Sing

MICRESS sοftwaΓe, wl1icl1 is based οη tl1e pl1ase-field lllet110d. ΝUl11eΓicaΙ data fΙΌΙΙΙ ΓeΙeνaηt

publis11ed lίteΓatιιΓe, SllCl1 as tl1e stΟΓed eηeΓgy and tl1e pinning fΟΓce, weΓe llsed as input data in tl1e

sil11ulations.

Tl1e p11ase field llletl10d is developing as a νeΓsatile tool fOΓ sillllllating ιιιiCΓΟstΓUctuΓe evolιιtion

pl1enolllena. Tl1e lllain objective of tl1is tl1esis l1as been to stιιdy t11e effects of finely diSΡeΓsed

Α13 (Sc,ΖΓ) ΡΓeciΡίtates οη ΓeCΙΎstaΙΙίΖatiοη and gr-ain gΓOwt11 llsing COΙllpl1teΓ sil11lllations based οη a

diffl1se-iηteΓface 2D pl1ase-field k.inetic 1110del. Tl1e ΓesuΙts of tl1ese silllulations cοηtΓibl1te in t11e

ΡΓedictiοη of tl1e ΓeCΓΥstaΙliΖed VOll1l11e ft-action and t11e aνeΓage gΓaίη size at a specific teΙΙΙΡeΓatιιΓe

and tillle space. Tl1e ΓesuΙts s110w t11at t11e finely diSΡeΓsed Α1 3(Sc,ΖΓ) ΡaΓticΙes eχeΓt a stΓOng pinning

effect οη tl1e gr-ain bοuηdaΓies. Il11plications of tl1ese Γesults fOΓ gr-ain size contΓOI in AI-Mg based

al10ys aΓe discllssed.
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I.INTRODUCTION

Tl1e l11acroscopic bel1avior of l11etallic ιnateΓίaΙs is to a large extent controlled by tl1e size and s11ape of

tl1e grains tl1at constitute tl1e ll1ateΓial l11ίCΓοstΓUctuΓe. Tl1e ll1icrolevel grain stΓUctnΓe will infll1ence

ll1acroscopic ll1aterial ΡroΡeΓtίes Sl1Cl1 as l11eCl1aniCal stΓeηgtΙ1, eΙectΓίcaΙ conductivity, wear and

cοποsίοn resistance, ductility, 11ardness and fatigue [esistance. Being able to predict and control t11e

l110rpl10logy of t11is Ιl1ίcrοstΓUctuΓe duιing different ll1etal working processes t1111s allows t11e

developll1ent of tailored ll1aterial properties, optill1ized products and η10Γe efficient prodl1ction

pΓOcesses. UndeIstanding and l11anipulating tl1e Ιl1ateΓίaΙ l11icrostnlcture aIe key COll1pOnents ίη t11e

production of functionally graded Ιl1ateΓίa1s, l1aving engineered propeIties ίη different regions. Fine­

grained ll1aterials, wit11 grain sizes down to t11e nanoscale, aIe becol11ing incIeasingly ill1portant ίη

l11any applications, e.g., ίη tl1e ll1iniatuIization of products suc11 as l11icΓO-electro-l11ec11anica1

conΊponents (MEMS), ίη biOll1edical devices and a1so ίη t11e production of t11in l11etallic fi1l11S and

foils. As one ΟΓ l110re pl1ysical dil11ensions of tl1e pΓOduct are [educed, tl1e l11icrostγuctuIe l1as to be

tailoIed cοπeSΡοndίηgΙΥίη ordeI to ll1aintain [equired Ι11ateΓίaΙ propeIties and Ieliable operation of tl1e

product. Recrystallization and g1'ain size control is a1so of ΡΓίΙ11aΓΥ ίηteΓest ίη t11e developl11ent of 11igl1

stIengt11 stee1s. FrOl11 t11ese observations it is c1ear that grain size and recrystallization are fundal11ental

concepts ίη l11ateria1s science and ίη ll1ateria1s design.

Traditiona1 a1UΙl1inil1ll1 al10ys [ΟΓ l1ig11 peIfonl1ance applications, SUCl1 as ΑΙ 7075, l1ave ιnaxiιnul11 nse

tel11peratιιres ίη t11e 150-170 °C ,"ange. Above t11is, alloy stΓengtΙ1 degΓades qnickly witJ1 till1e ίη

service dl1e to Iapid coaIsening of fine stΓeηgt11eηίηg pIecipitates. Applications t11at 11ave a ll1aXil11l1l11

l1se tel11peIatlIΓe above t11is range are Γeql1ίΓed to l1se a Ι11ateΓίaΙ witl1 a l11l1c11 11igl1eI density, suc11 as

titanil1l11 ΟΓ steel. Tl1e capabi1ity of l1tilizing an a1ul11iniUl11 al10y ίη suc11 applications w0111d Iesu1t ίη

significant weigl1t savings and like1y a Ieduction ίη bot11 cost and 1ead til11e for cOl11ponent prodnction.

Significant past researc11 11as been condl1cted to deve10p new ΑΙ alloys wit11 good l1igl1 teΙl1ΡeratuΓe

properties. Many of t11e approac11es inc111ded ηοη-age-11aΓdeηabΙe systel11s wit11 t11enl1odynal11ical1y

stable precipitates [ΟΓ l1ig11 tel11perature stΓeηgt11. Significant inΊprovel11entswere s110wn [ΟΓ systeIl1s

snc11 as A1-Fe-Ce and A1-Fe-V-Si, w11ere t11e princip1e strengt11ening p11ases are ίηcο11eΓeηt

inten11etal1ic partic1es. Απ altemate approac11 is to use col1erent inten11etallic precipitates [ΟΓ

strengt11ening. ΟηΙΥ a 1il11ited nl1l11bel" of possibilities exist ίη A1-based alloys [ΟΓ t11e fOΓI11ation of

cο11eΓent stΓengt11enίηg ΡaΓtίcΙes tl1at aΓe tl1en11odynall1ically stab1e and 11ave t11e oIdered, Ι Ι2

stlΊ1cture [1]. Of t11e possibi1ities, additions of ΕΓ and Sc 11ave been l110st COll1l11on1y studied [1] and

[2]. ΕΓ additions fOIΊ11 t11e Ι Ι2 ordered Α13ΕΓ pl1ase. Wl1ile ΕΓ is less expensive tl1an Sc and l1as a

sl11aller freezing Iange, tl1e lattice constant, appΓOxil11ately0.422 ηη1 [1], is significantly ΙaΓger t11an

t11at of ΑΙ, so t11at it is difficult to [etain panicle co11erency to a l1seful size. FUΓtΙ1eΓ, tl1e density of ΕΓ­

containing alloys is significantly 11igl1eI tl1an COl11ΡaΓabΙe a1loys based οη Sc.

Α significant al110unt of IeseaIcl1 11as been camed οω οη Sc-containing ΑΙ al10ys over t11e last 20

ΥeaΓS, owing to t11e il11proved ΡroΡeΓtίes t11at can be obtained by a Sc addi ιίοη [3-10]. One of t11e 1110St

il11portant advantages is re1ated to t11e fOfll1ation of a dense and l10l110geneous dίstΓίbutίοn of

precipitates dUIing t11en110l11ec11anical processing at e1evated teιηΡeratuΓes, w11icl1 ίη ωΓη leads ιο an

efficient contro1 of t11e l11ίcrostΓUctuΓe of t11e al10y [11,12]. AlUl11inil1l11 fOIΊl1S a t11eIΊl1odynal11ically

stab1e A1.,Sc p11ase wit11 scandiul11 additions. Sc 11as a very 10w solid solubi1ity ίη Α1, approxil11ately

0.4 VI't% at t11e eutectic tel11ΡeΓatuΓe. FOl" t11is Γeasοn, solutionizing neal" tl1e eutectic teΙl1ΡeΓatuΓe
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fol1owed by quencl1ing Ιο re-precipitate fine, dispersed Al:;Sc ΡaΓtίcΙes would be ΙaΓgeΙΥ ineffective.

Tl1e lattice ΡaΓal11eteΓ of tl1e Al:;Sc pl1aSe, 0.410 ηη1, l11atcl1es veΓΥ closely Ιο t11at of t11e a1lll11inilll11

l11atΓίΧ, 0.405 ηη1. A1 3Sc 11as t11e Ι Ι2 type ΟΓdeΓed face-ceηteΓed cubic stΓUctuΓe and s110u1d fOΠ11

col1erent ΡΓecίΡίtates below a size of appJΌxil11ately50 ηη1. Tl1e sil11i1arity of tl1e 1attice ΡaΓan1eteΓ and

stΓUctuΓe of A1:;Sc Ιο tl10se of tl1e a1Ul11iniU111 l11atrix is expected to reduce t11e driving fΟΓce for

cοaΓseηίηg of t11e A1 3Sc particles. Fine A1:;Sc precipitates tl1at are cο11eΓeηt Witl1 tl1e Ι11atήχ are

expected Ιο cοηtΓίbιιte Ιο tl1e al10y stΓeηgtΙ1 t1Noug11 dίsΙοcatίοη-ΡaΓtίcle interactions, as is tl1e case ίη

nickel-based superal1oys.

Addition of l11agnesilll11 provides bot11 solid solution stΓeηgt11eηίηgand ίηCΓeases t11e lattice ΡaΓaΙ11eter

of tl1e a1ul11iniUΙl1 Ι11atΓίΧ, W11icl1 provides a bette!" l11atcl1 Witl1 Al:;Sc and fuli11er decreases tl1e driving

fΟΓce for coarsening of tl1e A13Sc particles. Tl1e l11agnesiul11 ίn tl1e coι11111ercia1 al10ys Γanges a11 tl1e

way froιl1 0.5 to 12-13% Mg, tl1e 10w-l11agnesiUI11 alloys 11aving t11e best f0I111ability, t11e l1igl1­

l11agnesiul11 ΓeasοnablΥ good castability and l1igl1 stΓengtΙ1. Ιι is non11al practice Ιο prepare tl1ese al10ys

froιl1 t11e I1igl1er grades of aluιl1iniUΙ11 (99.7 ΟΓ better) Ιο obtain l11aXin1U111 coιTosion resistance and

ΓeflectίvίtΥ; thus tl1e ίΓοn and silicon contents aΓe llsllally 10wer tl1an ίη ot11e!" alUl11iniUl11 alloys. Ιroη

and zirconiuιl1 aΓe sOl11etil11eS added Ιο incγease tl1e recγystallization teΙ11ΡeratuΓe.

Ιι is well known tl1at adding Sc ίη coιl1bination witl1 ΖΓ 1eads to a 11igl1e!" tel11ΡeΓatΙΙΓe stability of t11e

precipitates (slower rate of coarsening) as CΟI11ΡaΓed wit11 a Sc addition a10ne. Tl1e A1 3Sc pl1ase can

dissolve a cοηsίdeΓable al110unt of ΖΓ wl1en Sc and Zr aΓe added ίη coιl1bination. Tl1e ΡΓecίΡίtates aΓe

frequently denoted as Α1 3(SCI_χΖΓχ). Ιι 11as been dίscοveΓed t11at, dlle to t11e faste!" diffusion rate of Sc

as cOl11pared Witl1 Zr, tl1e f0I111ation of tl1ese precipitates starts witl1 all110st pure Al:;Sc wl1ereas tl1e ΖΓ

content gι-adually increases duι;ng grOWtl1 of tl1e precipitates, leading Ιο a core/sl1ell structUΓe of tl1e

precipitates. Tl1e 11igl1 price of Sc is prol1ibitive fOl" extended coι11111ercial app1ications of Sc­

containing alul11iniul11 al1oys. Αι present, tl1e use is lil11ited to 11igl1-end sporting equipl11ent and Ιο a

few aeJΌspace applications. Ιη order to draw tl1e benefit of Sc addition ίη otl1er product Γaηges, ίι is

necessary to l11inil11ize tl1e associated cost by establisl1ing tl1e l11ίηίl11UΙl1 Sc content ηecessaΓΥ fOl"

obtaining tl1e desired effect. Ιι l1as been found tl1at zirconiUΙl1 substitutes for Sc ίη A13Sc ίη ιιρ Ιο 1/3

of tl1e Sc lattice sites. Ιι is believed tl1at as a slow diffuser ίη aluιl1iniUΙl1, tl1e zirconiul11 will

additionally stabilize tl1ese A13(Sc,Zr) precipitates.

Tl1e addition of Scto Al-based alloys is a very effective l11eans of increasing tl1eil" Γesίstaηce to

recrystallization [13] and [14] via tl1e f0I111ation of a I1igl1 density of Al:;Sc precipitates tl1at ρίη grain

and snbgrain bοundaΓίes. Tl1ese ΡΓecίΡίtates also cause 11aΓdeηίηg. Ιη fact, Sc produces tlle largest

increase ίη Ι1aΓdηess per atoιl1ic percent of solllte. Addition of ΖΓ togetl1e!" witl1 Sc il11proves tl1e

effectiveness of Sc as an in11ibitor of recγystallizationand incγeases tl1e stability of tl1e alloy dUΓίng

prolonged annealing at 11igl1 tel11peratures [13]. Tl1e addition of ΖΓ reduces tl1e susceptibility of tlle

A1 3Sc precipitates Ιο coarsening. Analysis ίη bulk Ι11ateΓίaΙ 11as Sl10Wn tllat Zr dissolves ίη tl1e A1 3Sc

p11ase by replacing Sc, t11US fOΓIl1ing A13(ScI-xZrx). Tl1e l11axil11UΙ11 so1llbi1ity given by Harada et al.

cοπeSΡοηds Ιο χ=0.5 [15], altlloug11 tllese alltll0rs also report tlle existence of a coιl1pound witll

χ=0.75. Ιι 11as t11erefore been asslll11ed tllat tlle precipitates ίη Al-Sc-Zl" al10ys aΓe coι11posed of a

stοίclιίΟΙ11etΓίc A1 3(Sc,Zr) pllase Witl1 a randoι11 distΓίbιιtίοη of Sc and Zr οη Sc sublattice sites.

However, ίι is ηοΙ obvious tllat tl1e bellavior of ll111-SiZe precipitates Sllou1d follow tl1at of tlle bu1k.

W11ereas tl1e effect of Sc and Zr οη l11ec11anica1 pJΌperties of ΑΙ alloys is already well docul11ented,
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Γe1ative1Υ 1itt1e ΓeseaΓc11 11as been ΡeΓfΟΓl11ed οη t11e l11oΓp11010gy and p11ase distΓibutiοη of ΡΓeciΡίtates

in t11e teΓηaΓΥ alloys.

Tl1e dΓive to fuΓt11eΓ uηdeΓstaηd ΓeCΓΥstaΙΙiΖatiοη in a1Ul11iniul11 alloys stel11S flΌl11 t11e ΡΓeseηce of 11aΓd

second- p11ase ΡaΓticΙes in l110St cοηll11eΓcialΙΥ il11ΡΟΓtaηt alloys, and t11e deIJendence of stΓeηgtΙ1 and

fOΓl11abi1ity οη t11e fίna1 gΓain size and sl1ape. LaΓge ΡaΓticΙes ΡΓeseηt in t11e Ι11iClΌstructuΓe, typica11y

flΌn1 casting, can act as effίcient nuclei fOl" ΓeCΓΥstaΙΙiΖatiοη due to t11e 1aΓge al110unt of stΟΓed eneΓgΥ

t11at cόηceηtΓated next to t11el11 dUΓing cold lΌlling. Additionally, sl11a11 ΡΓeciΡitates can act to in11ibit

ΓeCΓΥstaΙΙiΖatiοη and pin gΓain bοuηdaΓies t11Γοug11 a Zenel" dΓag plΌCeSS. Fon11ing ΟΡeΓatiοηs suc11 as

supeΓplasticity typica11y ΓequiΓe eit11eI" a fίne, stab1e gΓain structuΓe ΟΓ a substnlCtLlΓe t11at is stab1e

against ΓeCΓΥstalliΖatiοη even at tel11ΡeΓatuΓes neal" t11e l11e1ting point. Tl1eΓe 11as been Γeceηt inteΓest in

using t11e 10\\' cost a1Ul11iniUl11 al10y 5083 fOl" supeΓp1astic defoΓl11ation Tl1is a110y contains flΌl11 4-5

\νΙ% Mg in solid solution wit11 Μη and CΓ added to fOΓl11 ΡΓeciΡitates w11ic11 stabilize t11e gΓain size

and incγease stΓengt11.

ΡΓeviοus studies οη l11anipu1ating t11e ΡΓeCιΡιtate structuΓe t1lloug11 11eat tΓeatΙ11eηts and alloying

additions 11ave Γesu1ted in incγeased e10ngation and fίneI" gΓains. ΙηteΓestiηg1Υ, t110ug11, t11e addition of

ΖΓ to 5083 Γesu1ted in an incγeased gΓain size . ReCΓΥstaΙΙiΖatiοη in t11ese l11ateΓia1s 11as been obseloyed

to nuc1eate ΡΓiΙ11aΓi1Υ οη t11e eutectic constituent ΡaΓtic1es (ECs) t11at fOΓl11 dUΓiηg casting, t110ug11 SOl11e

nuc1eation a1so ΟCCUΓS οη 1aΓge pΓecipitates. Additions of Sc to A1-Mg alloys Γesu1ts in t11e fOIΊ11ation

of fίne, CΟl1eΓeηt, SΡ11eΓicaΙ ΡΓeciΡitates of A1,Sc w11ic11 SUΡΡΓesses ΓeCΓΥsta11iΖatiοη [ 15,16]. W11en

alloyed wit11 ΖΓ, it 11as been οbseΓved t11at t11e ΖΓ can ΓeΡ1ace Sc in t11e ΡΓeciΡitate at ιιρ to 50 at.%, and

ΓesuΙts in a ΡΓeciΡitate η10Γe stab1e against cοaΓseηiηg at 11ig11 tenψeΓatuΓes.

Tl1is papel" ΓeΡΟΓts οη studies of ΓeCΓΥstaΙΙiΖatiοηand gΓaiη gΓowt11 in A1-Mg a110ys containing Sc and

ΖΓ in an effΟΓt to uηdeΓstaηd t11e ro1e of partic1e type and l11oΓp11010gy οη t!1e recl"J'stallization kinetics

and t11e resu1tant gΓain structure. It is based οη previous pub1is!1ed work [17] οη cOl11putationa! a!loy

tI1e:Ι110dΥηaΙ11ics. Ιη [17] t11e grain refinel11ent potentia1 11as been assessed by Sc11ei1-Gulliver

sil11u1.ations of solidifίcation pat11s, wl1i!e tl1e recrysta!lization resistance (Zener drag) 11as been

assessed by ca1cu1ation of t11e ΡΓeciΡitatίοη driving forces of t11e A1,Sc and A1,Zr inteΓl11etallics. Tl1e

objective of t11e culTent WΟΓk is to sil11u1ate t11e recrystallization and gΓain glΌwt11 of an A1-M-g-Sc-Zr

alloy. MICRESS (MICRostructure Evo1ution Sil11u1ation Software) is used in order to fu1fill t11e

sil11u1ations. Grain gΓowt11 in sing1e-p11ase l11ateria1s 11as been sil11u1ated severa1 til11es wit11 t11e p11ase

fie1d l11et110d[ 16], [18], [19] and [20]. Two-dil11ensiona1 pl1ase fie1d sil11u1ations of Zener pinning \\'ere

discllssed in [18], [20], [21],[22] and [23]. NUl11erica1 data flΌl11 equiva1ent papers was used to

deten11ine t11e detai1ed l11icrostructura1 c11aracterization needed for t11e sil11u1ations.
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2. LITERATURE REVIEW

2.1 Recrνstallization

Recγystallization is a pIΌcess by Wllicll defonned gι'ains aIe Ieplaced by a new set of lIndefonned

gτains tllat nlIcleate and gι'Ow lIntil t11e oIiginal gτains 11ave been entiIely conslI1ned. Recγystallization

is lIslIally accoIηpanied by a [edlIction ίn tl1e stIengtl1 and 11aIdness of a IηateIial and a si1nll1taneous

incIease ίn tl1e ductility. Tl1l1S, tl1e pIΌcess 111ay be intIΌduced as a deιibeΓate step ίη l11etals pIΌcessing

οτ 1nay be an ιιndesίΓabΙe bYPIΌdnct of anotheI" pIΌcessing step. Tl1e l110st il11poItant ίndιιstΓίaΙ nses

aIe tl1e softening of 111etals pIeνiously 11aΓdened by cold WΟΓk, wl1icl1 11ave lost tl1eil" ductility, and tl1e

contlΌl of tl1e gι'ain stΙΊ1ctuΓe ίη tl1e final pIΌduct.

It can be defined as tl1e te111ΡeΓatιιΓe at wl1icl1 destIΌyed gι"ains of a CΓΥstaΙ stΓιιctιιΓe aIe [eplaced by

t11e new stIain fIee gτains.

Α ΡΓecίse definition of [ec1)'stallization is difficlIlt to state as tl1e pIΌcess is stIΌngly Ielated to seveIal

otl1eI" pIocesses, 1110St notably IecoveIY and gτain gτowt11. 1η SOlne cases it is difficnlt to ΡΓecίseΙΥ

define tl1e point at Wllicll one pIΌcess begins and anotlleI" ends. DοlιeΓtΥ et al. [24] defined

[ecγystallization as:

"000 the formation of a ne,v grain structure ίη a deforl11ed material by the formation and

llligration of high angle grain boundaries driνen by the stored energy of defOl"mation. High

angle boundaries are those ,vith greatel' than a 10-15° lllisorientation"

TlIlIS tl1e pIΌcess can be dίffeΓentίated fΓ0111 IecoveIY (wl1eΓe l1igl1 angle gι'ain bolIndaIies do not

111igτate) and gτain gιΌwtΙ1 (wΙιeΓe tl1e dΓίvίng fΟΓce is only dlIe to tl1e [eduction ίn bonndaIY aΓea).

Recγystallization 111ay OCCUl" dUΓίng ΟΓ afteI" defol111ation (dUΓίng cooling ΟΓ a snbsequent 11eat

tIeatl11ent, fOl" exa111ple). Tl1e fon11eI" is ten11ed dyna111ic wl1ile tl1e latteI" is tel111ed static. Static

[ecγystallization ΟCCUΓS οη 11eating tlle defol111ed mateΓίaΙ to an elevated te111ΡeΓatιιΓe. Dyna111ic

[ecγystallization ocClIIS duIing the plastic defol1nation. TlliS only ΟCCUΓS foI" 110t defol1nation at

te111ΡeΓatιιΓes gτeatel" tllan 0.5 of tl1e 111elting ροίnΙ 1η addition, [ecγystallization 111ay OCCUl" ίn a

discontinuous 111anneΓ, wl1eΓe distinct new gι"ains f0I111 and gιΌW, ΟΓ a continuous l11anneΓ, wΙιeΓe tl1e

1nicΓOstΓllctuIe gτadually evolves into a [ecrystallized 111icΓOstΓllctuIe. 1η 1110St l11ate1ials, te111ΡeΓatιιΓes

> Tn/3 aIe ΓequίΓed foI" [ecγystallization to pΓOceed at a 111easuΓable [ate, \vl1ile gτain bοundaΓίes aΓe

slowed down by tl1e ΡΓesence of solute and 1110st ΡΓactίcaΙ 111ateΓίaΙs 11ave significant aI110unts of

solute. Tlle dίffeΓent 111ecllanis111s by Wllicll Iecγystallization and [ecovery OCCUl" aΓe c0111plex and ίη

111any cases Iel11ain contΓOveIsial.

TlιeΓe aΓe seveΓaΙ, ΙaΓgeΙΥ el11ΡίΓίcaΙ laws of [ecIystallization:

• Tl1eπna!!Υ acti1'ated. Tl1e [ate of tl1e 111iCΓOSCOpic 111ecllanis111s contΓOlling tlle nlIcleation and

gτowtl1 of Iecγystallized gτains depend οη tl1e annealing te111peIatιιIe. Anl1enins-type equations

indicate an exponential relationsl1ip.

• CΓίtίca! ten1ΡαatΙΙΓe. Fo110wing frOl11 tl1e previous γule it is found tl1at Iecrystallization [equires a

nlini111U111 te111peratιιre fOl" tl1e necessary ato111ic 111ecl1aniSI11S to occUI. TlliS Iecγystallization

te111perature decγeases wit11 annealing tiIne.
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• Cι-ίIίcal de.[onl1Gtiol1. Tl1e ΡΓiΟΓ defolΊl1ation applied to t11e ιnateΓίaΙ l11USt be adequate to pΓOvide

nιIclei and sufficient stΟΓed eηeΓgΥ to dιive t11eil" gΓOv.ιt11.

• De.[OlΊl1GtiOI1 a.ffects tl1e αίΙίcal tel11ΡααtUΓe. ΙηCΓeasίηg t11e l11agnitude of ρΓίΟΓ defonl1ation

(Fig.1), ΟΓ Γeducίηg t11e defonl1ation teΙΠΡeΓatιπe, ~rill incγease t11e stΟΓed eηeΓgΥ and t11e nUl11be!" of

potential nuclei. As a Γesult tl1e ΓeCΓΥstalΙίΖatίοη teιnΡeΓatuΓe v.ιill decγease v.ιitl1 incγeasing

defoll.l1ation.

• 1I1itial gI-ail1 size a.ffects the αίΙίcal teΙl1Ρeι"αtΙΙΓe. GΓaίη bοuηdaΓίes aΓe good sites fOl" nuclei to

fOΓIl1. Since an incγease ίη gΓaίη size ΓesuΙts ίη fe~rel" bοuηdaΓίes t11is Γesults ίη a decγease ίη tl1e

nllc]eation Γate and 11ence an incγease ίη t11e ΓeCΓΥstalΙίΖatίοη teΙl1ΡeΓatιlΓe.

• De.[ΟΠl1αtίοl1 a.ffects tl1e jil1al gι-ιιίl1 size. Incγeasing t11e defoll.l1ation, ΟΓ Γeducίηg t]1e defoll.l1ation

teΙ11ΡeΓatuΓe, ίηCΓeases t11e Γate of nucleation faste!" t11an it ίηCΓeases t11e Γate of gι-0v.ιt11. As a ΓesuΙt t11e

final gΓaίη size is reduced by incγeased defonl1ation.
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Figure 1: The effect of tensile strain σπ the recrystallization kinetics of aluminium annealed at 350°C, (Anderson and

MehI1945).

During p]astic defoll.l1ation t11e v.ιork perfoll.l1ed is t11e integι-al of t11e stΓess and t11e plastic strain

ίηCΓeΙ11eηΙ Alt110ug11 t11e ll1ajOlity of t11is v.ιΟΓk is cοηveΓted to 11eat, SOll1e fraction (~1-5%) is Γetaίηed

ίη t11e Ι11ateΓίa]as defects - ΡaΓtίculaΓ]Υ dislocations. Tl1e [eanangeιnent ΟΓ elil11ination of t11ese

dislocations v.ιίll [educe t11e intenlal eηeΓgΥ of t11e systel11 and so t11eΓe is a t11ell.l1odynal11ic dΓivίηg

fΟΓce fOl" suc11 pΓOcesses. At l110deΓate to 11ig11 tel11ΡeΓatuΓes, ΡartίcuΙaΓΙΥ ίη η1ateΓίaΙs v.ιit11 a 11ig11

stacking fault energy suc11 as alUΙl1iniUll1 and nickel, [ecoveΓY ΟCCUΓS Γeadί]Υ and uee dislocations v.ιίll

[eadily Γeanaηge t11ell1selves ίηto subgι-ains sunounded by lov.ι-aηgle gι-ain boundaιies. Tlle dΓίvίηg

fΟΓce is t11e dίffeΓeηce ίη energy bet~reen t11e defoll.l1ed and ΓeCΓΥstalΙίΖed state ΔΕ v.ι11ic11 can be

detenl1ined by t11e dis]ocation density ΟΓ the subgι-ain size and bοuηdaιγ eηeΓgy):

(1)

v.ι11eΓe Ρ is t]1e dislocation density, G is tl1e s11ea!" 1110dLl!us, b is t11e ΒUΓgeΓS vecto!" of tl1e dislocations,

γ is t11e sub-gΓaίη bοuηdaΓΥ energy and ds is t11e subgΓaίη size.

ΗίstΟΓίcal]Υ it v.ιas assuιl1ed t11at t11e nucleation Γate of nev.ι ΓeCΓΥstalliΖed gι-ains v.ιou]d be detenl1ined

by t11e t11ell.l1a] fluctuation l110del successfully used fOl" solidification and ΡΓecίΡίtatίοη p11enOll1ena. Ιη

t11is t11eΟΓΥ it is assul11ed t11at as a [esult of t11e ηatuΓal l110vel11ent of atOll1s (v.ι11ic11 increases v.ιίΙ11
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teιnperature) sιnal1 nuclei would spontaneolIsly atise ίη t]1e ιnattix. Tl1e fOΓIl1ation of t]1ese nuc]ei

would be associated Wit]1 an energy requίΓeΙl1ent due to t]1e fOlll1ation of a new ίnteΓface and an

eneΓgΥ lίbeΓatίοn due to t]1e fOlll1ation of a new voluιl1e of l0wer eneΓgΥ Ιl1ateΓίal. 1f t]1e nuc]ei weΓe

laΓgeΓ t]1an SOΙl1e cι-itical Γadίus t11en it wou]d be t]1enl1odynaιnical1y stab]e and cou]d staΓt to gΓOw.

Tl1e ll1ain pΓOblell1 'Nitl1 tl1iS tl1eΟΓΥ is tl1at t11e stΟΓed eneΓgΥ due to dislocations is veΓY low (0.1-1

Jιn-3 ) w]1ile t11e energy of a gIain boundaIY is quite 11ig11 (~0.5Jιn-2). Calcu]ations based οη t]1ese

va]ues foιInd t]1at t11e obseIved nuc]eation Iate was gι-eateI" tl1an t]1e calculated one by SOΙl1e

iιnpossibly laΓge factoI (~1050).

As a resιIlt t11e a]teΓt1ate t11eoIY pΓOposed by Ca11D [25] is now univeIsally accepted. Tl1e IecIystal1ized

gι·ains do not nuc]eate ίη t]1e classical fas]1ion but Iat11eI gιΌW fΓOιn pre-existing sub-gι-ains and cells.

Tl1e 'jncubation tiιne' is t11en a peIiod of recoveIY \v]1ere sub-gι-ains wit]1 10\\I-ang]e boundaries « ι-γ)

begin to accUll1u]ate dis]ocations and becoιl1e incι-easing]y ιnisoriented wit11 Iespect to tl1eir

neigl1boIs. Tl1e incι-ease ίη ll1isorientation incIeases t]1e ll10bility of t11e boundary and so t11e Iate of

gι-owt]1 of t11e sub-gι"ain incIeases. If one sub-gι-ain ίη a 10cal aIea 11appens to 11ave an advantage over

its neig]1bors (sucl1 as locally ]1ig11 dis]ocation densities, a gι-eateI size ΟΓ faVΟΓab]e ΟΓίentatίοn) tl1en

t]1iS sub-gι-ain will be able to gι-ow n10Γe Γapidly t11an its CΟΙl1ΡetίtΟΓS. As it gι-O\\IS its boundaIY

becOll1es ίηCΓeasίngΙΥ Ιl1ίSΟΓίented witl1 Γespect to tl1e sutTounding ιnateΓίal until it can be Γecognized

as an entίΓe]Υ new stΓaίn-fΓee gι"ain.

W]1eΓe 10 is t]1e nucleation till1e and G is t11e gι-o\\ιtI1 Γate dRJdr. 1fΝ nuclei fOlll1 ίη tl1e till1e

incι-ell1ent dl and t11e gι-ains aΓe assUll1ed to be SΡ11eΓίca1 t11en t11e volull1e fΓactί~n f will be:

Recγystallization kinetics aΓe conll11only obseIved to follow tl1e pΓOfι]e s]10wn ίη Fig 2. Τι1eΓe is an

initial 'nucleation peIiod' 10 W]1eΓe tl1e nuclei fOΓI11, and tl1en begin to gι-ow at a constant Γate

consuιl1ing tl1e defonl1ed Ιl1atΓίΧ. Altl10ugl1 t]1e pΓOcess does not stΓίctΙΥ fo]]ow classical nucleation

tl1eoIY it is often foιInd tl1at sucl1 ll1atl1ell1atical descι-iptions pΓOvide at least a close appΓOxiιnation.

FOΓ an atTay of SΡl1eΓίcaΙ gι"ains tl1e ll1ean Γadίus R at a tiιne Ι is [26]:

R=G(t-to)

\

(2)

(3)

Tl1iS equation is valid ίη t11e eaΓIΥ stages of ΓeCΓΥstalΙίΖatίοn\\II1enf«1 and tl1e gι·owing\gΓains aΓe

not iιnpinging οη eacl1 οtl1eΓ. Once t11e gι-ains COΙl1e into contact t11e Γate of gιΌwtl1 slows and is

Ielated to tl1e fΓactίοn οfuntΓansfΟΠl1ed Ιl1ateΓίaΙ by t11e Jol1nson-Mel1l equation:

(4)

W1Ίile t1Ίis equation pΓOvides a betteΓ descIiption of t11e pΓOcess it still assuιnes tl1at t11e gι"ains aΓe

SΡ11eΓίcaΙ, tl1e nucleation and gι"owt11 Γates aΓe constant, t11e nuclei aIe Iandoι111y distIibuted and tl1e

nucleation tiιne to is sl11all. 1η pIactice few of tl1ese aIe actually valid and altell1ate ιnodels need to be

used.

1t is geneIal1y acknowledged t11at any useful ιnodelll1ust not οηlΥ account fOI" tl1e initial condition of

tl1e ιnateήal bιIt also tl1e constantly cl1anging Γelationsl1ip between tl1e gι·owing gΓaίns, tl1e defoΓll1ed

ιnatIix and any second p11ases 01' otl1eI" Ιl1ίcωstructuΓaΙ factΟΓS. Tl1e situation is fuΓtl1eΓ coιl1plicated in

dynaιnic systel11s w11eΓe defonl1ation and Γecι-ystallization occUΓ sill1ultaneously. As a Γesult it 11as

geneΓalΙΥ pΓOven ill1possible to pΓOdιIce an accuIate pIedictive ιnodel fOI" industIial pΓOcesses witl10ut
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reSΟΓtίηg to extensive elllpirica1 testing. Since t11is 111ay ΓequίΓe t11e llse of ίηdustΓίa1 eqlliplllent t11at

11as not actual1y been bui1t t11eΓe aΓe c1eaI" difficu1ties wit11 t11is approac11.
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Figure 2: Typical recrystallization kinetics during isothermal annealing.

Tl1e tΓadίtίοηa1 111et110d to llleasure recγystallization is to perfonll optica1 ιηetaΙΙοgΓaΡ11Υ οη sectioned

sanΊp1es. Recrystallized gΓaiηs appear as approxilllate1y equiaxed gι-ains wit11 llnifon}} co10r.

UηΓecrΥstaΙΙίΖed gι-ains appear as defonned gΓaiηs wit11 itTegιι1ar cοηtΓasΙ ΜeaSΙΙΓeιηent is ΡrίιηaΓί1Υ

t11e area fraction of recrystallized νeΓSUS unΓeCΓΥstaΙΙίΖed111aterial. SteΓeο10gy tells us t11at t11is aΓea

fΓactίοn is equiva1ent to t11e vo1ιnlle fΓactίοη of ΓecrystaΙΙίΖed 111aterial. Αη easieI" ιηeaSUΓeιηent is

11ardness w11ic11 deCΓeases dUΓίηg t11e recγystallization pΓOcess.

2.2 Grain Gro\vth

GΓaίn gΓOwt11 is t11e increase ίη size of gΓaίηs (CΓystallites) ίη a ιηaterίa1 at 11igl1 teιηΡeΓature. Tl1is

ΟCCUΓS w11en ΓecονerΥ and ΓeCΓΥstaΙΙίsatίοηaΓe cOlllp1ete and fuΓt11eΓ reduction ίη t11e inten1a1 eneΓgΥ

can οη1Υ be ac11ieved by redllcing t11e tota1 area of gι-ain bοundaΓΥ. Tl1e ten}} is COlllιηοη1Υ used ίη

111etallurgy but is a1so used ίn ΓefeΓeηce to ceΓa111ίcs and ΙllίηeΓa1s.

1111portance of grain growt11

Most 111ateΓίa1s ex11ibit t11e Hall-Petc11 effect at ΓΟοη1-teιηΡeΓatιιΓe and so disp1ay a 11ig11er yield

stress w11en t11e gι-ain size is Γeduced. At l1igl1 teιηΡeΓatures t11e opposite is tωe since t11e open,

dίSΟΓdeΓed ηatιιΓe of gι-ain bοuηdaΓίes ιηeans t11at vacancies can diffuse ιηοre rapid1y down boundaries

leading to 1110re ΓaΡίd Cob1e cγeep. Since boundaries aΓe regions of l1ig11 energy tl1ey ιηake excellent

sites fOI" tl1e nllc1eation of precipitates and ot11eI" second-p11ases e.g. Mg-Si-Cu p11ases ίn SOllle

a1uιηίηίuιη alloys ΟΓ ιηaΓtensitep1at1ets ϊη steel. Depending οη t11e second pl1ase ϊη question t11is lllay

11ave positive or negative effects.

. k y
σ = σι +--=
Υ ,/ο

(5)
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w11ere ky is t11e Petcll paral11eter, also known as llnpinning constant.

Rιιles of Grain Growtll

GIain growtll 11as 10ng been stυdied pIil11arily by tlle exa1nination of sectioned, polis11ed

and etclled sa1nples llndeI tlle optical1nicroscope. Altll0llgll SllCll l11etllods enabJed tlle collection of a

gΓeat deal of el11piIical evidence, paIticιιlar witll IegaId to factoIs SllCll as te1nperatLιIe ΟΓ conlposition,

t11e lack of cIystallogIapllic infoΓl11ation lil11ited tlle deve10p1nent of an llndeIstanding of t11e

fllnda111ental pllYSiCS. Nevertlleless, tlle follo\\'ing becal11e well-establis11ed featιιres of gΓain groWt11:

1. GIain gΓowt11 oCCllIS by tlle 1nove1nent of gΓain bollndaries and not by coa1escence.

2. Bollndary 1110ve1nent is discontinllous and t11e direction of nlotion l11ay c11ange slldden1y.

3. One gΓaίn 111ay gΓow into anotlleI" gTain wllilst being cοnsιιιned fro1n tlle ot11er side.

4. Tlle rate of conslll11ption often ίnCΓeases \\'llen t11e gTain is nearly conslll11ed.

5. Α CΙΙΓνed boundaIY typically 111igTates towards its centre of CUΓνatυre.

6. W11en gΓain bοundaΓίes ίη a single p11ase 1neet at ang1es otller t11an 120 degΓees, t11e gIain inclllded

by tlle HlOIe acllte ang1e will be consl1l11ed so t11at t11e angles approacll 120 degΓees.

DUIing tl1e gro\\'t11 process, t11e gIain stΓuctιιΓe undeΓgοes topologica1 c11anges. 1η two di1nensions, νοη

Nel1lnann and Mllllins[27] and [28] S110\\'ed t11at t11e Γate gΓowt11 of n-sided grain is WΓίtten as:

dA π
- = -1n γ (η -6)
dt 3

(6)

w11ere Α is tlle gIain aΓea, 111 and γ are ΓeSΡectίνeΙΥ t11e 1nobility and t11e specific energy of gΓain

bollndary. Α gΓain wit11 n > 6 will gΓow, wlleIeas a gIain witl1 n > 6 will S11Iink.

Aboav [29] fiΓst noted a coIrelation between t11e nlll11beI of sides of a gIain, n, and t11e aveIage

nlllnbeI of sides, 111", of its neig11bors. 1t is follnd t11at /11" is ΙίneaΓΙΥ ΓeΙated to 1/n. Οη t11e basis of

EuleI's t11eOIel11, WeaiIe [30] sllggested a n10re geneΓa1 equation.

1η t11e idea1 case of isotropic bollndaIY eneIgies and 111obolities, tl1e fiIst statistical gΓain gΓO\\'tll 1nodel

is proposed by Hillert [31] ίη 1965 \\Iith t11e 1nean gΓO\\,t11 ve10ci ty fo!" gΓaίns of size R:

ct R =α 111 γ (2- - ~)
dt Rc R

(7)

\V11ere α is a di1nension1ess constant (α = 0.5 [ΟΓ 2-D) and R, is a cγirica1 Iadius wl1icl1 being equal to

t11e l11atΓίχ 111ean gIain 1'adius R. Α t,ιτaίn \\Iit11 R > Rc \νίΙΙ gIΌ\V, w11eΓeas a gΓaίη \vit11 R > Rc \\'ill

slπink. 1η oIdeI' to l11ake 11is Inodel congll.Jent Wit11 tl1e νοη Nelll11ann 11-6 ]aw (Eq. (6)), ΗίΙΙeΓΙ

proposed the follo\ving eqllation [ΟΓ 11:

η = 3(1 + ~)

ν/11ere R is tlle aνeΓage size of tlle neigllb01·S.

(8)
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DΓiviηg FΟΓce fOl" G1'aiη GΓOwtll

Tlle bοuηdaΓΥ between one gΓaiη and its neigllboul" (gIain bοuηda1'Υ) is a defect in tlle cγystal st1'uctuΓe

and so it is associated witll a ce1'taίη aιnonnt of eηeΓgΥ. As a [esult, tΙιe1'e is a tllennodynal11ic d1'ίviηg

fΟ1'ce foι' tlle total a1'ea of boundal")' to be [educed. 1f tlle gΓaiη size incγeases, accoιnpanied by a

1'eductiοη ίη tlle actual nUl11bel" of gτains pe1' volul11e, tllen tlle total a1'ea of gJ-ain bοuηda1'Υ will be

[educed.

Tlle 10cal velocity of a gJ-ain bοuηda1'Υ at any point is ΡΓΟΡΟ1'tίοηal ιο tlle l0cal cυΓvatuΓe of t11e gτain

bοuηdalΎ, i.e.:

υ=Μγκ (9)

wΙιe1'e υ is tlle velocity of gτain bοuηdaΓΥ,Μ is gJ-ain boundal")' 1110bility (geηeΓallΥ depends οη

Ο1'ίeηtatiοη of two gτains), γ is t11e gτain boundaJ")' eηeΓgΥ and κ is t11e SUnl of tlle two ΡΓίnciΡaΙ SU1'face

CU1ΎatuΓes.

Nonnal vs abnonnal GΓaiη GΓOwtll

~scontinuouscontinuo7

1η C0ll11110n witll 1'ecοve1'Υ and 1'eCΓΥstallίΖatίοη, gτowtll p11enOlnena can be seΡaΓated into COntinllOUS

and discontinuous ll1eC11anis111s (Fig. 3). 1η tlle fOIΊ11el" t11e 111ίCΓΟstωctιJΓe eνοlves f1'ΟΙ11 state Α ιο Β (in

tl1is case tlle gτains get ΙaΓge1') in a unifoI1n 111aηηe1'. 1η t11e Ιatte1', tlle c11anges OCCU1' 11eteΓOgeneoLls]y

and specific tΓaηsfΟΓ1ned and uηt1'aηsfΟ1Ίned 1'egiοηs 111ay be identified. DiscontinllOUS gJ-ain gJΌwt11 is

c11aΓacte1'ised by a subset of gτains gτowing at a 11ig11 [ate and at t11e expense of tlleil" ηeig11bοu1'S and

tends ιο 1'esult in a ll1iCΓΟstnΊctuΓe dOll1inated by a few νeΓΥ la1'ge gτains. Ιη ΟΓdeΓ fOl" tllis to OCCUl" tlle

subset of gτains 111lJSt possess sOlne advantage ovel" thei1' cOlnΡetitο1'S SlJC11 as a l1igl1 gτain bοuηdaΓΥ

eηeΓgΥ, locally 11igll gJ-ain bοuηdaΓΥ 1l10bility, faνΟUΓabΙe teχtuΓe 01' l0we1' local second-pllase panicle

density.

Figure 3: The distinction between continuous (normal) grain growth, where all grains grow at roughly the same rate,

and discontinuous (abnormal) grain growth, where one grain grows at a much greater rate than its neighbours.
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FactΟΓS inf1uencing tl1e Γate of ΓeCΓΥstaΙΙiΖatiοη

TJ1e annealing tel11ΡeΓatιιΓe l1as a dΓaη1atic inf1uence οη tl1e Γate of ΓeCΓΥstaΙΙiΖatiοηWl1icl1 is Γef1ected

in tl1e above equations. Ηο~leveΓ, [ΟΓ a given tel11ΡeΓatuΓe tΙ1eΓe aΓe seveΓal additional factoΓS tl1at \vil1

inf1l1ence tl1e Γate.

TJ1e rate of recrystallization is l1eavily inf1uenced by tl1e al11ol1nt of defoIΊ11ation and, to a lesseΓ

extent, tl1e l11anner in Wl1icl1 it is applied. Heavily defoI111ed Ι11ateΓials ~Iίll ΓeCΙΎstaΙΙiΖe 1110re ΓaΡidΙΥ

tl1an tl10Se defoΓ111ed to a lesseΓ extent. Indeed, below a ceΓtaiη defoΓ111ation recγystallization l11ay

neveJ" ΟCCUΓ. Defol111ation at 11igl1el" teΙ11ΡeΓatιιΓes will allow concunent ΓecοverΥ and so SUCl1 l11aterials

will ΓeCΓΥstaΙΙiΖe η10Γe slowly tl1an tl10Se defol111ed at ΙΌΟ111 teΙ11ΡeΓatιιΓe e.g. cοηtΓast 110t and cold

rolling. lη certain cases defol111ation l11ay be unusually 110111ogeneous ΟΓ OCCUJ" οηlΥ οη

specific crystallograpl1ic planes. TJ1e absence of ΟΓieηtatiοη gΓadieηts and otlleJ" l1eteΓOgeneities l11ay

pΓevent tl1e f0l111ation of viable nuclei. ΕΧΡeΓίl11eηts in tl1e 1970s found tl1at !11olybdenul11 defon11ed to

a true stΓaiη of 0.3, ΓecrΥstaΙΙiΖed 1110st ΓaΡidΙΥ wl1en tensioned and at decγeasing rates for wire

drawing, ΓOlling and c0111pression.

TJ1e ΟΓίeηtatiοη of a gΓaiη and 110W tl1e ΟΓieηtatiοη cl1anges dLlΓing defol111ation inf1uence tl1e

accuιl1ulation of stΟΓed eηeΓgΥ and 11ence tl1e Γate of ΓeCΓΥstaΙΙiΖatiοη. TJ1e 1110bility of tl1e gTain

boundaries is inf1uenced by tl1eiJ" orientation and so S0111e CΓΥstaΙΙοgΓaΡΙ1ic textιιres will result in fasteJ"

growtl1 tl1an otl1ers.

FactoΓS l1indeling GΓain Growtl1

lηf1ueηce of second pl1ase ΡaΓticΙes οη recrystallization

Many alloys of iηdustΓiaΙ significance l1ave S0111e voluιlle fraction of second pllase pal1icles, eitller as

a result of il11purities ΟΓ fr0111 deΙibeΓate alloying additions. Depending οη tlleir size and distΓibutiοη

SUC11 ΡaΓticΙes l11ay act to eitller eηCOUΓage ΟΓ ΓetaΓd ΓecrΥstaΙΙiΖatίοη.

(10)

Solute at0111s, bOtl1 deΙibeΓate additions and il11purities, 11ave a pΓOfound inf1uence οη tl1e

recrysta]lization kinetics. Even ll1inoI" cοηceηtΓatiοηs l11ay 11ave a substantial inf1uence e.g. 0.004% Fe

il1cγeases tlle ΓecrΥstalΙίΖatίοl1 tel11ΡeΓatuΓe by aIΌul1d 100°C (Hul11pllfeys and Hatl1erly [26]). It is

culTently unknown wl1etl1eJ" tl1is effect is Ρήl11ariΙΥ due to tlle ΓetaΓdatiοη of nucleation ΟΓ tl1e

reduction in tl1e 1110bility of grain bοundaήes i.e. growtll.

If tΙ1eΓe are additional factΟΓS ΡΓeveηtiηg boundary 1110Vel11ent, SUC11 as ZeneJ" pinning by panicles,

tl1en tlle grain size 111ay be Γestιicted to a ll1ucll 10~ler value tllan l11igllt otllerwise be expected. TJlis is

an ίl11ΡΟΓtaηt industriall11ecl1anisl11 ίη preventing tlle softening of Ι11ateήaΙs at l1igl1 teΙ11ΡeΓatιιΓe.

wllere Ι' and.fV aΓe ΓeSΡectiveΙΥ tlle aveΓage radius and tl1e volul11e fΓactiοn of tl1e ΡaΓticΙes.

2.3 Small particles - Pinning force

TJle presence of a ΡaΓticΙe dίstΓίbutiοη, in a polycι-ystalline structure, can inf1lJence tlle gTain gΓOwtl1

by pinning of tlleir bοundaήes. TJle inteΓactiοn of panicles witll gι-ain boundaries is c01111110nly known

under Zener pinning [32]. FOl" inl1ibiting CUΓvatuΓe dΓiven grain gι-OWtll, Zener noted tllat tlle grain

gΓOwtll stops wllen tlle l11atlix lllean grain size acl1ieves tlle lil11iting value:

4r
RL =­

3fv
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Figure 4: The effect of a distributioπ of small particles οπ the graiπ size ίπ a recrystallized sample. The miπimum size

occurs at the iπtersectioπof the growth stabίlized.

Recrystallization is prevented ΟΓ significantJy slowed by a diSΡeΓsiοη of sιηa]], close]y spaced

ΡaΓtic]es due to Zener pinning οη bor11 ]ow- and 11igl1-ang]e gι-ain bοundaΓies. Tl1is pressure dίΓectΙΥ

opposes t]1e dΓiviηg fΟΓce arising fΓοη1 t11e dislocation density and will inf1uence bot11 r11e nucleation

and gι-O\vth kinetics (Fig. 4). Tl1e effect can be rarionalized "'it11 ΓeSΡect to tl1e partic]e diSΡeΓsiοη

level .(., Ι Ι' w11ere JΊ, is tl1e vοluιηe fraction of t11e second pl1ase and r is rI1e radius. At low JΊ, 11' tl1e

gι-ain size is determined by t11e ηuιηber of nuc]ei, and so initial]y ιηaΥ be very smal!. However t11e

gι-ains are unstable wit]1 respect to gι-ain gι-owt]1 and so ""ίIΙ gι-ow during annealing unti] t]1e particles

exeΓt sufficient pinning ΡreSSUΓe to 11alt tl1eIl1. At 1110deΓate JΊ, Ι,. t11e gI'ain size is sti]1 detenl1ined by

tl1e nUIl1ber of nuc]ei but now t11e gI'ains are stable wirl1 respect to nonl1al gι-owr11 (wl1ile abnonl1al

gι-owt11 is still possible). At 11ig]1JΊ, Ι Ι' tl1e uηΓeCΓΥstalliΖed defοπηed stΓUctuΓe is stable and

ΓecrΥstallίΖatiοη is suppressed.

Tl1e stιιdy of tJ1e collective inf1uence of ΡaΓtic]es cοηceΓηs a ΓaηdΟΙl1 ΡaΓticΙe distΓibutίοn. Ιη real

l11aterials. particles aΓe ηοΙ ΓandΟI11])' distΓibuted and can be of diffeΓent pinning efficiency. Tl1e

iηteΓactίοn of gI'ain bοιιndaΓies "litl1 particles ΟCCΙΙΓS ίn a selective \vay. CllITently, it is νeΓΥ difficlIlt

to include rl1iS ΡΓeferentiaΙ iηteΓactiοn dίΓectΙΥ ίη sin1lllation 1110dels. T11e tl1eory tl1at pI'edicts b'TOWt11

kinetics νeΓSΙΙS tl1e teΙl1ΡΟΓa! evolιιIion of gyain topology ίη t]1e presence of ΡaΓticΙes is still lackiηg.

ΟΓi gin of tl1e Ρίηπίn g force

Α bοuηdaΓΥ is an il11perfection ίη t11e cγystal stγuctιιre and as SUCl1 is associated wit]1 a certain quantity

of eneΓgΥ. WI1en a boundaty passes tl1Yougl1 an incol1erent panic]e tl1en tl1e ΡΟΓtiοη of boundary tl1at

would be inside tl1e panicle essenrially ceases 10 exist. Ιη ΟΓdeΓ to Il10ve past t]1e ΡaΓtίc]e sοιηe new

boundaΓY Il1USt be created, and t]1iS is energetical]y unfavourable. 'Nl1ile t11e region of boundaΓY neal"

t11e partic]e is pinned t11e rest of t11e bοuηdaΓΥ conrinues tΓΥing to 1110ve fΟΓwaΙ'd under its ο"ιη dtiving

fΟΓce. Tl1is ΓesuΙts ίη t]1e bοuηdaΓΥ becol11ing bowed between t110se points ",11eΓe ίι is aηC]10Γed to t11e

ΡaΓticΙes.

Matl1eIl1atical description of t11e Pinning foι'ce

FiguΓe 5 il]ustrates a bοuηdaΓΥ of eneΓgΥ γ pel" unit area ""11ere ίι ίnteΓsects Wit]1 an inCΟl1eΓent paIiicle

of Γadius Ι'. T11e pinning fΟΓce acts a]ong tl1e lίne of contact between t11e boundary and t11e ΡaΓticΙe i.e.

a ciΓc]e of diaIl1eteI" ΑΕ = 2ΠΓ cose (Fig.6). Tl1e fΟΓce peI' unit ]engtl1 of boundaty ίη contact is γ sine.

Hence tl1e total fΟΓce acting οη t11e ΡaΓticΙe-bοuηdaΓΥ interface is:
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F = 2 π r γ cose sine (11)

Tl1e l11axil11ιn11 restraining fΟΓce occurs w11en θ = 450 and so FInax = π r γ .

1η ΟΓdeΓ to deten11ine t11e pinning force by a given dispersion of partic1es, CΙaΓeηce Zener l11ade

seveΓaΙ ίΙ11ΡΟΓtaηt assLll11ptions:

• Tl1e ΡaΓtίcΙes are sp11erical.

• Tl1e passage of t11e bοuηdalΎ does not alte!" t11e Ρartίc1e-bοuηdaΓΥ interaction.

• Eac11 ΡaΓtίcΙe eχeΓts t11e l11axil11ul11 pinning fΟΓce οη t11e bonndaι-y ΓegaΓdΙess of contact posi tion.

• Tl1e contacts between particles and bοuηdaΓίes aΓe c0111pletely [and0111.

• Tl1e nιn11be!' density of ΡaΓtίcΙes οη t11e bonndaι-y is t11at expected fOl" a ΓaηdΟ111 dίstΓίbutίοη of

ΡaΓtίc!es.

For a volιn11e fraction.fυ of [and01111y dίstΓίbnted SΡ11eΓίcaΙ particles of [adius Υ, t11e nιn11be!' pel" nnit

volnl11e (nnl11ber density) is given by:

Ν - 3fv
IOtal - 4 Π )"3

(12)

F1"Ol11 t11is total nιn11be!' density οηlΥ t110se ΡaΓtίcΙes t11at are wit11in one ΡaΓtίcΙe Γadίns \",ί11 be able to

ίηteΓact wit11 t11e bonndary. 1f t11e bonndary is essentially planar t11en t11is fΓactίοη will be given by:

Given t11e assul11ption t11at a11 ΡaΓtίcΙes apply t11e l11axil11ιn11 pinning fΟΓce, FInax> t11e total pinning

ΡΓessnre eχeΓted by t11e ΡaΓtίcΙe dίstΓίbntίοη pel" nnit aΓea of t11e bοnηdaΓΥ is:

Ν - 2τ Ν - 3 fvillteract - ιota! - --2
2π)"

P~ = Ninternct FInax = 3 fv Υ
2)"

(13)

(14)
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Figure 6: Schematic of the interaction a boundarγ and

a particle.
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Figure 5: Schematic of the particles that can intersect a

planar boundarγwithin one radius (solid circles).
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T11iS ll1ay be a significant pressure if t11e particles are fine. AniSOtIΌpiC particles 111ay 11ave a larger
effect if t11ey present a greater surface area for interaction "Iit11 t11e boundaIΎo

T11iS is refeITed to as t11e Zener pinning pΓesslIΓe. It follows t11at large pinning ΡreSSUΓes are pIΌduced

by:

• Increasing t11e vollI111e fraction of particles

• RedιIcing t11e particle size

T11e Zener pinning presslIre is orientation dependent, w11ic11 l11eans t11at t11e exact pinning pressure

depends οη t11e aωουηt of co11erence at t11e grain boundaries.

Α grain of radius Γ 11as a volu1ne ~ π r 3 and sιIrface area 4πι.2. T11e grain bolIndary eneΓgΥ associated
3

wit11 t11is gIain is 2πl.2γ w11eIe γ is t11e boundaIY energy per ιInit area and we 11ave taken into accolJnt
t11at t11e grain bolJndary is s11ared between two grains. If follows t11at:

f 60 ppm\'1 oxygen

140 ppm\v a;.:ygen11 Ο ρΡΠ1''-' oxvgen

350 ppmv: oX!igen

50μm

10 ΡΡΠΜ' ox,.gen

'lf

50ιι1ΊΙ
• .:>

270 ΡΡΠΙ'Ν ox'gel1

. 1 3Υ 3Υ 1 D' 1 . d'energy per ιιη1t νο lJll1e = - Ξ - , w 1ere IS t 1e graιn lall1eter
2τ D

It is t11is w11ic11 drives t11e growt11 of grains wit11 an eqlJivalent presslIre of aboιιt 0.1 MPa for typical
vallJes of γ=0.3 1111'2 and D=lOμ111 . T11iS is not very large so t11e grains can readily be pinned by
particles (Zenel" dΓag).

Αη Exa111ple: T11e 111icIΌgrap11s below aΓe fΙΌn1 a steel san1ple of c11ell1ical COll1position Fe-0.06C­

0.3Si-l.02Mn-0.2Cu-2.43Ni-0.2CΓ-0.46Mowt%, containing a variety of oxygen concentrations. T11e

oxygen is ίη t11e fOΓIl1 of fine oxide particles. T11e sall1ple was 111etallograp11ically polis11ed and t11en

11eated to 1200°C to theIΊl1ally etcl1 tl1e austenite grain bοιιηdaΓίes. Tl1e oxide ΡaΓtίcΙes selΎe to

prevent t11e gIΌwt11 of alJstenite grains dUΓίng t11is 11eat-tΓeat111ent, via Zenel" pinning. It is not

surpΓίsίng t11at t11e final aιIstenite grain size decι-eases as t11e oxygen concentration ίnCΓeases (Fig. 7).

Figure 7: Micrographs of a steel sample containing oxygen concentrations οπ the form of fine oxide particles.
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COΙ11pnter Sil11υ1ation of tl1e Pinning force

Particle pinning 11aS been stυdied extensively witl1 Coι11pυter sil11υ1ations. Monte Ca1'lΟ and pllaSe

field Sil11lJlations 11aVe been nsed ίη 3D to l110del tlle pl1enoι11enon. Coι11plex sllape of interface can be

captυred ίη tl1e cOΙ11pnter l110dels. It can pIΌvide betteI" appIΌxiIηation for tlle pinning fΟΓce.

2.4 Phase Field Model

Tlle pllase field l11etl10d l1as pIΌved to be eχtΓeωelΥ powerful ίη tl1e visnalisation of tl1e developl11ent
of πllcrostructυrewitl10nt 11aving to track the evolntion of individnal ίηteΓfaces, as is tl1e case witll
sllaΓp ίηteΓface l11odels. Tlle l11etl10d, \vitl1in tlle fraΙ11eWΟΓk of ineversible tlleIΊ11odynal11ics, also
allows l11any pl1ysical pllenoι11ena to be tIeated sil11υltaneonsly. Pl1ase field eqnations a1'e qnite
elegant ίη tl1eir fOIΊ11 and clear for all to appreciate, bυt tlle details, appIΌxil11ations and lίl11ίtatίoηs

Wl1icl1 lead to tl1e l11atl1e111atical fOIΊ11 aΓe ΡeΓΙ1aΡS not as tΓaηSΡaΓeηt to tl10se wllose ΡΓίΙ11arΥ iηteΓest is
ίη tlle application of tl1e l11etl10d.

l111agine tl1e gτowtl1 of a precipitate Wllicl1 is isolated frOΙ11 tl1e Ι11atΓίχ by an interface. TlιeΓe aΓe tΙ1Γee

distinct qnantities to consider: tl1e ΡΓecίΡίtate, l11atrix and interface. Tl1e interface can be descγibed as
an evolving snrface wl10se nl0tiOn is controlled aCCΟΓdίηg to tl1e bonndary conditions consistent witll
tl1e l11ecllanisl11 of transfoIΊ11ation. Tlle. ίnteΓface ίη tl1is 111atl1el11atical descγiption is Sil11ply a two­
diIηensional snrface Witl1 ηο widtll ΟΓ strnctυre; it is said to be a s11aι-p interface.

Ιη tl1e pl1ase-field l11etl10d, tl1e state of tl1e entire 111icrostructυre is [epresented continnonsly by a
single variable known as tl1e order paral11eter φ. For exal11ple, Φ = ι, Φ = Ο and Ο < Φ < 1 represent
tl1e precipitate, 1l1atrix and interface [espective]y. Tlle latte1' is tΙ1e1'efοre l0cated by tl1e region over
Wllicll Φ cl1anges frOΙ11 its precipitate-valne to its 111atήχ-value (Fig. 8). Tl1e 1'aηge over \Vl1icl1 it
cllanges is tl1e widtll of tl1e ίηte1'face. Tlle set of values of tlle ordeI" ΡaΓa1l1eter over tlle Wllole
111icrostructυre is tlle pllase field. Α two pl1ase nlicrostn1Ctυre and tl1e ordeI" paral11eter Φ profile is
S110W οη a lίηe across tlle doι11ain (Fig. 9). GΓadual cl1ange of ΟΓdeΓ paral11eter fΙΌl11 one pl1ase to
anotller S110WS diffuse ηatυΓe of tl1e ίηteΓface.

Tlle evollJtion of tl1e l11ίcrοstructυΓe Witl1 til11e is asslll11ed to be propoItional to tl1e vaΓiatίοη of tlle
free energy functional Witll respect to tl1e order paral11eter:

οΦ = Μ og
ot οφ

where Μ is a l110bility. Α functional g(φ) 11as to be developed.

(15)
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Figure 8: a) Sharp interface, b) Diffuse interface

Α Taylor expansion fora single vaΓiab1e about Χ = Ο is given by:

Figure 9: Α two phase microstructure and the order parameter Φ profile is shown οπ a line across the domain. Gradual
change of order parameter from one phase to another shows diffuse nature of the interface.
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(16)

(17)

Α Taylor expansion like t11is can be generalised to ιηΟΓe t11an one vaΓiable. Cal1ll assuιηed t11at t11e
free energy due to 11eteΓOgeneities ϊn a solution can be expressed by a ιηuΙtivariabΙe Taylor
expanston:

3σ 3σ 1[ ο 31 σ ? 31 σ 31 σ ]
σ ι - σ J -s:.... - -s:.... _ -~ --~ 17 __ό_b{)'Z''''}-b{Co}+) +..:; + ... + Υ 0+":; ? +2)_ + ... + ...

~I 3Ζ 2 ~- 3Ζ- ~Iaz

ϊn \v11ic11 t11e vaΓiabΙes, Υ, Ζ, ... ϊn our context are t11e spatial cOI11positiol1 derivatives (dc/dx, d"c/dx",
etc). For t11e free energy of a sIηall vοluιηe eleIηent containing a one-diIηensional COlηΡοsitiοn

vaΓiatiοn (and neglecting t11ird and Ι1igl1-ΟΓdeΓtenηs), tl1is gives:
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, ()2_ ( dc ~ d-c dc
g - g (Co} + Κι - + Κ 2 ~ + Κ3 -

dx dx dx
(18)

w11eIe Co is tl1e aveIage C0111POSition and

aa
κ - b

Ι - a(dc / c/x)

ag
κ - --:---=-....,....,...
2- a(d 2c/dx2

)

1 a2g
Κ, =- ,

- 2 a(dc / dχγ

(19-21)

Οη integr-ating tl1e tl1iId ten11 in tl1is equation by paIts:

Ιη tl1is, κι is zeΓO fOI a ceηtΓΟSΥηll11etΓic ctoystal since t11e fIee eneIgy l11USt be invaIiant to a c11ange ίη

t11e sign of t11e cooIdinate Χ. Tl1e total free eneIgy iS obtained by integIating oveI tl1e voluι11e:

(22)

(23)

T11e fiIst ten11 οη t11e ήgl1t is zero, so tl1at an equation of t11e fOn11 be10w iS obtained fOI tl1e fIee
eneIgy of a 11eteΓOgeneous syste111, t11e ten11 g descIibes 110W tl1e fIee eneIgy vaIies as a function of
t11e oIdeI paIal11eteI; at constant Τ and Ρ, tl1is takes t11e typica1 fOn11:

(24)

(25)

w11eIe V and Τ IepIesent tl1e voluι11e and te111peIatuIe Iespective1y. T11e second ten11 ίη tl1is equation
depends οηlΥ οη tl1e gr-adient of Φ and 11ence is non-zeΓO οηlΥ ίη tl1e inteIfacial Iegion; it is a
descι-iption tl1eIefoIe of t11e ίηteΓfacίa1 eηeΓgΥ. T11e fiIst ten11 is tl1e SU111 of tl1e fIee eneIgies of t11e
pIecipitate and l11atIix, and 111ay a1so contain a ten11 descγibing tl1e activation baπίeΓ acΓOss t11e
iηteΓface.

Advanta!Zes
1. ΡaΓtίcuΙaΓΙΥ suited fOI t11e visua1isation of 111icΓOstγuctuIa1developl11ent.
2. StIaigl1tfoIwaId nUl11eIica1 solution of a few eql1atiot1s.
3. Tl1e nU111beI of equations ιο be solved is faI less t11an t11e nlll11beI of paIticles ίη syste111.
4. Flexib1e 111et110d wit11 p11en0111ena suc11 as l11oΓp11010gy cl1anges, ΡaΓtic1e coalescence ΟΓ splitting
and oveIlap of diffusion fields natuIally 11andled. Possib1e to inc1ude ΓOutinely, a vaIiety of p11ysical
effects suc11 as tl1e C0111position dependence of l11obility, stIain gΓadieηts, soft i111pingel11ent, 11aId
il11pingel11ent, anisotΓOPY etc.
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Disadvantages
1. VelΎ fe\v quantitative CΟI11ΡaΓίsοηs \Vitl1 ΓeaΙίtΥ; n10st applications lil11ited to tl1e οbseΓvatίοη of
sllape.
2. LaΓge d0111ains cOl11putationally cl1al1enging.
3. 1ηteΓface widtll is an adjustable ΡaΓa111eteΓ Wl1icll l11ay be set to pllysically LlJπeaΙίstίc values.
1ndeed, ίη l110St sil11ulations tl1e tl1ickness is set to va1ues beyond tllose known fo!" tl1e systel11
l11odelled. Tl1is l11ay Γesu1t ίη a loss of detai1 and unp11ysica1 ίηteΓactίοns between dίffeΓeηt ίηteΓfaces.

4. Tlle point at Wl1ic11 tlle assul11ptions of ίπeveΓsibΙe tl1el111odynal11ics would fai1 is not cΙeaΓ.

5. Tlle extent to Wl1iCl1 t11e Taylo!" expansions t11at 1ead to t11e popula!" fOn11 of t11e p11ase fie1d equation
Γel11aίn valid is not cΙeaΓ.

6. Tl1e definition of tlle fΓee eneΓgΥ density vaΓίatίοn ίn tl1e bοundaΓΥ is S0111ewllat aΓbίtΓaΓΥ and
aSSUl11es tlle existence of systel11atic gΓadίeηts witl1in tlle ίηteΓface. 1η l11any cases tlιeΓe is ηο pllysical
justification fo!" tl1e aSSU111ed fOn11S. Α vaΓίetΥ of adjustable ΡaΓaΙ11eteΓS can tlιeΓefΟΓe be used to fit an
ίηteΓface velocity to eΧΡeΓίΙ11eηtaΙ data ΟΓ otlle!" l110dels.

SοftwaΓe based οη Pl1ase Field Models:

• PACE3D - ΡaΓaΙΙeΙ Α1g0ΓίtΙ1Ι11S fOl" CΓystal Evolution ίn 3D is a ΡaΓaΙΙeΙίΖed pllase-field
sil11ulation package including l11ulti-pllase l11ulti-c0111ponent tΓaηsfΟΠ11atiοns, ΙaΓge scale gΓain

stΓUctuΓes and coupling Witl1 f1uid f1ow, elastic, plastic and l11agnetic ίηteΓactίοηs. 1t is developed
at tl1e ΚaΓΙSΓU11e UηίveΓsίtΥ of Applied Sciences and ΚaΓΙSΓUΙle 1nstitute of Tecl1nology.

• Tl1e Mesoscale ΜίC1ΌstΓUctuΓe Sil11ulation PIΌject (MMSP) is a col1ection of C-- classes fOl"
gΓίd-based l11ίC1ΌstΓUctuΓe sil11ulation.

• Tl1e ΜίC1ΌstnlCtιιΓe Evolution Sil11ulation SοftwaΓe (M1CRESS) is a l11ulti-pllase field sil11ulation
package developed at RWTH-Aacl1en.

• Tl1e OpenPl1ase is t11e open SΟUΓce sοftwaΓe pIΌject taΓgeted at tl1e pllase field sil11u1ations of
c0111plex scientific pIΌblel11s. Tlle CΟΓe of tl1e ΙibΓaΙΎ is based οη tl1e l11ultipl1ase field l11odel. Tl1e
pIΌject 11as tl1e f0I111 of a ΙίbΓaΓΥ and is \λΙΓίtteη ίη object ΟΓίeηted C++. Tlle developl11ent of tl1e
ιibΓaΓΥ is done by tl1e gΓoυp of PIΌf. DΓ. 1ngo Steinbacl1 at tl1e 1nteΓdίscίΡΙίηaΓΥ CentΓe fOl"
Advanced ΜateΓίaΙs Sil11ulation (ICAMS).

2.5 Micress Software

M1CRESS is tlle sοftwaΓe used ίn tl1e cunent papel" to sil11ulate tl1e ΓeCΓΥstal1ίΖatiοη and gΓaίη glΌwtl1

of an Alul11iniul11 ΑΠΟΥ. Tl1e sοftwaΓe M1CRESS (Μ1CRοstΓUctUΓe Eνolι.ιtίon Sil11ulation SοftwaΓe)

is developed fo!" til11e- and SΡace-Γesοlved nLlJ11erical sil11ulations of solidification, gΓain glΌwtl1,

ΓeCΓΥstal1isatίοn ΟΓ solid state tΓaηsfΟI111atiοηs ίn l11etallic alloys. M1CRESS cοveΓS pl1ase evolution,
solutal and tl1en11al diffusion and tΓansfΟI111atίοη stΓaίη ίη tlle solid state. 1t enables tlle calculation of
l11ίCΓοstΓUctuΓe f0I111ation ίη til11e and space by solving tlle fΓee bοundaΓΥ plΌblel11 of l110ving
pllase bοuηdaΓίes. ΜίC1ΌstΓUctUΓe evolution is goveΓl1ed essentially by tllel111odynal11ic dιiving

fΟΓces, diffusion and CUΓvatιJΓe. 1η case of l11ultic0111ponent alloys, tlle ΓequίΓed tllel111odynal11ic
data can eitl1eI" be plΌvided to M1CRESS ίη tl1e f0I111 of 10cal1y linealised pllase dίagΓaΙ11S, ΟΓ by
dίΓect corJpling to tllel111odynal11ic data sets via a special TQ ίηteΓface, deve10ped ίη

cοlΙabΟΓatiοη Witl1 Tl1en110-CaIc™ ΑΒ, StOCkl101111.

M1CRESS is based οη tl1e l11ultipl1ase-field 111etllod Wl1icll defines a pl1ase-field ΡaΓa111eteΓ fOl" eacl1
pllase involved. Tl1e pl1ase-field paΓal11etel" desclibes tl1e fΓactiοη of eacl1 p11ase as a continuous
fl.1nction of space and ti111e. Eacl1 single gΓain is l11apped to a distinct pllase- field ΡaΓaJ11eteΓ and is
tΓeated as an individual pllase. Α set of coup1ed ΡaΓtίaΙ dίffeΓeηtiaΙ eql.1ations is fOΓI11ed \Vl1icl1
descγibes tl1e evolution of tlle pl1ase-field ΡaΓal11eteΓ, togetl1eI" witl1 cοnceηtΓatίοη, tel11ΡeΓatuΓe,

stΓess and f10w fields. Tl1e total set of equations is solved explicitly by tl1e finite diffeΓence l11etllod
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οη a cubic gήd.2D and 3D silnulations are possible. Tl1e size of t11e silnulation domain, t11e
number of grains, phases and components is restήcted mainly by the available lnelnory size and
CPU speed. Scope of this reference is Ιο review t11e cuπeηt state of t11e art with respect Ιο

simulation of lnicrostructure evolution based οη tl1e p11ase-field approac11 ίη tec11llical alloy
grades. Starting froιn a s110rt overview about coιnputational t11ennodynalnics and kinetics
and respective databases for tecl1llical alloys, an engineering approac11 Ιο p11ase-field and
multip11ase-field lnodels will be depicted ίη order Ιο allow for a basic explanation of t11ese
met110ds -ίη general being developed by p11ysicists and lnatl1ematicians- for ιnateήaΙs scientists and
lnetallurgists.

Binaroy and ternary p11ase diagrams being available ίη printed fonn ίη books or publications 11ave
provided t11e basis for the developlnent of lnaterials ever since. Increasing availability of coιnputers

11as allowed for the continuous development of computational thennodynamics and respective
databases ίη t11e last decades.

Such software tools and databases are nowadays available for coιnplex alloy systems cοιnΡήsίηg a
nurnber of alloy elelnents, e.g. Thenno-Calc, Pandat, FactSage, JMatPro. Their databases are
establis11ed using a well-defined assessment sc11eme (Calp11ad).Tl1ey allow detennining p11ase
diagrams, calculating tl1e sequence of phase transitions, the alnount of p11ase fractions being stable
at a given temperature and other thennodynarnic properties, fig.lO. Even more illlportant for
describing t11e evolution of a rnicrostructure is that suc11 rnodels also allow the calculation of tl1e
dήvίηg forces for t11e p11ase transfonnations.

Continuing froιn the knowledge about equίΙίbήum p11ase fractions -wl1ic11 do ηοΙ provide any
infonnation about 110w fast tl1is equίΙίbήum is reac11ed -subsequent developments aimed at descήbίηg
tl1e kinetics of diffusion controlled phase transitions. One example for a software tool especially
suitable for tl1e descήΡtίοη of rnulticoιnponentdiffusion using respective databases is DICTRA. Tl1e
underlying approac11 11ere is based οη l-D systems like e.g. diffusion couples, concentήc cylinders or
cοηceηtήc sp11eres. Under soιne specific assulnptions pl1enoιnena like coarsening of a precipitate
distήbution can also be tackled.
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Figure 10: Equilibrium phase fractίons of different phases ίn a 25MoCr4 steel as a functίon of temperature (calculated
using Thermo-Calc and the TCFe6 database)

. i

Most interesting for rnetallurgists and ιnateήaΙs engineers, 11owever, is t11e lnicrostructure and -even
furt11er- t11e properties of a ιnateήaΙ being based οη its lnicrostructure. Tl1e silnulation of
ιnicrοstιυcturesίή ieclmical alloy systems probably 11as its οήgiη ίη t11e first deηdήtes being
silllulated "Using tl1e phase-field lnethod [33] and t11e subsequent extension of tl1e phase- field method
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to l11υltip1e p11ase-fie1ds [34] allo\\Iing ear1y silnll1ations of elltectic and Ρe1'ίtectίc systel11s. Tl1iS
ιnllltip11ase-fie1d lnode1 1ater 11as been collp1ed to t11en11odynal11ic and ιηοbi1ίtΥ databases, t11lls
pl"Oviding t11e basis for all t11e exaιnp1es οη sil11llJations of teclmica1 alloy gΓades being depicted ίη

t11is ΡaΡe1'. FOl" Γeviews of t11ese deve1ΟΡιηeηts t11e ΓeadeΓ is refeITed to [35], [36], [37] and [38].

Tl1e pl1ase-fie1d rnetllod can be 1'igΟΙΌιιs1Υ deΓίved fΙΌl11 t11enηodynal11ic ΡΓiηciΡΙes and tΙ1eΟΓίes of
pl1ase tΓansitίοns, and a 10t of dedicated Ιite1'atιιΓe is avai1abJe cοveΓiηg tl1ese fllndal11ental and
ιηatΙ1eιηaticaΙ aspects (foI" a Γeview see e.g. [39], [40]). 1η t11is paper ί! is given a pl1en01ηenologica1

appl"Oac11 fo1' a Γat11eΓ intιιitive iηteφ1'etatiοη of t1le p11ase-fie1d concept and eqllations.

Tl1e fiΓst step tοwa1'ds tl1e sil11lllation of tlle dynal11ics of ιηiCΙΌstΓL1ctιι1'eevo1lltion is tlle basic
deSCΓiΡtiοη of a static l11ίCΙΌstΓL1ctιιΓe, fig.ll. Α sirnp1e appΓOac11 is to llse a so called ΟΓdeΓ

ΡaΓaιηete1' Φ fOl" sirηll1ations of ιnίCΙΌstΓL1ctιιΓe evolιιtion ίη a sil11p1e solid/liqllid systel11. Φ itse1f is
a function of space χ and til11e i.e. Φ= Φ( Χι t) and l11ay take "a1lles between Ο and 1. ΜetaΙΙΙΙ1'gίsts

l11ay re1ate t11is ΟΓder paIal11ete1' to t11e fIaction of a specific pllase (e.g. Φ coITesponds to t11e fIaction
solid ίη fig. 1 1) to be pIesent at a specific ροίη! of space χ and at a specific tίιηe t.

Tl1iS ιηet110d of desCI1bing ιnίCΓΟstΓL1ctιι1'es 11as been extended to t11e descnption of l11ll1tiple gΓains

and l11ll1tip1e p11ases ίη t11e l11llltipllase-fie1d l11et110d,wΙ1e1'e l11ll1tip1e, i.e. "ί" dίffe1'eηt p11ase fie1ds
Φί= Φ( ΧΙ t) denote t11e ίηdίνίdιιa1 p11ases 01' eνeη all defe1'eηt gΓains. 1η s110It, any object w11ic11 can be
identified ίη t11e ιηiCΓΟstΓL1ctllΓe l11ay 11aνe its own p11ase-fie1d "anable ίη 1'espective l11ll1tipl1ase­
field l11odels.

ΒefΟ1'e eηte1'ίηg l11llltip11ase-fie1d l11ode1s ί! seel11S wise to ιιηde1'staηd ΟΓ at least to get a fee1ing fOl" a
descγiption of t11e evo1ιιtion of tl1e sil11p1e solidification sitιιation depicted ίη fig.11. DeSC1'ίbίηg t11e
evollltion oft11e l11icΓOstΓL1ctιιIe t11lls l11eans to identify t11e til11e deIivative oftlle Φ(Χ, t) ί. e. Φ(Χι t).
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Figure 11: Description of a solidifying microstructure by an order parameter at a given moment t. The color coding is
explained above.

Α possib1e fi1'st step towaIds identification of a descl1ption of Φ( ΧΙ t) is to sta1't fΙΌΙ11 a diffusion
eqllation (fig.12, b1lle cοnt1'ίbιιtίοη). Α pllIe diffusion appΓOacl1 110weνe1' wollld lead to a Sl11eaI oιιt

of an initial1y sllaΓp inteIface eventιιally ending ιιρ wit11 a sιηοοt11 and flat CΙΙ1'νe. 1η Ο1'deΓ to
descγibe a stab1e, statίοηa1'Υ ίηte1'face an additiona1 ten11 tllllS is needed (fig. 12, gIeen
contIiblltion), wl1ic11 stabilizes t11e ίnte1'face. Note tl1at tl1is contnbιιtion is negative fOl" 0< Φ< Ο . 5
and ροsίtίνe fOl" 0.5 < Φ< 1. Tl1is ten11 tllllS balances t11e effect of tl1e diffusion ten11 (bllle) leading
to a statiοηa1'Υ, stabilized inteIface pΓOfile. Depending οη tl1e actιιal cl10ice of t11is ten11, diffe1'ent
statiοηa1'Υ ίηte1'face pΓOfiles l11ay 1'esult (e.g. a Ι1ΥΡe1'bοΙίc tangent pΓOfile fOl" a double well potential
01' a sine-pΓOfi1e fo1' a double obstacle potentia1). ΕνeηtιιaΙΙΥ any deviation fΙΌl11 eqllilibl1lll11
(fig.12, Ied contl1bution) will lead to a l110νel11ent of t1le stationaIY 1ηte1'face pΓOfile. Tl1e deνiatίοη

fΙΌΙ11 equiΙib1'iιn11 is cΙ1a1'acteΙ1Ζed by ΔG. Depending οη tl1e sign ofΔG tl1e l110tiOn will Iesu1t
eit11e1' ίη gΓowtl1 01' slΊIinkage of tl1e ΓeSΡectίνe pl1ase. Wllen eqιιί1ib1'iΙΙl11 is 1'eac11ed (ΔG=Ο) t11e
pΓOfile cΙ1a1'acte1'iΖiηg tl1e ίηte1'face position will bec0111e stational"y and stab1e. Fllrtl1e1' "anables
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ίη t11e respective equation denote t11e interfacial energy (σ), t11e interfacial tl1ickness (η) and t11e
inteΓfacia1l110bility (μ):

Figure 12: The phase-field equation ίπ a very simple analysis. See text for explanation of the individual.
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Ιη case f spatially vaΓΥίηg interfacial eηeΓgίes t11e Gibbs-Tl10l11S0n coefficient Γ 11as to be
l110dified by inclLlding tl1e second derivative of t11e ίηteΓfacίal energy:

Anot11er engineeling approac11 to t11e p11ase-field equation is based οη tl1e "Gibbs Tl10lnson
eqL1ation" giving a relation between interface velocity, t11ennal and solutal LIndercooling and
interface curvature and being well known to l11etallurgists since decades [41], [42].

Α closer look at tl1e pl1ase-field equation (equation ίη fig. 12) Γeveals a ΙΌtatίοnal synl1netry as tl1e
diffllSiOn equation (fig. 12, blLle contribution) does not cOlnpnse any anisotΓOPY. Ιη order to
include anisotΓOpy into t11e l110del, bot11 t11e interfacial energy σ and t11e ίηteΓface lnobility μ aΓe

assuIυed to be anisotropic. Ιη 2 dil11ensions t11is can be acconlplis11ed by l11aking t11ese paralneters
dependant οη t11e angle θ between tl1e gIΌ\\It11 dίΓectίοη and t11e cγystal ΟΓίeηtatίοη i.e. σ = σ (θ) and
μ =μ(θ). FOl" a sinlple cubic sYl11l11etry ίη 2D t11ese functions could l00k like σ=σ ο (l-cos(4θ))
and μ =μο(l-CΟS(4θ)). For a 11exagonal sYl111netry ίη 2D functions like σ=σ ο (l-cos(6θ)) and μ =μο

(1-cos(6e)) would represent a first approac11.

(26)
σ σ- σ

Γ = -- turns into Γ =--
LoTm LoTm

Ιη order to desclibe anisotΓOPY ίη 3D configurations a l110re cOlnplicated descιiption

necessalY
becOlnes

Tl1e driving force ΔG depends οη l0cal conditions of exten1al fields like tel11ΡeΓatuΓe Τ 01'
concentration Cj of t11e ί dίffeΓeηt alloy elelnents (bllt also: stresses/strains, electlic/ιnagnetic

fields, ... ): ΔG =ΔG(Τ,Cj,). Α non-vanis11ing ΔG will lead to a finite c11ange ίη pl1ase fraction i.e.
a finite Φ(χ, t). Tl1iS cl1ange ίη pl1ase fΓactίοη ίη tιιΓη will affect tl1e eχteΓηal fields (fig. 13). Tl1uS
tl1eΓe is a need of solving tl1e collpled systeln of ΡaΓtίal dίffeΓeηtίal equations [ΟΓ tl1e pl1ase-field
(ίη l11llltip11ase-field lnodels: t11e l11ultiple pl1ase fields) and [ΟΓ all extenlal fields affecting tl1e
p11ase tΓaηsίtίοη.
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Figure 13: Evolving phase fractions influence e.g. the temperature field Τ bγ the release of latent heat ΟΓ the
concentration fields ci due to the segregation of solute. These changes ίπ turn alter the local conditions for the driving
force dG.

Teclmical al10ys COl11priSe l11ultiple grains, 111ultiple pllaSeS and 111ultiple C0111pOnents. Tlleil" description
ίη nU111erical l110dels Iequires at least tlle intIΌduction of nlultiple pllaSe fields, tlle desctiption of
111ulticOl11pOnent diffusion and tllerι11odyna111ic and kinetic data. Tlle basic ideas of tlle l11ultipllase­
field approacll [33] are:

• Definition of one pllase field [ΟΓ eacll pllase and for eacll grain of a pllase
• Pairwise interaction [ΟΓ eacll pail" of pllases/grains like ίη standard pllase-field
• Possibility of il11plel11entation of specific pllase boundary/gι'ain boundaIY pIΌperties

Furtller conceptual aspects cOl11prise coupling to concentration fields [43] use of tllen11odyna111ic
databases resp. l110bility databases, 111ultipllase interactions and pllysics of triple junctions.

Basic model development

StaIting frOl11 tlle initial idea of desctibing 111icIΌstructlIΓe evolution in 111ultipllase syste111s [34]
a nUl11ber of fuΓtΙιeΓ developl11ents was necessary ιο 111ake tlle I110del applicable and Hseful fOl" tecllllical
al10y systellls. Tlle respective l11ajol" topics are sllortly outlined ίη tlle fol1owing and tlle reader is
refeπed to ΓeSΡective aIticles for furtller reading.

In detail - al110ngst otllers - tlle fol1owing topics 11ave continuously been addressed since 1996:

• aspects of l11ultipllase equilibtia
• sllaΓp intetface aSY11lptotics
• aspects of cOl11putational efficiency

• coarsening pllenOl11ena
• coupling to concentration fields including solute diffusion

• consideration of fluid flow
• coupling to tllen110dynanιic databases
• incoΓporation of nucleation pllenOl11ena
• incoΓpoIation of elasticity/plasticity
• self-consistent coupling ιο l11acIΌscopic siI11ulations

Grain growth

Pllase-field 1110dels do not always reqιιίΓe an explicit tllerι11odyna111ic driving fOIce to drive tlle
evolution of a nιicrostrllctuIe. Becallse tlle Iespective eqllations can be derived [ΙΌI11 tlle Gibbs­
Tllonlson Telation, tlley il11plicitly tend to I11inil11ize cUIvatυIe and tll11S al10w for tlle description
of ripening and grain gιΌwtΙι. Subseqllent to l110dels for ideal gι-ain gιΌ\vtlι], effects of paIticle pinning
οη tl1e l110bility of tl1e gι'ain bOllndaries l1ave beel1 incl11ded, fig. 14. Respective 1110dels now al10w
for tlle desαiΡtiοη of abnon11al grain gιΌwtΙι, e.g. dllIing case Ι1aΓdenίng ΟΓ [ΟΓ tlle desαiΡtiοn

of gι-ain gιΌwtΙ1 ίη nιicIΌal10yedline-pipe steels.
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Figure 14: 3Ο grain growth simulation for different time steps starting from 2000 individual grains. Color coded are the
individual grains (Ieft). Οπ the right: representation of the triple liπes of intersecting grain boundaries.

2.6 Simίlar Work

Tl1is paper conceΓilS tlle recγystallization and grain growt11 of an Alul11iniuιn Alloy 5-χχχ (AI.Mg-Sc­
Zr) based οη a P11ase-Field Model. Tl1eΓe are not any ot11er sil11ilar ΡaΡeΓS οη tl1is topic. Alt11oug11
t11eΓe 11ave been lllade SOΙlle experilllents οη stΓeηgtl1eηiηg lllec11anisl11s of an AI-Mg-Sc-Zr alloy [44]
and οη t11e inf1uence of t11e particle size οη recrystal1ization and grain growt11 in AI-Mg-X (w11ere Χ
is Μη, Zr ΟΓ Sc) alloys [45].
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3. METHODOLOGY

1η ol"del" to "Run MICRESS-- t11e user 11as to go along \vit11 tl1e structuΓe of an input file ΓequίΓed [ΟΓ a
MICRESS sil11111ation. Tl1e nUl11etical sill1ulation of ΓeaΙ Ρ1Όcesses suc11 as l11ίC1ΌstΓl1ctuΓe evoll1tion
Γeql1ίΓes ll1at11el11atical 1110dels t11at desctibe tl1e existing pI1ysical ones. MICRESS so]ves t11e so­
called Stefan ΡΓοblel11 wit11 a ll10dified Gibbs-Tl10l11son ΓeΙatίοn to ll10del Ιl1ίcrοstnιctuΓe

evolution. Tl1e solution of t11e ll1at11el11atical Ρ1ΌbΙel11 of e.g. solidification involves process and
ll1aterial ΡaΓaΙl1eters, desctiption of initial conditions, nl1cleation CΓίteΓίa, definition of t11e calculation
dOll1ain as well as t11e consideration of SOll1e nUl11erical ΡaΓaΙl1eters for PDE sοlveΓS. Tl1e p11ase­
field ll1et110d is used by MICRESS as a nUl11eΓίcaΙ aΡΡ1Όac11 ιο t11e Stefan problell1.

ΒΥ now, t11e p11ase-field l11et110d is t11e l110St approptiate nUll1eΓίcaΙ approac11 for btidging t11e lengt11
scales between t11e interface caΡίllaΓίtΥ lengt11 of a few nanOll1etΓes and t11e ll1illill1etl'e scale
of diffusion. Tl1e ll1ain c11aΓacteΓίstίc featuΓe of t11e p11ase-field ll10del is t11e diffusiveness of t11e
ίnteΓface between two pl1ases. Tl1e ίnteΓface is descγibed by a steep but continuous tΓansίtίοn of
t11e p11ase-field valiable(x,t) between two states. Hov-I ever,tec11nical al10ys consist of l11ultiple
gΓaίns, ll1ultiple p11ases and l11ultiple cOll1ponents. Tl1eir descγiption ΓequίΓes al110ng otl1ers tl1e
ίnt1Όductίοn of ll1ultiple p]1ase fields, description of ll1ulticol11ponent diffusion and cotIpling ιο

tl1enl1odynal11ic databases. SOll1e of tl1e basic ideas of t11e l11ιJ1tip11ase-field aΡΡ1ΌacΙ1 aΓe:

• definition of one p11ase field for eac11 p11ase and [ΟΓ eac11 grain of t11is pl1ase
• pairwise ίnteΓactίοn [ΟΓ eac11 pair of Ρ11ases!gΓaίns sill1ilaI" to t11e standaΓd p11ase field
• possibility of il11plell1entation of specific p11ase! gΓaίn bοundaΓΥ Ρ1ΌΡeΓtίes

• optional l1se of 11igl1eI" ΟΓdeΓ interactions ίη triple or ll1ultiple junctions

Furtl1er concepts of t11e ll1ultip11ase field aΡΡ1Όacl1 are t11e coupling to t11enl1odynall1ic databases
and t11e coupling ιο l110bility dataases.
1η order to obtain Γeasοnable sil11ulation ΓesuΙts, M1CRESS perfo1111s til11e loops al110ng tl1e
nl1cleation l11odel, t11e l11ultip11ase-field solver, I11UlticOll1ponent diffusion solveI" and t11e
tell1perature sοlveΓ. Coupling to t11en11odynall1ic database yields infonl1ation about tl1e nl1cleation
undeΓcοοlίng, tI1e dtiving force, t11e solute ΡaΓtίtίοnίng, tl1e diffusion ll1atrix, latent 11eat, etc. Tl1e
obtained infonl1ation is necessary for t11e dίffeΓent solvers ίη ordeI" to be able to ΡeΓfΟΠ11 tl~e

cοπeSΡοndίng calculations for eac11 til11e lοορ.

Tlle input file ! driving file
MICRESS requests input data [1Ό111 t11e tenl1inal by a Γead statell1enf. Tl1iS input contains all t11e
necessaΙΎ infonl1ation to staΓt a sil11ulation.

lt can be read [1ΌΙl1 a text file, t11e so called dri ving file, via a s11ell or directly fιΌΠ1 keyboard. Tl1e
dΓίvίng file 11as t11e extension "*dl"j" or "*_dl"i.txt"'.
Tl1e MICRESS ίηρυι data is given ίη a sequential f01111 wit11 t11e ίηρυι file divided ίηto seveΓaΙ

sections. Tl1eil" function and ll1eaning \vill be explained ίη t11e following lines. Below eac11 section ίι

follows tl1e exact input file for tl1e sil11ulation conceming tl1iS paper. Tl1e input ΡaraΙl1eteΓS ίnseΓted ίη tl1e
input file are sωml1arίΖed ίη Table 1.
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Type of coupling phase

Time input data Time [sec] 270

Phase data 1 distinct solid phase

recrystallization

anisotropy

cubic

Grain input from file

Recr. Energy [J/cm 3
] 3.0,5.0

Rotation angle 250

interface triple
Data for further
nucleation maχ # of new nuclei 50,100 75,150

grain radius [μm] 0.61 0.91

Critical Recry. Energy [J/cm 3
] 2.8 2.5

Phase interaction data Surface energy [J/cm 2
] 1.08*10-4

Kinetic coefficient [cm4/Js] 3.8*10-5

Critical Curvature [l/μm] 0.3,0.7,0.9,1.3,1.7,2.1

Minimal mobility [cm4/Js] 0.0

Boundary conditions Initial temperature [Κ] 723.15

Table 1: Input parameters inserted ίη the input file.

Language settings
Tlle user can Cll00Se between Englisll, Genl1an and FrenCll language optionS. Wllen nIΠning tlle
input file, all text outputs are geneΓated ίη tl1e language selected by tl1e user.

# Language settiιigs

#
# Please select a language: 'Englisll', 'DeutscI1' ΟΓ 'FΓaηcaίs'

Englisl1
#

Geometry
Tlle input begins witl1 tlle dil11ension and tl1e nUll1erical resolution of tlle sill1ulation dOΙl1ain, i.e. tl1e
llser 11as to specify tl1e nuιl1ber of ηUl11eΓίcaΙ gΓid cells ίη eacll direction and tl1e gι'id spacing. Ιη tl1is
context, tl1e user decides wl1etl1e!' to ΡeΓfΟΠl1 a 1D, 2D ΟΓ a 3D Sil11111ation. Tlle gΓid spacing is
specified ίη πιίCΙΌΙΙ1eteΓS. It is one of t11e 1110St in1portant nUIΊ1erical ΡaΓal11eters as it detenl1ines
t11e nUΙl1eΓίcaΙ ('esolution. Tl1e gιid resolution S110uld be l1igl1 enollg11 to [esolve tl1e diffusion profiles,
depending οη t11e diffusion coefficients and tl1e gΓowtl1 velocity of tl1e ίπteΓface, and tlle CUΓ\latUΓes

of tl1e finest expected ΙllίcrοstnιctuΓes.As an optional ΡaΓall1eteΓ, a ('escaling factoI' for tlle gι'ap11ical

OlltpUtS call be given. Tl1en, tlle outputs aIe wIitten witll a coITespondingly sl11aller [esolution. Tl1e
sill1ulation itself is not affected by tl1is ΡaΓal11eteΓ.
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# GeοιηetιΎ

# --------
# Glid size?
# (foI" 2D calculations: AnzY=I, fOl" 1D calculations: AnzX=I, AnzY=I)
#AnΖΧ:

450
# AnzY:
1
# AnzZ:
400
# Cell diIΏension (grid spacing ίη ηΊ.ίCΙΌιηeteΓs):

# (optionalIy fol1owed by [escaling factoI" fOl" tl1e oιιtput ίη tl1e fOΓIl1 of '3/4')
0.500
#

Flags
ΤνΡe ο(coιφ!ί17g

1η tl1e "Flags" section tl1e type of coupling to be used fOl" tl1e nUlnelical approacl1 11as to be specified.
Tl1e οριίοη "pllase" lneans tl1at tl1e ΡUΓe p11ase-field IΏodel v,lill be used wit11 ηο coupling to
ot11eI" fields. Tl1e c110ice is best e.g. fOl" gΓaίη gIΌwt11 siIΏulations ίη ΡUΓe, ΡοlΥClΎstallίηe

pllases, as ίn t11e CU1Tent sil11ulations. Al1otlleI" οριίοl1 is "COl1cel1tΓatίοl1''. If "cοικeI11Γatiοl1" is selected,
CΟl1ceηtΓatiοη-fieΙd coupling will be ΡeΓfοnηed. Tl1iS option is tl1e 1Ώ0St cοηυηοη used fOl" tl1e
ana1ysis of alloys. Tl1iS οριίοη 11as betteI" [esu1ts ίη case tl1ennodynal11ic data is available. Altl10ug11 ίη

t11e Tl1enl1o-Ca1c t11eΓe is availab1e a database inc1uding botl1 ΖΓ and Sc elelΏents, ίl1 t11e DICTRA
sοftwaΓe tl1eΓe is ηοι an available database concen1ing tl1e p]1ases tl1at would be used ίη tl1e sil11ulations
oft11is ΡaΡeΓ, so tl1eΓe aΓe not any kinetic data avai1ab1e fOl" t11e MICRESS ιο be nsed.

# Flags
# -----
# Type of collpling?
# Options: p11ase cοnceηtΓatίοn teΙΏΡeΓatuΓe teIΏp_cyl_CΟΟΓd
# [stΓess] [stΓess_cοιφled] [flow]
pl1ase
#

ΤνΡe o(potentia!
Tl1e usel" can select eit11el" "doubJe_obstacle" ΟΓ 'Ίl1uΙtί_obstacle. Tl1e οριϊοη l11u1tiobstacle especiaJly
cοη1ΡΓίses conections fOl" tΓίΡ1e jnnction telΊl1S and is ίl11ΡΟΓtaηt fOl" COITect wetting c11aΓacteΓίstίcs.

# Type of potential?
# Options: double_obstac1e η1υ1ιί obstacle [fd_coITection]
double obstacle
#

Pltase field data structure
1η tl1iS section, t11e initial diIΏensiol1s fOl" t11e inten1al fie1ds iFace and nTtlpel 111nSt be specified.
DυΓίηg Γt.lntil11e, tl1e size of tl1ese fields is detelΊ1Ί.ίned aυtoιl1atically, so ίη n10St cases tl1e given
valnes aΓe of ηΊ.ίηΟΓ in1pOΙlance. Tl1e valnes 11ave go be given [elative ιο tl1e size of tl1e sil11ulation
dOl11ain, a value of 1.0 fOl" iFace fOl" exan1ple woυld aSSllll1e t11at tl1e w110le calcυlation dOl11ain
cou1d be cονeΓed by (two-gΓain ΟΓ tv,lo-p11ase) ίηteΓfaces witl10ut exceeding tl1e given initial list
size. Tl1e salne 110lds fOl" nTupel and tlle coνeΓage of t11e doιnain witll tΓίΡΙe ΟΓ 11ig11el" junctions.
Tl1e actυal usage fOl" botl1 fields can be fonnd ίη an outpnt file, tl1e .TabL .
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Tl1e alTays iFace and nTupel a1'e fully dynal11ic, so t11e inflnence of t11e initial values is qnite lil11ited.
1η eχt1'ell1e cases, t11e specification of excessively l1igl1 initial values can lead to a Ι11ell1ΟΙΎ οve1'flο\v

dU1'ίηg tl1e pΓOgΓall1 sta1'tuΡ. Τοο 10w values can lead to an unnecessaιily 11igl1 nuι11be1' of 1'ea1l0catίοη
steps Wl1icll slow dov-In t11e initialisation pΓOcess e.g. ίη t11e case of g1'aίη gΓOwtll si111ulation v-i it11 a
11igl1 nuι11be1' of initial gι"ains. 1nitial values of 0.1 fo1' botll Ρa1'all1ete1'S a1'e 1'eCΟΙ11Ι11eηded and
WΟΓk ίη ΡΓactίcaΙΙΥ all cases.

# Pl1ase field data stnιctu1'e

# --------------------------
# Coefficient fo1' initial dil11ension of field iFace
# [l11inil11Ul11 usage] [target usage]
0.1
# Coefficient fOl" initial dil11ension of field ηTupel
# [111inil11U111 usage] [ta1'get usage]
0.1
#

Restart options
M1CRESS allov-Is tl1e user eitl1e1' to stan a new sil11ulation ("new") ΟΓ to Γestart fT0111 tl1e last output
of an old one (""Γestan"'). Tlle ""1'esta1'(' option t11us gives t11e possibility to continue a stopped sil11ulation
ΟΓ to staΓt vaιious si111ulations (e.g.. fo1' a Ρa1'al11ete1' vatiation) ΠΌ111 a COΙlli110n stal1ing point
defined by a ΡΓevίοus sil11ιι1ation. Tl1US, calculation til11e and effΌrt can be saved. Even if tlle Γestaι1

option is used, all input Ρa1'aΙ11ete1'S l1ave to be specified like fOl" a new sil11ulation run. Tl10se
Ρa1'aΙ11ete1'S W1ΊiCI1 1'eΡ1'eseηt initial conditions like initial COΙ11POSition and teΙ11ΡeΓatu1'e a1'e 1'eΡΙaced

autoι11atically by tlle values ΠΌΙ11 tl1e Γestaι1 file.

# Resta1't options
#===============
# RestaΓt using old 1'esuΙts?

# Options: new ΓestaΓt [Γeset_tί111e]

new
#

Selection of the outputs
1η tlliS section, tlle types of OLltput files \Vllicll sllall be V-ΙΓίtteη by M1CRESS l11uSt be specified.
Tl1ese outputs aΓe eitl1eI" binary fi]es V-Illicll can be viewed \vit11 ΟΡ_M1CRESS (unless anotlleI"
fOll11at is specified explicitJy ίη tl1e "Nal11e of outpυt fi]es"section), ΟΓ text files Wllicll can be opened
Witll standa1'd text edίtΟΓS. ΤΓadίtίοηallΥ, eacl1 oυtpω type 11as to be activated ΟΓ deactivated ίη an eχt1'a

line ίη tlle dtiving file and ίη tl1e Γequested Ο1'de1' by using t11e conesponding positive ΟΓ negative
keΥWΟ1'd, e.g. ''out_ΓestaΓt'' ΟΓ "no_οιιt_ΓestaΓt"fΟΓ v-ι:ιitίng 01' not V-ΙΓίtίng a Γestart file.

# Nal11e of output files
#====================
# Nal11e οf1'eSLιlt files?
Results_G1'aίη_GΙΌwtΙ1_wίtΙι-ρίnnίηg/G1'aίη_GΙΌwtΙι_wit11-pinning
# Οve1'W1'ίte files Witl1 tlle sal11e na111e?
# Options: οve1'wιite W1'ίte-ΡJΌtected append
# [zippedlnot_zippedlvtk_zippedlνtk_not_zipped]
# [unixlwindowslnon_native]
οve1'W1'ίte

#
# Selection of tlle outputs
#========================
# [legaCΥlve1'bοselte1'se]
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#
# RestaΓt data outPLlt?
# Options: οιιt_Γestal"t

ηο out ΓestaΓt

# GΓain nlIll1beI" OLltput?
# Options: olIt_gJ"ains
out_gι"ains

#
etc.

('Γest')

ηο οω ΓestaΓt [wallclock tillle, 11.]

('koΓn')

ηο_oLlt_gJ"ains

Tinle ίηρut data
Tl1e til11es fOI" ιιseΓ-defined inteIΊl1ediate outPιIts can be specified in tl1is section. For convenience, tl1e
lIser Sl10lIld include an eaΓΙΥ olItPlIt til11e in ΟΓdeΓ to cl1eck wl1etl1er tl1e sil11lIlation 11as started
coITectly. SeΓies of oιItPιIts wi tl1 a constant inteΙΎal ΟΓ factoI" between tl1e til11es can be easily defined
witl1 ΊineaΓ_steΡ' ΟΓ ΊοgaΓitlll11ic_steΡ' (foI" geΟ111etΓic seΓies). Tl1en, tl1e till1e step fOI" tl1e pl1ase-field
solveI" 11as to be defined. Tl1e total til11e is 4.5 111inutes.

# Til11e inpιIt data
# ===============
# Finisl1 input of outpLlt til11es (in seconds) witl1 'end_of_sill1ulation'
# 'ΓeguΙaΓΙΥ-SΡaced' outputs can be set witl1 ΊineaΓ_steΡ'

# ΟΓ ']οgaΓitlll11ic_steΡ' and tl1en specifying tl1e incγel11ent

# and end value
# ('aut0111atic_outputs' optionally followed by tl1e nlIlllbeI"
# of OutLιptS can be used in conjuction witl1 ΊineaΓ_frΟ111_fi]e')

linear_step 0.1 5
lineaΓ_step Ι 20
lineaΓ_step 5 100
lineaΓ_steΡ 10270
end of sil11ulation
# Til11e-step?
# Options: (ΓeaΙ) aL1t0111atic [O<factor_l <=1] [0<=factΟΓ_2] [111ax.] [lllin.]
# (Fix til11e steps: just input tl1e value)
aL1t0111atic

. # Coefficient for pl1ase-field CΓiteΓiοn 1.00
# NU111beI" of iteΓatiοns for initialisation?
5
#

Phase data
Tl1is section begins witl1 an input of tl1e nLlll1beI" of soljd pl1ases Wl1icl1 will be ιIsed in tl1e
sil11ulation. PI1ase nUll1beI" Ο is tl1e "background'" ΟΓ 'Ίl1atΓiχ" pl1ase Wl1icl1 is ill1plicitly defined and
vΛ1iCl1 is assUll1ed to be isotJΌpic (liquid). Ιη t1ιis papeI" tΙ1eΓe is only one pl1ase, tl1e FCC. Tl1e
cοntΓibιιtiοn of tl1e ΑΙ.1(Sc,ΖΓ) pl1ases is inseΓted into tl1e Sil11Lllation as a pinning fΟΓce, Wl1icl1 will be
explained belo\v. Tl1en, fOI" eacl1 pl1ase specific ΡJΌΡeΓties 11ave to be defined. FiΓst, tl1e useI" 11as
to specify wl1etl1eI" a stΟΓed eneΓgΥ will be defined fOI" tl1is pl1ase and wl1etl1eI" ΓeCΓΥstaΙΙisatiοn

will be included into tl1e sil11lIlation. Tl1en, tl1e type of anisotJΌpy fOI" eacl1 solid pl1ase l1as to
be specified as "isotJΌpiC", "anisotI-opic", "faceted" ΟΓ "antifaceted". If tl1e cl10ice is not
"isotJΌpic", nΙΓtl1eΓ infonl1ation οη tl1e CΓΥstaΙ SΥΙ11111etΓΥ is requiΓed, as ίn tl1is input file Wl1eΓe

"anisotJΌpiC" is selected.

Tl1e diffeΓent growtl1 s11apes of CΓΥstaΙs aΓe a conseqlIence of tl1eiI" at0111ic lattice stωctuΓe wl1icl1
ΓesuΙts jn olientation-dependent iηteΓface eηeΓgies and kinetics. Tl1e 1110St COn1n10n type of anisotJΌpy
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is t11e cubic l11etallic anisotΓOPY w11ic11 ίη t11e 2D case is ΓeΡΓeseηted by a 4-fold cosine hInctiOll. Tl1e
anisotΓOPY fOΓI11ulation oft11e ίηteΓface eηeΓgΥ and 1110bility L1sed fOΓ "111etallic anisotΓOpy"' ίη 2D is:

x=xO*(l-k*cos(n*)) (27)

wΙ1eΓe χ ί s tl1e eηeΓgΥ ΟΙ' 1110bility, k is tl1e static ΟΙ' kinetic anisotΓOPY coefficient, η depends οη tl1e
SΥηll11etΓΥ (η=4 fOΓ cubic, η=6 fOΓ 11exagonal SΥ111111etΓΥ), and is tl1e ΓeΙative ΟΓίeηtatίοη of tl1e
ίηteΓface nOΓI11al to tl1e anisotΓOpiC gIain.

If tl1e faceted ΟΓ antifaceted l110dels aΓe cl10sen, eac11 facet O1ientation l1as to be specified
explicitly. Tl1iS ΓequίΓes tl1e specification of all individual n0l111al vectΟΓS of t11e facets ίη tl1e local
CΟΟΓdίηate systel11. If t11e specified SΥηll11etΓΥ is not "none", t11en tl1e individLIal ηΟ1111a1 vectΟΓS of
tl1e facets aΓe Ι11ίΠΟΓed fuιiΙ1eΓ, aCCΟΓdίng to tl1e c110sen SΥηll11etΓΥ. NOΓI11al vectΟΓS ίη opposite
dίΓectίοn aΓe tΓeated as equivalent.

FυΓtΙ1el1110Γe, one l1as to specify tl1e paΓal11eteΓ kappa, wl1icl1 defines tl1e s11aΓpness of tl1e anisotΓOpy

hInction. Tl1e antifaceted l110del is a ΓecentΙΥ il11ple111ented ίηveΓse faceted anisotΓOPY function wl1icl1
can be LJsed fOl" needle-like gΓOwt11.

Next, tl1e useI l1as to decide w11et11eΓ to use gΓain categΟΓίΖatiοη. Tl1iS option allows fOΓ s01iing tl1e
gΓains of eac11 phase ίη a useΓ-defined nUl11beΓ of oιientation "categΟΓίes". Using categΟΓίΖatίοn,

sil11ulations can be sped L1P, as S0111e ΟΡeΓatίοns ίn MICRESS aΓe qυadΓatίc witl1 ΓeSΡect to t11e
nUl11beΓ of gIains (ΟΙ' categ01ies). Tl1e "categ01ize" keYWΟΓd Ι1eΓe l11eans tl1at you want to assign
gΓains witl1 identical ΡΓΟΡeΓtίes (including O1ientation) to tl1e sal11e gIain llLl111beΓ fOl" a given p11ase.
Νο additional paI'an1eteΓ is ΓequίΓed afteΓ tl1e keYWΟΓd "categ01ize".

Finally, tl1e usel" l1as to decide ίη wl1icl1 way gIain ΟΓίentatίοns s11all be specified tlHougl1 tl1e Γest

of t11e input file. Tl1e options aΓe as one angle ίη 2D ("angle_2D"), as a 3D EυleI" notation
("euΙeΓ_ΖΧΖ"), as one ΓOtation angles plLJs a c01Tesponding axis ("angle_axis") ΟΙ' as MilleΓ indices
''ι11ίΙΙeΓ_indices").

# Pl1ase data
# ==========
# NL1111beI" of distinct solid pl1ases?
1 : FCC'
#Al-Mg l11atιix pl1ase
#
# Data fOΓ pl1ase 1:
# -----------------
# Sil11ulation of ΓeCΓΥstaΙΙίsatίοnίη p11ase Ι?

# Options: ΓeCΓΥstaΙΙ ηο_ΓeCΓΥstaΙΙ

ΓeCΓΥstaΙΙ

# Is pl1ase 1 anisotΓOp?

# Options: iSOtΓOpiC anisotΓOpiC faceted antifaceted
anisotΓOpic

# CΓystal SΥl11l11etΓΥ of t11e pl1ase?
# Options: none ΧΥΖ_axis cubic l1exagonal
cubic
# S110uld gΓains of pl1ase 1 be Γeduced to categΟΓίes?

# Options: categolize ηο_categΟΓίΖe

ηο_categΟΓί ze
#
# Oιientation

# -----------
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# How s11all gΓaίη ΟΓίeηtatίοηs be defined?
# Options: angle_2d
# eule!" ΖΧΖ

# angle_axis
# l11ille!" indices
angle_2d
#

Grain inlJut
Ιη t11is section, t11e 111ίcωstructuΓe at t11e beginning of t11e si111ulation needs to be specified.
Tl1e input begins wit11 deten11ining t11e type of gΓaίη positioning. Tl1e initial gι-ain structuΓe can
eit11e!" be specified explicitly gΓaίη by gι-ain ("detenllinistic"), by stoc11astic 111eans ("ΓaηdΟ111") ΟΓ

by Γeadίηg ίη a file w11ic11 ΓeΡΓeseηts t11e initial geΟ111etΓΥ of t11e gι"ains ("fΙΌΙl1_fi le").

Α geneΓal rule dUΓίηg gι-ain inpllt is t11at gι"ain ηΙΙΙ11beΓS aΓe c110sen allt0111atically ίη a conseclltive
111aηηeΓ. GΓaίηs wit11 a l1ig11el" nlll11bel" can eΓase tl10se Witl1 lowe!" nUl11beI" if t11ey c0111pletely covel"
t11e111. Ιη case of a paliial οveΓlaΡ, t11e οveΓlaΡΡίηg [egion by defalllt belongs to t11e gΓaίη

v-ritl1 a l1ig11el" ηΙΙΙ11beΓ. ΟηΙΥ if t11e "Υοωηοϊ' option is c110sen, t11e οveΓlaΡΡίηg [egion is
distJibuted bet\~een t11e gι-ains by use of t11e Vοωηοί cοηstωctίοη. If a gΓaίη [adius is defined
w11ic11 is s111alle!" t11an t11e gι"id [esollltion Χ, a gΓaίη consisting of οηlΥ one ίηteΓface cell is cγeated

w11icl1 11as a gΓaίη fΓactίοη coITesponding to t11e 3D VΟΙΙΙΙ11e specified by t11e [adiL1s. FOl" t110se
gΓaίηs, ηο [easonable CUΓvatuΓe can be evaluated L1Sing t11e nOl1.11al p11ase-field equation. Tl1eΓefΟΓe,

an aΙteΙΊ1atίve CU1ΎatuΓe tΓeatΙ11eηt 11as to be defined. Tl1e "stabilisation" l110del neglects t11e CUΓvatuΓe

as long as t11e gΓaίη is still s111al1. Ιη t11e "anaΙΥtίcaΙ CUΓvatuΓe" 1110del, CUΙΎatuΓe is calclllated fΓ0111

t11e p11ase fΓactίοη, assul11ing a SΡ11eΓicaΙΙ110φ11010gΥ. Ιη t11is case an eχtΓa CΓίtίca] [adills 11as to be
defined, w11ic11 deteIΊ11ines t11e 111axi111ul11 value of t11e CΙIΓvatul"e fOl" t11is gι-ain.

If a ρaΓticΙe is s111alle!" t11an tl1e ηUΙ11eΓical ίηteΓface t11ickness, t11e p11ase-field aΙgΟΓίtlll11 is not
suitable to evaluate t11e coITect CUΓvatuΓe of tl1e ΡaΓtίcΙe. Tl1iS is a pΓOble111 fOl" nucleation, because
new gι-ains ιιροη nucleation aΓe typically l11L1c11 s111alle!" t11an tl1e typical Ι11ίcωstωctuΓe leηgt11 scale.
Inoculants w11ic11 aΓe often added to cοηll11eΓcial alloys fOl" gι-ain [efinel11ent aΓe usually I11llcl1
sl11alle!" t11an t11e ηΙΙΙ11eΓίcaΙ ίηteΓface t11ickness « 1111). If afte!" nllcleation t11e gι-ain dial11ete!" (gι-ains

aΓe assu111ed to staΓt gι-owing οη a SΡl1eΓίcal seeding ΡaΓtίcΙe wit11 t11e sal11e [adiL1S) is l11uc11 sl11alle!"
t11an t11e gι-id spacing, t11e gι-ains aΓe tΓeated using an analytical eΧΡΓessiοn fOl" t11e CUΓvatuΓe. Tl1e
"analytical CUΓvatuΓe" featuΓe llses a [ΙΙLL eqllivalent CΙΙΙΎatuΓe instead of t11e p11ase-field CΙΙΓvatuΓe.

As aΙΓeadΥ explained, llsing t11e "stabilisation" featuΓe, a [edllced CUΓvatuΓe is assll111ed at a given
stage instead of t11e p11ase-field CΙΙΙΎatιlΓe. W11en t11e "stabilisation" option is llsed, t11e CΙΙΓvatuΓe

ten11 is neglected llntil a sufficient size is [eac11ed and CΙΙΓvatuΓe can be tιιl1.1ed οη continllol1s1y.
Typically, t11e centΓal cell of t11e new gι-ain needs at least a fΓactίοη ΙaΓgeΓ tl13n 0.5 to be able to be
gι-own by t11e p11ase-field a]gΟΓίt111Ί1 (foI" tΓίΡΙe jllnctions it l11ay be 1110Γe C0111plicated). Ιη MICRESS,
t11e ClIΓvatιlΓe ίnCΓeases ΙίneaΓΙΥ wit11 t11e fΓactiοη of t11e centΓaΙ cell, i.e. tl1e full CU1ΎatιιΓe is
eΧΡeΓίenced not befΟΓe t11e gι-ain [eac11es "full size" (t11e centΓaΙ cel1 11as a fΓactίοη laΓgeΓ t11an 1­
ρ11Μίη).

Tl1e stabilisation option aSSUl11es a gι-owing seed. If t11e CΓίtίcaΙ [adills is laΓgeΓ t11an t11e gι-id spacing,
t11e seed will neit11eI" gι-ow ηΟΓ vanisl1, i.e. it is l11etastable because of t11e aΓtίficίaΙ CΙΙΓvatΙ1Γe

[eduction. Tl1is stabilisation l11ay be teIΊ11inated by llsing tl1e "kill_111etastable" flag. Το avoid tl1is
sitιιation (due to a veΓΥ s111a11 gι-id spacing, 11ig11 inteΓfacίal eηeΓgΥ ΟΓ sl11al1 stΟΓed eηeΓgΥ), t11e
option "aηaΙΥtίcal_CUΓvatιιΓe" s110uld be used.

If t11eΓe aΓe ηο gι-ains to be pΓesent at t11e beginning of tl1e sil11ulation, t11e llsel" s110uld
specify"deteIΊ11inistic" and define tl1e nlll11be!" of gι-ains at tl1e beginning as Ο. Ιη t11is case, ηο
additional ίηpιιt is necessal")' ίη t11is section.
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DefeΓIl1il1isfic

Witl1 tl1is οριίοη, fiι-st tl1e nUl11bel" of gι-aίηs at tl1e beginning 11as to be specified. Fοι- eacl1 grall1,
tl1e geOlπetΙ-Υ (lΌund, ι-ectaηguΙaι- οι- elliptic) and tl1e gι-aίη positioning is defined by Caι-tesίaη

cοοι-dίηates \>'ιίιI1 tl1e οι-ίgiη at tl1e bottol11 left-11and CΟ1Ί1eι- (ίη 2D siInulations, οηlΥ tl1e χ and
Ζ cοοι-dίηate 11asto be given). Round gτains aι-e defined by tl1eil" ι-adίus, ι-ectaηguΙaι- and elliptic gτains

by tl1e lengtl1 along tl1e χ and tl1e z-axis. lf lΌund gι'ain geOlπetΙ-Υ 11as been cl10sen, tl1e
cuι-vatuι-e Inodel wl1icl1 is to be used ίη case of sInall gτains 11as Ιο be specified. FUΙ111enποι-e, tl1e
usel" 11as Ιο specify wl1etl1eI" ίη case of οveι-laΡΡίηg gτains tl1e νOlΌηOί constγuction is to be
used and wl1icl1 pl1ase nl1l11ber is associated \>'ιίιI1 tl1e gτain. Depending οη tl1e plΌperties of tl1is
pl1ase, t11e ι-eCΙ-Υstallίsatίοη eηeι-gΥ and tl1e orientation of tl1e gτain 11as fιlΓtl1er Ιο be given.

"Cll1dOll1
For randOl11 gτain positioning, an integer for ι-aηdOlπίΖatίοη is 1'equί1'ed as fi1'st ίηρυι Essentially,
tl1is "1'aηdOlπ seed" assuι-es ι-eΡlΌducίbίΙίtΥ of tl1e initial gι-ain st1'ucture wl1en otl1e1' ΡaraΙ11ete1'S

of t11e input file aι-e c11anged. Afte1'wa1'ds, tl1e nUl11be1' of dίffeι-eηt types of gι-ains 11as to be
specified. ΒΥ tl1e different types it is possible to e.g. define cOl11plex size distributions 01' to fill
dίffeι-eηt zones of tl1e sil11ulation dOl11ain wit11 gι-ains of diffeι-eηt size οι- geol11etl)'. Fo1' eacl1 gτain

type, t11e nuι11be1' of gτains and t11e gτain geOl11etry n1USt be specified. As in tl1e case of deten11inistic
gτain positioning tl1e user can define lΌund, 1'ectaηguΙa1' οτ elliptic gι-ains. FurtI1en110ι-e, a
ιπίηίΙ11UΙ11 and a lnaxil11ulll value a1'e requi1'ed foI" eacl1-space CΟΟ1'dίηate ίη Ο1'de1' Ιο define t11e
1'egίοη ove1' \>'I11ic11 tl1e gτains of tl1is type s11all be ι-aηdOlnΙΥ 1'edίstributed. Depending οη tl1e type
of t11e geOl11etry cl10sen, tl1e usel" l1as to furtl1er specify a l11inil11Ul11 and a l11aXilllUl11 radius
(lΌund geOlnetloy) οι- a Ι11ίηίΙΠUΙ11 and a lnaxirnUlll ]engtl1 size along eacl1-axis (rectangulaI" οτ

el1iptic geOlnetry) ίη οι-deι- to define t11e size distribution of t11e actual gτain type.

Ιη tl1e salne way as foI" detenninistic ίηρυι, t11e CU1'vatuι-e l110del wl1icl1 is to be used ίη case of
sl11all gτains 11as Ιο be specified (if a 'Ί'οund" geΟΙ11et1'Υ l1as been selected), tl1e usel" 11as to
specify wl1etl1eI" tl1e νOlΌηOί constγuction is Ιο be used, wl1ic11 pl1ase nUl11bel" is associated
witl1 tl1e gτain of tl1e actual type and, depending οη tl1e pl1ase ΡrΟΡe1'tίes, t11e 1'eCΙΎstallίsatίοη

eηe1'gΥ 11as ful111eI" ιο be given. Additionally, a ιηίηίl11υΙ11 distance between tl1e gτains (ίη μιπ) is
ι-equίι-ed. Tl1is Ρa1'aΙ11eteι-, besides t11e l11inil11Ul11 and l11axil11Ul11 1'adίus, 11elps to avoid overlapping
of gτains. Ιη νOlΌηoί constγuction, tl1is Ρa1'aιπeteι- is 11elpful ιο obtain equal size dίstι-ίbutiοηs.

}0Ι11 file
Ιη case of reading t11e initial gτain stΓUctuι-e fΙΌl11 file, fiι-st its nalne and patl1 needs Ιο be
specified. Fol" defining tl1e initial gτain stΓUctu1'e, an il11age file ίη ASCII fon11at is 1'equί1'ed. Tl1e
geOl11etry of t11is file 11as Ιο be given as AnzX and AnzZ (for 2D sin1ulations).Tl1ese dil11ensions
11ave ηο! necessaι-iΙΥ Ιο be tl1e sal11e as t11e diInensions of tl1e sil11ulation dOlnain specified at t11e
ιορ of tl1e ίηρω file. ΤΙ1eι-e l1ave been \~ιι-itten t\>,IO inputs files witl1 dίffeι-ent initial l11ίClΌstι-uctLΙι-e,

51>51 wl1eι-e 5 ί is t11e average gτain surface of eac11 Ι11ίClΌstnιctuι-e.

COI11paring tl1e tl1Tee Inetl10ds of t11e initial gτain stΓUctu1'e tl1e tΙ1ίι-d is t11e best, wl1ile tl1e usel" can
insen t11e exact Ι11ίClΌstructuι-e of tl1e alloy.

# Gι-aίn ίηρω

# ===========

# Type of gτain positioning?
# Options: detenninistic ι-andOl11 fIΌl11 file
fron1 fiJe
# File for gι-ain ΡIΌΡeι-tίes

Microstructure 400 320.txt
# Τ1'eatl11eηt of data?
# (η: none, 1: lD, f: Ωίρ (bottOln<->top), t: tι-anSΡοse,

# οτ ρ: 'pl1ase ιο gι-ains t1'aηsfΟl111atίοn')
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[ρ

# ΑηΖΧ for initialll1icIΌstnIcture?

400
# ΑηΖΖ [ΟΓ initial l11iCΙΌstΓUctuΓe?

320
# Nιnl1bel" of gr-ains at tl1e beginning?
# (Set to less tl1an Ι to Γead frOΙl1 input data,
# witl1 optional]y a l11inill1al size, in cells)
-1
#

Tl1e nιnl1ber of grains at tl1e beginning can be eit11er specifιed explicitly ΟΓ Γead [IΌll1 t11e input fιle.

lf t11e grain ΡΙΌΡeΓties [ΟΓ tl1e defιned nUIl1ber of grains are specified ίη an extra fιle, its nall1e
and patll 11as to be given.

Ot11elwise, t11e grain ΡΙΌΡeΓties are Γead in directly frOΙl1 t11e conll11and line. Tl1ey can be set to
"identical", i.e. al] gr'ains l1ave t11e SaIl1e pIΌperties, ΟΓ t11ey can be Γead as blocks. Tl1e latteI"
would l11ean gr"ain 1 to 3 and gr"ain 4 to 6 if tlle nUll1ber of grains was set to 6. Ιη tl1is specifιc

sill1ulation tΙιeΓe is one type of gr"ains v,ιll0se ΓecrΥstal1ίΖatίοη value is 3.0 J/Cl113 and tlle lΌtation angle
is 250. Tlle ΓecrΥstal1iΖatiοη eηeΓgΥ is tl1e stored eηeΓgΥ of tlle al1oy. Ιη order to cοηlΡaΓe t11e
influence of tl1e stΟΓed eηeΓgΥ tΙ1eΓe l1as been WΓiteη anot11er input fιle wit11 tl1e value of t11e
recγystal1ization eηeΓgΥ to be 5.0 J/Cl113

.

# Read gIain ΡΙΌΡeΓties [IΌI11 a file?
# Options: input froιl1 fιle identical blocks
identical
# lnpnt data for gr"ain nUl11bel" 1:
# Pllase nιιJl1ber? (iηtegeΓ)

1
# Recγystal1isation eηeΓgy?

3.0000
# Rotation angle? [Degree]
+25.0000 -
# 'Non-geOll1etric' data [ΟΓ grains 1 to 108 identical
#===================================================

Data for ful·ther nucleation
TlιeΓe aIe diffeΓeηt nucleation l110dels used by MICRESS Wl1icll ΓefeΓ to diffeΓeηt types of pllases
ΟΓ ciIcul11stances v,ιl1ere nucleation is to οccυΓ. Tllese aIe for exall1ple a specifιc interface, ίn

t11e bulk ΟΓ pllase Γegiοηs. MOIeoveI, it is ill1ΡΟΓtant to know wllet11er a fιxed cΓitical undercooling ΟΓ

SOll1e otlleI" CΓiteΓia based οη tl1e seeding particle ΡΙΌΡeΓties, stored eηeΓgies in ΓecrΥstal1isatiοη, etc.
sllal1 be used as a nucleation CΓiteΓiοη. Tlle useI specifιes Wl1icll pl1ase is nncleated οη Wllicl1
substΓate pl1ase and in Wllic11 pllase tlle solutal undercooling of t11e nucleating p11ase is
calculated (l11atΓiΧ pllase). Tl1e user also detenl1ines t11e tel11ΡeΓatuΓe range, tl1e cl1ecking
frequency, data [ΟΓ sllielding subsequent nuclei, etc.
Tl1e fol1owing nucleation l110dels aIe ill1plell1ented in MICRESS:

seed densίtν 111ode!
Tl1e seed density nucleation l110del il11plel11ented ίη MICRESS is based οη a 11eteIΌgeneous nucleation
l110del sil11ilill' to tl1e one nsed by Lindsay GΓeeΓ [46].
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DUΓίng 11eat eχtΓactίοn fΓOιn t11e ll1elt, t11e 1aΓgest ΡaΓtίcΙes will nucleate fiΓst at an undeIcooling
defined by tl1eil" Iadius (if cOl11plete wetting is asst1l11ed ΟΓ an effective Iadius is nsed instead). Tl1e
paIticles staIt gΓOwing and Ieleasing latent 11eat, wl1ile inteIacting \Vitl1 ot11eI potential nuc1eation
pIecuIsoIS. Depending οη t11e 11eat extIaction Iate and t11e al110unt and dill1ensions of all ot11eI
seeding particles, tl1e tel11ΡeΓatΙ1Γe \vill dΓOp 1110Ie ΟΓ less below t11e 1iquidus tell1peIatl1Ie, tl1US
defining t11e al110nnt of seeds to be activated. AccoIding to t11e l110del, t11e effectiveness of
inoculants added fOl" gι-ain Iefinell1ent is defined by:

ο t11e ll1aXil11Ul11 ΡaΓtίcΙe size
ο t11e paIticle size distIibution

Ιη MICRESS, t11e seed density 1110del s110uld be used toget11eI" Witl1 latent 11eat ΟΓ wit11 coupling to

t11e one-dil11ensional tel11peIatuIe field (l d_tell1p) ίη oIdeI" ιο allow an inteIaction of t11e
potential nucleation sites via Ielease of latent 11eat, but sOll1etill1es it l11ay seel11 appΓOpIiate ιο use it
just as a sill1ple way ιο ΓandOl111Υ dίstΓίbute a given nUll1beI of nuclei ίη a defined Iegion.

PaΓticulaIly, t11e ll10del descγibes nncleation fΙΌI11 t11e ll1elt, tIiggeIed by sl11all seeding paΓticles

w11ic11 l11ay be added intentionally ΟΓ Wl1icl1 l11ay exist as ill1puIities. Essentially, t11e ctitical
undeIcooling fOl" nucleation of a given p11ase οη t11is seeding paItic1e depends οη t11e Iadius of t11e
seeding paΓticle and t11e sUIface eneIgy of t11e new p11ase ίη t11e liquid. Consequently, if a Iadins­
density disttibution of t11e seeding paIticles is known, depending οη t11e cooling conditions, t11e
ll10del can pIedict 110W l11any nuclei will be fOΓIl1ed.

If t11e diffeIent gι'ains of t11e new p11ase gTow cOll1petitively, like ίη equiaxed solidification, t11e
latent 11eat Ieleased by t11e gιΌwίηg paIticles 11as to be taken into acconnt. Tl1e easiest tell1peIatl1Ie
boundaIY condition. Tl1US, t11e total all10unt of latent 11eat is Ieleased globally οη tl1e w1101e sil11ulation
dOll1ain.

Α! t11e beginning of t11e sil11ulation, fOl" all seed types w11ic11 use t11e seed density ll1odel, discγete

positions wit11 discIete Iadii fOl" t11e potential nucleation sites aIe detenl1ined and stoIed. DUIing
t11e sill1ulation γuη, nucleation is c11ecked only at t11ese PIedefined places. Tl1ese seeding paIticles
aIe not "consUll1ed" by nucleation and cannot ll1ove. Απ exception is t11e ''ι110ving_fΓaΙl1e''

option ίn t11e section "bounc!.aIOY conditions": If t11is option is selected, t11e pIedefined nucleation
sites l110ve witl1 t11e fIa l11e, tl1e sites wl1ic11 ll10ve οω at t11e bOttOll1 of t11e dOll1ain aIe copied to
t11e top line ίn oIdeI to keep tl1e density of nucleation sites constant. If "seed_density" is se]ected,
tl1e useI fiIst 11as to specify an integeI fOl" IandOll1ization. Tl1e IandOll1 nUll1beI geneIatol" 11as to be
initialized wit11 an aIbitIaIY integeI nUll1beI.

Ιη tl1e seed density 1110del, t11e size distIibution of potential nucleation sites (seeding paIticles) is
desctibed ίη tenl1s of classes 'ι'ιίΙl1 diffeIent Iadii [μιη] and density [CI11·'].

FOl" eacl1 class, t11e nUll1beI ofpotential nncleation sites is ca1cιιlated accoIding to t11e given density
and t11e volull1e of t11e sill1ulation dOll1ain.

Using tl1e given density, explicit positions of tl1e potential nucleation sites aIe detenl1ined. Tl1e
Iadii (and tl1us t11e local critica1 undeIcooling fOl" nuc1eation οη eaCl1 paIticle) aIe disttibuted
evenly aCCΟΓdίng to t11e Iadius Iange of eac11 seed class. lnside eac11 class, a IandOll1 Iadius
disttibution is assUll1ed. Tl1e Γadίus Γange colTesponds to t11e Iadius dίffeΓence to tl1e next
specified class. Tl1e finally cIeated nUll1beIs and Γadίus Γaηges fOl" eaCl1 class can be found ίη t11e
log-fi1e.

Tl1e seed classes ll1USt be specified staIting wit11 t11e l1ig11est Iadius valnes. At least two classes
s110nld be specified, ot11eI,I,Iise tl1e autOll1atically assl1l11ed Iadius Iange ll1ay 1ead to nnexpected
ΓesuΙts.
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seed Lll1clacoolil1g ll10del

Using tl1e seed undeΓcοοΙίng l110del, a new seed is set if tl1e 10cal uηdeΓcοοΙίηg at a nucleant
position exceeds a ΡΓedefiηed cγitical nucleation uηdeΓcοοlίηg, as ίη tl1e cunent sil11ulations. Tl1e
local uηdeΓcοοlίηg is depending οη tl1e local COl11position and tel11ΡeΓatuΓe.

Ιη geηeΓal, tl1e MICRESS nL1cleation l110dels aΓe designed [ΟΓ 111icΓO-scale sil11lllations and not
[ΟΓ tl1e nano-scale, i.e. tΙιeΓe is ηο l110del [ΟΓ tl1e ΡΓedίctίοη of 110l11ogene0L1s nL1cleation based
οη tl1en11al fluctι1ations [ΟΓ tl1e CΓίtίcal seed fon11ation.

Ιη ΡΓaχίs, inocυlants aΓe often added to tecllnical alloy l11elts Wllicl1 seΓve as nL1cleation agents
dUling solidification. Tl1ey l1elp to acllieve a sl11allel" gIain size and to SΙΙΡΡΓess colul11l1al" gΓOwtl1.

Even if ηο active inocυlation is done, ίΙl1ΡUΓίtίes, dislocations ΟΓ tl1e ΓOug11ness of tl1e ίηteΓface

stγuctlIΓes can lead to nucleation p11enOll1ena ίη a11 types of teclJnical pΓOcesses. UηfΟΓtuηateΙΥ,

apart [1Ό111 t11e "seed density lnodel" [ΟΓ l1eteΓOgeneous nL1cleation [1Όl11 an inoculated l11elt, ηο

p11ysical ll10dels aΓe available [ΟΓ t11e conιplex nucleation conditions ίη teclJnical a11oys.
HOl11ogene0L1s nL1cleation, οη tl1e otl1eI" 11and, wi11 typically occul" only at veΓΥ 11igl1 uηdeΓcοοιing

and L1ndeI" eχtΓeΙl1eΙΥ clean conditions, like ίη experill1ents witl11evitated dΓOps.

Tl1US, besides tlJe pl1ysically based "seed density 1110del" [ΟΓ 11eteΓOgeneoLIs l1L1cleation, MICRESS
pΓOvides t11e L1sel" v-ritl1 a ΡΓagιιιatίc nucleation tnodel based οη a cγjtical ιιηdeΓcοο!iηg wl1ic11
can be fιIrtl1eI" specified witll [espect to tl1e type of seed positioning, tl1e teΙl1ΡeΓatuΓe [ange, tl1e
Ι11atΓίΧ and substΓate pl1ases, tl1e nucleation [ate etc. and wl1icl1 a110ws tl1e L1sel" to llli111iC tl1e
cOll1plex nucleation cίΓCl1ll1staηces found ίη teclmical a110ys ΟΓ pΓOcesses. AlI tl1ese ΡaΓa111eteΓS can
be specified ίη t11e sectioll "Data [ΟΓ fιIΓtl1eI" l1L1cleatiol1".

Tl1e keYWΟΓd "11L1cleatiol1" activates nucleatiol1 input. Tl1e option 'Όιιt_l1ucΙeaιίοn·' ίη t11e next line
gives tl1e possibility to obtain additional gIapl1ical [esult outputs [ΟΓ tl1e till1e-step vΛ1eη lluclei aΓe

set ΟΓ a p11ase dίsaΡΡeaΓS. Next, t11e l1ul11bel" of types of seeds ll1USt be specified. ΒΥ using seveΓal

seed types, dίffeΓent nucleation conditions can be independently defined [ΟΓ dίffeΓent pl1ases οη

dίffeΓeηt types of positions, [ΟΓ dίffeΓeηt teΙΙ1ΡeΓatuΓe ίηteΓvaΙs etc.

Ιη cοηtΓast to t11e seed density ιηοdel, 110 explLcit potential nucleation sites aΓe ΡΓedefiηed and tl1e
nl1ll1bel" of gIains wllic11 can nL1cleate dLJling sil11ulation is not lίllιίted. Tl1eΓefΟΓe, t11e usel" can
specify a ιηaχίΙl1UΙl1 nuι11beI" of gΓaίηs WI1icll aΓe a110wed [ΟΓ eac11 seed type. Ιη t11e input files
COl11ΡaΓίng t11e aveΓage gι-ain SUΓface, as 111entioned above, tlJe nUl11beI" of new nuclei is biggel" ίη t11e
input file witl1 t11e fineI" ιηίCΓΟstΓUctL1Γe. GΓaίη bοuηdaΓίes aΓe good sites [ΟΓ nuclei to [οπιι. Since a
deCΓease ίη gΓaίη size [esults ίη 1110Γe bOL1ndaries tl1iS [esults ίη an incγease ίη tl1e nucleation [ate.

Next, an explicit [adius [ΟΓ tlle gι-ains of tllis type l1as to be specified. lf a valL1e 11igl1el" tl1an
tl1e spatial discγetisation χ is cl10sen, tl1en a gΓaίη wit11 tl1e conesponding size and a shaΓp ίηteΓface

is cγeated.

lf a valLIe 10weΓ tl1an tl1e spatial dίSCΓetίsatίοη χ is cl10sen, a "s111all" gJ-ain conststrng of only
one ίnteΓface cell is cγeated. Usua11y, a value of Ο wi11 be LIsed to staΓt Witl1 t11e sll1allest possible
fΓactίοη of 2 χ ρ11Μίη (see section "OtheI" ηU111eΓίcaΙ ΡaΓaιιιeteΓS"). ΒΥ t11is way, any kind of
cοηceηtΓatίοη in1balance is avoided (given tl1at ρΙιΜίη 11as been cl10sen aΡΡΓΟΡΓίateΙΥ).

UndeI" ceΓtaίη cίΓCUΙΙ1staηces, tl1e usel" l11ay WiSl1 to specify a [adius value between Ο and Χ.

Tl1en, a gι-ain consisting of a single ce11 witll a fΓactίοη of tlle nev-r pl1ase conesponding to t11e 3D
voluιl1e will aΡΡeaΓ. AfteΓwaΓds, t11e sιηall gι-ain ll10del to be L1sed l11ust be specified.

Tl1e ll1ininlU111 uηdeΓcοοιing specifies at wllic11 uηdeΓcοοιiηg nuclei aΓe a110wed to [ΟΠl1. Tl1iS
uηdeΓcοοlίηg is calculated using t11e local COll1POsition (if cοnceηtΓatίοn coupling is L1sed),

40



tenψeΓature and, if applicable, tlle local cuι"vatιιre of t11e substrate p11ase. 1η case of reCΙΎstalΙisatiοη,

tl1e value of tl1e stoΓed energy is l1sed instead.

After 11aving c110sen t11e nucleation l110del to be used in t11e sίιηll1atίοη, tl1e ΟΓieηtatiοη of t11e ne\V
grains 11as to be specified, if t11e pl1ase of t11e ne\V pl1ase 11as not been set to isotΓOpic (p11ase ίηρω

data). Α raηdοιη distΓibutiοη, a fix vall1e, an orientation Γaηge οΙ' a ΡaΓent ΓeΙatiοη, i.e. a relative
orientation to tl1e grain of tlle local Sl1bstΓate p11ase, can be cl10sen. Tl1e last option applies οηlΥ to
nl1cleation at ίηteΓfaces οΙ' jl1nctions. Tl1en, tl1e sl1ield data 11ave to be specified. Sl1ielding l11eans
tllat ηο fl1Γt11er grain of tl1e saιηe p11ase \Vill be nl1cleated dUΓiηg t11e s11ield tiιηe \Vi tl1in tl1e sl1ield
distance of a ΡΓeviοuslΥ nl1cleated gΓaiη. Νο categorisation \Vill be applied to tlliS gTain dUΓiηg tlle
sl1ield tίιηe (otl1er\Vise tl1e sllield pΓOperties \Vol1ld be lost). Tl1e sl1ield til11e is also l1sed by tl1e
"kίll_ιηetastabΙe" option, ηο killing is ΡeΓfοnηed dl1Γiηg tlle sllield til11e.

Tl1e sl1ield tiιηe and tlle s11ield distance Ρaraιηeters are ΓeΙated. Tlley aCCOl1nt for a p11ysical sllield
effect dl1e to t11e Γelease latent 11eat 01' solute by a ne\V grain \\I11ic11 is not explicitly incll1ded in
t11e sil11ulation. Tllis allo\Vs t11e l1ser to set l1Ρ a ΡΓagιηatίc nl1cleation scenaΓiο if t11e exact p11ysical
background is unkno\Vn. Sl1pposed tl1at at a tίιηe t a nucleus aΡΡeaΓS, t11e ΡaΓaιηeteΓ "sl1ield
distance" will define a circular area \Vitl1 tl1e dial11eter Ι' s11ield aΓOund tl1e gι'ain. Νο otller grains of

tlle sal11e pl1ase \Vill be allo\Ved to appear οη tl1is area \Vitllin t11e tiιηe interval (t, t+tsllield). Tl1e Ι'

sllield ΡaΓaιηeter can be defined aCCΟΓdiηg to eΧΡeΙ1ιηeηtaΙ ιηίcrοgι"aΡl1S of tl1e systel11 to be
sil11ulated and ts11ield can be evaluated e.g. aCCΟΓdiηg to SΟ1ηe typical diffusion tiιηe scale
cοηsideΓatίοηs.

1η case of tl1e seed density ιηοdel, explicit sl1ielding is not cοιηΡatible \Vitl1 tl1e l1nderlying pl1ysical
l110del. Tl1e user is Γequested to specify οηlΥ a "sl1ield tiιηe"\\ιΙιicll still is necessaι-y to control tlle
categΟΓisatίοη and ,.kίΙΙιηetastable'· functions.

If in section "pllase data", "categoι1ze" and ,.anisottΌpiC" 11ave been cll0sen for tlle nl1clei pl1ase,
tlle user 11as to decide \\Il1etlleΓ fOΓ tllis seed type categorisation of tlle onentation values to
onentation categΟΓies s11all be ΡeΓfοnηed. TlliS is ίιηΡοrtaηt, if dίffeΓeηt grains sllall be assigned to
tlle saιηe grain ηl11ηber dtJ11ng nιη-tiιηe, because tllis is οηlΥ possible if all grain properties
including orientations of tlle grains are identical. After tlle keYWΟΓd "categΟΓίΖe", t11e ηuιηber of
orientation categories can be specified, default is 36 (cοπeSΡοηdiηg to 100 difference between tlle
onentation categories in 2D).
Furtl1eΓ, M1CRESS Γequests a l11iηίl11111η and a ιηaχiιηl11η nucleation tel11ΡeratuΓe for tl1e actual
seed type. Α ιηiηil11111η and l11aχiηΙl11η tel11ΡeratuΓe s110uld be cllosen aΓOl1nd tl1e teιηΡerature \\Il1ere

nl1cleation is expected. Tlle ΡaΓaιηeteΓS pril11arily 11elp to l11iηiιηiΖe llnnecessaι-y nl1cleation cllecks
and tlll1S to inΊpΓOve ΡeΓfοnηaηce.

Ιη a fiΓst tΓίal, ίι is wise not to restnct tlle nucleation range. Tlle til11e between cllecks for nl1cleation
detenηiηes t11e freqllency of nucleation cllecking. lf cllosen too 11igll, insllfficient seeding ιηaΥ OCCl1r
ίη spite of 11ig11 10cal undercooling. lf c110sen too sl11all, an l1nnecessanly 11igll ηl11ηericaΙ effΟΓt and
a cοπeSΡοηdiηg Ρerfοnηaηce loss can be tlle consequence.

Tl1e noise is applied as G(l +k*(randol11 -0.5))* G \V11ere k is llseΓ defined noise al11plitιιde,

Ο ::; raηdοιη::; 1 is t11e value of tlle randol11 ηl1ιηber generator and ΔG is tlle nucleation dnving
fΟΓce.

ΙnΡιιf for eacl1 seed tνΡe

For eacl1 seed type, a type of positioning l11ust be given. Seeds ιηaΥ be placed in t11e bulk (="ίnneΓ"

part of tl1e gι'ains), in regions, at interfaces, at triple οΙ' at quadruple jl1nctions. Unless t11e
additional keYWΟΓd ''ΓestΓίctίve'' is used, tl1e cll0ice of a given keyword incll1des all key\\rords
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WI1icl1 in t11e options list aΓe folInd [igl1t of t11is keYWΟΓd. Tl1lIS, "blIlk" ΟΓ 'Ί"egίοn" include all
iηteΓfaces, tΓiΡle points and 11ig11eI" junctions, "inteΓface" incllIdes all tΓίΡΙe ΟΓ qLladΓl1ple jLlnctions
and so οη. If 'Ί"egiοn" is [eqLlested, t11e CΟΟΓdiηate [anges ίη ιηiC1ΌΙ11eteΓ I11lISt be given in t11e
following lines.

AfteI" tl1at, tl1e p11ase nLl1nbeJ" of tl1e new gΓaiηs and t11e ΓefeΓeηce p11ase I11lISt be defined. New
gΓains can appeal" οηlΥ wl1eΓe tl1e ΓefeΓeηce pl1ase is ΡΓeseηι Ιη case of cοηceηtΓatiοη coupling, t11e
dΓiviηg fΟΓce fOl" nlIcleation is calclIlated lIsing tl1e l0cal cοιηροsίtίοη ίη tl1iS p11ase. 1η solidification
sil11lIlations e.g. tl1e liqLlid pl1ase is typically t11e ΓefeΓeηce p11ase.

1f t11e "type of position" is neitl1eJ" "bulk" ηΟΓ 'Ί"egiοn", an additional sιιbstΓate p11ase (and an
optional second sιιbstΓate p11ase) is ΓeqιιίΓed fOJ" fι.lli11eJ" specification of t11e ίηteΓfaces \v11eΓe

nlIcleation s110uld ΟCCΙΙΓ, and fOl" defining wl1ic11 of tl1e two pl1ases in tl1e ίnteΓface defines tl1e
CΙΙΙΎatl1Γe cοηtΓibιιtiοη to t11e nlIcleation LιηdeΓcοοliηg (foJ" "ίnteΓface" οηlΥ). Tl1is CΙΙΓvatl1Γe

cοηtΓibιιtίοη is dίSΓegaΓded if tl1e sιιbstΓate p11ase is identical to t11e ΓefeΓeηce pl1ase.
1η continlIation, t11e nlIcleation ιηοdel Ιο be lIsed fOJ" fιIΓtl1eJ" nucleation is defined. M1CRESS Llses
two nlIcleation 1110dels ~ t11e seed density l110del and tl1e seed ιιηdeΓcοοliηg l110del. Tl1e seed
density l110del is designed fOJ" 11eteIΌgeneolIs nlIcleation ϊη a l11elt, t11eΓefΟΓe it is οηlΥ available fOl"
"blIlk" ΟΓ 'Ί"egίοn". Ιη all ot11eJ" cases, t11e seed LιηdeΓcοοlίηg l110del is c110sen by defalIlt. Botl1
1110dels will be ΡΓeseηted seΡaΓatelΥ wit11in t11e next sections.

lnput (9Γ αll see(1 tνpes

AfteI" specification of all seed types, solne few inpLlts Γeιηaiη to be done wl1icl1 apply to all seed
types. FiΓst of all, if any of t11e seed types is lIsing ΓaηdOl11 noise, an integeJ" ηuιηbeΓ fOJ"
[andotnization 11as to be given to aSSLlΓe [epIΌdLlcibility. Tl1e l11aχiιηΙll11 nLl1nbeJ" of sil11lIltaneoLls
nLlcleations is tl1e nlll11beI" of gΓains of all seed t)rpes allowed to be nlIcleated in t11e sal11e titne step.
Α lίst of possible seeds is cγeated and ΟΓdeΓed wit11 [espect to tl1e ιιηdeΓcοοliηg ΟΓ dtiving fΟΓce

fOl" eac11 nlIclelIs. 1f t11e l11aχίιηLlΙ11 nlIlnbeI" is exceeded, t11e less faVΟLlΓable seeds aΓe dίscaΓded.

Tl1e οριίοη l11ay lead Ιο lInexpected [esults if ιηΟΓe tl1an one seed type is defined and tl1eΓefΟΓe

Sl10lIld be Llsed caΓefuΙΙΥ. Setting tl1e ιηaΧίιηΙΙΙ11 nl1l11beJ" of sil11lIltaneolIs nlIcleations to
"autOl11atic" (=0) [el11oves t11is c11eck. 1η SOl11e cases, "stabilised" sl11all gΓaίηs can elToneolIsly
[eac11 a ιηetastabΙe state at w11ic11 tl1ey stop glΌwing, blIt also do not vanis11 becalIse t11eil"
stabilisation il11plies a Γedιιced CLlΓvatl1Γe. ΒΥ enabling t11e f1ag "kίIΙΙ11etastable", tl1e stabilisation
of sl11all gΓains is Γel11οved afteJ" t11eil" sl1ield til11e 11as elapsed. Tl1is l11akes SΙΙΓe t11at ''ι11etastable

gΓains" can vanisl1 coITectly. Tl1e option "kill_l11etastable" is also [elevant in case of categΟΓίsatίοn,

becalIse afteJ" "killing", sl11all stabilized gΓains aΓe cοnsideΓed as "big" and slIc11 can be assigned to a
COl11l110n gΓain ηιιιηbeΓ. Tl1e "kill l11etastable" f1ag is οηlΥ [elevant fOJ" sl11all gIains w11icl1 lIse t11e
"stabilisation" l110del.

# Data fOJ" fι.1It11el" nlIcleation
#===========================
# Enable fuIt11el" nlIcleation?
# Options: nlIcleation ηο nlIcleation [veΓbοselnο_veΓbοse]
nlIcleation
# Additional oιιtpLlt fOl" nLlcleation?
# Options: οιιι nLlcleation ηο olIt nlIcleation
110 olIt I1lIcleation
#
# NLI111beJ" of types of seeds?
2
#

. # 1ηρLlt for seed type 1:
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# ----------------------
# Type of 'position' of the seeds?
# Options: bu1k region inteΓface tΓiΡ1e quadγup1e [Γestnctive]

inteIface
# P11ase of new gΓains?

1
# RefeΓence p11ase?
1
#
# Substrat pl1ase [2nd p11ase in ίnteΓface]?

# (set to 1 to disable t11e effect ofsubstIate CU1ΎatuΓe)

1
# Iηaxil11U111 nUl11beI of new nuclei Ι?

50
# GΓain Γadius [Ι11iCΓΟΙ11eteΓS]?

0.61000
# Cl10ice of growt11 l110de:
# Options: stabilisation analytical_cUIvatuIe
stabilisation
# cγitical ΓeCΓΥstalΙisatiοn eneΓgΥ [J/cl11**3]?
2.800
# Deten11ination of nuclei ΟΓieηtatiοηs?

# Options: [andOl11 fix [ange ΡaΓeηt_Γelatiοη

[andOl11
# S11ield effect:
# SI1ield til11e [s] ?
180.00
# S11ield distance [l11icΓOl11ereι-s]?

1.7
# IηpιJt of l11inil11al and l11axil11al [ecr-ysta1Iisation eηeΓgy:

# (dG contribution only if eηeΓgy is Ο οη one side!)
# Minin1un1 οfΓeCΓΥstalΙisatiοn energy? [J/Cll1**3]
0.0000
# Maxill1ul11 οfΓeCΓΥstalΙisatiοn eneΓgΥ? [J/cl11**3]
0.0000
# Nuc1eation range
# l11in. nuc1eation tel11peratuIe fOl" seed type 1 [Κ]

630.0000
# l11ax. nucleation teΙ11ΡeratuΓe fOl" seed type 1 [Κ]

700.000
# Til11e between cl1ecks for nuc1eation? [s]
2.00000Ε-02

# S11all Iandon1 noise be applied?
# Options: nucleation noise ηο nuc1eation nOlse
ηο nucleation noise- -
#
# Input for seed type 2:
# ----------------------
# Type of 'position' of t11e seeds?
# Options: bu1k [egion inteΓface tΓiΡΙe quadnιp1e [ΓestΓictive]

tΓiΡ1e

# P11ase of new gIains?
1
# RefeΓence p11ase?
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1
# SubstΓat p11ase [2nd p11ase in inteΓface]?

# (set to 1 to disab1e t11e effect of substΓate CUΓvatUΓe)

1
# l11aXil11Un1 nUl11beΓ of ne\v nuc1ei 2?
75
# GΓain Γadius [l11iCΓΟlηeteΓS]?

0.910000
# Cl10ice of gIΌwt11 l110de:
# Options: stabi1isation ana1Υtica1_CUΓvatuΓe

stabi1isation
# CΓitica1 ΓeCΓΥstaΙΙisatiοn eneΓgΥ [J/cIn**3]?
2.500
# Detennination of nuclei ΟΓientatiοns?

# Options: Γandοιη fix Γange ΡaΓent_Γe1atiοn

Γandοιιι

# S11ie1d effect:
# Sl1ie1d tiιηe [s] ?
250.0
# S11ie1d distance [l11iCΓΟl11eteΓS]?

2.00
# 1nplIt of ιηiniιηa1 and Inaxi111al ΓeCΓΥstaΙΙisatiοn eneΓgy:

# (dG contribιItion on1y if eneΓgΥ is Ο οη one side!)
# MiniInlIIn οfΓeCΓΥstalΙisatiοn eneΓgΥ? [J/cl11**3]
0.0000
# MaxiInlIIn οfΓeCΓΥsta1Ιisatiοn eneΓgΥ? [.T/cl11**3]
0.0000
# NlIcleation Γange

# Inin. nιIc1eation teιηΡeΓatuΓe fOΓ seed type 2 [Κ]

600.0000
# Inax. nιIc1eation tel11ΡeΓatuΓe fOΓ seed type 2 [Κ]

750.000
# Ti111e between c11ecks fOΓ nucleation? [s]
2.00000Ε-02

# Sl1all Γandοιη noise be app1ied?
# Options: nιIcleation noise ηο nιIcleation noιse

ηο nιIcleation noise- -
#
# Max. nlIl11beΓ of siInιIltaneoιIsnlIc1eations?
# ----------------------------------------
# (set to Ο fOΓ aυtoιnatic)

5
#
# S11alll11etastable sl11all seeds be killed?
# ---------------------------------------
# Options: kill_Inetastable ηο_ki1Unetastable
kill Inetastable
#

Pllase interaction data
1η tl1is section r11e lIseΓ defines t11e p11ase iηteΓactiοη data and t11e gr"ain boundaIΎ ΡΓΟΡeΓties.

P11ase inteΓactiοηs can be defined fOΓ a11 ΡaiΓ-wise coιnbinations of t11e p11ases \v11ic11 11ave been
inc1lIded in tl1e "phase data" section.
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Ιη tlle standard ίηρω sequence, t11e useI is Ieqnested to specify a11 pl1ase interaction data ίn a
fixed oIdeI, starting wi t11 t11e p11ase pair 0/1. P11ase inteIactions W11ic11 aΓe not used aIe switc11ed off
using t11e keywoId"no_pllase_ίnteΓactiοn". Νο fι.1ΓtΙιeΓ input is ΓeqυίΓed ίη t11iS case. Enabling
p11ase inteIactions 111eans t11at one of t11e p11ases ll1ay gΙΌW ΟΓ S11Iink οη t11e expense of t11e οtlιeΓ. Οη

t11e ot11eI 11and, if a p11ase inteIaction is switc11ed off, ηο 1110Ve111ent of t11e conesponding
inteIfaces is possib1e.

TlliS a1so cοηceΙΊ1S t11e initia1isation of tlle inteIface: if SUCll an inteIface is cIeated via tlle initial
gΓain setting, t11e inteIface wil1 stay s11aΓp even if an initialisation is Ieqnested. Tl1e paliition
coefficients \V11ic11 aIe necessaΓY fOI diffusion t11ΓOUg11 inteIfaces aIe accessed fΓ0111 t11e ot11eI pllase
inteIactions nsing a "constant" appΓOxil11ation. lf e.g. inteIactions aIe defined for p11ases 0/1 and 0/2,
a si111plified descγiption can be deIived fOI t11e 1/2 inteIface. TlliS desctiption is stoΓed fOI eac11
inteIface cell ίη tlle l110111ent of cγeation (as initia1 structuΓe ΟΓ fΙΌΙ11 ll10ving tIiple junctions) and
kept constant dnring t11e fuIt11eι". SwitC11ing off p11ase inteIactions can gIeatly Ieduce t11e c0111plexity
of a sil11ulation, especially if 111any p11ases aIe inc1uded. Ιη case of solid state Ieactions, οη1Υ tl1e
inteIactions of t11e pIecipitations Wit11 t11e ll1attix and not t11e ίηteΓactiοηs between dίffeΓeηt types of
pIecipitates S110n1d be inc1uded. lf two contacting pllases 11ave a C0111lll0ll stoiclli0111etric c0111ponent
witl10ut solubility Γaηge, t11e iηteΓactίοη between t11ese two p11ases ll111St be switc11ed off.

\V11en t11e inteIaction of one p11ase wit11 itself is enabled, solid-state inteIactions between gIains
of tlle SaJl1e p11ase wi1l be activated. Ιη t11iS case, ηο C11e111ical driving fOIce is included and tl1e
l110Ve111ent wil1 be contΓOlIed οη1Υ by CUΓvatllΓe and by stoIed eneIgies ίη case of Iecγystallisation.

Tlle option "pllase interaction" can be fo110wed by an optiona1 keywoId wl1ic11 selects specia1
inteIaction ll1ode1s:

"standaId": t11iS is t11e defaιι1t inteIaction

"paIticle---'pinning": enables a ll1esoscale ll1ode1 fOI particle pinning. lf t11is keYWΟΓd is se1ected,
θη effective l110bility 1110del is used W11ic11 includes t11e pinning effect of not exp1icitly resolved
paIticles. As furtl1eI input, a cγitical pinning fOIce and a 111ini111al l110bi1ity will be Iequested
1ateI ίη tlliS section. TlliS is t11e l110del by w11ic11 t11e pllases Al}(Sc,Zt-) contribllte to tlle si111ulation.

Tlle ten11 "patiic1e pinning" descγibes t11e effect of s111all paItic1es οη tl1e 1110Vel11ent of gΓaίη

bOlllldaIies. lf t11e driving fOIce fOI tlle 1110ve111ent of t11e gΓain bOlllldaIY (typically t11e
cUIvatllIe) is not 11ig11 enoug11 to oνeIC0111e t11e attIactiνe inteIactions witll t11e paIticles, t11e gΓain

boundaIY is "pinned" and wil1 not 1110νe any l110Ie. TllUS, t11e gΓain size l11ay be Ieduced to
a 11111cll 10weI va1ue by tlle effect of pa1iic1e pinning. Ιη ΡΓactice, partic1e pinning is an i111poItant
111eC11aniS111 ίη ΡΓeνeηtίηg softening of 111aterials at 11igll te111peIatLlIe dlle to gIain gΓo~rt11. Tlle
partic1e pinning 1110del i111p1e111ented ίη MICRESS is a 111eso-scale 1110del W11icll takes into account
t11e 111iCΓOSCOpic paItic1e pinning effect ~rit110ut tIeating t11e individual paItic1es exp1icitly.
AccoIding to t11e ZeneI 1110de1, a ctitica1 pinning fOIce Ρ* - 3 γ f Ι Γ is defined, w11eIe γ is t11e
paliic1e sUIface eneIgy, f is t11e "ΡaΓticΙe cοncentΓatiοn" and Γ t11e ΡaΓtίc1e radius (Fig. 15).

Figure 15: The particle pinning model.
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1f tlle d1'ίvίng fΟ1'ce Ρ exceeds tlle clitica1 d1'ίvίng fΟ1'ce, t11e gι-ain bοunda1'Υ will still 1110Ve, but Wit11
a 10we1' ve10city. Tl1is velocity 11aS been Sil11u1ated fo1' dίSC1'ete Ρa1'tίc1es using MICRESS
(Fig. 14). T11e ve10city CU1'ves can be desclibed by an effective 1110bility Wllicll is il11plel11ented
ίη tlle l11esoscopic M1CRESS Ρa1'tίcΙe pinning l11odel. T11e use1' l1as ιο pIΌvide tlle clirical pinning
fΟ1'ce ρ* ίn units of a critica1 CU1'vatu1'e (l/μll1) and a l11inill1all11obi1ity. 1η Ο1'de1' ιο ca1cu1ate t11e
va1ue of tlle pinning fΟ1'ce, tlle use1' l1as ιο cοnve1't tlle pinning fΟ1'ce ιο a CUΙΎatιπe. T11e CU1Ύatu1'e is:

Ρ = 3 Υ f = 2!. ~ 15 = ~ ~ ~ = ~ [~]
r D 3! D 2τ ,on

(28)

ΑCCΟ1'dίng ιο K.L. Kendig, D.B Μί1'ac1e [29] and JOl1n S. VetΓanο, Steve Μ. Bnιel11111e1' , L.M.
Pawlowski, Ι.Μ. Rοbe1'tsοn [30] , t11e voluιl1e f1'actίοn of tllese Ρa1'tίc1es is 0.015-0.035 and typical
sizes 1'ange fΙΌn1 about 50-150 ηη1 ίη dial11ete1' (25-75 ηη1 ίη 1'adίus). Calculating tlle cγitical CU1'vatu1'e
fo1' tlle uppe1' and 10we1' lίl11ίtS:

1 3 f 3*0.015 1
-- -- =0.3 [-]
l5 2τ 2*75*10-9 μm

1 3 f 3*0.035 1
-- -- =0.7 [-]
l5 2τ 2*75*10-9 μm

1 3 f 3*0.015 1
-- -- =0.9 [-]
l5 2τ 2*25*10-9 μm

1 3 f 3*0.035 1
-- -- = 2.1 [-]
D 2τ 2*25*10-9 μ1n

Τ11e1'e 11ave been sil11ulated seven cases cοnce1Ί1ίng tl1e value of tlle clitical CUΓvatU1'e, 0.0 , 0.3, 0.7,
1

0.9,1.3,1.7,2.1 - .
μm

Fo1' gι-ain gIΌwtl1, tl1e dliving fΟ1'ce fo1' gι-ain bοunda1'Υ 1110Vel11ent consists of tl1e gIain bοunda1'Υ

CU1'vatU1'e and tlle fΟ1'ce balance at tl1e t1'ίΡΙe junctions. 1η geneIal, tl1iS driving fΟ1'ce deC1'eases
witll tlle ave1'age gι'ain size. But especialIy t11e fOIce balance at tl1e t1'ίΡΙe junctions is ηοι dί1'ectΙΥ

1inked ιο tl1e gι'ain size. Τhe1'efΟ1'e, Witll tl1e Ρa1'tίcΙe pinning t11odel, abnonl1al g1'aίn gι-owtl1 l11ay be
οbse1'ved, e.g. one l1uge gι'ain continues gι-owing wl1ile tl1e sl11alle1' ones a1'e al1'eadΥ pinned.

Fίgu1'e 16 Sl10WS tl1at using tl1e Ρa1'tίcΙe pinning 1110del instead of nonl1al gι'ain gιΌMl1 leads ιο

dίffe1'ent 1'esuΙts. 1η tl1e figu1'e above, a clea1' tendency tοwa1'ds abnonl1al gι-ain gιΌwtΙι can be
seen ίη tl1e sil11ulation wΙ1e1'e tl1e particle pinning l110del l1as been used.
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Witl1 particle pinning: a trend tav,'ard5 aΙ)nοrmal grain grovAI1

Grain 5tructLιre evolution:narrllal gι-ain gravAI1
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CPU time: 149555 an MIPS12000, 400Mhz

Figure 16: Grain growth without (top) and with (bottom) the particle pinning model

"particle---'pim1ing_te111peratlJre": enables tl1e 111esoscale ΡaΓticΙe pining 1110del witl1 te111peratlIΓe

dependent input para111eters read fr0111 an ASCII file.

"sοlute_dΓag": tl1e solute dΓag 111ode! is based οη a two-step 11ysteresis descγiption of tl1e 1110bility
for tl1e "fΓee" and ''!oaded'' interface, as a function of tl1e interface velocity. If tl1is 1110del is
selected, a critical transition velocity, a tΓaηsitiοη [ange (fo!" s11100tl1 tΓaηsitiοη) and a drag factor
11aS to be specified.

Tl1e keyword "avg" is used to define an aveΓagiηg of tl1e driving force acΓOSS tl1e iηteΓface.

Averaging prevents spreading of tl1e iηteΓface if a StΓOllg cοηceηtΓatiοη gΓadieηt is causing Opposite
dΓiviηg forces οη botl1 sides of tl1e interface. Tl1e user can specify a value between Ο (ηο

aveΓagiηg) and 1 (111axi111u111 averaging).

ΑveΓagiηg of tl1e dΓiviηg force 11elps stabi]jsing tl1e iηteΓface in case of diffusion contΓOlled

transfoΓl11ations, if tl1e resolution is not 11igl1 enougl1 (i.e., tl1e diffusion lengtl1 is not big
COl11ΡaΓed to tl1e iηteΓface tl1ickness). Α typical value is 0.5, tl1e default value is Ο.

Tl1e keyv./ΟΓd ''ι11aχ'' specifies tl1e 111axi111U111 driving force allowed (value above Wl1icl1 tl1e
driving fΟΓce will be cut-off). Tl1is value is useful to slvug off SOl11e te111porary pΓOble111s

dιπiηg initial transients ΟΓ to reduce tl1e i111pact of nU111erical fluctlJations. Tl1e value Sl10uld be
cl10sen lligl1 enougl1 in ΟΓder not to lill1it kinetics duήηg nOΓl11al gΓOwtl1. If a too s111all value is
cl10sen for tl1e 111axi111U111 allowed d1iving fΟΓce, tl1e 111ove111ent of tl1e iηteΓface can be drastically
slowed down.

Tl1e "s11100tl1" keYWΟΓd 11as οηlΥ effect if aveΓagiηg is specified: Tl1e gι'adient diΓectiοη along Wl1icl1
aveΓagiηg of tl1e dήviηg force is pe1fol111ed, is [andonιly 1Όtated witl1 tl1e specified 111axi111U111
value ϊη degι·ees. Depending οη otl1er ciΓcun1staηces, tl1is οριϊοn 111ay 11e!p to [educe tl1e effect
of grid anisotropy οη tl1e gιΌwtΙ1 111oΓpl1010gy. Α typical value is 45, default is Ο.

Tl1e iηteΓface energy, Wl1icl1 scales tl1e effect of CUΓVatuΓe, can be given eitl1er as a constant value
(keYWΟΓd "constant") ΟΓ defined as '·te111ΡeΓatuΓe_dependent". Interface energies 11ave ιο be specified
ϊη J/C1112

. Tl1e valne of tl1e interface eneΓgΥ fOl" an Al-alloy aCCΟΓding ιο bibliogι'apl1Y is 1.08* 10-4
J/C1112

.
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One of t11e 1110st il11portant p11ase interaction paraI11eter iS t11e inteI-[ace I110bility v,ιl1ic11 defines t11e
interface velocity for a gίven dIiving fΟΓce ΟΓ CUIΎatuΓe. Tl1e 1110bility l11ay be defined as constant,
teI11perature dependent ΟΓ dήvίηg fΟΓce dependenr. Ιη t11e bot11 latter cases, t11e user \νίΙΙ be asked
to pΓOvide t11e naI11e of a text file ν,ιl1eΓe t11e kinetic coefficient (second colul11n) is gίven ίη

tabulated f0I111 as a function of teΙ11ΡeΓatuΓe ΟΓ dIiving fΟΓce. Οt11enνίse, jnst a constant value ίη CI114/Js
is ΓequίΓed. ΑCCΟΓdίηg to bίbΙίοgΓaΡ11Υ t11e kinetic coefficient is 3.8*10·5 C111 4 /JS. Ιη case of
SOl11e special I110dels (solute dΓag, particle pinning), additional l110del ΡaΓal11eteΓS 11ave to be included
11eΓe, as t11e cγitical pinning fΟΓce [lΙμl11] and t11e l11iniI11all11obility [CI114/JS]. FΓOl11 a tΙ1eΟΓetίcaΙ point
of view, t11e ιηίnίl11aΙ I110bility ΡaΓaΙ11eteΓ s110uld be zeΓO. But ίη l11any cases, even if pinning
ΟCCUΓS, still a veΓΥ slow l11ovel11ent of t11e gι'ain bοuηdaΓίes is οbseΙΎed, e.g. due to particle
[ipening. MICRESS gives t11e nseI" t11e possibility to account [ΟΓ tl1at by specifying a Ininil11al
I110bility >0.

Tl1e descγiption of t11e ίηteΓactίοη bet,-\Ieen an "anisotΓOpic" p11ase and an "ίsοtΓορίc" one also
inclndes a flag [ΟΓ t11e anisotΓOPY, and if t11is is switc11ed οη, t11e static and t11e kinetic aηίsοtlΌΡΥ

coefficients 11ave to be specified. FOI" cOl11binations of two anisotΓOpic pl1ases, an additional
ιnisoIientation I110del is available. If t11e key\\Iord 'ΊnίSΟΓίentatίοn" is set, factoΓS bet,-\Ieen tl1e 1110bility
ΟΓ ίηteΓfacίaΙ eηeΓgΥ of l1igl1 angle and low angle gΓaίη bοuηdaΓίes can be specified. It s110uld be
noted t11at p11ase Ο (usually liqnid) is isotΓOpic by defanlt.

# PI1ase ίηteΓactίοη data
#======================
#
# Data [ΟΓ p11ase ίηteΓactίοη 0/ 1:
# ---------------------------------
# Siιnulation of ίηteΓactίοηbetween p11ase Ο and Ι?

# Options: pl1ase_ίηteΓactίοη ηοy11ase_ίηteΓactίοη
# [staηdaΓdlΡaΓtίcΙeyiIming[_teΙ11ΡeΓatuΓe]Isol ute_dΓaglΓedίstΓίbutίοη_contΓOI]
ηοy11ase_ίnteΓactίοη
#
# Data [ΟΓ p11ase ίηteΓactίοη 1 / 1:
# ---------------------------------
# Sil11ιIlation of ίηteΓactίοηbetween p11ase 1 and Ι?

# Options: p11ase_ίnteΓactίοη ηοy11ase_ίnteΓactίοη
# [standaΓdlΡaΓtίcΙeyinning[_teΙ11ΡeΓatιιΓe]!solιIte_dΓaglΓedίstΓίbutίοn_contΓ01]
p11ase_ίnteΓactίοn ΡaΓtίcΙeyinning
# Type of SUΓface eneΓgΥ definition between p11ases 1 and Ι?

# Options: constant teI11p_dependent
constant
# SUΓface eηeΓgy bet\νeen p11ases 1 and Ι? [J/Cl11**2]
1.08000Ε-04

# Type of ιnobilitydefinition between p11ases 1 and Ι?

# Options: constant teI11p_dependent dg_dependent
constant
# Kinetic coefficient Ι11ΙΙ between pl1ases 1 and Ι? [cI11**4/(Js)]
3.80000Ε-05

# cγitical pinning fΟΓce [lΙΙ11ίCΓΟΙ11eteΓ]

0.9
# l11inil11all11obility [cn1~'*4/J s]
0.0
# S11all I11isOlientation be cοηsίdeΓed?

# Optionen: Ι11ίSΟΓίentatiοn ηΟ_Ι11ίsοήeηtatίοn

l11ίSΟΓίeηtatίοη

# lnpιIt of t11e Ι11ίSΟΓίeηtatiοn coefficient:
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# Modification of SUΓface eneΓgΥ fOl" l0w angle
# bΟl1l1daΓies

# (Inultiplying factoI" to value fOI 11igll angle bοundaΓies)

1.0000
# Modification of 1110bility fOl" low angle
# bοundaΓies

# (l11ultip1ying factoI" to value fOI I1igl1 ang1e boundaIies)
1.00000
#

Boundary conditions
Ιη MICRESS two c1asses of boundaι-y conditions aΓe distinguisl1ed:

tl1Nl11a! bOlll1daΓli cOl1ditiol1s

Tllenna1 BCs 11ave to be specified if tel11ΡeΓatuΓe is not explicitly sil11ulated.
tel11ΡeΓatιπe vs. til11e
net 11eat f10w vs. til11e
teΙΠΡeΓatuΓe gι-adient vs. til11e
Ι d-teΙΠΡeΓatuΓe field

COI1(!itiOI1S (ΟΙ' bοιιndaΓίes ο( tl1e ca!clI!ation dO/l1ail1

fOI tl1e pl1ase-field ΡaΓaιηeteΓ

fOI tl1e concentIation field
[ΟΓ tl1e Ι d-tel11peIatuIe field, tl1e stIess fie1d, f10w field etc

Tl1is section staΓts witl1 tlle specification of tl1e tel11peIatuIe boundaι-y condition, if neitlleI
"tell1ΡeΓatuΓe" coupling ηΟΓ "ld_tel11p" is c110sen in section ''FIags and Settings" at tlle top of tl1e
input file. Tl1Γee altenlatives aIe available to descΓibe tlle type of tel11ΡeΓature tIend: lf tlle f1ag
'ΊineaΓ" is cl10sen, tlle nuIDbeI of connecting points 11as to be defined. Tllen, fiIst tlle initial
tel11ΡeratUΓe at t11e bOttOlD of t11e siInulation dOlnain and tlle initial tel11ΡeΓatuΓe gΓadient in
z-diIection aIe Iequested. ΑfteΓwaΓds, [ΟΓ eacll connecting point, t11e til11e tlle bOttOlD a teΙΠΡeΓatUΓe

ξlnd tl1(f tel11ΡeratuΓe gIadient in z-diIection 11ave to be specified. Tlle teΙΠΡeΓatuΓe and tel11ΡeΓatuΓe

gι-adient will be inteΓpolated lineaΓΙΥ between tllese tIansition points. Ιη tllis way, an aΓbitΓaΓi1Υ

cOl11p1ex teI11ΡeΓatuΓe-tiΙ11e pΓOfile can be app1ied.

lf tlle nUl11ber of connection points is set to Ο, only tlle initial teΙ11ΡeΓatuΓe at tlle bottOl11, t11e
tel11peIatuIe gι-adient in Ζ diIection and a constant cooling rate in ΚIs aIe Iequested. Using tlle f1ag
"lineaI_[ΓOI11_file", it is also possib1e to Γead t11e sall1e infonl1ation [ΓOI11 a fi1e consisting of tlHee
colurηns: tlle till1e in seconds, tlle ten1peIatuIe at tlle bottOl11 ϊη Ke1vin, and tlle gι-adient in Kelvin
peI centil11etIe. Tllis allows a nl0Ie cOll1pact input [ΟΓ cOll1plex tell1peIatuIe-till1e input data.

Wllile tlle fiIst two options a1ways lead to lineaΓ tel11peIatιIIe pΓOfiles in z-diIection, tlle option
"ΡlΌfιΙes_fΙΌm_fιΙe" allows to Γead til11e-dependent non-lineaI tel11peIatuIe plΌfiles fr0111 a
seΓies of ASCII data files (ΟΓ fΓOll1 diffeIent coluιηns of one data input fιle). Again, t11e nuιl1beI of
connection points 11as to be specifιed, and fOI eacll of t110se points, tl1e till1e and a fi1e nall1e,
optiona11y witl1 specification of t11e used coluιηns, 11as to be given.

As next, tl1e 'Ί110ving tl'all1e" options 11ave ιο be set. Tllis [eatuIe is veIY usefu1 [ΟΓ sil11ulations
Γe1ated ιο directional solidifιcation, as it allows tlle Γeductiοn to a sl11allel" sil11ulation d01nain Wl1iC11
follows tlle 1110vel11ent of tlle solidification [lΌηΙ Tl1is option is ηο! avai1ab1e fOl" tl1e l1se of
latent 11eat \\TitllOUt Ι d tel11p because it is not c0111patib1e witl1 tl1e assul11ptions of t11e "DTΑ
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applΌxin1ation". If tl1e flag 'Ίιιονiηg fΓalηe" is selected, tl1e L1seI" 11as to select t11e CΓίteΓiοn v"ι1iC]1

COntlΌ]S t11e lllOvel11ent of t]1e siιηLJ1atiοn doι11ain.

Available cγitelia aΓe "teΙηΡeΓatLΙΓe" ΟΓ "distal1ce''. 1η case of "teιηΡeΓatL1Γe", a critical teΙΙΙΡeΓatLJΓe

is ΓeqL1ested. 1f t]1e tel11ΡeΓatιΙΓe at t]1e bOttOΙll falls belo\v tl1is valL1e, t]1e dOlηaiη iS l110ved in Ζ­

dίΓectίοη L1ntil tl1e bOttOΙll teιηΡeΓatΙΙΓe ΓeaC]1es tl1e CΓitίcaΙ va]L1e. 1η case of a constant cooling Γate,

t11is option leads ιο a constant llloving velocity like ίη a typica] ΒΓίdgl11aη fιJΓnace eΧΡeΓίιηent.

If tl1e 'Όuuηοvίl1g_fΓaΙl1e" flag is set, a "Gesaιηt" (g!oba]) data file is CΓeated additiona11y fOI" a11
se]ected gι-ap11ical OLJtPL1ts,

Tl1e bΟL1ηdaΓΥ conditions of t11e Sill1U]ation dοιηaίη 11ave Ιο be set fOI" t]1e p11ase-fieJd
νaΓίabΙes, t11e cοηceηtΓatίοη, teιηΡeΓatLJΓe and displacel11ent fields depending οη t]1e type of cOL1pling
\\I]1iC]1 ]1as been defined at tl1e beginning, Tl1e M1CRESS bΟL1ηdaΓΥ conditions aΓe defined by a text
stΓίηg witl1 ]engt11 4 ΟΓ 6 w11ic]1 ΓeΡΓeseηt a seqL1ence of key c11aΓacteΓS. Tl1e C]1aΓacteΓS specify
t]1e type of bΟL1ηdaΓΥ condition- t]1eiI" sequentia] ΟΓdeΓ addΓesses t]1e diffeΓent sides of t11e
sίιηuΙatίοη dοιηaίη (east-west-bottoιl1 ιορ fOI" 2Ο and east-west-nΟΓt]1- sout]1-bottOl11 toρ fOI" 3Ο).

Tl1e fol]owing conditions aΓe availab]e:

ίl1sιι!αΙιΌI1 ("ί .'): Tl1e bΟL1ηdaΓΥ cell (t]1e fiΓst ce]] oLJtside of t11e sil11ulation dοιηaίη) is assul11ed
ιο 11ave t11e saιηe field value (e.g. p]1ase-field vaIiab]e) as its dίΓect neig11bouI" (t11e outen11ost
ce11 of t]1e dOl11ain). Tl1e nal11e of t11e flag Γeflects tl1e fact t]1at ηο gIadients and, t11L1s, ηο fluxes
exist between t]1e boundal"y cell and its neig]1bouI" inside t11e sίιηuΙatίοη doι11ain.

sνΙ11ιnelΓίc ("s "): defines t11e field va]ue of t]1e bοuηdaΓΥ ce11 Ιο be identical Ιο its second neigl1bOUI"
in t]1e sil11u]ation dOΙ11ain, t]1US iιηΡΙΥiηg a SΥιηιηetΙ"Υ p]ane t11lΌug]1 tl1e ceηtΓe of t]1e outenllost cells
oftl1e dοιηaiη. Tl1is condition is sil11i]aI Ιο an iso]ation condition \\I]1ic11 is s]1ifted by ]1a]f a cell,

paiodic ("ο "): wit11 tl1is condition, t]1e field valL1e of t]1e bΟL1ndaΓΥ cel] is set ιο t]1e valL1e of
tl1e outen11ost cell οη tJ1e opposite side of tl1e sil11ulation dOΙl1ain. Tl1L1S, objects like dendrites
wl1ic]1 toL1c11 one side aΓe continL1ed οη t11e ot11eI" side. Tl1e penodic condition ΡΓeseΓνes t11e field
ba]ance.

gl'αdiel11 (g): t11e fie]d value of t11e boundaIΎ ce11 is eχtΓaΡο]ated flΌll1 t]1e fiΓst and second neig11b0L1I"
inside t]1e dOΙl1ain. Tl1e L1se of t]1is bοuηdaΓΥ condition is a11o\~Ied fOI" a11 fie]ds (cοηceηtΓatiοη,

tel11ΡeΓatιιΓe, p11ase-fieJd) but ηοΙ always Γeasοηab]e. Tl1e gIadient condition fOI" p11ase-fie]d is νeΓΥ

useful fOI" gι-ain gIΌwt11. If "ΡeΓίοdίc" is ηοΙ sL1itable fOI" any Γeasοη - tl1e flag "g" s110uld be t11e
best c]10ice fOI" l11inill1ising t]1e iιηΡact of tl1e bοuηdaΓΥ condition οη t]1e gι-ain st1ΊJctLJΓe .

.oxed ("("): Uses a fixed va]L1e fOI" t11e bοuηdaΓΥ cell. Tl1iS va]ue is Γequested in an eχtΓa input ]ine.
ΝatLJΓa]IΥ, t11e "f' condition does ηοΙ ΡΓeseΓνe t11e aνeΓage of t]1e field va]ue. Α typical application
of t]1e fixed condition fOI" t11e cοηceηtΓatiοn field is dίΓectiοηa! solidification \vitl1 l110ving fΓaΙl1e

(fixed condition fOI" toρ bοundaΓΥ).

In case of using a 1D extension of tl1e cοncentΓatiοη fie]d (by selecting t11e ''1 d_faΓ_fieΙd" option in
t]1e "Flags" section), t]1e top boundal"y condition [ΟΓ t]1e cοηcentΓatίοη fie]d is alJtoιllatically s]1ifted Ιο

t11e top oftl1e ΙΟ extension!

If t]1e οριϊοη ''Ι d_teI11p" l1as been se]ected at t11e beginning of tl1e ίηρLJt fi]e ("Flags and
Settings"), at tl1is p]ace tl1e bουηdaΓΥ conditions fOI" t]1e ]D teΙl1ΡeΓatLJΓe field ]1ave to be
specified. Tl1e lJseI" can se]ect between insLJ1ation (i), sYl11l11etnc (s), penodic (Ρ), g!oba]
gΓadient (g), fixed (f) and fllJx G). W11ile 'Τ, "s" and "ρ" ]1ave aΙΓeadΥ been explained above, tl1e
otl1eI" conditions aΓe eitl1eI" new ΟΓ 11ave fι.niI1eI" ill1p]ications ΟΓ a s]igl1tly diffeΓeηt ιηeaniηg:
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g/obα/ gΓαc/ίenf ("g '"): TlliS condition establislles a given global teΙl1ΡeratuΓe gradient betν,ιeeη the
actual bοuηdaΓΥ and tlle opposite boundary. TlliS ll10dified gradient condition is especially useful fOI"
coupling ιο extenlal pΓOcess sil11tIlation Γesι.ιΙts: If teΙl1ΡeratuΓe vs. till1e and tlle tllenl1al gradient
are known frOΙl1 a ll1acroscopic process sill1ulation (or a coιTesponding experill1ent), a till1e-dependent
fixed "Γ condition can be applied οη one side of tlle Ι D teΙl1ΡeΓatuΓe field, and tlle "g" condition οη

tlle otller side ΙΟ ll1aintain tlle gradienr. Tlle definition of "g" οη botll sides is ηοι allo\A/ed.

fixed (''Γ): Tlle definition of tlliS condition coITesponds to tllat of tlle fixed condition fOI" t]le
noι111al sill1ulation dOΙl1ain. Βι.ιΙ, ηοΙ οηlΥ of a fixed teΙl1ΡeratuΓe value, but also a teΙl1ΡeratuΓe- til11e
pΓOfile can be read frOΙl1 a text fiJe using t]le "flΌm_file" option. If a constant teΙl1ΡeΓature is c]10sen,
a 11eat transfeI" coefficient is reqtIested additionally, allowing t]1e definition of a 11eat tΓaηsfer condition
to an externa] l11ediUΙl1 ~lίΙ]1 fixed tenlperatι.IΓe.

Πια ("j .,): TlliS condition allo~ls t]le assunlption of a constant or til11e-dependent flux [W/CI112]
as bοι.ιηdaΓΥ condition.

AfteI" defining tlle bοι.ιηdaΓΥ conditions of tlle Ι D-tenψeΓatuΓe field, tl1e user 11as to cl100se ~111et11er Ιο

apply constant tllenl1o-pl1ysical data (entllalpy, heat capacity and tllenl1al diffusivity) for tlliS
teΙl1ΡeΓatuΓe field, ΟΓ ΙΟ specify files wllere tl1ese tllenl10pllysical data shall be Γead frOΙl1 as a function
of tell1perature. Α11 tl1fee tl1enl1odynal11ic qLlantities aΓe Γead separately fOI" tl1e pan of tl1e ID­
teΙl1ΡeΓature field Wllicl1 lίes above and belo~1 tlle 111icro-sill1ulation dOΙl1ain. Tl1is can be il11portant if
e.g. a strongly tIndercooled colulηnar dendritic front is si111ulated.

# BotIndaι-y conditions
#===================
# Type of tel11perature trend?
# Options: linear lίηeaΓ_fΓΟΙ11 file profiles_froιl1_file

lίneaΓ

# ull1beI" of connecting points? (integer)
Ο

# Initial teΙ11ΡeΓatuι'e at tlle bOttOΙl1? (real) [Κ]

723.15
# ΤenψeratuΓe gΓadίeηt ίη z-direction? [ΚICI11]

Ο.Ε+Ο-

# Cooling rate? [ΚIs]

0.0000
#
# Options: 1110ving_fΓal11e ηο_l110Ving_fra 111e
nο_ιηοvίηg_fΓaΙl1e

# Boundary conditions for pl1ase field ίη eacl1 dίΓectίοη

# Options: ί (insulation) s (sYll1ll1etric) Ρ (periodic/\~lrap-aΓOtInd)

# g (gΓadίeηt) f (fixed) w (wetting)
# Sequence: Ε \λΙ ( S, if 3D) Β Τ borders
1111

#
# Unit-cell Iηodel sYI11ll1etric witl1 respect Ιο tl1e ΧΙΥ diagonal plane?
# Options: unit_cell_sYll1111 no_unit_cell_sY111ll1
ηο_uni t_cell_SYl11111
#
#
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OtheI' ιιιιn1eι-ίcal ΡaΙ'anιeteι-s

Ιη tl1is last section, SOΙl1e pl1rely ntnl1erical paral11eters for tl1e pl1ase-field, concentration and stl'ess
solver are defined. Tl1e 111axi11111111 llll111ber of concentration solving per pl1ase-fie]d iteration ]las οηlΥ

to be defined, if concentration cOl1pling is l1sed ίη coιl1bination witl1 a fixed p]lase-field ti111e step.
Απ enor 111essage is given if tl1e lll1111ber is too Sl11all to be consistent witl1 tl1e til11e- step aiterion
of tl1e explicit diffusion so]ver. Tl1is inPl1t is not reql1ired W]len aυt0111atic til11e-stepping is l1sed.

Ιη case of stress COl1p]ing, tl1e convergence aitelia for tl1e iterative BiCG-stab 111atrix solver as \,,,elJ
as an l!pper ]jl11it (111axil11Ul11 lll1111ber) of iterations 11ave to be defined. Ιη tl1e ίηpυt lίne for tl1e
l11axi11111111 llll111ber of iterations, tlle inpl1t of a second integer is also possib]e. lt is set to 20 by
defau]t and specifies tl1e 111aXin111nl nuIηber of iterations allowed for acl1ieving a good solution
for quasi-static equilibliun1. Ιη 1110St cases, tlle default settings are sufficient. Next, a value for tlle
pl1ase 111ίηίl11UΙll is required. Α celJ Witll a pl1ase ΟΓ grain fraction be]ow tl1is va]ue is not considered
to be ίη tl1e interface any 1110re but ίη a bulk region (liquid ΟΓ solid). Ιη l110st cases, a value of
I.Ε-4 can be reCOl11l11ended.

Fina]ly, tl1e interface tl1ickness (ίη cells) also 11as to be inPl1t ίn tl1iS section. Generally, wit]l
increasing interface tllickness, tl1e CUΓνarure evaluation of tl1e p]lase-field profile is il11plΌved.

Οη t]le otlleI" l1and, a l1igl1eI" resolution is required to reso]ve l1igl11Y curved stΓl1crures, and nUl11erical
artefacts re]ated to tl1e finite interface tl1ickness like "anifιcia! solute tΓaΡΡίng" is increased.

Ιη case ofusing extrel11ely sl11all values for tl1e interface tl1ickness «-3 ce]ls), Cl1Γvarure evaluation
is poor and nuc]eation at tlle ίnteΓface is not WΟΓkίng colTectly anΥIΙΙ0Γe.

# Otl1eI" nl1111erical paral11eters
#==========================
# Pl1ase l11ίnίΙ1111111?

ΙΕ-04

# ΙnteΓface tl1ickness (ίη ceJls)?
5.00
#
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4. RESULTS AND DISCUSION

Tl1e alloy studied (Al-6Mg-2Sc-1Zr wt%) 11as one type ofpanicles tl1at fOn11 οη tl1e sUb-IηiCIΌn scale
wl1icl1 influence tl1e ΓecrΥstaΙΙiΖatίοη and gr"ain gro\'1tI1. Ιη tl1e alloy containing Sc and ΖΓ, Sl11a11
CΟl1eΓeηt SΡl1eΓίcaΙ ΡΓeciΡίtates of AI.1(Sc,Zr) aΓe fon11ed. Tl1eir influence to tl1e a110y is insel1ed to tl1e
sil11lllations via tl1e clitical CUΙΎatuΓe due to tl1e pinning fΟΓce of Zener dΓag. It is sllpposed tl1at
fol1owing tl1e cold ~/ΟΓk, the aIloy \vas subjected ιο a 'flasl1 annealing' tΓeatΙ11eηt of 4.5 Ι11ίπ at
450°C. Tl1iS seΙΎed as a C0111parison tΓeatι11eηt and ΓesuΙted ίη fιιl1 ΓecrΥstal1ίΖatίοη ίη 1110St of
sil11ulations, depending οη tl1e vallle of tl1e pinning fΟΓce. Typical sizes of ΑΙ(Sc,Ζr) ΡaΓtίcΙes Γaηge

froι11 about 50-150 ηl11 ίη dial11eter for tl1e 11eat tΓeatl11eηts ίη tl1ese si111ulations.

Tl1eΓe 11ave been tl1Γee types of si111ulations. Tl1e fiΓst one conceIΊ1S tl1e influence of tl1e stoIed eneIgy
(W) as a I~sult ο[ plastic strain to tl1e Iecryslallized vollll11e fΓactίοη (!ι,χ), Tl1e stΟΓed eηeΓgΥ ίη tl1ese
ΡaΓtίcuΙar sil11ulations is tl1e ΓeCΓΥstaΙΙiΖatίοη eηeΓgΥ. Tl1e values of tl1e recγysta11ization eηeΓgΥ, as
l11entioned above, aΓe W, = 3.0 ]/CI11' and W] = 5.0 ]/CI11'. As ίι is well known increasing tl1e
ίηteΓηaΙΙΥ stored eηeΓgΥ, tl1e l11aterial is by recl"ystallization returned to a tl1en110dynaInically less
favoIable state. COΙ11paring two dίffeΓeηt values of stoΓed energy, as gr"eater is tl1e vallle tl1e fasteI" tl1e
alloy will be fully recl)'stal1ized. Tl1e influence of processing tl1e stΟΓed eηeΓgΥ οη tl1e
recγystal1ization voluIne fraction can be seen ίη FίguΓe 17. For W I=3.0 ]/CI11' tl1e al10y is fιll1y

Γeclγstal1ίΖed at tl=120 sec wl1ile for W]=5.0 ]/Cl11' is at t]=65 sec.

Recrystallizatίon fractίon vs Time
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Figul'e 17: Recrystallized volume fraction vs time depending οη the stored energy.

Tl1e second type of si111ulation ΓefeΓS to tl1e influence of tl1e average gr'ain size of tl1e initial
l11icIΌstructιtre. Recrystallization ΟCCUΓS witl1 a clear dela)' at la.rge initial grain sizes dlle to t11e ]ow
fΓactίοη of gTain bοιιndaΓies acting as nucleation sites. Tl1iS leayes enollgl1 til11e fOJ" dynal11ic ΓecοveΓΥ

to oCCllJ" and its softening effect is n10Γe pIΌnounced tl1an ίη tlle case of sl11al1 initial gTain sizes. Tl1e
inflllence of pIΌcessing tl1e initial l11ίC1ΌstructuΓe οη tl1e ΓecrΥstal1ίΖed fraction can be seen ίη FigllΓe

18. Tl1e ΓeCΓvstaΙΙίΖed 2:Γaίn size does Sl10\N a dίffeΓeηce bet\veen tl1e ι~'o initial 2:Γaίn sizes ίη tl1ese
sil11Lllations. "rl1e avera~ge grain surface of eacl1 lΤUCΓΟstnlctιlΓe is SI=2281,71 ~~11] and S]=760,61
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Figure 18: Recrystallized volume fraction vs time depending σπ the initial grain size.

μll1 C . 1η Fίgl1Γe 19, can bc seen tllC gΓaίη size of eaCll 111ίCΓοstnιctuΓe fOΓ tiIl1e steps 0.0, 5.0, 20.0, 50.0
and 270.0 sec. At t=O sec aΓe tlle initial 111ίC1ΌstΓl1ctuΓes as ίηseΓtcd ίη tllC inPl1t fιlc, as descγibed ίn

Appendix 1.0η tllC left is tlle 111ίC1ΌstιυCtι!Γe \νίιlι tlle gI'eatel" initial gΓaίη size (D I "" 26.96 μll1, D1 ""

15.56 μll1).



55

Also tl1e dΓίvίng fΟΓce [ΟΓ fully ΓeCΓΥstalΙίΖatίοη is ηοΙ enougl1 to οveΓCΟΙ11e tl1e pinning fΟΓce as j,.,.

= 30.62% [ΟΓ .Ξ = 2.1 _1 andf" = ]00% [ΟΓ.Ξ = 0.3 - 1.7 _1 (Fig.2\).
D μm· D μΙ11

Tl1e tl1ίΓd type of siJηulations concelΊ1S tl1e inf1uence of tl1e value of pinning fΟΓce of Α 1 3ΖΓ and
AI 3Sc ΡaΓtίcles οη the aveΓage gΓaίη Γadίus of the alloy. RecγystaJlized gΓaίη size and sl1ape aΓe

inf1uenced by tl1e size and density of second pl1ase paΓticles. ΡaΓtίcΙe inf1uence Γaηges fΙΌJη tl1e
fOIΊ11ation of viable ΓeCΙΥstaΙΙίΖatίοη nuclei Ιο theiJ" dΓag οη l110ving gΓaίη bοuηdaΓίes as a Γesult of
ZeneJ" pinning. This ΡaΓtίcΙe pinning \νίlΙ ΓestΓίct tl1e Ρ1ΌgΓessίοη of ΓeCΙΥstaΙΙίΖatίοηand cοηtΓίbute

to a sl11alleJ" aveΓage gΓaίn size. Tl1e inf1uence of tI1e pinning fΟΓce οη tl1e fιnal aveΓage Γadίιls is
gΓeateΓ as its value ίnCΓeases, as can be seen ίη FίgUΓe 20. EspecialJy ίι is noticeable that fOJ" fιneJ"

ΡaΓtίcles (of 25ηΙ11 ίη Γadίus of ΑI 3(Sc,ΖΓ» and a gΓeateΓ volul11e fΓactίοn of tl1esc pal1icles SUCl1 as

fu=0.035 tl1e inf1uence of tI1e pinning fΟΓce, eΧΡΓessed ίη CΓίtίcal CUΓvatuΓe .Ξ = 2.1 _1_ , is veΓΥ
D μη1

signifιcant οη tl1e aveΓage Γadίus 8.9μΙ11 fOJ" t=256sec, \vl1ile fOJ" .Ξ = 0.3 _1_ tl1e aveΓage Γadίus is
D μΙ11

13.82μΙ11 fOJ" t=8 Ι sec. Ιη fιgUΓe 20 tl1e lίηes noticed aΓe quite abnolΊ11al and end at dίffeΓent tiI11e.
This is due to tl1e output file concel11ing the aveΓage Γadίus. This file is updated by default each til11e
a gΓaίη is set ΟΓ dίsaΡΡeaΓS, so the gΓaίη data is nοι available eveΓΥ til11e step.

t = 270.0 sec

t =50.0 sec

t = 20.0 sec

Figure 19: The grain size of each microstructure for time steps 0.0, 5.0, 20.0, 50.0 and 270.0 sec. Οπ the left is the
microstructure with the greater initial grain size.



Figure 20: Average grain size vs time depending ση the pinning force.

Figure 21: Recrystallίzed volume fraction vs time depending ση the pinning force.
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5. CONCLUSIONS

Fr0111 t11e results presented ίη t11e previol1s sections t11e following concJl1sionS can be drawn. Tl1e
p11ase fie1d 111etl1od is an efficient 111et110d to sil11υIate 111icrostn.1ctυral evoltJtion provided an accurate
set of inPl1t paran1eters descγibing t11e aJloy systel11 and initial conditions is provided.

Two pIΌcesses 11ave been sil11lllated l1Sing tJ1e Micress soft\vare, recrystal1ization and gι'ain growt11 of
an ΑΙ aJloy containing pinning particles of ΑΙSc and Al~ZΓ. Effects of stored energy, initial gι'ain

size and pinηing force \vere stυdied. It was found tl1at:

Tl1e influence of stΟΓed energy, as s110wn ίn Figυre 17, is t11at t11e aJloy recrystallized 1110Γe [apidly ίn

case of gΓeater stΟΓed energy (W I=3.0 .J/Cl11~ < W2=5.0 ]/CI11~). Tl1e rate of [ecrystallization is
infll1enced by tl1e al110unt of defon11ation and, to a lesseΓ extent, t11e l11annel' ίη w11ic11 it is app1ied.
Heavily defon11ed 111aterials recγystallize Ι110Γe [apidly t11an t110se defon11ed to a lesse!' extent (W2)'

Tl1e infll1ence of initial gι'ain size is t11at a fine!' initial 111icrostructυre, due to l110re gι'ain bουηdaΓίes,

leads to finer fiηaΙΙ11ίcrostructυΓe, as s110wn ίη Figυre 18. GΓaίη bουndaΓίes aΓe good sites for nl1clei
to fOn11, Since a decrease ίn gι'ain size resnlts ίn 1110re bOl1ndaties t11is [esυlts ίη an incγease ίn t11e
nncJeation rate and 11ence a decγease ίη t11e [atio of tl1e [ecrystallized voll1l11e fraction.

Tl1e infll1ence of pinning force is t11at biggel' sizes of ΑΙ~(Sc,ΖΓ) ΡΓecίΡίtates lead to fine!' final
l11icrostructυre. Tl1e size of AI~(Sc,Zr) precipitates ίn AJ-Mg aJloys can 11ave a 111arked effect οη t11e
grain 1110rp11010gy. Tl1e aveΓage dia111eter of t11e precipitates is 50-150 ηΙ11. Wit11 fιπt11eΓ increasing
t11e nl1l11ber densitY.fυ of Α1~(Sc,ΖΓ) precipitates, t11e pinning force incγeases evident1y, w11i1e t11e
average [adil1s of t11e fina1111icIΌstΓ\.lctυre is decreasing, as s110wn ίη FigυΓe 20.

FΙΌn1 t11e si111u1ations ίη t11is work, it can be seen t11at t11e co1d IΌ11ed alloy can keep partia1
cΓYstallization at a teΙ11ΡeΓatιιΓe ιιρ to 450°C depending οη the pinning force. Tl1iS confin11s t11at
ΑΙ~(ΖΓ,Sc) ΡΓecίΡίtates 11ave a 10w cοaΓseηίηg [ate I11aking t11e alloy stable at e1evated tel11peratυres.

Tl1e aJloy was [ecγystaJlized c0111p1ete1y for t11e vall1es of tl1e clitica1 cυrvatυΓe 0.3, 0.7, 0.9, 1.3 and

1.7 μΙ11. ΗοweveΓ, [ΟΓ t11e va111e of 2.1 _1_ t11e alloy was not ful1y recrystal1ized. Tl1e l11axin1Ul11
μ11Ι

[ecrystal1ization [esistance c0111es [ΙΌn1 tl1e sil11υIation wit11 critical Cl1rvatυΓe 2.1 _1_ w11icl1 is not
μπι

c0111plete1y [ecγystallized even at 270 sec. Sl1c11 good il11prove111ent of [ecγystaJlization [esistance
would be re1ated to co11erent Al~(Zr,Sc) ΡΓecίΡίtates efficiently pinηing tl1e l11ovel11ent of dislocations
and grain bΟl1ηdaΓίes, Tl1e stΓOng dΓag effect of t11ese precipitates is due to t11e fact tl1at t11ey are
co11erent wit11 t11e ΑΙ Ι11atΓίΧ and veΙΎ stabJe t11en11ally against 10ss of co11erency and cοaΓsenίηg.

Recγysta1Jization οccυΓS οηlΥ after t11ese precipitates 11ave lost t11eil' cο11eΓeηCΥ.

Tl1e P11ase field 111et110d can be l1sed ίη t11e fl1tυΓe fol' al10y design pl1Γposes pIΌvided t11at aCCUΓate

ίηpυt ΡaΓan1eters are provided. Based οη t11e Cl1lTent work, it wouJd be able to fυlfilJ expetil11ents οη

t11e Al-6Mg-2Sc-lZI' (%wt) al10y and cοn1ΡaΓe t11e [esults wit11 t110se deΓίved fΙΌn1 MICRESS
sil11υIations. As l11entioned above, MICRESS reql1ires l11any ίηpιιt ΡaΓaη1eters. After t11e eΧΡeήΙ11eηts,

t11e ίηρω ΡaΓa111eteΓS can be 1110re aCCl1Γate, as ίn t11is work aΓe based οη relevant pl1blisl1ed lίteΓatυΓe.
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APPENDICES

Appendix 1 - Ηο\\' to read /include a nlicrostructure file

MICRESS can Iead initial lηίCΙΌstΓuctuΓe and COI11position ΟΓ te111peIatl1Γe fields fIΌI11 a file. Tlle
file to be Iead Sllould be an ASCII file witll a knowl1 "geoI11etIy" (l1l1lηbeΓ of cells ϊη Χ and Υ

diIection): tlle di111ension of tlle Iead- ίη data set does not need to be identical to tlle si11lulatiol1
one. Tlle 11l0st c011lplex case is pIΌbably Ieading an expeli11lental gIain stγuctllΓe, but tlliS is not as
daunting as it cou1d see111.

HeIe is a step-by-step desC1iption 110W to do tllat using GIMP (GNU Illlage Manipulation PIΌgIalll),

VeIsion 1.2.5 (wv.rw.gil11p.oIg). Tlle l11icIΌgIapll is couItesy of ΙΕΗΚ, RWTH Aacllen. Newel'
GIMP veIsions 11ave sill1ilaI" functionalities but tlle nal11ing 11ligllt diffeI. Ho""eveI, any full-fledged
illlage ιηaηίΡuΙatίοη pIΌgΓal11 Sl10uld suppoIt silllilaI' pIΌceduIes.

-Ill1age/TIansfoΓ1l1/Zealous CIΌp/ to get Iid of any fIallle
-LayeIs/LayeIs, Cllannels & Patlls/Layel"s/: inseIt a new (tIanspaIent) layeI'
-Select a cleaIly diffeIent '"fΟΓegΙΌund CΟIΟLlΓ"'

-Tools/Paint ---> Tools/Pencil to dIaw tlle boundaIies οη tlle tIanspaIent layeI"I.
-Tools/Paint ---> Tools/Pencil to dIaw tlle boundaIies οη tlle tIanspaIent layeI'
-LayeIs/LayeIs, Cllannels & Patlls/LayeIs/: Ie11l0ve tlle "'backgΙΌund" layel". Make sUIe you do not
leave any "danglil1g" boundaIies, so tllat eacll gΓain is "closed" (tlle boundaIies of tlle dOll1ain
tllell1Selves do not 11ave to be Ie-dIawn, as MICRESS will peIfOΓ1l1 tllis task).
-Illlage/Mode/lndexed: Use BlacklWllite (l-Bit) Palette
-File/Save as/ save to ".pgll1", by '"eΧΡΟΓtίl1g"' fiIst. Make sUIe you save tlle file lη

ASCII-code.

Appendix 2 - Input file

# AutOll1atic 'DIiving File' wIitten out by MICRESS.
#
# MICRESS binaIY
# ==============
# veIsion nU1l1beI: 6.001 (Windows)
# cOll1piled: 11/15/2011
# cOl11pilel' veIsion: Intel 1200 20110427
# ('double pIecision' binaIY)
# license expiIes ϊη 87 days
#
# Language settings
# =================
# Please select a language: 'Englisll', 'Deutscll' οΙ' 'Francais'
Englisll
#
# Flags and settings
#==================
# GeOll1etry
# --------
# Grid size?
# (for 2D calculations: AnzY=I, for lD calculations: ΑηΖΧ=I, AnzY=I)
# ΑηΖΧ:

450
# AnzY:
1
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# ΑηΖΖ:

400
# Cell dill1ension (g1'ίd spacing ίη l11ίCΓΟl11ete1'S):

# (optionally followed by 1'escaΙίηg facto1' fo1' tl1e outpυt ίη tl1e fOΓll1 of '3/4')
0.500
#
# Flags
# -----
# Type of coupling?
# Options: pl1ase cοηceηt1'atiοη tel11Ρe1'atu1'e teI11Ρ_CΥΙ_CΟΟ1'd

# [st1'ess] [st1'eSS_CΟUΡΙed] [flow]
pl1ase
# Type of potential?
# Options: double_obstacle l11ulti obstacle [fd_cοπectiοη]
double obstac!e
#
# P!1ase fie!d data stΓt.1ctu1'e

# --------------------------
# Coefficient fo1' initial dil11ension of field iFace
# [l11inill1Ull1 usage] [ta1'get usage]
0.1
# Coefficient fo1' initial dill1ension offie!d nTupe!
# [l11inill1Ull1 usage] [ta1'get usage]
0.1
#
# Restart options
# ===============
# Resta1't using old 1'esuΙts?

# Options: new 1'esta1't [Γeset_tiΙl1e]

new

('kΟ1'η')

('pI1as')
ηο_Ont~!laSeS [ηο_iηte1'faces]

#
# Nal11e of output fi!es
# ====================
# Nall1e οf1'esu!t files?
Results_Grain....:Growth_witI1~inning_7/G1'aίη_GΓOwt11_witI1~inning_7
# Overwrite files witl1 tl1e sall1e nall1e?
# Options: overwrite write~ΓOtected append
# [zippedlnot_zippedlvtk_zippedlνtk_not_zipped]
# [unixlwindowsjnon_native]
οverW1'ite

#
# Selection of tl1e outputs
#========================
# [legaCΥlve1'bοselte1'se]

#
# Restart data output? ('1'est')
# Options: ουt_restaΓt ηο οω 1'estart [wallc!ock til11e, 11.]
ηο out Γestart

# G1'aίη nUl11bel" output?
# Options: out_gι-ains

oιIt_grains

# PI1aSe nlJl11ber output?
# Options: out~11aSeS

out~11aSeS
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('TabN')

('TabGD')

[s11aΓp]

[p11ase nU111beΓ]

('TabK')
[eχtΓaιstandaΓd]

('tell1p')

('ιl1ί)] ')

no_Ol1t_tel11p

ηο olJt ll1ilJeJ"

# FΓactίοn outpnt? ('fl·ac')
# Options: oL1t_fIaction ηο out fΓactίοn

ηο olJt fΓactίοn

# AveIage fΓactίοn table? ('TabF')
# Options: tab_fIactions ηο tab fΓactίοns [fωnt_teΙl1ΡeΓatιπe]

ηο tab fΓactίοns

# InteΓface output? ('intf)
# Options: οut_ίnteΓface ηο οω ίnteΓface

out ίnteΓface

# DIiving-foIce output? ('dΓίv')

# Options: ουt_dΓίv_fΟΓce nο_οut~dΓίv fΟΓce

olJt dΓίv fOIce
# InteΓface ll10bility olJtput? ('ιl1υeS')

# Options: oUUl1obility ηο_olJUl1obility
ouUl1obility
# CUΓvatuΓe output? ('krUll1')
# Options: out_clJIvatuIe ηο οω CUΓvatuΓe

out cυΓvatuΓe

# InteIface velocity output? ('vel')
# Options: olJt_velocity ηο_olJt_velocity
out_velocity
# S110uld t11e gΓain-ti111e file be WΓίtten out?
# Options: tab_gΓains no_tab_gΓains

tab_gΓains

# S110u]d t]1e 'νοη NelJ111ann Mu]]ins' outPlJt be wntten οω?

# Options: tab_ν11l11 no_tab_ν11l11

tab V11l11

# S110υld t]1e 'gIain data ontPlJt' be WΓitten οω?

# Options: tab_gΓain_data no_tab_gι·ain_data

tab_gΓain_data

# ΤeΙl1ΡeΓatuΓe output?
# Options: olJt_tell1p
ηο_out_tell1p
# ReCΓΥsta]]ίsatίοn output? ('Γeχ')

# Options: ουt_ΓeCΓΥsta]] ηο_out_IecΓYsta]]

ουt_ΓeCΓΥstalJ

# RecγystaJlysed traction oυtput? ('TabR')
# Options:. tab_ΓeCΓΥstalJ nο_tab_ΓeCΓΥstalJ

tab_ΓeCΓΥstalJ
# ΜίlJeΓ-Ιndices olJtPlJt?
# Options: out_111i]]eJ"
ηο olJt ll1illeJ"
# OIientation outpl1t? (ΌΓie')

# Options: οut_ΟΓίentatίοn ηο oυt ΟΓίentatiοn

out oIientation
# S110υld t11e onentation-till1e file be WΓίtten out? ('TabO')
# Options: tab_ΟΓientatiοn nο_tab_ΟΓίentatίοn

tab oIientation
# S110uld ll1onitoiing olJtputs be WΓitten olJt? ('TabL')
# Options: tab_log [sill1lJlation till1e, s] [walJclock till1e, Ιl1ίη] ηο_tab_log
no_tab_log 0.5
#
# Ti111e input data
# =============
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# Finisl1 ίηρω of OUtpLlt ti111es (ίη seconds) 'IλIitl1 'end_of_sitnulation'
# 'ΓeguΙaΓΙΥ-SΡaced' outputs can be set wit11 ΊίηeaΓ_steΡ'

# ΟΓ ΊοgaΓίtl11ηίc_step' and tl1en specifying tl1e ίηCΓeιηeηt

# and end value
# ('autOlnatic_outpLJts' optionally fοlΙΟ\λred by tl1e nUJnbe!"
# of outupts can be used ίη conjuction 'IλIitl1 ΊίηeaΓ_fΓοn1_file')

linea!"_step 0.1 5
linea!"_step 1 20
ΙίηeaΓ_steΡ 5 100
ΙίηeaΓ_steΡ 1Ο 270
end of si111ulation
# Tilne-step?
# Options: (ΓeaΙ) autOlnatic [Ο<factΟΓ_Ι<=1] [0<=factΟΓ_2] [Iηax.] [l11in.]
# (Fix tiIηe steps: jnst ίηρω tl1e valne)
autOlnatic
# Coefficient [ΟΓ pl1ase-field CΓίteΓίοη 1.00
# NUlnbe!" of ίteΓatίοηs [ΟΓ initialisation?
5
#
# Pl1ase data
#=========
# UJnber of distinct solid pl1ases?
1
#
# Data fo!" pl1ase 1:
# -----------------
# Sitnulation of reCΓΥstaΙΙίsatίοηίη pl1ase Ι?

# Options: [ecrystall ηο_recγystall

recrystall
# ls p11ase 1 anisotIΌp?

# Options: isOtIΌpiC anisotropic faceted antifaceted
anisotropic
# CΓΥstaΙ sytnIηetry of tl1e pl1ase?
# Options: none xyz_axis cubic l1exagonal
cubic
# S110uld grains ofpl1ase Ι be [educed to categΟΓίes?

# Options: categΟΓίΖe no_categoιize

ηο_categΟΓίΖe

#
# ΟΓίeηtatίοn

# -----------
# How s11all grain Olientations be defined?
# Options: angle_2d
# euler ΖΧΖ

# angle_axis
# tniller indices
angle_2d
#
# Grain ίηρω

# ===========
# Type of grain positioning?
# Options: detenninistic [andOln [Γοη1 file
fIΌln file
# File [ΟΓ grain pIΌpeliies
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ΜίcrostΓuctuΓe 400 320.txt
# ΤΓeatΙ11eηt of data?
# (η: none, 1: 1D, f: Ωίρ (bott0111<->top), t: tIanspose,
# ΟΓ ρ: 'pl1ase to gι-ains tIansfoΓ1l1ation')

fp
# ΑηΖΧ fOI initial Ι11ίcrostΓUctΙ1Γe?

400
# ΑηΖΖ fOl" initial l11icrostΓιlctuIe?

320
# NUl11beI of gι-ains at tl1e beginning?
# (Set to less tl1an 1 to [ead frol11 input data,
# witl1 optionally a l11inil11al size, ίη cells)
-1
# Read gι-ain ΡroΡeΓtίes frol11 a file?
# Options: input fron1 file identical blocks
identical
# lnput data fOI gι-ain nUl11beI 1:
# Pl1ase nU111beI? (integeI)
1
# RecIystallisation eneIgy?
3.0000
# Rotation angle? [Degι-ee]

+25.0000
# 'Non-ge0111etIic' data fOI gι-ains 1 to 108 identical
#===================================================
# Data fOI fLJΓtl1eI nucleation
#===========================
# Enable fUΓtΙ1eΓ nucleation?
# Options: nucleation ηο_nucleation [veIboselno_veIbose]
nucleation
# Additional output fOI nucleation?
# Options: out_nucleation ηο_out nucleation
ηο out nucleation
#
# NUl11beI of types of seeds?
2
#
# lnput for seed type 1:
# ----------------------
# Type of 'position' of tl1e seeds?
# Options: bulk [egion interface trίple quadΓιlple [restΓίctίve]

interface
# Pl1ase of new gΓaίηs?

1
# RefeIence p11ase?
1
# Substrat phase [2nd pl1ase ίη ίnteΓface]?

# (set to 1 to disable t11e effect of substΓate CUΓvatuΓe)
1
# l11aXil11U111 nU111ber of new nuclei 1?
50
# GIain radius [l11ίCΓΟ111eteΓS]?

0.61000
# Cl10ice of gι-owtl1 l110de:

65



# Options: stabilisation analytical_CUΓvatuΓe
stabilisation
# cγitical ΓeCΙΎstal1isatiοn eneΓgΥ [J/cl11**3]?
2.8000
# Detenl1ination of nuclei ΟΓientatiοns?

# Options: ΓandOll1 fix Iange ΡaΓent_ΓeΙatiοn

IandOll1
# S11ield effect:
# S11ield til11e [s] ?
180.00
# Sl1ield distance [111iCΓΟl11eteΓS]?

1.7
# Input of l11inil11al and l11axil11al Iecγystal1isation eneIgy:
# (dG contIibution only if eneΓgΥ is Ο οη one side!)
# Minil11Ul11 οfΓeCΓΥstalΙisatiοn eneΓgΥ? [J/cl11**3]
0.0000
# Maxil11Ull1 of IecγystallisationeneΓgΥ? [J/Cl11** 3]
0.0000
# Nucleation Γange

# l11in. nucleation tel11peIatuIe fOl" seed type 1 [Κ]

630.0000
# l11ax. nucleation teΙ11ΡeΓatuΓe fOΓ seed type 1 [Κ]

700.000
# Til11e between cl1ecks fOl" nucleation? [s]
2.00000Ε-02

# S11al1 ΓandOll1 noise be applied?
# Options: nucleation noise ηο nucleation nOlse
ηο nucleation noise- -
#
# Input fOl" seed type 2:
# ----------------------
# Type of 'position' of tl1e seeds?
# Options: bulk Iegion inteIface tIiple quadγuple [ΓestΓictive]

tΓiΡΙe

# Pl1ase of new gΓains?

1
# RefeIence pl1ase?
1
# SubstΓat pl1ase [2nd pl1ase in inteIface]?
# (set to 1 to disable tl1e effect of sιιbstΓate CUΓvatuΓe)

1
# l11axil11Ul11 nUll1beΓ of new nnclei 2?
75
# GIain Iadius [l11iCΓΟl11eteΓS]?

0.910000
# Cl10ice of gΓowtl1 l110de:
# Options: stabilisation anaΙyticaΙ_CUΓvatιιΓe

stabilisation
# cγitical ΓeCΓΥstallisatiοn eneΓgΥ [J/Cl11**3]?
2.5000
# Detenl1ination of nuclei ΟΓientatiοns?

# Options: ΓandOll1 fix Γange ΡaΓent_ΓeΙatiοn

IandOll1
# Sl1ield effect:
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# SI1ield til11e [s] ?
250.0
# Sl1ield distance [Ι11iCΙΌΙ11eteΓS]?

2.00
# Ιnριιι of l11inil11al and l11axil11al ΓeCΓΥstaΙΙisatiοη eneΓgΥ:

# (dG cοnιΓibιιιiοn only if eneΓgΥ is Ο οη one side!)
# ΜίηϊΙ11υΙ11 οfΓeCΙ-ΥstalΙίsatίοn eηeΓgΥ? [J/cl11**3]
0.0000
# Maxi111ul11 of ΓeCΓΥstaΙΙisatiοneneΓgΥ? [J/C111* *3]
0.0000
# NιIcleation Γange

# Ι11ϊη. nιIcleation teΙ11ΡeΓatuΓe fOl" seed type 2 [Κ]

600.0000
# l11ax. nιIcleation teΙ11ΡeΓatuΓe fOl" seed type 2 [Κ]

750.000
# Til11e between cl1ecks fOl" nucleation? [s]
2.00000Ε-02

# SI1all ΓandOl11 noise be applied?
# Options: nucleation noise ηο nιIcleation nolse
ηο nucleation noise- -
#
# Max. nuι11beI" of Sil11ιIltaneousnucleations?
# ------------ ----------------------------
# (set to Ο fOl" autol11atic)
5
#
# S11a1l111etastable sl11all seeds be killed?
# ----- -- ----- ---- ---- -- ---- --------- ----
# Options: kilU11etastable no_kill_111etastable
kill 111etastable
#
# P11ase inteΓactiοn data
#======================
# Data fOl" p11ase ίnteΓactiοn Ο / 1:
# ---------------------------------
# Sil11ulation of inteΓactiοnbet~leen pl1ase Ο and Ι?

# Options: pl1ase_inteΓactiοn ηοYl1ase_inteΓactίοn
# [standaΓdlΡaΓticΙeyinning[_teΙ11ΡeΓatυΓe]Isolute_dΓaglΓedistΓibιιtiοn_contlΌl]

ηοYl1ase_inteΓactiοn
#
# Data fOl" pl1ase inteΓactiοn 1 / 1:
# ---------------------------------
# Sil11ulation of ίnteΓactίοnbetween pl1ase 1 and Ι?

# Options: pl1ase_inteΓactiοn ηοYl1ase_inteΓactίοn
# [standaΓdlΡaΓticΙeΥinnίng[_te111ΡeΓatuΓe] Isolute_dΓaglΓedistΓibutiοn_contlΌl]
p11ase_inteΓactiοn ΡaΓticΙeyinning
# Type of SUΓface eneΓgΥ definition between p11ases 1 and Ι?

# Options: constant tel11p_dependent
constant
# SUΓface eneΓgΥ between pl1ases 1 and Ι? [J/Cl11* *2]
1.08000Ε-04

# Type of 1110bility defιnition between pl1ases 1 and Ι?

# Options: constant tel11p_dependent dg_dependent
constant
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# Kinetic coefficient Ι11l1 berv.Ieen pl1ases 1 and Ι? [cl11**4/(Js)]
3.800000Ε-05

# cγjtical pinning force [l!Ι11ίcrOl11ereΓ]

0.9
# l11inil11all11obility [cll1**4/Js]
0.0
# Sl1alll11isorientation be cοnsίdeΓed?

# Optionen: misorientation ηο_ωίsοrientatίοn
Ιl1ίSΟΓίentatίοn

# Inpιιt of tl1e l11isorientation coefficient:
# Modification of SUΓface eneΓgΥ [ΟΓ 10w angle
# bOllndaries
# (l1111ltiplying factoI" to value [ΟΓ l1igl1 angle bοundaΓίes)

1.0000
# Modification Ofl110bility [ΟΓ low angle
# bΟllndaΓίes

# (l11υ1tiplying factoI" to vallle [ΟΓ l1igl1 angle bοundaΓίes)

1.00000
#
# ΒΟllndaΓΥ conditions
#===================
# Type of teΙ11ΡeΓatυre trend?
# Options: linear Ιίnear_fΓOl11 file profiles_frol11_file
linear
# Nuιl1ber of connecring points? (integer)
Ο

# Initial tel11perature at tl1e bottol11? (ΓeaΙ) [Κ]

723.15
# Τel11ΡeΓatυre gι"adient ίη Ζ-dίΓectίοn? [ΚICl11]

Ο.Ε+Ο

# Cooling rate? [ΚIs]

0.0000
#
# Options: 1110vίng_fΓaΙ11e nΟ_Ι110vίng_fΓan1e

ηο_l11oving_fral11e
# BOllndary conditions [ΟΓ pl1ase field ίη eacl1 dίΓectίοn

# Options: ί (insυlation) s (SΥΙ11111etΓίc) Ρ (ΡeιiοdίC/WΓaΡ-a1Όund)

# g (gι"adient) f (fixed) v.,ι (v.Ietting)
# Sequence: Ε W (Ν S, if 3D) Β Τ bοrdeΓS

1111
#
# Unit-celll11odel SΥΙ11Ιl1etΓίc witl1 ["espect to tl1e ΧΙΥ diagonal plane?
# Oprions: unίr_ceΙΙSΥΙ11Ι11 nO_lInit_cell_sYl11l11
no_unit_cell_sYl11111
#
# Otl1er nuι11erical ΡaraΙ11eteΓS

#==========================
# Pl1ase l11inill1Lll11?
lE-04
# ΙnteΓface tl1ickness (ίη cells)?
5.00
#
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