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Abstract

During directionalsolidification,the Mullins-Selerkaplanarcellularinstability shouldbe
subcriticalwhenk < 0.45 andlatentheatis ignored. However, takinginto accountboth
latentheatasthermalconductvities, achangen the behaior of thetransitionis predicted
Sample®f theAl —0.5wt.%Cu systemweredirectionallygrown undercontrolledcon-
ditions,to studytherolethatplaystheinstabilitiesin theprocesselativesto themicrostruc-
tureselectiorfor agivenvaluesof interfacevelocity, andthermalgradient.Usinganinter-
facequenchingechniqgueandmetallographi@nalysisin longitudinalandtrans\ersalcuts
of the sampleswe determinethe transitionmechanismbetweenthe different stagesof
growth, andassociatethemto the stability of the solidificationfront. We studythe planar
to a cellulartransitionin differentconditions foundthatelsethe solidificationparameters
arein a goodaccordwith the perturbationgheory whenanalyzingthe amplitudeof the
perturbationsluringtheplanaro acellulartransition thesametheoryis notableto predict
certainlythe critical wavelengthin this case.Also, we founda subcriticalbehaior during
thetransitionfrom aplanarto a cellularinterfacefor thediluted Al — Cu systemgdetecting
a hysteresibehaior for the amplitudeof the perturbationsvhenit is increasingandthen
decreasinghe interfacevelocity, throughthe threshold. In additionto that, we analyze
mthechangeof the microstructurdor differentinitial solidificationconditions
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| Intr oduction

Whena binary mixture is directionally solidified, a variety of differentpatternsarerevealed
[1, 2] in suchaway, diversemicrostructureouldappeai3]. Solidifying systemareextremely
interestingboth for technologicabndacademiaeasonsdueto (they) representonceptually
an exampleof self organizationsystemg4, 5]. However the underlyingmechanismsrenot

fully understood.

In a directionalsolidificationexperience a sampleof compositionCy is locatedbetweerntwo
thermalsourcespnegreaterandanothelessetthanthe melting point of themixture,imposing
athermalgradientinsidethespecimenThermalGradientsn solid andliquid, GsandG could
differ if thermalconductvitiesksandk, aredifferent.Now, we promoteavirtual displacement
betweerthe sampleandthe thermalfield, in sucha way (so) the interfacebetweensolid and
liquid follows suchmovement6, 7, 8]. Experimentallyit hasbeenfoundthatfor fixed G*

Traditional studieshadfocusedin symmetry surfaceanisotropiesand nearequilibrium pro-
cesses.

A linearstability analysisvasperformedoy Mullins andSelerka[9] which apportssome

2DGkk
~ |m[Ce (1=K) (1+n) KL — kDL
wherek is the partition coeficient of the binary alloy, D, is the diffusion coeficient of the
solutein the liquid, m is the liquidus slopein the equilibrium diagram,ks and Kk, are the
thermalconductvities of solid andliquid andGy is thetemperaturgradientin theliquid. For
this analisysthecritical wavelengthof thefirst neutrallystablemodeis givenby [9]:

Ve (1)

orkp2 \Y® 1 1
Ac = 2n< L ) (2)
mk-1)) cl32R

wherel” = yTy /L is acapillarycoeficientwith y theinterfacialenegy, Ty themeltingtemper
atureof the purematerialandL thelatentheat.

Eq. (1) isamodifiedform of the ConstitutionalSupercoolingriteriumby Tiller etal. [10] for
thelow speedangeof solidification.

In addition, it wasmanifestthanin organictransparensystemthe behaior could be different
thanin thin sampleg11].

Wollkind and Segel [12] carriedout a weakly non linear extensionof of the Mullins-Selerka
analysisngglectinglatentheatfor onedimensionaddeformationausinga perturbationexpan-
sion,whichgavealandauequatiorof motionfor theamplitudet 4 of amodewith wave number

q[13,14]:
dq

ot aOEq—alag—aZEg‘f‘--- 3)
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Figurel: Schematicepresentatioof a a) critical abdb) subcriticalbifurcation

In thelastequationthetermag is thelineargrowth ratecoeficientanda; is known asLandau
coeficient. So, Equation(3) predictsdifferenttypesof bifurcations,dependingon the signs
of ag anday: (i) agp < 0;a1 > 0: the planarfront is stable;(ii) ag > 0;a; > 0: the stationary
cellular deformationof amplitude(ao/al)l/2 is stable;(iii) ag < 0;a; < 0: theplanarfront is
stablebut unstableto finite amplitudedeformationsit is the subcriticalinstability case;(iv)
ap > 0;a;1 < 0: theplanarfrontis completelyunstableln theFigurelit is possibleto seesuch
differentbehaior, givenusacritical a) or a subcriticalb) bifurcation.

The calculationfor a; wasperformedoby Wollkind and Segel [12] for the onesidedmodelby

Langerand Turski [15] and Ungarand Brown [16] for the simetric modeland extendedby

Carolietal. [17] for thetwo sidedmodel,negglectinglatentheat.Alexanderetal. [18] pointed
thattheinclusionof latentheatresultsin a positive additionin the valueof a;, andtherefore
resultsin supercriticabifurcationsevenfor k valuedesseithan0.45[19]. A modifiedform for

a; wasgivenby MerchantandDavis [13, 14]

_1-n+17Yn-1)

A DA+ Or “)
where
1 kDL )
(k—1)(1+n)kLMCo
is alatentheatparameterand
_ YTmkV
= Lm(k — 1)CD ©
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is ascaledsurfaceenepy.

Themaximumpossiblehysteresis

2

a5 /4aos a 0

Avmaxz{ 1/0 o alio (7)
3 1

A numberof experiencehadbeendevelopedto testtheseaffirmations

Il Experimental

To studytheinstability of acrystal-melinterfacesoasthelongtermmicrostructureareneeded
two fundamentafactorsto betakenaccount.They are,avery precisdinearmotiondevice and
astabletemperaturgradient.The experimentalrragmentvasexplainin extensen [20, 21]

1.1 Device

Directionalsolidificationof the Al — 0.5wt.%Cu samplesvascarriedout in a Bridgman-like
apparatusA schematioview of this equipmentcanbe seenin the Figure2. The device con-
sistsof amobileverticalchamberfurnaceof aluminacore,wherehasbeenlocatedtwo heating
coilswith independentemperatureontrols,maintainedatfixedtemperaturesThisdisposition
bringsa thermalgradientinsidethe chamberwherewe placedthe specimenso be direction-
ally growth. Pulling systemof the furnacewasbasedn a steepemotorandagearbox, which
permitteda translationvelocity in the 0 — 10ums ! range. The displacemenvelocity was
measuredand controlledwith a linear variabledifferentialtransformer(LVDT) anda signal
conditioninginterface,and the datawas sentto a PersonalComputerwhich drivesthe mo-
tor. This schemegrovidesa very precisedisplacemenmmotion, resultingin a precisionof
+0.1pmst

Temperaturaneasurements the specimenweretaken usingtrans\erseCrNi-AINi thermo-
coupleswhich were madefrom 0.2mmdiameterwire, isolatedby using a ceramiccoating.
Temperaturelatawas collectedby using a dataacquisitionsystem,consistingof a 12 bits
accurag analogto digital corverterand a multiplexor-low noise differential programmable
preamplifier This assemblyalsopermitsthe cold junctioncorrectionto be carriedout. Setting
areademwindow in 400— 1000°C range the experimentalerrorwasestimatedn at + 0.5°C.
In our work, we fixed the thermalgradientat a valueof G_ = 2.5+ 0.5°Cmm 1, taking the
velocity asthe parametecontrolof the problem.Theinterfacevelocity wascalculatedn each
time from theprofile temperaturess. time obtainedthroughheatbalancesquations.
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Figure2: Schematicslrawing of the Directionalsolidificationapparatus.

1.2  Al—0.5wt.%Cu Alloy preparation

The alloy was preparedmelting purity 99.999% Al and addingthe requiredamountsof eu-
tectic Al — 33.2wt.%Cu, this work wasperformedundercontinuousAr atmosphereTo avoid
or minimize the micros@regationthe preingotsthey werecastin cylindrical quartztubesof
8mminternaldiameterby 250mmlong, directly from the melt by makinguseof a depression
of AmmHg. The quartztubeswereinternally coatedusinga basedyraphitepaint. Somesam-
plesweresectionecandwere chemicallyanalyzedusing X ray spectra-photometryPhysical
propertieof theusedsystemcanbeseenn Tablel
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Figure3: Sampleswith planarfront of solidificationa) Stablesituation;b) perturbationwhich
tendto grow atV¢ exp.

Il Resultsand Discussion

1.1 Planar interface instability

As anintroductionto the problem,were developedseveral runs aroundthe critical value at
whichtheplanarto cellulartransitionoccurs.We founda valueof V¢ gxp = 0.5+ 0.05 pumsL;
below this velocity valuethe microstructurevas planarand stable,while above this velocity,
the instabilitiestendto grow, ascanbe seenin Figure3 [8, 20]. In bothfigures,the crystals
weregrown from bottomto top, thelower partis theresultanhomogenousolid andtheupper
is thequenchediquid. Accordingto thelinear stability theorywe expecteda theoreticavalue
givenby eq. (1). In our casejt bringsathresholdvelocity of \Vic = 0.58[ums™Y], in suchaway
the experimentabbtainedvalueis in the sameorderthantheoreticabne.

1.2 Planar to cellular transition during dir ectional solidification

With this thresholdvalue, we designedexperiencesvhich startingwith a planarstablefront
at a velocity lesserthan\c andan increasingvelocity, promotingthe microstructurechange,

Tablel: Physicalpropertief Al-Cu Alloys for usein NumericalCalculations.

m 2.6 K (Wt%) *
k 0.14 ---

DL 3.010°° mPst

r 0.910°7 Km

L

Ks 210 W (mK)~1
KL 95 W (mK)~—1
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Figure4: Planarto cellullar TransitionatVCJFEXp.

endingabove the threshold. In this case theinitial velocity was0.1 ums™1, andestablishing
afinal velocity of 3 ums—1, therateof velocity changevasestimatedn 2+ 0.1-10~4 pms 2.
The microstructurevolvedfrom planarto cellularanddendriticat quenchingime. In Figure
4 canbeseernclearlythe planarto cellulartransition.For this case we determineda threshold
valuegivenbyvcf Exp = 0-57+0.05 ums 1, whichis abit greatethantheobtainedunderstable
growth conditions.

In the oppositeform, were madeexperiencesstartingfrom a velocity value greaterthan Vi
and cellular microstructurewith decreasingate of growth, looking for a planarfront of so-
lidification at velocity lesserthenVc. We beganstartingfrom a velocity of 3 pms—! andthen
decreasinghevelocity ataratethatwasestimatedn 3+ 0.1-10~4 pms—2 until afinal valueof
0.1ums™1. In thisfirst casetheinitial microstructurewhichwascomposedy dendriticcells
experiencea changeat a value of V(;"Exp = 0.3+ 0.05pums ™1, ascanbe seenin Figure5 a).
Thenwe repeatrom aninitial velocity of 2 pms* to 0.1 pms ! anda deceleratiorwhich was
estimatedn 1.8+ 0.1-10~*ums~2. Here,the cellularto planartransitionwasmorenotable,

ascanbeseenn Figure5 b).

b)

Figure5: Cellularto pIanaratVC_,EXp a)fromV ~ 5\, b) fromV ~ 2\f.
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Figure6: DeformationAmplitudevs. Interfacevelocity

Theresultscanbesummarizedby notingthatthetransitionthresholdshavs ahysteresibeha-
ior if thewavelengthof the perturbationsrerepresentedgainsthevelocity, if it is increasing
andthendecreasinghroughthe thresholdvalue\g, i. e. V&Exp < Vc,Exp ZV&EXp, ascanbe
seenin the Figure6. In the Figure,the arravs show the pathof bifurcation,from a planarto
acellularinterfaceasthe velocity is increasingandthe cellularto a planarinterfacewhenthe
velocity is decreasingassuminga subcriticaltransition[8, 20]. The completebehaior could
be understoodn the following way: whenthe systemstartfrom a planarinterfaceis valid the
useof arbitrarysmallperturbationsin suchaway thatthethresholds closerto thevaluegiven
by linearstability theory Closeto V¢ thereexist a setof wavenumbersvhich canbegrowv and
definea characteristispacing. This factis characteristiof a subcriticaltransition. Whenit
startfrom anexisting spacingthe hypothesiof smallperturbationso longerholdsbecausea
cellularstateis predicted.

For otherside,in accordto thelinear stability theory we expecteda critical wavelengthgiven
by eq. (2), whichin thiscasds A¢c ~ 520um Theexperimentalvavelengthof theperturbations
AcExp ~ 125um is belaw in afactorof 4.2. This factis in accordwith the suggestiormade
by Cheveigreé etal. [22] whompredictedarelationin therange4.5to 6 for therateAc/Ac exp.
In additionto that,basedn the comparisorbetweerthe capilarityandcompositioriength,the
authorsexpecta rangeof variationof approximately0.1\¢. In this work, we found a range
greatetthansuggestedy theauthord8, 20,21].
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Figure7: Stability map(Linearandmodifiednonlinear)

1.3 Lateral instabilities during the cellular growth

Oneof the mostsignificatve resultsin the cellular stageof growth arethe lateralinstabilities.
As thecellsbecomesnoredeepswith thevelocityincreasingthesolidificationshouldbe com-

pletedwith the lateralgrowth of the same.This situationpromotesa local unstablecondition,
dueto theinterfaceadvancesagainsta greatercompositionanda lesserthermalgradientthan
thesolidificationfront. In Figure8 it canbeseerthekind of instabilitiesthatwe couldobsene

on the cellularwalls. This situationwasnot presentin the casewheretherebeenprecipated
eutecticin the intercellularspacing. It is possibleto supposehat the eutecticgronth com-

sumesthe higher compositionof the remanentiquid, in sucha way that the lateral growth

becomestable.Thiskind of instabilitiesarevery importantat time of determinethe resultant
microsgregationmapasociateaf thebulk crystalinegrowth of alloy systems.

Figure8: View of alateralunstabilityin thecellularwall.
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IV  Conclusions

We have studiedexperimentallythe systemAl — 0.5wt.%Cu to determinethe behaior of the
interfaceduring the transitionfrom a planarto a cellularandfrom a cellularto a planarmor-
phology At first, whenthe velocity is increasingwe determinecthatthethreshold\/CJfEXp ap-
pearsat avaluevery closeto thatpredictedby thelinear stability criterium,Vc. At thisvalue,
the instabilitiesat the interfacegrow quickly, determininga spacingof the Ac gxp ~ 125um
approximatelyt.2timesbelow thetheoreticalvalueexpected At a decreasingnterfaceveloc-
ity, the thresholdappearsat a value lesserthan\, determininga hysteresidehaior for the
transition[8, 20,21]. With thisevidencewe canjustify thatthetransitionfor this systems sub-
critical, asexpected.Thethresholdvariationfoundwasgreaterthanthe 0.1V rangeproposed
theoreticallyby Cheveigre[22].
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