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Abstract

Duringdirectionalsolidification,theMullins-Sekerkaplanar-cellular instabilityshouldbe

subcriticalwhenk � 0 � 45 andlatentheatis ignored. However, taking into accountboth

latentheatasthermalconductivities,achangein thebehavior of thetransitionis predicted

Samplesof theAl � 0 � 5wt �%Cu systemweredirectionallygrown undercontrolledcon-

ditions,tostudytherolethatplaystheinstabilitiesin theprocessrelativesto themicrostruc-

tureselectionfor agivenvaluesof interfacevelocity, andthermalgradient.Usinganinter-

facequenchingtechniqueandmetallographicanalysisin longitudinalandtransversalcuts

of the samples,we determinethe transitionmechanismsbetweenthe differentstagesof

growth, andassociatesthemto thestabilityof thesolidificationfront. Westudytheplanar

to a cellulartransitionin differentconditions,foundthatelsethesolidificationparameters

arein a goodaccordwith the perturbationstheory, whenanalyzingthe amplitudeof the

perturbationsduringtheplanarto acellulartransition,thesametheoryis notableto predict

certainlythecritical wavelengthin thiscase.Also, we founda subcriticalbehavior during

thetransitionfrom aplanarto acellularinterfacefor thedilutedAl � Cu system,detecting

a hysteresisbehavior for theamplitudeof theperturbationswhenit is increasingandthen

decreasingthe interfacevelocity, throughthe threshold. In additionto that, we analyze

mthechangeof themicrostructurefor differentinitial solidificationconditions
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I Intr oduction

Whena binary mixture is directionallysolidified, a variety of differentpatternsarerevealed

[1, 2] in suchaway, diversemicrostructurecouldappear[3]. Solidifying systemsareextremely

interestingboth for technologicalandacademicreasons,dueto (they) representconceptually

anexampleof self organizationsystems[4, 5]. However the underlyingmechanismsarenot

fully understood.

In a directionalsolidificationexperience,a sampleof compositionC0 is locatedbetweentwo

thermalsources,onegreaterandanotherlesserthanthemeltingpointof themixture,imposing

athermalgradientinsidethespecimen.ThermalGradientsin solidandliquid, GS andGL could

differ if thermalconductivitiesκS andκL aredifferent.Now, wepromoteavirtual displacement

betweenthe sampleandthe thermalfield, in sucha way (so) the interfacebetweensolid and

liquid followssuchmovement[6, 7, 8]. Experimentally, it hasbeenfoundthatfor fixedG�
Traditionalstudieshadfocusedin symmetry, surfaceanisotropiesandnear-equilibrium pro-

cesses.

A linearstabilityanalysiswasperformedby Mullins andSekerka[9] whichapportssome

VC � 2DGkκL�
m
�
C∞ � 1 	 k 
 � 1 � n
 κL 	 kDL

(1)

wherek is the partition coefficient of the binary alloy, DL is the diffusion coefficient of the

solutein the liquid, m is the liquidus slopein the equilibrium diagram,κS and κL are the

thermalconductivitiesof solid andliquid andGL is thetemperaturegradientin theliquid. For

thisanalisys,thecritical wavelengthof thefirst neutrallystablemodeis givenby [9]:

λC � 2π
�

2ΓkD2
L

m� k 	 1
�
 1� 3
1

C1� 3
∞

1

V2� 3
C

(2)

whereΓ � γTM � L is acapillarycoefficientwith γ theinterfacialenergy, TM themeltingtemper-

atureof thepurematerialandL thelatentheat.

Eq. (1) is amodifiedform of theConstitutionalSupercoolingCriteriumby Tiller etal. [10] for

thelow speedrangeof solidification.

In addition, it wasmanifestthanin organictransparentsystemthebehavior couldbedifferent

thanin thin samples[11].

Wollkind andSegel [12] carriedout a weaklynon linearextensionof of theMullins-Sekerka

analysisneglectinglatentheatfor onedimensionaldeformationsusinga perturbationexpan-

sion,whichgaveaLandauequationof motionfor theamplitudeξq of amodewith wavenumber

q [13, 14]:
dξq

dt � a0ξq 	 a1ξ3
q 	 a2ξ5

q ������� (3)

22



VC

Aq

V V
  -

C V
  +

C

Aq

V

Figure1: Schematicrepresentationof aa) critical abdb) subcriticalbifurcation

In thelastequation,theterma0 is thelineargrowth ratecoefficientanda1 is known asLandau

coefficient. So, Equation(3) predictsdifferenttypesof bifurcations,dependingon the signs

of a0 anda1: (i) a0 � 0;a1 � 0 : theplanarfront is stable;(ii) a0 � 0;a1 � 0 : thestationary

cellulardeformationof amplitude � a0 � a1 
 1� 2 is stable;(iii) a0 � 0;a1 � 0 : theplanarfront is

stablebut unstableto finite amplitudedeformations,it is the subcriticalinstability case;(iv)

a0 � 0;a1 � 0 : theplanarfront is completelyunstable.In theFigure1 it is possibleto seesuch

differentbehavior, givenusacritical a) or asubcriticalb) bifurcation.

Thecalculationfor a1 wasperformedby Wollkind andSegel [12] for theonesidedmodelby

LangerandTurski [15] andUngarandBrown [16] for the simetricmodelandextendedby

Caroli etal. [17] for thetwo sidedmodel,neglectinglatentheat.Alexanderetal. [18] pointed

that the inclusionof latentheatresultsin a positive additionin the valueof a1, andtherefore

resultsin supercriticalbifurcationsevenfor k valueslesserthan0.45[19]. A modifiedform for

a1 wasgivenby MerchantandDavis [13, 14]

a1 � 1 	 n � I � 1 � n 	 1
� n � 1
 � 1 � I � 1 
 Γ (4)

where

I � 1 � kDL� k 	 1
 � 1 � n
 κLmC∞
(5)

is a latentheatparameter, and

Γ � γTmkV
Lm� k 	 1
 C∞D

(6)
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is ascaledsurfaceenergy.

Themaximumpossiblehysteresis

∆Vmax ��� a2
1 � 4a2s � a1 � 0

0 � a1 � 0
(7)

A numberof experienceshadbeendevelopedto testtheseaffirmations

II Experimental

Tostudytheinstabilityof acrystal-meltinterfacesoasthelongtermmicrostructuresareneeded

two fundamentalfactorsto betakenaccount.They are,averypreciselinearmotiondeviceand

astabletemperaturegradient.Theexperimentalarragmentwasexplain in extensein [20, 21]

II.1 Device

Directionalsolidificationof the Al 	 0 � 5wt �%Cu sampleswascarriedout in a Bridgman-like

apparatus.A schematicview of this equipmentcanbeseenin theFigure2. Thedevice con-

sistsof amobileverticalchamberfurnaceof aluminacore,wherehasbeenlocatedtwo heating

coilswith independenttemperaturecontrols,maintainedatfixedtemperatures.Thisdisposition

bringsa thermalgradientinsidethechamber, wherewe placedthespecimensto bedirection-

ally growth. Pullingsystemof thefurnacewasbasedin a steepermotorandagearbox,which

permitteda translationvelocity in the 0 	 10µms� 1 range. The displacementvelocity was

measuredandcontrolledwith a linear variabledifferential transformer(LVDT) anda signal

conditioninginterface,and the datawassentto a PersonalComputerwhich drives the mo-

tor. This schemesprovidesa very precisedisplacementmotion, resultingin a precisionof�
0 � 1µms� 1

Temperaturemeasurementsin the specimenweretaken usingtransverseCrNi-AlNi thermo-

coupleswhich weremadefrom 0 � 2mmdiameterwire, isolatedby usinga ceramiccoating.

Temperaturedatawas collectedby using a dataacquisitionsystem,consistingof a 12 bits

accuracy analogto digital converterand a multiplexor-low noisedifferentialprogrammable

preamplifier. Thisassemblyalsopermitsthecold junctioncorrectionto becarriedout. Setting

a readerwindow in 400 	 1000� C range,theexperimentalerrorwasestimatedin at
�

0 � 5 � C.

In our work, we fixed the thermalgradientat a valueof GL � 2 � 5 � 0 � 5 � Cmm� 1, taking the

velocityastheparametercontrolof theproblem.Theinterfacevelocitywascalculatedin each

time from theprofile temperaturevs. timeobtained,throughheatbalanceequations.
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Figure2: Schematicsdrawing of theDirectionalsolidificationapparatus.

II.2 Al � 0 � 5wt � %Cu Alloy preparation

The alloy waspreparedmelting purity 99 999% Al andaddingthe requiredamountsof eu-

tecticAl ! 33 2wt  %Cu, this work wasperformedundercontinuousAr atmosphere.To avoid

or minimize the microsegregationthe preingots,they werecastin cylindrical quartztubesof

8mminternaldiameterby 250mmlong,directly from themelt by makinguseof a depression

of 4mmHg. Thequartztubeswereinternallycoatedusinga basedgraphitepaint. Somesam-

plesweresectionedandwerechemicallyanalyzedusingX ray spectra-photometry. Physical

propertiesof theusedsystemcanbeseenin TableI
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a) b)

Figure3: Sampleswith planarfront of solidificationa) Stablesituation;b) perturbationwhich
tendto grow atVc " Exp.

III Resultsand Discussion

III.1 Planar interface instability

As an introductionto the problem,weredevelopedseveral runsaroundthe critical valueat

which theplanarto cellulartransitionoccurs.We foundavalueof VC " Exp � 0 � 5 � 0 � 05µms� 1;

below this velocity valuethemicrostructurewasplanarandstable,while above this velocity,

the instabilitiestendto grow, ascanbeseenin Figure3 [8, 20]. In both figures,the crystals

weregrown from bottomto top, thelowerpartis theresultanthomogenoussolidandtheupper

is thequenchedliquid. Accordingto thelinearstability theoryweexpecteda theoreticalvalue

givenby eq.(1). In ourcase,it bringsa thresholdvelocityof VC � 0 � 58 # µms� 1$ , in suchaway

theexperimentalobtainedvalueis in thesameorderthantheoreticalone.

III.2 Planar to cellular transition during dir ectionalsolidification

With this thresholdvalue,we designedexperienceswhich startingwith a planarstablefront

at a velocity lesserthanVC andan increasingvelocity, promotingthe microstructurechange,

TableI: Physicalpropertiesof Al-Cu Alloys for usein NumericalCalculations.

m 	 2 � 6 K � wt%
 � 1

k 0 � 14 - - -
DL 3 � 010� 9 m2s� 1

Γ 0 � 910� 7 K m
L
κS 210 W � mK
 � 1

κL 95 W � mK
 � 1
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Figure4: Planarto cellullarTransitionatV %C "Exp.

endingabove the threshold.In this case,the initial velocity was0 � 1 µms� 1, andestablishing

a final velocityof 3 µms� 1, therateof velocitychangewasestimatedin 2
�

0 � 1 & 10� 4 µms� 2.

Themicrostructureevolvedfrom planarto cellularanddendriticat quenchingtime. In Figure

4 canbeseenclearlytheplanarto cellulartransition.For this case,we determineda threshold

valuegivenbyV %C " Exp � 0 � 57
�

0 � 05µms� 1, whichisabit greaterthantheobtainedunderstable

growth conditions.

In the oppositeform, weremadeexperiencesstartingfrom a velocity valuegreaterthanVC

andcellular microstructurewith decreasingrateof growth, looking for a planarfront of so-

lidification at velocity lesserthenVC. We beganstartingfrom a velocity of 3 µms� 1 andthen

decreasingthevelocityataratethatwasestimatedin 3
�

0 � 1 & 10� 4 µms� 2 until afinal valueof

0 � 1 µms� 1. In thisfirst case,theinitial microstructure,whichwascomposedby dendriticcells

experiencea changeat a valueof V �C "Exp � 0 � 3 � 0 � 05µms� 1, ascanbe seenin Figure5 a).

Thenwerepeatfrom aninitial velocityof 2 µms� 1 to 0 � 1 µms� 1 andadecelerationwhichwas

estimatedin 1 � 8 � 0 � 1 & 10� 4 µms� 2. Here,thecellular to planartransitionwasmorenotable,

ascanbeseenin Figure5 b).

a) b)

Figure5: Cellularto planaratV �C "Exp a) fromV ' 5VC, b) from V ' 2VC.
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Figure6: DeformationAmplitudevs. Interfacevelocity

Theresultscanbesummarizedby notingthatthetransitionthresholdshowsahysteresisbehav-

ior if thewavelengthof theperturbationsarerepresentedagainstthevelocity, if it is increasing

andthendecreasingthroughthe thresholdvalueVC, i. e. V �C " Exp � VC " Exp I� V %C " Exp, ascanbe

seenin theFigure6. In theFigure,thearrows show thepathof bifurcation,from a planarto

a cellular interfaceasthevelocity is increasingandthecellular to a planarinterfacewhenthe

velocity is decreasing,assuminga subcriticaltransition[8, 20]. Thecompletebehavior could

beunderstoodin thefollowing way: whenthesystemstartfrom a planarinterfaceis valid the

useof arbitrarysmallperturbations,in suchawaythatthethresholdis closerto thevaluegiven

by linearstability theory. Closeto VC thereexist a setof wavenumberswhichcanbegrow and

definea characteristicspacing.This fact is characteristicof a subcriticaltransition. Whenit

startfrom anexistingspacing,thehypothesisof smallperturbationsno longerholdsbecausea

cellularstateis predicted.

For otherside,in accordto thelinearstability theory, we expecteda critical wavelengthgiven

by eq.(2),whichin thiscaseis λC � 520µm� Theexperimentalwavelengthof theperturbations

λC "Exp � 125µm, is below in a factorof 4 � 2. This fact is in accordwith thesuggestionmade

by Cheveigńeetal. [22] whompredicteda relationin therange4.5to 6 for therateλC � λC "Exp.

In additionto that,basedin thecomparisonbetweenthecapilarityandcompositionlength,the

authorsexpecta rangeof variationof approximately0 � 1VC. In this work, we found a range

greaterthansuggestedby theauthors[8, 20,21].
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Figure7: Stabilitymap(Linearandmodifiednonlinear)

III.3 Lateral instabilities during the cellular growth

Oneof themostsignificative resultsin thecellularstageof growth arethelateralinstabilities.

As thecellsbecomesmoredeepswith thevelocityincreasing,thesolidificationshouldbecom-

pletedwith thelateralgrowth of thesame.This situationpromotesa local unstablecondition,

dueto theinterfaceadvancesagainsta greatercompositionanda lesserthermalgradientthan

thesolidificationfront. In Figure8 it canbeseenthekind of instabilitiesthatwecouldobserve

on the cellular walls. This situationwasnot presentin the casewheretherebeenprecipated

eutecticin the intercellularspacing. It is possibleto supposethat the eutecticgrowth com-

sumesthe highercompositionof the remanentliquid, in sucha way that the lateralgrowth

becomesstable.This kind of instabilitiesarevery importantat time of determinetheresultant

microsegregationmapasociatedof thebulk crystalinegrowth of alloy systems.

Figure8: View of a lateralunstabilityin thecellularwall.
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IV Conclusions

We have studiedexperimentallythesystemAl 	 0 � 5wt � %Cu to determinethebehavior of the

interfaceduring the transitionfrom a planarto a cellularandfrom a cellular to a planarmor-

phology. At first, whenthevelocity is increasing,we determinedthat thethresholdV %C "Exp ap-

pearsat a valuevery closeto thatpredictedby thelinearstability criterium,VC. At this value,

the instabilitiesat the interfacegrow quickly, determininga spacingof the λC " Exp � 125µm,

approximately4.2timesbelow thetheoreticalvalueexpected.At adecreasinginterfaceveloc-

ity, the thresholdappearsat a valuelesserthanVC, determininga hysteresisbehavior for the

transition[8, 20,21]. With thisevidencewecanjustify thatthetransitionfor thissystemis sub-

critical, asexpected.Thethresholdvariationfoundwasgreaterthanthe0 � 1VC rangeproposed

theoreticallyby Cheveigńe [22].
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