
Third Int. Conferene on Solidi�ation and Gravity, Miskol, Hungary, April 26{29, 1999.Two-phase modelling of mushy zone parametersassoiated with hot tearingIvar Farup and Asbj�rn MoSINTEF Materials TehnologyP.O. Box 124, BlindernN-0314 OsloNorwayKeywords: Hot tearing, Two-phase modelling, Solidi�ationAbstrat. A two-phase ontinuum model for an isotropi mushy zone is presented. Themodel is based upon the general volume averaged onservation equations, and quantitiesassoiated with hot tearing are inluded; i.e., after-feeding of the liquid melt due to solidi-�ation shrinkage is taken into aount as well as thermally indued deformation of thesolid phase. The model is implemented numerially for a one-dimensional model problemwith some similarities to the aluminium diret hill asting proess. The variation of somekey parameters whih are known to inuene the hot-tearing tendeny is then studied. Theresults indiate that both liquid pressure drop due to feeding diÆulties and shear stressdue to tensile deformation aused by thermal ontration of the solid phase are neessaryfor the formation of hot tears.1 IntrodutionHot tears are a ommon and serious defet enountered in both ferrous and nonferrous astings.It is generally aepted that hot tears start to develop in the mushy zone at a stage where thesolid fration is lose to one. Both Feurer [1℄ and Rappaz & al. [2℄ stated that hot tearing mightresult if the pressure in the liquid phase beomes so low that feeding of the total volumetrishrinkage beomes impossible. Pellini [3℄, on the other hand, stated that hot tearing will resultif the material is subjeted to a too high aumulated strain within the so-alled vulnerablepart of the solidi�ation interval, and Clyne and Davies [4℄ formulated a riterion based uponthe time spent in di�erent regimes of the solidi�ation interval. It is referred to Sigworth [5℄ fora more detailed review on work related to hot tearing.In aordane with these referenes, solidi�ation shrinkage leading to interdendriti meltow is one of the mehanisms assoiated with hot tearing. The other important mehanism isthermally indued deformation aused by non-uniform ooling ontration of the asting. Thismotivates for the new two-phase model of an isotropi mushy zone reently formulated by theauthors [6℄. In this model whih is based upon the volume averaged onservation equations [7℄,both the solid and liquid phases are free to move and interat, and the main fous is on theoherent part of the solidi�ation interval. The purpose of the present paper is to disuss somemodelling results obtained by this model.2 Mathematial modelThe simplifying assumptions in the new model are thoroughly outlined in ref. [6℄, and willnot be repeated here. Only a few remarks will be made onerning the di�erenes between the



Tab. 1. Summary of the mathematial modelConservation equationsMass: �(gs�s)�t +r � (gs�svs) = ��(gl�l)�t +r � (gl�lvl) = ��Energy: (gs�sCs + gl�lCl)�T�t + (gs�sCsvs + gl�lClvl) � rT =r � [(gs�s + gl�l)rT ℄ + L�Momentum: �glrpl �M+ gl�lg = 0plrgs �r(gsps) +r � (gs� s) +M+ gs�sg = 0RheologyNon-oherentpart of thesolidi�ationinterval: ps = pl Coherent mushyzone: ��s�t +r � (�svs) = 0� s = 0 �s��s = 3� s2��s��s =r23�s : �s��s =r32� s : � sgs��s = k(gs)��n(gs)sSupplementary relationsStrain rate: �s = 12(rvs + [rvs℄T )� 131r � vsMomentum transfer: M = g2l �(vl � vs)=K(gl)Lever rule: gl = �s(0 � kl(T ))0(�s � �l)� l(T )(�l � k�s) , l(T ) = (T � Tm)=mPermeatility: K = K0g3l =(1 � gl)2Nomenlatureg volume fration � interfaial mass transfer m slope of liquidus linev veloity M interfaial momentum transfer k partition oeÆientT temperature K permeability k(gl) reep law parameterp pressure K0 permeability onstant n(gl) reep law parameter� shear stress � mass density�� e�etive stress C heat apaity� strain rate � heat ondutivity index s solid�� e�etive strain rate L latent heat index l liquid� visosity g gravity index mp melting pointpresent model and two-phase models applied for other uid ow phenomena in the mushy zone.The equations of the model are summarised in Tab. 1.While the liquid density is onsidered onstant (free onvetion is beyond the sope of themodel), the solid density is taken to be a linear funtion of the temperature in order to introduethe thermal ontration. For thermally indued deformations in the solid, momentum transferdue to aeleration is negligible. This is learly also the ase for the momentum transfer inthe liquid when the mushy zone is oherent. Furthermore at small liquid frations, di�usionof momentum in the liquid phase is negligible ompared to the momentum transfer due to2



dissipative interfaial fores. This simpli�es the momentum equation for the liquid to yieldDary's law.While the interfaial liquid pressure an be set equal to the bulk liquid pressure (due to in-stantaneous pressure equilibration), a similar simpli�ation annot be made for the solid phase.This is beause an additional pressure an be transmitted through the oherent solid struture.Above the ohereny temperature the solidi�ed grains are assumed to move freely in the liq-uid, and it an be assumed that the pressure is equal in the two phases [7℄. Mehanially, thismeans that the solid struture poses no restrition against isotropi ompression/densi�ation.It should be noted that this does not neessarily mean that the veloities of the two phases arethe same, sine the solidi�ed grains an settle due to di�erenes in density. In the oherent partof the solidi�ation interval, this assumption is not valid sine an additional pressure an betransmitted through the solid phase. In the present work it is assumed that the oherent networkis inompressible and onneted in a manner suh that the thermal ontrations of the solidphase must be ompensated for solely by deformations of the solid struture. Mathematiallythis means that the solid phase must obey the single-phase ontinuity equation.In the (oherent) mushy zone, the thermally indued deformations (whih are assumed totake plae in the solid phase only) are taken to be inelasti. The volume averaged deviatorivisoplasti strain rate in the solid phase is then related to the deviatori stress tensor bythe Levy{Mises ow law, sine the material is assumed to be isotropi. Several authors havemeasured the rheologial behaviour in partially solidi�ed aluminium alloys, see, e.g., refs. [8{10℄.From these works, it seems reasonable to relate the e�etive stress of the solid phase to thee�etive strain rate by a reep law. In the present work, the reep law is hosen as a simplepower law.3 One-dimensional test problemConsider the one-dimensional stationary Bridgman-like asting proess shown in Fig. 1. At thebottom where the material is entirely solidi�ed, solid material is taken out at a onstant astingspeed. At this position, the solidus temperature is imposed as a boundary ondition. Melt witha temperature equal to the liquidus temperature ows into the domain at the top. Due tosolidi�ation shrinkage and ooling ontration of the solid phase, the vertial liquid veloityat the top is slightly higher than the asting speed. It is assumed that all transport phenomenaour in one diretion only, viz. along the axis of solidi�ation, and that the gravity an benegleted. This means, in addition to no heat extration in the horizontal diretion, that theontrating material is restrited from ontrating horizontally. Thus, stress will arise, tryingto tear the material apart along the axis.It should be noted that this simple stationary one-dimensional test problem has severalanalogies to the situation in the entre of a diret hill asting proess where the mushy zone isrestrited to move in the vertial diretion due to the presene of a solidi�ed shell surroundingthe solidifying region. Furthermore, if the sump is not too deep and urved in the entre, heatextration mainly ours along the axis.The one-dimensional equations have been solved for an Al4.5%Cu alloy under onditionsrelevant for the diret hill asting proess. The parameters given as input to the model for thisase are listed in Tab. 2. The resulting stress and pressure in the two phases are shown in Fig.2. The upper urve shows the e�etive stress in the solid phase whih dereases rapidly fromits value at the solidus to zero at ohereny. The absolute values of the pressures in the solidand liquid phases show a similar behaviour. In the region in the mushy zone where hot tearsmight form, i.e., at liquid frations between 0.01 and 0.1, the liquid pressure is lower than thesolid pressure. It is therefore reasonable to argue that hot tears do not form as a onsequene3
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Tab. 2. Input parameters for the default aseV = 10�3 m/s Casting speeda = 10�2 m Length of mushy zoneM = 5000 Number of nodesp0 = 0 Metallostati pressuregl;oh = 0:5 Liquid fration at ohereny�s = 0:0658 Solidi�ation shrinkage�T = �9 � 10�5 K�1 Thermal expansion0 = 0:045 Conentration of Cue = 0:33 Conentration at eutetik = 0:17 Partition oeÆientm = �339 K Slope of liquidus lineTmp = 933 K Melting point (pure Al)Te = 821 K Euteti temperatureCl = 1060 J/(kg K) Spei� heat in liquidCs = 1060 J/(kg K) Spei� heat in solid�l = 83 W/(m K) Heat ondutivity in liquid�s = 192 W/(m K) Heat ondutivity in solidL = 4 � 105 J/kg Latent heatof hydrostati depression only (although pore formation might be the result of the low liquidpressure). Instead, tensile stress is required, as pointed out by Campbell [11℄.The hot-tearing suseptibility is known to depend ritially upon the solidi�ation interval[2,4℄, the thermal ontration of the solid phase [3℄, the liquid fration at ohereny [12℄, and, inthe ase of diret hill asting, the asting speed. Case studies in whih these four parametersare varied have therefore been performed. Sine variations in these parameters a�et the hottearing tendeny, they should result in variations in key parameters, e.g., stress and pressure,in the present model. Following Clyne and Davies [4℄, the values of the stress and pressure ata \ritial point" in the mushy zone where the liquid fration equals 1% will be examined.Variations in the omposition of the alloy result in variations in the solidi�ation interval.Fig. 3 shows the e�et of varying the amount of opper in the binary Al{Cu alloy on the liquidpressure at the ritial point under otherwise idential asting onditions. The so-alled lambdaurve (see, e.g., refs. [2, 4, 11℄) is reprodued, indiating a peak in the pressure for a ertainalloy omposition at whih hot tearing is most likely to our. The e�etive stress and pressurein the solid phase is, on the other hand, not a�eted by the variations in omposition sine it ismainly a funtion of the ooling rate. This indiates that a suÆient drop in the liquid pressureis neessary for the formation of hot tears.When the same numerial experiment is performed on an arti�ial alloy whih is similar tothe Al{Cu system in all respets exept that there is no ooling ontration of the solid phase,nearly the same result is obtained in terms of the liquid pressure (dashed line in Fig. 3). In thisalloy, there is obviously no stress or strain in the solid phase whatsoever. One would thereforenot expet hot tearing, but instead porosity formation [11℄. A hot-tearing riterion based uponthe liquid pressure would, on the other hand, predit almost the same hot-tearing tendeny forthe two ases. This indiates that the liquid pressure drop annot onstitute the full basis fora hot-tearing riterion.When varying the asting speed, the e�etive stress in the solid phase and the pressure inboth phases at the ritial point varies as shown in Fig. 4. It is observed that the liquid pressureat the ritial point dereases rapidly with inreasing asting speed until a ertain point wherethe e�et suddenly stops. This is when the terms for onvetion and release of latent heatbeome dominating in the energy equation. It is also observed that the negative solid pressure4
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Fig. 2. Pressure and stress in the two phasesresulting from running the model on the defaultase plotted as a funtions of the position withinthe mushy zone.
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Fig. 3. Liquid pressure drop as a funtion ofomposition in a binary Al{Cu alloy for other-wise idential asting onditions (solid line), andfor the same system with no ooling ontrationof the solid phase (dashed line).
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