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Experimental and numerical modeling of segregation in metallic alloys
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Abstract

Electromagnetic levitation has been used as anriexgetal technique to investigate the
effect of nucleation and cooling rate on segregaéind structure formation in metallic alloys. The
technique has been applied to spherical aluminupp&oalloys. For all samples, the primary phase
nucleation has been triggered by contact of théatd droplet with an alumina plate at a given
undercooling. Based on the recorded temperatureesuthe heat extraction rate and the nucleation
undercooling for the primary dendritic and the setayy eutectic structures have been determined.
Metallurgical characterizations have consisted ofngosition measurements using a scanning
electron microscope (SEM) equipped with energy elisipe X-ray spectrometry and analysis of
SEM images. The distribution maps drawn for the position, the volume fraction of the eutectic
structure and the dendrite arm spacing reveal gtomrelations. Analysis of the measurements
with the help of a Cellular Automaton (CA) - Finidlement (FE) model is also proposed. The
model involves a new coupling scheme between theaB4 the FE methods together and a
microsegregation model accounting for diffusion time solid and liquid phases. Extensive
validation of the model has been carried out detnatisg its capability to deal with mass
exchange inside and outside the envelope of a ggopiimary dendritic structure. The model has
been applied to predict the temperature curve,stggegation and the eutectic volume fraction
obtained upon single grain nucleation and growmtmfthe south pole of a spherical domain with
and without triggering of the nucleation of the npairy solid phase, thus simulating the
solidification of a levitated droplet. Predictiopermit a direct interpretation of the measurements.
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Introduction

In the last two decades, numerical modeling of soédification of metallic alloys has
received great interest [1]. One of the main objest is to achieve maximum control of the
structure and segregation formed upon the solatifim processes. Confrontation of such models
with measurements is yet rarely completed due ¢odifficulty to defined model experiments in
metallic alloys. Containerless techniques offer advanced control since various degrees of
nucleation undercooling can be achieved. In addittbe cooling rate, the system geometry and
shape (generally spherical), the limited tempeeamradient, and the low variation of the heat
extraction rate throughout the entire surface efdfistem within the solidification interval define
suitable experimental model for equiaxed solidifima. In the recent past, the atomization process
was first proposed by Heringer el al. as an expamtiad model for the study of segregation induced
by equiaxed growth [2]. Prasad et al. extractedata cset from several atomization runs of
aluminum (Al) - copper (Cu) alloys consisting of ray tomography, neutron diffraction and
stereology [3, 4]. However, measurements of thdeation undercooling of the primary dendritic
and secondary eutectic structures were not diregtigilable and had to be estimated from
measurements using electromagnetic levitation obpléts [4]. ElectroMagnetic Levitation
(EML) is also a containerless technique that casd®sn as a model experiment for the atomization
process [4]. Thanks to its combination with situ temperature measurements, it can be used to
collect information such as the cooling rate ptimrand during solidification and the nucleation
undercooling of the structures. In the work by Garet al., an analytical segregation model for the
prediction of the temperature evolution upon priyndendritic and secondary eutectic growth was
developed [4]. Good agreements were found betweemieasurements and the simulations of the
final amount of the eutectic structure in Al-Cugh processed by EML, thus identifying the role of
the eutectic recalescence. Similarly, Kasperovicil.eapplied different solidification techniques t
study segregation in an Al - 4 wt% Cu alloy, inchglEML [7].

Analytical and numerical models for diffusion bassehregation have been developed, a
review of which can be found in Reference 1. Basethe work by Rappaz and Thévoz [8], Wang
and Beckermann developed an analytical multiphasétistale segregation model for both
columnar and equiaxed solidification [9]. They seeted to predict the effect of back diffusion in
the solid at low cooling rate as well as the effgictiendrite tip undercooling at high cooling rate.
This model was used by Martorano et al. [10] talgtihe columnar-to-equiaxed transition based on
a solutal interaction mechanism between the twangs#tuctures. The growth kinetics of the
dendrite tips being a function of the local supensgion of the extradendritic liquid, the velocaf
the columnar structure was found to vanish uporwtrcof the equiaxed grains. Gandin et al.
extended the segregation model by taking into auctine nucleation and growth of the eutectic [4]
and peritectic structures [11] while removing theswamption of a uniform composition of the
interdendritic liquid, i.e. the liquid located idsi the grain envelope that defines the mushy
zone [11]. The estimation of the diffusion lengththe extradendritic liquid (located outside the
grain envelope) was approximated by an analyticamélation based upon a steady state
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assumption. Heringer et al. developed a numeriaalahfor equiaxed growth, in which both heat
and solute diffusions were numerically calculatgld However, diffusion in the solid was neglected
and no solutal interaction was accounted for, th@wvth kinetics being only a function of the
nominal composition of the alloy. A more sophistizhapproach based on the Cellular Automaton
(CA) - Finite Element (FE) model [12] was recentipposed by Guillemot el al. for the prediction
of grain structure and segregation formed duririgliication processes [13]. The heat and solute
mass transfers at the scale of the ingot were raddeting the FE method. Coupling with the CA
method permitted the integrations over time andcepaf the physical phenomena that govern
solidification, such as the nucleation and growitthe primary dendritic solid phase and the grain
movements. This was done at the scale of the defised by a regular square lattice or CA grid
superimposed onto the static FE mesh. Its appdicatet remains limited by the use of a simple
mass balance for each cell (lever rule approximatiwhen coupling with macrosegregation
induced by natural convection due to buoyancy farce

From the experimental viewpoint, EML is the techugqused hereafter to study the effect of
triggered nucleation on the solidification of Al-Gilloys. Metallurgical characterizations are
performed to construct the distribution maps of #8werage composition of copper, the volume
fraction of the eutectic structure and the dendait@ spacing. Regarding numerical modeling, the
development of a CAFE model is considered, wittative advanced segregation model integrated
in each cell. A parametric study is achieved, thehonstrates the model capabilities compared to
previous approaches to model solidification whicaunting for the mass exchange with an
extradendritic liquid. The model is then appliedtih@ solidification of the Al-Cu samples with
spontaneous [4] and triggered nucleation.

Experimental

A detailed description of the EML technique canfbend in Reference 14. Samples, with
typically 0.2 g in mass, were prepared from pure (89.9999 %) and Cu (99.999 %). The
compositions were selected as 4, 14 and 24 wt%oClafer comparison with previous published
work [4]. The magnetic field was used to levitate sample under a low gas pressure of about
40-50 mbar He that was maintained during the whol@i$ichtion process. The levitated sample
was then cooled by reducing the power of the méagrfetld. Solidification was triggered by
bringing an alumina plate into contact with thetbot surface of the droplet. Once solidified, the
metal consisted of an approximately spherical va@umith a diameter close to 5.3 mm. During the
experiments, temperature histories were recordeéagus pyrometer located at the top of the
levitated droplet, i.e. opposite to the triggerihgyice with respect to the droplet. Precision with
such a pyrometer is only + 5 K. Moreover, the terapge signal is affected by a noise which could



be attributed to the translations and rotationsheflevitated samples as well as to the pyrometer
sensitivity. More details on the experimental pohae are given in Reference [4].

Modeling

The two dimensional (2D) FE method is used to stieconservation equations for energy
and solute mass averaged over a representativeam volume containing a mushy zone, i.e. a
mixture of the solid and liquid phases [15, 16]sltoupled with a CA method for the modeling of
the solidification structure as originally propodeg Gandin and Rappaz [12, 13]. In this section,
only extensions are presented, consisting of teeofisin adaptive remeshing technique to compute
macrosegregation at the scale of the FE mesh, mseigregation model for the cells of the CA grid
and a coupling scheme between the CA and the FEooet

Macroscopic heat and solute flows
The solid and the liquid phases are assumed to ¢t@vs&tant and equal densities. Hence in a
pure diffusion regime, the average energy consiervaan be written as follows:

Erreur ! (1)

where <H> is the average enthalpy per unit volumés the temperature and t is the time. The
average thermal conductivity,kx, is taken as a constant in the following. Furthesuming
constant and equal values of the specific heathiiliquid and the solid phases,, ©ne can write
<H>=CG T+ d L, where L denotes the latent heat of fusion pet wolume and Gis the volume
fraction of the entire liquid phase. The averagéhapy is chosen as the primary unknown in
Equation 1. The solution of this non-linear equatis obtained by using a Newton-Raphson
procedure, which necessitates calculating the dviy 0H, /0T, at each node n of the FE
mesh [16].

With a fixed solid and no liquid convection, theeeage conservation equation of a solute
element writes [15]:

Erreur ! (2)

where <w> is the average composition of solute @nt is the average composition of solute in
the entire liquid phase. Diffusion in the solid pbas neglected at the scale of the FE mesh because
the ratio of the diffusion coefficient in the solihase, B} over the diffusion coefficient in the
liquid phase, B is of the order of 18 for metallic alloys. The primary unknown considkrie
Equation 2 is the average composition of solutez <fhe average composition of the whole liquid



phase is eliminated following the work by Prakasid &oller who introduced a split operator
technique with an Euler backward scheme [17].

Mesh adaptation

The FE mesh adaptation approach initially propdseéfortin [18] and developed by Alauzet
and Frey [19] has been integrated in the FE methodonsists of a minimization method that
evaluates the mesh size required to access a givenfor a chosen field of the FE solution. The
main idea is that the mesh size can be controlied ldirectional error estimator based on the
recovery of the second derivatives of the FE sofubf the selected scalar field [18, 19, 20]. This
strategy is known as the Hessian strategy. Thei&tesahich is the tensor of the second spatial
derivatives, can be computed for any scalar comptasfethe FE solution. As shown in the previous
references, this directional information can bevested into a mesh metric field which prescribes
the desired element size and orientation to satésfy objective prescribed error level. The
implementation of this technique can be found irfeRmnce 20. For the present application, the
average composition was selected to track the esdield as well as to maintain the segregation
pattern after completion of solidification. The @wand Coupez [21] unstructured and anisotropic
mesh generator with adaptation has been used &rajerthe FE mesh.

Solidification path

Figure 1(a) gives a schematic presentation of tmgpled CAFE model. The continuous
domain is divided into a FE mesh using coarse gieto solve the average conservation equations
at the macroscopic scale. A regular lattice of fagrares defining the cells of the CA grid is
superimposed onto the FE mesh. Eachwcédicated in an element F is uniquely defined by the
coordinates of its center, C Linear interpolation coefficients,“i'EV, are defined between each
node RF (i=[1, 3]) defining element F and the cell A variable defined at the nodes, such as the
average enthalpy {4,,>} or the average composition {s}, can thus be used to calculate an
interpolated value at a given cellrespectively<H,,> or <w,,>. Similarly, information computed
onto the CA grid can be projected onto the FE mMisitleation and growth algorithms previously
designed to track the development of the grain lepes are used hereafter and will not be
reviewed [13]. Upon cooling, when the nucleatioentooling prescribed in a cellis reached, an
equilateral quadrangular surface is defined with denter G, located at cell center C,An
orientation® with respect to the (x, y) frame of coordinatethisn assigned to the cell, that defines
the main growth directions of the dendritic struefu.e. the <10> crystallographic directions for
cubic metals. lllustration of such a growth shap@riesented in Figure 1(b). The cell is then in a
mushy state, i.e. formed by a mixture of the primdendritic solid phase, s, and the interdendritic
liquid phase, d. The mushy zone volume fractiongassl to each cell, g“,vzgS,V+gd,v, is defined
as the volume fraction of the solid phase %, glus the interdendritic liquid phase d\,glt is
estimated by the half diagonal of the equilatetsdyangle divided by its maximum extensidiy R
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:g", = R,/R',. The final radius associated to ceJlR,, is defined as the spatial limit for the
growth of the equilateral quadrangular, which ighef order of several secondary arm spacings. In
the case of a dendritic structure, this limit isogbn proportional to the primary dendrite arm
spacing, R,=\,/2. This distance depends on the local thermalignaénd can fluctuate during the
solidification process. For the present study &ssumed constant and the same strategy is chosen
for columnar and equiaxed grains.

W1

The average enthalpy, ¥ and solute composition, w;, at the FE node n being deduced
from the solution of Equations 1 and 2, conversians required into a temperature,, Tand a
fraction of solid, §,. Instead of applying a solidification path at tRE nodes [15, 16], the
conversions are first carried out for each CA edlb compute the temperature,,Tand fraction of
solid, g,,, from the interpolated enthalpy, s+ and average composition, sw The fields at the
CA cells are finally projected back to the FE nofe3]. By definition and the use of equal and
constant densites in all phases, one can writeS, +gf,+d,,=1 and
<w,> = ¢, <ws,>5, + o, <wd >4+ d, <w', >, A microsegregation model is required to model th
time evolution of the average volume fraction anthposition of the solid phase S, gw®,>%, the
interdendritic liquid phase d,%g<w?,,>%, and the extradendritic liquid phase ', g~',,>',. The
corresponding mass balances are derived as ars@xiesf the Wang and Beckermann analysis [9].
Mass exchanges are considered between the sols@ @imal the interdendritic liquid phase through
the interfacial area concentratioS as well as between the interdendritic liquid ghasd the
extradendritic liquid phase through the interfagieéa concentration®S, while the mass between
the solid phase and the extradendritic liquid phaseglected:

Erreur ! =Erreur ! +Erreur ! Erreur ! 3)
Erreur ! =-Erreur ! -Erreur ! -Erreur  Erreur ! -Erreur ! Erreur ! + Erreur ! (4)
Erreur ! =Erreur ! +Erreur ! Erreur ! + Erreur ! (5)

where Wi‘, is the average composition of the solid phaseest interface and'ly is the average
composition of the liquid phases at the Id intezfaSolute profiles are assumed in the solid phase
and in the extradendritic liquid phase, respeciviiaracterized by the diffusion lengthi4, land

I'“,,. The expressions for the interfacial area conatiotis and the diffusion lengths, derived with
the same assumptions as in the appendices of Reéx® and 10, are provided in Table 1.
Complete mixing of the interdendritic liquid comgasn and continuity of the composition at
interface Id are assumed“y=<w?, >% together with equilibrium at the sd interface.u$hat
temperature J, readings of the liquidus and solidus curves @& #guilibrium phase diagram
respectively give <f,>% and w . With k is the partition ratio, one can also writ&, = k <w?, >

For each phasa, the time derivative of the volume fractiadg®, /0t , can be written as a
function of the interfacial area concentratioff,Sand the normal velocity of the3 interface, °,,
, as SP VB =g, /ot = -agP, /ot with (a,B)={(s, d), (I, d)}. The volume fraction of the
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interdendritic liquid phase and the external ligplthse are respectively defined and computed as
g%, =4d", -, and g, =1-d",. The growth rate of the mushy zog", /t, is calculated with

the growth rates of the half diagonal of the rhomburface, %,=0R®, /dt. This is done assuming a
dendrite tip growth kinetics model [24]:

Erreur ! =Erreur ! (6)

Erreur ! (7

wherer is the Gibbs-Thomson coefficient,Iis the inverse of the Ivantsov function [28],is a
stability constant taken equal to It [24], Q, is the local supersaturation defined at the tig of
growing dendrite located at the growth front, between the mushy zone and the extradendritic
liquid. The local supersaturation in Equation (8) defined as the deviation of the liquid
composition at the dendrite tip,'sw, from the composition far away from the dendripe Erreur !,

i.e. in the extradendritic liquid, normalized byethomposition jump between the liquid phase and
the solid phase, W, (1-k). Further neglecting the curvature underauaglithe liquid composition at
the dendrite tip can be approximated by the equulib composition, \H,V. Dendrite tip models
assume steady state growth of the microstructuaninindercooled liquid with an initial uniform
composition taken equal to the nominal alloy conitpms Erreur !. However, in order to account
for the solutal interactions between grain bouretariVang and Beckermann and Martorano et al.
choose to use the value of the liquid compositivaraged over the extradendritic domain that
remains in a predefined grain envelop))'; [9, 10]. Several strategies will be tested laterthe
determination oErreur !.

The source terms in Equations (4) and ¢, with a = {d, I}, account for the solute mass
exchange of the cell with its surrounding. According to the solute megsservation written at the
macroscopic scale, Equation (2), solute exchangedam cells is only based on diffusion in the
entire liquid f, i.e. through the interdendritigliid phase d and through the extradendritic liquid
phase |. By summing up’go,, and g, ¢,",, we obtain the equivalent terms at the scale ef th
CA model of the solute diffusion terni)- (g D' O<w/,>"), computed by the FE model and
interpolated at celt. The relative portionsy,”, and ¢, can be quantified by introducing a
partition ratio for diffusion in the liquidsy = ," /o, . The following correlation is proposed as a
function of the volume fraction of the interdendritiquid phase and the extradendritic liquid

phaseED' = d!v / (d wt gd!v)'
Finally, the microsegregation model requires allbeat balance for cell:

Erreur ! =Erreur ! -Erreur ! (8)

Equations (3) to (8) constitute a complete systémiféerential equations with the four main
unknowns <w,,>5, ¢°,,, <w,,> and T. A splitting scheme is applied to the differentgjuations,
together with a first order Taylor series. An itera algorithm is implemented to calculate the
system solution. Once the prescribed growth tentpexaof the eutectic structure is reached, a
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simple isothermal transformation is assumed. Ordydtion (8) is then solved considering no
temperature variation over time and simply adjustihe fraction of solid with the variation of
enthalpy up to completion of the solidification [].

CAFE coupling scheme
The main steps of the implemented coupling schemasfollows:

sl1- FE mesh and CA grid initializationg/hile the CA grid is fixed, the FE mesh is addpte
as explained above. Based on the current FE tatienll each celV is located inside a
unique mesh F defined by its node5 (i=[1, 3]). This is done based on the positioriref
cell center G,. Subsequently, the linear interpolation coefﬁd:i;eé‘i’F,\, are evaluated. All
fields computed at the CA cells <€,>, are then projected to the FE nodes§><{13].
This procedure is equivalent to a transport fromdld mesh to the new one, but with the
advantages to give more accuracy and to keep tensisbetween fields at the level of
the two tessellations.

s2- FE solutionEquations 1 and 2 are solved, thus giving theldiglt the FE nodes n for the
average enthalpy, <H, and composition, <y.

s3- Interpolation onto the CA gridthis step permits the interpolation on the CA griidhe
fields computed on the FE mesh, thus accessingi{o and <w>.

s4- CA calculationsNucleation, growth and microsegregation of a digiedmushy zone are
simulated using Equations (3) to (8) to computddfieat the CA cellsy such as the
average composition in the solid, ¥w®, the volume fraction of solid,’g, the average
composition of the extradendritic liquid, &w' and the temperature, ,.T The
derivative,d<H,>/0T,, is also computed.

s5- Projection onto the FE mesAll fields at the CA cells are projected back otite FE
mesh.

s6- Loop on time stepAchieved by going back to s1-.

Comparison with literature

This section presents simulations for Al - 4 wt% & Al - 10 wt% Cu alloy alloys with the
objective to conduct comparison with previous modeVeloped for equiaxed solidification. The
following approximations are considered:

al- Geometry and nucleatiorSimulations are carried out on a quarter disk gegmof
radius R with axisymmetrical conditions with resptrits two perpendicular rectilinear
edges. Location for nucleation of the primary salidicture is imposed at the corner of
the simulation domain where the two perpendicidatiinear edges intersect.



a2- Heat transfer Heat exchange on the spherical boundary of tbelelr follows a global
heat balance defined by an extraction rate,.qA Fourier boundary condition is
assumed, defined by constant values for the heasfer coefficient, [, and for the
temperature, I, such that ¢, = . (T - Tey)-

a3- Alloy. Linear monovariant lines of the phase diagram agsumed, that delimit the
equilibrium domains of the mushy zone from theyflijuid and the fully solid ones. The
phase diagram is thus defined the liquidus slope,the segregation coefficierk, the
eutectic temperature clthe eutectic composition,gvand the liquidus temperature of the
alloys, T, for each alloy composition,jw

a4- Nucleation undercoolingThe nucleation undercooling of the primary soltdusture,
AT\, and the eutectic structurAT, 5, are respectively prescribed with respect to the
liquidus temperature of the alloy, ;Tand the eutectic temperature,-T

ab- Growth.The grain is assumed to be spherical in shapegfdwth rate is still calculated
as a function of the supersaturation using Equat{éh and (7). In the following,
Erreur ! will be taken equal to the average compositiotthef external liquid phase [9,
10], (W'Y 5, the nominal composition of the alloy [2],vor the average composition of
the cell [13], <w>.

The first test case follows the study by Heringeale[2]. The simulation is carried out for a
250 um diameter droplet produced by impulse atomizatbran Al-10 wt% Cu alloy. Primary
solidification is assumed to start 30 K below thguidus temperature. The goal of the test is to
compare the predicted composition profiles wittiia troplet. The mushy zone growth rate is thus
computed with a supersaturation defined by theainiélloy compositionErreur '=Erreur !, as
was the case in Reference 2. A summary of the palyand numerical simulation parameters are
listed in Table 2. Figure 2 shows the model préatist when the volume fraction of the mushy zone
in the droplet reaches 0.64. The triangular elemere displayed in Figure 2(a), while the
temperature, average solute composition and voluawtion of solid are displayed in Figure 2(b),
2(c) and 2(d), respectively. The location wherefthetion of solid drops to zero is made accessible
in Figure 2(b). It compares favorably with the piosi of the thick black line drawn on top of the
FE mesh in Figure 2(a), the latter being deducednfthe CAFE simulation by drawing the
boundary between growing mushy cells and the ligeits. Figure 2(c) reveals the sudden increase
of the average composition in the vicinity of theaig envelope, due to the solute pile-up in the
liquid ahead of the growth front. Comparison of Wg2(a) with Figure 2(c) thus gives an
illustration of the use of the second spatial deies of the average composition to adapt the FE
mesh size. Figure 2(d) also gives access to thedeature field inside the droplet. While the
maximum temperature variation only reaches a fegrestes during the propagation of the mushy
zone, it is also localized at the growing interfathkis is due to the release of the latent he#tiet
grain envelope. The mushy zone is actually rengltine to the recalescence taking place at its



boundary [2]. Finally, as shown in Figure 2(e), tiresent model retrieves the final segregation
profile predicted by Heringer et al. [2]. Extendedlidation of the present CAFE model with
respect to Heringer et al. [25] as well as withranf tracking model are presented elsewhere [26,
27], as well as an other illustration of the megdhmation [27].

The second test case is chosen to compare the mgbttions with respect to simulations
performed with a semi-analytical model for differdimal grain radius [10]. These simulations
intend to illustrate the CAFE model capabilities deal with mass exchange outside the grain
envelope, as well as to study the effect of thetablinteraction for purely equiaxed growth as a
function of the compositio&rreur ! entering the definition of the growth front sugtsation in
Equation (7). The effect of the final radius asate to celb, R, the control of which is provided
by A, is also studied as a model parameter. Resulisrasented in Figure 3 to 5.

Figure 3 shows the time evolution of the mushy zemleme fraction of the grain,"g, and
the average internal volume fraction of solid ie #nvelope of the graini%=9",/g™ . predicted
by the CAFE model and the semi-analytical mode].[I@e time scale has been normalized for all
simulations by using the solidification time, i%.This representation permits comparison between
systems of various sizes. In Figure 3(cBjyeur !=Erreur ! and Erreur !=Erreur !, while the
grain size is progressively increased from (11)arh to (12) 1 mm and finally to (I3) 10 mm
[9, 10]. Compositionkw") is calculated at a give time by a space integnatib the average
composition at each FE node over the fully ligu@he (i.e., the extradendritic liquid). For all
calculations, no diffusion in the solid is consigtrand nucleation takes place at the liquidus
temperature (no nucleation undercooling). When idengg only Figure 3(cll1) to 3(clI3), one
can observe a general agreement between the poediaf the semi-analytical model and the
present numerical CAFE model. This is due to the bg the two models of the average
composition of the extradendritic liquity') ,, for the calculation of the supersaturation. Hogrev
while the deviation in Figure 3(c113) is found smd&r R =10 mm, it does increase in
Figure 3(c1l1) for R = 0.1 mm. In fact, for a smealfjrain size, the interaction of the solute buijx-
ahead of the growing mushy zone with the boundétthe spherical domain starts very soon after
nucleation, leading to a slower development ofrthushy zone. This is shown by comparirfiy,dn
Figure 3(c1l1) and Figure 3(c1I3) as well as bytthe evolution ofw')'; drawn in Figure 5(c1I1).
For the intermediate grain size, in Figure 3(c1tBg solutal interaction takes place almost at the
same time for the two simulations. However, the muzone predicted by the semi-analytical
model never reaches unity, while the CAFE simuletisucceed to this upper limit. It is also to be
noted that the predictions of the present CAFE rhaystematically shows a different non
monotonous behavior of'f,. The semi-analytical model first predicts a deseetollows by an
increase of ', thus leading to a single minima, while the CAF&del predicts two minima. The
first minimum takes place just after nucleation &melsecond minimum almost corresponds in time
and intensity to that predicted by the semi-anedytimodel. A similar behavior is found in
Reference [2]. This difference is due to the isotie approximation of the semi-analytical model,
preventing the prediction of the first minimum.
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It is to be noticed that, while the use Bxfreur !=Erreur ! in the semi-analytical model is
approximate; this quantity is not convenient far #valuation of the supersaturation with the CAFE
model. Indeed, it requires integrating over spaeedverage composition at each FE node over a
fully liguid zone whose shape and size needs tarbirary determine at each time step. For this
reason, Guillemot et al. proposed to evaluate tipersaturation usingrreur !=Erreur ! [13]. The
simulations corresponding to this practice are geesd in Figure 3(c2) and Figure 5(c2l1) where
results of the semi-analytical simulations are aplge for comparisons. Similar deviations are
found with respect to the semi-analytical simulasioHowever, one can observe that the second
minimum on §"; only remains for the 10 mm grain radius and igpsegsed for the two others. It
is to be reminded that interpretation of this minimwas given as a global remelting taking place
inside the grain envelope upon its developmentTRis, the present CAFE calculations show that,
for a given grain size, such a global remelting alspends on the growth kinetics computed for the
grain envelope. The remelting does not systeméaticake place as was explained earlier,
depending not only on nucleation undercooling l&t an grain size.

Calculations have finally been made to study tliectf the additional parameter introduced
in the CAFE microsegregation model, i.e. the maxmextension of the mushy zone associated to
a cell, Fé,v, evaluated as the primary dendrite arm spach®. For that purpose, the primary
dendrite arm spacing has arbitrarily been changedi\;, in Figure 4 and Figure 5(12), while still
using (cl)Erreur '=Erreur ! and (c2)Erreur !=Erreur !. As for Figure 3, comparison with the
semi-analytical model is made accessible. The mbservation when comparing Figure 3(cl) with
Figure 4(c1) is on the role of Rwith respect to the solutal interaction with theit of the domain.
The mushy zone reaches unity faster when increa&ipgrhis is linked to the composition of the
extradendritic liquid at celkw',)', that does increase later in the mushy zone farger value of
R',. So does the corresponding quantity at nog@es)', and hencéw")' ;. The reason for using this
second length scale parametel,,Rthus appears meaningful when considering the taolu
interaction within the equiaxed dendritic microsture. While between secondary dendrite arms a
uniform composition field can be assumed, it is thet case between active secondary dendrite
arms, i.e. between dendrite arms whose tips asddcat the limit of the grain envelope. A second
length scale defining this distance is thus realjithat permit the control of the solutal interanti
with the extradendritic liquid located outside thmin envelope. In fact, such a limited solutal
interaction is nothing but that modeled upon colamgrowth by Wang and Beckermann [9] where
the primary dendrite arm spacing indeed plays #mesrole. Finally, comparing Figure 4(c2) with
Figure 3(c2) and with Figure 4(cl), one can obsd¢na¢ an intermediate behavior is found when
increasing R, and usingErreur !=Erreur !. At this stage, in-situ experimental measurements
single equiaxed growth while tracking the developtmef the solute build-up outside the grain
envelope are missing to evaluate further the wglidf the parameters proposed. In the following,
all simulations are consequently conducted wittapeaters B$ andErreur !=Erreur !.

11



Results

Experimental

The thick grey curves in Figure 6 presents the rasmb cooling histories for the AI-Cu
samples solidified under electromagnetic levitatishile triggering nucleation with an alumina
plate. In the experimental cooling curves showFRigure 6, comparison of the cooling rate prior to
and after solidification clearly shows a large eage. In the liquid state (first part of recorded
curves shown in Figure 6), cooling is controlleddmnvection of the He gas in the vicinity of the
droplet surface. The alumina plate being enteréa éGontact with the droplet plays the role of a
heat sink and extracts heat by conduction. In thetfirst significant change of the cooling rade i
observed at the time when the alumina plate isrpatcontact with the sample. This time coincides
with the nucleation event of the primary structugg’, But while the nucleation event is observed
very close to the liquidus temperature, for the Al - 4 wt% Cu sample and the Al - 14 w®u
sample, a large nucleation undercooling is measiorethe Al - 24 wt% Cu sample. The reason for
the delayed nucleation is only due to the fact thattriggering device was brought to the levitated
droplet later, while heat exchange by convectiothefHe gas had already undercooled the liquid.

The small plateaus below the eutectic temperafigepbserved in Figure 6(b) and 6(c) are
the marker of a heat release, typical of the graftthe eutectic structure [24]. The nucleation and
growth of the eutectic structure compensate theetion of energy from the system. This is also
verified by the increase in time of the plateau witecreasing the initial copper composition,. w
The duration of the plateau is indeed proportiotmalthe amount of eutectic measured in the
solidified state, g, reported in Table 3. For the Al - 4 wt% Cu sample plateau is found in
Figure 6(a) below I because the fraction of eutectic is too small. filmes for the beginning of
these plateaus are labelgg tin Figure 6. Therefore, the temperatures measatdimnes ,° and
t\5, respectively T.° and T,F, also correspond to the nucleation temperaturheiendritic and
eutectic structures. Additional information is extted from the cooling curves and listed in
Table 3, such as the nucleation undercooling fergtimary dendritic and the eutectic structures,
respectively AT, =T -T,* and AT F=T.-T,.F. Note that because of the low precision of the
measurement, the nucleation undercoolings for thedAwt% Cu sample and the Al - 14 wt% Cu
sample are set to 0 in Table 3. The time for the @nsolidification, {,, could also be estimate
from Figure 6 as the last characteristic time aictvla significant slope change is observed in the
cooling curve. For the Al-4wt%Cu, the end of thdidsfication is defined as the time where the
recorded temperature is below the equilibrium diggemperature, g; since the small fraction of
eutectic prevents a clear signal on the coolingeand thus a slope change. Other measurements
on each curve are the cooling rates just beforeadietl the end of the solidification, respectively
T, (t<t,d and T,(t>t,,4 ) listed in Table 3.
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For all samples, the first nucleation event isdakkd by a temperature increase. While the
same trend is observed for samples solidified ugpontaneous nucleation, the magnitude and
shape is very different. Indeed, experimental deported earlier for the same alloys but with no
triggering lead to larger nucleation undercoolimgl sudden recalescences measured for both the
primary dendritic and the secondary eutectic micuatures [4]. The reason is linked to the
absence of a heat sink when no triggering deviagsésl, thus permitting the system to adopt an
almost uniform temperature and to have an extraatie only defined by convection of the He
gas. The growth of the microstructure is accomghriig a rapid increase of the temperature
measured by the pyrometer, that corresponds tolmbitecalescence of the system. All parameters
listed in Table 3 are also provided for the samplelidified under spontaneous nucleation [4].
Hence, in the case of triggered nucleation, twald@ns of heat extraction jointly coexist afteeth
contact with the alumina plate, which are linkedhe convection of the gas at the almost entire
surface of the droplet and conduction through thalksurface of the triggering device into contact
with the droplet, leading the cooling curves digplh in Figure 6. Further interpretation thus
requires modeling of the heat flow in the entiroplet, with is presented later on in this
presentation.

Experimental measurements also consist of theilaision of copper on the meridian cross
section of the droplets. In addition, analyses veargducted on images produced by SEM [4, 28] in
order to reveal the distribution of the eutectituvoe fraction and the dendrite arm spacing (DAS)
in the same cross sections. Global averaging ¢weemtire measurements for each sample leads to
the values listed in Table 4 for the copper contegt the eutectic volume fractiony§, and the
dendrite arm spacing, DASrespectively. The average copper contegt,shows a deviation from
the nominal composition, wwg)/w,, that varies from -8.37% for the 24 wt% Cu to -83&for the
4 wt% Cu. As explained previously, these deviatiares expected to result from a non-symmetric
growth of the dendritic structure within a plane ar axis defined with respect to the analyzed
central meridian cross sections [4]. The averagectia volume fraction over the entire section
plane, gF, is closer to the predictionsg® of the Gulliver-Scheil model considering the iaiti
composition, v, when comparing the triggered nucleation samflg&s could be partly explained
by the short solidification times for the triggeredmples compared to spontaneous nucleation.
Hence, solute diffusion in the solid is not expdcte influence the final amount of eutectic
structure for such short solidification times. bid#ion, no recalescence has been measured for the
eutectic structure that would have lead to an esmeof the eutectic fraction by partial remelting t
already existing dendritic structure as was shawrspontaneous nucleation [4].

Figure 7(cl) presents the results of the normalidedribution maps of the average Cu
content, <w>, for measurements conducted on a aegagjuare lattice of 120-1@n x 150-1¢ m
local surfaces. Normalization is achieved with egdfo the initial composition using (<w>glAw,,.
Macrosegregations at the scale of the surfaceyzethhre thus identified by regions with negative
or positive deviations with respect to the nomioamposition, . The normalized distribution
maps drawn for the average volume fraction of thteaic structure deduced from image analyses,
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<gF>, are shown in Figure 7(c2). Normalization is asled following the work of Sarreal and
Abbaschian [29], i.e. using the value of the voluimation of the eutectic structure predicted by
the Gulliver-Scheil approximation for each alloyg, the value of which are listed in Table 4 for
each alloy. Finally, the distributions of the awgadendrite arm spacing, <DAS>, are given in
Figure 7(c3). Measurements are conducted usingahe images and averaging surfaces as for the
average fraction of eutectic. Similarly to what Hasen previously reported for spontaneous
nucleation [4], a strong correlation is found foe tAl - 4 wt% Cu alloy. To a positive deviation of
the average composition in Figure 7(c1l1) corresgoa positive deviation of the average fraction
of eutectic in Figure 7(c1l2) and a finer microsture in Figure 7(c1I3). This general trend was
also found for the Al-14 wt% Cu and Al - 24 wt% Calloys solidified upon spontaneous
nucleation. However, while such a dependence isasotlear for the Al- 14 wt% Cu sample
presented in Figure 7(12), it is not anymore valitien increasing the alloy composition and
considering the Al - 24 wt% Cu sample in FigureY.(While the positive deviation of the average
fraction of eutectic in Figure 7(c2I3) correspomals finer microstructure in Figure 7(c3I3) close t
the nucleation area, a negative macrosegregatifouisl in the same zone. Further interpretations
are now given based on direct simulations of thiglification experiments.

Simulations
Approximations for the simulations are modified lwitespect to previous simulations as
follows, a3- anda4- being kept unchanged:

al- Geometry and nucleatiorsimulations are carried out on half disk geomefryadius R
with an axisymmetrical condition with respect tce thectilinear edge of length 2R.
Location for nucleation is imposed at the bottomtla# simulation domain, i.e. at the
south pole in Figure 8(clll) where the triggeringvide enters into contact with the
droplet surface (A").

a2- Heat transfer In order to model the heat exchange for triggesathples, the total
boundary of the domain is divided into two parts, éhd A', where distinct
time-dependent heat transfer conditions are defidedls nothing but the contact area
between the droplet and the alumina plate, whileepresents the rest of the droplet
surface. The configuration is applied for all c#dtions and is schematized in
Figure 8(c1l1). Fourier boundary conditions areuassd, defined by two values of the
heat transfer coefficients related to the A anéxérnal boundaries Jy*(t) and R, (t)
, and temperature, ., such that 6, = N (Tla - Tox) + N’ O(Tla - Toy)s With Ty
and T}, the temperature fields at the various locatiothefboundaries defined by A and
A'. Prior to the nucleation of the primary phasg,(t) is taken equal to 3, and the
boundary condition is thus similar to that useddpontaneous nucleation. Its adjustment
is based on the cooling rates measured prior tgtimeary phase nucleation,'(lt,<tN,'°)
[4]. While h,,” is maintained constant after nucleation, the hemtsfer coefficient
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between the alumina plate and the fully solid debpt adjusted by assuming that
oy’ (B>te,g) IS representative of the heat flow from the tiafenucleation, g, (>t
=h,," (t>t,,q). A single value could be used for the simulatwiall droplets. After
nucleation, R, (t) is thus abruptly increased from ' (t<ty) to h,,”(t>t\). The
fitted values R,*, h.,,” (t<t, ) and ,,* (t>t,.) are listed in Table 2.

ab

Growth. The standard growth algorithm of the CA model ®sedi [13], thus not
considering an arbitrarily spherical shape for grain envelope. The growth rate is
calculated as a function of the supersaturationguEiquations (6) and (7) witbrreur !=
<Wv>'

All data for the simulations are listed in Tabl@@d 3. The present model has first been
applied to the solidification experiments with sfgreous nucleation yet assuming no nucleation
undercooling for the eutectic structure [4]. Orihe tresults in terms of the final global amount of
eutectic are reported in Table 4 agg" = 6.8 % for the Al - 4 wt% Cu, g = 33.48 % for the
Al - 14 wt% Cu and gu=F = 67 % for the Al - 24 wt% Cu. These predictioms @ery close to the
results of the simulations presented earlier with semi-analytical model when an isothermal
transformation is assumed to occur at the euteetiperature (values in c212, c216 and c2I10 in
Table 6 of Reference 4 are provided in normalizedtion of eutectic, 8gss°, equivalent to §
lgss™ with the notations of the present contribution}ggs® = 0.72 for the Al - 4 wt% Cu, ¥ggs®
=0.81 for the Al - 14 wt% Cu and®gss°®=0.71 for the Al - 24 wt% Cu. But these predinto
deviate from the measurements also given in Tabig 4 These deviations were explained by the
role of the nucleation undercooling and the recarse associated with the eutectic microstructure,
which can not be neglected for the prediction ef fihal as-solidified state [4]. The present CAFE
simulations thus provide a new validation of theneuical model compared with a semi-analytical
model [4], but at the same time clearly identifylimitation for the prediction of the phase fract
when nucleation undercooling and possible recatesce of secondary phases occur.
Implementation of the nucleation and growth of selawy microstructures forming mainly in an
interdendritic liquid but also possibly in the edendritic liquid would thus be justified in order
improve the present CAFE model.

Figure 6 compares the predicted cooling to the oreasents for the three Al-Cu samples.
The thin black plain curves correspond to the tewipee averaged over the entire simulation
domain, T, while the thin black curves with upward triangles] and downward triangles,[]
are the temperature at the north and south poldsediimulation domain, respectivelyrand Tsn
. During the initial cooling in the liquid state<f}.), the predicted cooling rate is almost constant
and reproduces well the recorded temperature késtorhis is possible thanks to the adjustment of
the same parameters of the Fourier boundary condifpplying on A and A’ beforg,t At the time
when the nucleation undercooling is reached, shhgmges on the predicted cooling rate starts at
the nucleation point as clearly revealed ky.TAgain, the increase of the cooling rate is duth&
adjustment of the parameters on A', thus simulatitgg contact of the triggering device on the
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droplet. Very soon after this nucleation eventhat $outh pole, a temperature increase is computed
at the north pole, Jg.. This evolution is comparable with the temperatwelution recorded by the
pyrometer seeing the top surface of the droplehsitieration of the three simulated temperatures
for each sample also shows a clear non-uniformirgalue to the role of the triggering device that
almost serves as a chill. The effect is also vérgrovhen considering the systematic increaseeof th
DAS from the south pole to the north pole displayredrigure 7(c3). Also of interest is the large
deviation of the average predicted temperatugg, ffom the recorded cooling history. On the
contrary to the situation of spontaneous nucleatinterpretation of the measured temperature
evolution requires the use of the present non-&athl model.

A eutectic plateau is predicted by the model ondbeling curves in Figure 6(b) and 6(c).
The length of the plateau varies increases withatliy composition as previously explained since
it is proportional to the final amount of eutectithis results is in line with the experimental
observations. The predicted average eutectic voluacgions, g.-=", are listed in Table 4 together
with the measured valueg,§ These values are close to the Gulliver-Scheil ehpdedictions ggF
. Again, this can be explained by the short satidiion time and the high heat extraction rate
through the trigger, leading to a small effect afdsdiffusion. However, it should be noted that fo
the Al - 24 wt% Cu sample, the final amount of etitecan only be retrieved if one account for the
measured undercooling prior to the nucleatifi, = 20 K (Table 3), leading to the valug,g:©
=65 %, i.e. close to measured valyetg 61.62 %. Model prediction increase up t9.g°
=81.4 % when the simulation is run with an isoth& eutectic transformation at the eutectic
temperature, J, i.e. with no nucleation undercooling.

For a given alloy composition, consideration onnosegregation modeling accounting only
for diffusion in the solid phase and complete nixin the liquid predicts more eutectic in location
where the Fourier number for the solid phase idlemaVith a Fourier number equal to zero, such
microsegregation approach retrieves the resulhefGulliver-Scheil approximation. The Fourier
number is proportional to the diffusion in the dgtihase and the solidification time and inversely
proportional to the square of the characteristicSDA higher fraction of eutectic is thus expected a
the south pole where the solidification time is tbwest and the DAS the smallest. This is for
instance observed on the Al — 24 wt% Cu sample. éaw solute diffusion in the solid phase is
not sufficient for the interpretation of the presessults. Not only the average composition of the
alloy is not constant as shown in Figure 7(cl), &lsb no sign of the eutectic transformation is
present on J, as shown in Figure 6(c). Evaluation of the magtetof the Fourier number for such
high cooling rate also reveals that solid diffusienvery unlikely to play a significant role.
Consequently, one has to conduct a more thoroughieation of the experimental observations in
light of the CAFE in order to account for diffusiamthe solid and liquid phases, the non uniform
temperature as well as the nucleation undercooling.

Figure 8 summarizes the model predictions for tbemalized average copper composition,
(<w>-wp)/w,, and the eutectic volume fraction, 5gssF)/gest. The same scales as for the
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representation of the measured maps (Figure 7fud)7éc2)) are chosen. No map is provided for
the DAS since the CAFE model is still limited byethse of a uniform value over the simulation
domain. For the simulations of Figure 8, the averaglues listed in Table 3 measured over the
entire experimental cross sections, QA&re used. It should be recalled that a directpasison
with the experimental results in Figure 7 is nosgble since there is no attempt to exactly
reproduce the dendritic grain structure (as wasctwe for instance in reference 13). The overall
variations of the distributions are yet retrievgdie model and can thus be used hereafter.

The first observation is that the magnitude of skegregation is less than the measured for
each alloy. However, it should be noted that themadizations have been achieved using the
nominal composition of the sample 4, 14 and 24 wA%the measured average copper content over
the cross section listed in Table 3 are respegtide7, 13.81 and 21.99 wt%. For the triggered Al —
4 %wt Cu sample, the correlation between theilligiopn map of copper and the eutectic fraction
found in Figure 7(I1) are retrieved on simulatedpsigresented in Figure 8(11). Because the
eutectic transformation is modeled with no euteatidercooling, the remaining liquid ag That
transforms into eutectic only depends on the awelagal composition and the effect of diffusion in
the solid. But the latter effect is small for thiggered samples as explained above. Consequently,
less eutectic is found in the region of lower ageraopper content, typical of the result know from
classical microsegregation analyses when decre#isinglloy composition. The question then rises
on the reason for a lower average composition, ithakplained by diffusion of species from the
mushy zone toward the extradendritic liquid, aslved inside the mushy zone due to the
temperature gradient that create a gradient ofntteedendritic liquid composition. Thus, diffusion
in the liquid is a key phenomenon to account fooiider to give an adequate interpretation of the
present observations.

The case of Al—24 wt% Cu is not as straightfodver explain. As mentioned previously,
more eutectic is found at the bottom of the samdiere the average composition is only slightly
lower than elsewhere in the sample (Figure 7(i8}ich is thus opposite to the observation for the
Al — 4 wt% Cu. The simulation in Figure 8(13) showes similar trend as the experimental
observations and can thus be analyzed into moeglsleiVhile diffusion of Cu outside the mushy
zone is still accounted for, it does only slightlyange the amount of solute at the bottom of the
sample. In fact, a quenching mechanism is ratheemied. As shown in Figure 6(c), the bottom
part of the sample becomes fully solid (its tempemdecreases below-I\Tg) in only a fraction
of second after primary nucleation of the dendrti@se. Because a large nucleation undercooling
was used for the primary solid, a small fractiorsolid was formed prior to nucleate and grow the
interdendritic liquid. In other words, the bottorarpof the sample underwent phase transformations
with a large deviation from the initial and finakniperatures defined by the equilibrium
solidification interval. Such a quenching is nosetved in the Al — 4 wt% Cu sample for several
reasons. At first, solidification started close the liquidus temperature and the solidification
interval is larger compared to Al — 24 wt% Cu. Ascasequence, the release of latent heat prevents
fast cooling of the bottom part of the system beltwe temperature at which the eutectic
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transformation takes place. The intermediate sdoafiound with the Al — 14 wt% Cu sample is
interesting to analyze. With a nucleation eveno a@l®se to the liquidus temperature of the alloy,
the solidification interval is smaller and hencédification takes place in less than 1 second. IBma
variations of the eutectic fraction are found ire tHistribution maps of Figure 7(c2I2) and
Figure 8(c212). However, while little variations ahe Cu distribution are simulated in
Figure 8(c112), measurements reveal a significaadignt of the average composition, almost
monotonous from high content at the bottom to lamtent the top. It is believed that inverse
segregation thus also plays a role [30], revealednano large nucleation undercooling is achieved
and the solidification interface is sufficientlyrdg. Although the present model is capable to deal
with macrosegegation influenced by fluid flow aswh elsewhere [27], it is no yet coupled with a
general thermomechanical calculation [31, 32]. Tooant for this phenomena, a variation of the
density of alloy with the fraction of the phasesréguired. Even with fixed solid considering a
constant density of the solid phase and potentialythermomechanical deformation, the total
volume of the simulation domain must be adaptedrdégking the interface between the liquid and
the gas, which is not yet available with the prés&hFE model.

Conclusions

The findings of the experimental and numerical igsidre summarized below:

= Al-Cu alloys systems have been solidified using Etdthnique with compositions 4,
14 and 24 wt% Cu. Samples are approximately spdieincshape with a radius of
2.6510° m. The nucleation of the primary phase has beiiated using an alumina
plate at the lower surface for each sample. Norilibgum temperature histories have
been recorded using an optical pyrometer. Impotaat loss is found to take place
through the trigger from the south pole of the dtgp The local Cu content together
with the eutectic volume fraction and the DAS h&een measured. The normalized
distribution maps reveal macrosegregation at théesaf the droplet and monotonous
increase of the DAS from the south pole to thempdle. These data, averaged over
the entire metallographic cross sections, givesevéthat can be compared with those
previously obtained for spontaneously solidifiechpées [4].

= An advanced microsegregation model has been embeidda 2D CAFE model
together with a mesh adaptation technique. The masel could be seen as an
extension of previous CAFE modeling in two mainedtrons:i- the scale CA model
accounts for diffusion in the solid and liquid peadogether with the nucleation and
growth undercooling of the primary solid phase, anthe FE method solves solute
diffusion in the liquid in front of the mushy/liqdiiinterface over an adaptive mesh
depending on the local solute profile. Extensivédations of the model have been
conducted showing its capability to deal with seldliffusion inside and outside a
growing mushy zone.

18



= Applications of the CAFE model to the solidificatiof the processed Al-Cu droplet
have been achieved. The predicted temperature £igive a coherent explanation of
the measured temperature evolutions (Figure 6)holigh the magnitudes of the
simulated average composition and eutectic magguf€i8) show a deviation from
the measurements, the model is successively useidtagret the experimental
observations. Diffusion in the solid is identifieal have a minor effect compared to
diffusion in the liquid. As for spontaneously sdfield samples, the nucleation
undercooling of the secondary eutectic phase isdda play a major role.

= Limitations of the CAFE model are also found, sashthe absence of a coarsening
model to be embedded in the CA microsegregationetaehd the possibility to
account for the nucleation and growth of secondaigrostructures such as eutectics.
Similarly, laboratory scale experiments are regliie order to quantify the solutal
interaction between grains. This would ideally Hgénffom in-situ measurements
using synchrotron radiation facility.
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Figure captions

Figure 1

Figure 2

Figure 3

Figure 4

Schematic view of the model with an illebn of (a) the topological coupling
between the tessellation made of the square eelidefined by their center Cin the
cellular automaton grid and the triangles of thétdi element mesh, F, defined by the
nodes [F (i=[1, 3]) and (b) the simplified spatial repretaion of the growing dendritic
microstructure in a cell using a square centered i @ith a half diagonal R, and an
orientationB with respect to the x-axis. The cells paintedreygare mushy, i.e. made of
a mixture of the solid phase and the liquid ph#se fraction of which being provided
by a microsegregation model. The primary and semgndiendrite arm spacing,
respectivelyA , and\,, are also shown in (a), together with the siZeftit defines the
mushy zone fraction in each cell (proportional fy RR').

2D CAFE model simulation results for tlodidsfication of an atomized Al-10wt%Cu
droplet. A single nucleation event is assumed atctimter of the spherical domain with
30 K undercooling. Simulation is carried out foqaarter of a disk in axisymmetric
coordinates with a radius equal to 125 um. Mapslieae/n when the volume fraction of
the grain is about 0.64 [-] (calculated as theoraf the grain volume over the
simulation domain volume). The top left shows:t{@ finite element mesh and the CA
growth front (black line), (b) the temperature, o average composition, and (d) the
volume fraction of solid phase. In addition, theali solute profile predicted by the
CAFE model, black line, is compared to the Herirgteall. model prediction, (e).

Present model and the Wang and Beckermaodel [9] predictions of the temporal
evolution of the mushy zoneT'gand the volume fraction of the internal solid gdag™

, for three Al-4wt%Cu alloy equiaxed grains witliiral radius R= 0.1, 1 and 10 mm.
In the presented simulations, the initially liguagstem exchanges heat by convection
with a constant and equal heat transfer coefficidgi= 27 Wm?K™, with an
homogenous external temperature, =T 293 K, through the final grain radius,. R
Calculations are achieved farq = Ao when the average composition of the extra-
dendritic liquid phase is used!w <w,>', and when the average composition of the
CA defining the mushy zone front is used, w<w,>, for the calculation of growth
rate. The solidification time,,tused for normalization are 3, 40 and 300 [s] for
respectively R= 0.1, 1 and 10 mm.

The same as Figure 3 with the analysikegffect of the primary dendrite arm spacing
on the model predictions, green curves, comparethéoWang and Beckermann [9]
model, black curves.
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Figure 5

Figure 6

Figure 7

Figure 8

Effect of the primary dendrite arm spacigas well as the calculation approach of the
growth rate, effect of ly on the solute diffusion in the extra-dendritiquid phase.
Present model, green curves, and the Wang and Beahke [9] model, black curves,
prediction of the temporal evolution of the averagenposition of the extra-dendritic
liquid, for three equiaxed grains with a final nagliof 0.1, 1 and 10 mm. the equivalent
spherical shape of the grain is simulated of anv4Cu alloy. Grains exchange heat
by convection with a constant and equal heat tearegdefficient, h=27 W FAK™®, with
a homogenous external temperaturgs P93 K, through its final radius,fRThe effect
of the primary dendrite arms spacing is analyzedymaring line 1 and 2, as well as the
calculation of the growth rate, comparing columard 2. Curves are drawn until the
mushy zone reach the boundary limit, i.8.g 1. The solidification time,tused for
normalization are 3, 40 and 300 [s] for respecyiWl= 0.1, 1 and 10 mm.

1S

Measured temperature, thick grey cunasthie Al- 4, 14 and 24wt%Cu droplets with
triggered nucleation together with the predicte@éraged system temperature by the
present model, black curves. The predicted tempeyatt the bottomy,[1, and at the
top, A,00, of the simulation domain are also drawn. Measergsihave been achieved
using an optical pyrometer at the top of the systBor the Al-24wtCu, nucleation
undercooling for the primary solid phas€l*, = 32 K, as well as for the eutectic
structure ATE,, =20 K, have been measured. No undercooling isidered for the Al-

4 and 14wt%Cu droplets. Isothermal eutectic tramsédion is assumed at the measured
nucleation temperature for all samples.

Characterization of a central meridianssreection of aluminum-copper samples
processed by electromagnetic levitation with triggenucleation for alloys with (cl) 4,
(c2) 14, and (c3) 24 wt% Cu. Distributions are preed for (I11) the normalized average
copper content, (<w>-\w,[-], (12) the normalized average -eutectic fraction
(<95>-0559)/0ss" [-] and (13) the dendrite arm spacing, <DASw].

Prediction of the present model for theCAl samples processed by electromagnetic
levitation. Maps present, (1) the distribution b& thormalized average copper content,
(<w>-wp/w, [-], and (2) the eutectic volume fraction, 5gssF)/gsst[-] when
solidification is completed. g° is the volume fraction of the eutectic phase mtedi

by the Gulliver — Scheil model for the nominal carsjion, w, given in Table 2. Thick
black curvature indicates the contact area of theniaa plate at the bottom of the
droplet surface simulated with the model as a essurface, Al. Heat is also
extracted through the droplet free surface, thiokygline, A2, as explained in the
Predictionsection.
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Table captions

Table 1

Table 2

Table 3

Table 4

Mathematical expressions used for the siiffulengths S, and I¥,,, and the interfacial
area concentrations$'S and &', entering Equations 3, 4 and 5.

Summary of the simulation data and paramete

Summary of the measurements deduced frerretiorded cooling curves for six Al-Cu
samples processed by electromagnetic levitationch Ealloy composition being
identified by its nominal copper contenty,v8pontaneous and triggered nucleation were
used. Measurements consist of the cooling rates (i solidification, T(t<tN,'°), and
after completion of solidification, ;|(t>tend), the nucleation undercooling of the
dendritic structureAT, S, the nucleation undercooling of the eutectic stres AT, F,

the solidification time measured from the nucleatid the dendritic structureg, up

to the completion of solidification,f;

Summary of the measurements for the aveoage the sample sections of the Cu
composition, w, the dendrite arm spacing, DASand the volume fraction of
eutectic, g.F, compared with the predictions using the presekEE model, gar=5, @
semi-analytical model,[‘g,E [4], as well as the Gulliver-Scheil prediction,§.
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Figure 1. Schematic view of the model with an sthation of (a) the topological coupling
between the tessellation made of the square eglidefined by their center Cin the
cellular automaton grid and the triangles of thetdi element mesh, F, defined by the
nodes (¥ (i=[1, 3]) and (b) the simplified spatial repretation of the growing dendritic
microstructure in a cell using a square centered iy @ith a half diagonal R and an
orientationd with respect to the x-axis. The cells paintedrigygare mushy, i.e. made of
a mixture of the solid phase and the liquid ph#se fraction of which being provided
by a microsegregation model. The primary and semgndiendrite arm spacing,
respectivelyA,; andA,,, are also shown in (a), together with the siZeftiat defines the
mushy zone fraction in each cell (proportional fg RR).
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Figure 2. 2D CAFE model simulation results for #@idification of an atomized Al-10wt%Cu

droplet. A single nucleation event is assumed atctnter of the spherical domain with
30 K undercooling. Simulation is carried out foqaarter of a disk in axisymmetric

coordinates with a radius equal to 125 pm. Mapsieae&n when the volume fraction of

the grain is about 0.64 [-] (calculated as theoraif the grain volume over the

simulation domain volume). The top left shows:t{@ finite element mesh and the CA
growth front (black line), (b) the temperature, {og¢ average composition, and (d) the
volume fraction of solid phase. In addition, theali solute profile predicted by the

CAFE model, black line, is compared to the Heringteall. model prediction, (e).
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(c1) : wh= <w, > A =2,

respectively R= 0.1, 1 and 10 mm.

02 0.4 0.6

Normalized Time [¢

(€2) : W= <w>, A, = A,

Present model and the Wang and Beckermaodel [9] predictions of the temporal
evolution of the mushy zoneT'gand the volume fraction of the internal solid pdag™

, for three Al-4wt%Cu alloy equiaxed grains witffirsal radius R= 0.1, 1 and 10 mm.
In the presented simulations, the initially liquegstem exchanges heat by convection
with a constant and equal heat transfer coefficidpi= 27 Wm?K?, with an
homogenous external temperature, =T 293 K, through the final grain radius. R
Calculations are achieved farq = A» when the average composition of the extra-
dendritic liquid phase is used!w <w,,>', and when the average composition of the
CA defining the mushy zone front is used, w<w,>, for the calculation of growth
rate. The solidification time,,t used for normalization are 3, 40 and 300 [s] for
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Figure 4: The same as Figure 3 with the analysth®gffect of the primary dendrite arm spacing
on the model predictions, green curves, comparethéoWang and Beckermann [9]
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Figure 5:  Effect of the primary dendrite arm spgciy, as well as the calculation approach of the
growth rate, effect of ly on the solute diffusion in the extra-dendritiquid phase.
Present model, green curves, and the Wang and Beaka [9] model, black curves,
prediction of the temporal evolution of the averagenposition of the extra-dendritic
liquid, for three equiaxed grains with a final nagliof 0.1, 1 and 10 mm. the equivalent
spherical shape of the grain is simulated of anw4Cu alloy. Grains exchange heat
by convection with a constant and equal heat tearegdefficient, h=27 W FAK™, with
a homogenous external temperaturgs 293 K, through its final radius,tRThe effect
of the primary dendrite arms spacing is analyzedymgaring line 1 and 2, as well as the
calculation of the growth rate, comparing columard 2. Curves are drawn until the
mushy zone reach the boundary limit, i.8.5g 1. The solidification time .tused for
normalization are 3, 40 and 300 [s] for respecyiwl= 0.1, 1 and 10 mm.
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Figure 6:
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Measured temperature, thick grey curf@sthe Al- 4, 14 and 24wt%Cu droplets with
triggered nucleation together with the predicte@éraged system temperature by the
present model, black curves. The predicted temperatt the bottomy,[1, and at the
top, A,00, of the simulation domain are also drawn. Measergsihave been achieved
using an optical pyrometer at the top of the systBor the Al-24wtCu, nucleation
undercooling for the primary solid phasel*®, = 32 K, as well as for the eutectic
structure ATE,, =20 K, have been measured. No undercooling isidered for the Al-
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4 and 14wt%Cu droplets. Isothermal eutectic tramsédion is assumed at the measured
nucleation temperature for all samples.
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(c1) (<w>-vg)/w @ (¢2) (<g5>Ges)/Ges® @ (c3) <DAS>®

D Measurements of the copper content, <w>, are aedrager 120-10m x 150-10 m surface areas.
@ Measurements of the volume fraction of the eutesttiecture, §, are averaged over 15071 x 150-10 m surface areas.

Figure 7: Characterization of a central meridiaossr section of aluminum-copper samples
processed by electromagnetic levitation with trigglenucleation for alloys with (c1) 4,
(c2) 14, and (c3) 24 wt% Cu. Distributions are presd for (I1) the normalized average
copper content, (<w>- 3w, [-], (12) the normalized average -eutectic fraction
(<gF>-0555)/9ss% [-] and (13) the dendrite arm spacing, <DASw).
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Figure 8: Prediction of the present model for tHeCA samples processed by electromagnetic
levitation. Maps present, (1) the distribution lbé normalized average copper content,
(<w>-w)w, [-], and (2) the eutectic volume fraction, 5gss5)/gsst [[] when
solidification is completed. g° is the volume fraction of the eutectic phase mtedi
by the Gulliver — Scheil model for the nominal carsjion, w;, given in Table 2. Thick
black curvature indicates the contact area of theniaa plate at the bottom of the
droplet surface simulated with the model as a eonssurface, Al. Heat is also
extracted through the droplet free surface, thickygline, A2, as explained in the
Predictionsection.
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Tables

Interfacea3 Diffusion length f#,,
sd Erreur !
Id Erreur ! Erreur !

Table 1. Mathematical expressions used for theusiifh Iengths,sﬂV and Id,\,, and the interfacial area
Equations 3, 4 and 5.



Property Symbol Unit I[Zzi]gure 2 E'gij fes 3-5 .'I:_L?gjlgez F4]8
Nominal composition W [wt%o] 10. 4. 4, 14. | 24.
Liquidus temperature T K] 899.9 923. 923/ 895. | 861.
Segregation coefficient k [] $ $ 0.17

Eutectic composition W [wt%] 34.38 33.2 33.2

Liquidus slope m [wt% K] |-3.37 -3.49 $

Eutectic temperature el K] 817.74 821. 821.
Gibbs-Thomson coefficient r [K m] $ $ $

Heat capacity c BmiKY (310 3-10¢° 3-10¢°

Enthalpy of fusion L [ ] 95-16¢ |10 10°

Diffusion of Cu in liquid Al D [m? sY 4.37-10° |4.37-10° 4.37-10°
Diffusion of Cu in solid Al D [m?sY 0. 0. 51013

Cell size [m] 10 10% |10-10° 10- 10°
Imposed minimum FE mesh size [m] 300° |30-10° 30- 10°
Imposed maximum FE mesh size| [m] 20m°® | 200- 10° 200- 10°
Objective relative error on <w> [-] 10 10* 10*

Primary dendrite arm spacing |\, [m] $ $ $$- 10°
Secondary dendrite arm spacing | A, or DAS | [m] - - Table 3
Primary nucleation undercooling |AT,® K] 30. 0. Table 3
Nucleation undercooling of eutectiaT,F K] 0. 0. Table 3
Location of nucleation event Center Center Soalle
Domain radius R [m] 12510° |10% 10% 102 |2.65- 10°
Exchange surface A [ 0. 0. 4.5 10°
Exchange surface AFIR>-A' |[m?] $ $.3%9$ 83.710°
External temperature ok K] 373. 293.15 293.
(Spontansous nucleation) K] s s 5 |8 |8
(triggered nucleation) 938938. | 867.
potksiri S SR TR S A C EU L
(triggered nucleation) 6.4 12| 13.
Heat transfer coefficient Mt<ty) | W m2 K7 - 6.4 | 12. | 13.
Heat transfer coefficient (>t - - 10

Table 2.

Summary of the simulation data and pararset
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w, Wio6] | Nucleation | AT, S[C] | AT, E[rc] | SO omealion | -t o | 1.ty )
time [s]

4 Triggered 0. 0. 3.2 -1.5 -64.
Spontaneous 35. 20. 41.5 -6.6 -

14 Triggered 0. 0. 5.1 -3.24 -74.
Spontaneous 15. 20. 63.7 -6.9 -

24 Triggered 32. 20. 3.0 -3.51 -71.
Spontaneous 25. 45. 88.2 -4.5 -

Table 3. Summary of the measurements deduced frerretorded cooling curves for six Al-Cu

samples processed by electromagnetic levitationch Ealloy composition being

identified by its nominal copper content,,wpontaneous and triggered nucleation were

used. Measurements consist of the cooling rates i solidification, T'(t<tN3, and

after completion of solidification, Tt>tend), the nucleation undercooling of the

dendritic structureAT, S, the nucleation undercooling of the eutectic streg AT,
the solidification time measured from the nucleatid the dendritic structures, up
to the completion of solidification,j;
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W E (@) w, DAS F
0 Yos Nucleation b ° | 9o [%] % Oeare (%]
wive] | [%] [wt%] | [um] [%]
Triggered 4.37 20. 7.91 - 7.36
4 7.81
spontaneous 4 14 30. 5.6 5.62 68
Triggered | 1381 | 15 31.45 - 34.6
14 35.33
spontaneous ;5 74 25. 29. 32.15 33.48
Triggered | 57 99 |  10. 6162 - 65.
24 67.64
spontaneoys 54 7 15. 57.2 57.5 6%

@ Calculated with yand the data for the phase diagram given in TafeUsingAT," = 0 K.

Table 4. Summary of the measurements for the ageoagr the sample sections of the Cu
composition, w, the dendrite arm spacing, DASand the volume fraction of

eutectic, g.F, compared with the predictions using the presekEE model, g5, @
semi-analytical model,[g,E [4], as well as the Gulliver-Scheil prediction,c§.
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