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Abstract

Athree-phase Eulerian approach is developed to model the columnar-to-equiaxed transition (CET) during solidification. The three phases are
parent melt, the solidifying columnar dendrites and the solidifying equiaxed grains. They are considered as spatially interpenetratingtangd intera
continua. We solve the conservation equations of mass, momentum, species and enthalpy for all three phases. Additionally we define and sol
additional transport equation for the number density of equiaxed grains which also accounts for grain nucleation. Diffusion controlled growth f
both columnar and equiaxed phases, drag forces, species partitioning at the solid/liquid interface, heat of fusion, etc. are taken into account
the corresponding closure laws. A binary “steel” (Fe—0.34 wt.% C) ingot casting as benchmark was simulated to demonstrate the model potent
Preliminary results of the mixed columnar and equiaxed solidification including the motion of the columnar tip front, the occurrence of the CE
the formation of macrosegregations, and the resulting melt convection and grain sedimentation and their influence on the final macroscopic pl
distribution are presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction everywhere in bulk melt, grows and moves freely. The station-
ary columnar phase is regarded to start from the mold wall
Inrecent years, the authors developed two two-phase modeland grows thus preferentially along the heat flow direction.
one for equiaxed solidificatiofil—4] and another for hyper- During solidification, both phases grow competitively. A so-
monotectic solidificatiorj5—7]. Both models are based on an called columnar-to-equiaxed transition (CET) occurs at the end
Eulerian—Eulerian approach. This paper reports about the extenf solidification when the growing columnar dendrite tips are
sion of the two-phase equiaxed solidification model to a threeblocked by equiaxed grains. Early studies reported two ‘block-
phase model for a mixed columnar and equiaxed solidificatioing’ mechanisms: one is by ‘mechanical blocking’ when the
with consideration of the so-called columnar-to-equiaxed trantocal volume fraction of equiaxed grain envelopes exceeds a
sition (CET). certain limit[8], the other is by ‘soft-blocking’ when the local
With an additional (columnar) phase, one more set of coneonstitutional undercooling disapped10]. The presented
servation equations for mass, enthalpy and species must lieree-phase model tracks the columnar tip front explicitly, and
solved. No additional momentum equation is solved, as thécludes both of the above-mentioned CET mechanisms. How-
columnar phase is considered to be stationary. The most chadver, in our work the impact of the melt convection and equiaxed
lenging point is the appropriate definition of the closure lawsgrain transport on the occurrence of CET is also considered.
for the phase exchanges and interactions: e.g. the competitive
growth of both solid phases, and the mechanical interaction. Model
between them. The equiaxed phase which is allowed to nucleate

2.1. General assumptions

* Corresponding author. Tel.: +43 3842 4022223; fax: +43 3842 4022202. (1) Three phases are defined: primary liquid phase (1), equiaxed
E-mail address: menghuai.wu@notes.unileoben.ac.at (M. Wu). phase (e), and columnar phase (c). The corresponding phase
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volume fractionsf, fe andfc are subject tgf +fe+fc=1.  Here,cf andcf (ci = k") are the equilibrium concentrations
Both, the primary liquid phase and the equiaxed phase aradjacent to the solid/liquid interface, and from the phase dia-
allowed to move. The columnar phase is assumed to sticgramc;” = (T — Tt)/m yields. D is the diffusion coefficient in
to the wall, and solidify from the wall towards the bulk melt the liquid andRe =de/2 the radius of the grain. With Eg5),
along the heat flow direction. No momentum equation forwe can define the volume averaged mass transfer rate for globu-
the columnar phase is solved. lar equiaxed solidification by considering the total surface area
(2) Ideal morphologies for both solid phases are assumedif the spherical grains and the influence of pingement by an
spherical for the equiaxed (globular) grains and cylindricalAvrami-factorf;
for the columnar (cellular) primary dendrites. )
(3) The grain size of the equiaxed grains is explicitly calculatedMle = Vr.(17dg)pe fi (6)

while a constant value for the primary dendrite arm spacing For columnar solidification two different cases are distin-

4 $hasséumeq for the cqumr;}a'r phasc;a.t del th lut ished: (i) tip regions and (ii) growing columnar trunks behind
(4) The otgssmes_q apg_roact Its' use do rg_o c ; te_zrm(_)-zo u gre tip region. We trace the tip front of the columnar grains by
convection, grain sedimentation and sedimentation-INAUceq o4 described in Secti@h8. For the volume elements

5 gelt_ convec;ciodn. TEe vollrJ]{r.]etsrmnkagledizig.nor?I(Ijl.. dWhich have already been pasted by the tip front a diffusion con-
(5) Grains created or brought into the mold during filling, an trolled growth model around cylindrical dendrite trunks is used.

fragmentation (or segmentation) of the dendrites are r‘O\tNith the similar analytical method ¢11], the growth velocity

modeled. in radial direction of such a cylindrical trunk is approximated by
2.2. Nucleation of equiaxed grains and grain transport _dRc D¢ —a 4 (R
VR, = —— = — In — ], @)
dt RC C| — C; RC
The number density of equiaxed grains® #, is calculated . . L
with where nowR; =d./2 is the average radius of a cylindrical den-
drite trunk andrs = A1/2 is half of the primary dendrite spacing
ﬁn 1V - (iien) = Ne 1) A1. So we can define the volume averaged mass transfer rate
ot for those volume elements by considering the total surface area

; _ 2
Here ueis the (volume averaged) velocity of the equiaxed phaseOf columnar dendrite trunks per volunia = wdc/Af" and an

The nucleation rate (MPs™1), Ne, is modeled with a three- Avrami-factorf
parameter heterogeneous nucleation[laa]. de
Mic UR. ()»2> pchi (8)
2.3. Mass conservation and grain growth kinetics !
For the elements containing the growing columnar tips, the

Mass conservation equations are mass transfer rat#|. for columnar solidification is written by
9 considering both the tip growth velocityp, and radial growth
5 i)+ V- (fipu) = Mei + Mg, (2)  velocity,vg,
5 i Mic = vrenc(mdel)pi fi + vipnc( RGp)pi fi 9
g(fepe) + V- (fepelte) = Mie + Mce, 3)

The first term on the left hand side of H) denotes the mass

9 _ transfer rate due to the growth in radial direction and the second

&(fcpc) + V- (fepetc) = Mic + Mec, (4)  term that of the growth in tip directiom = 4fc/(d?l) is the
number density of the columnar trunks. The dendrite tip velocity

wherepy, pe, pc, are the densities angl, ie, iic the velocities of vy, and the tip radiu®yp, are calculated according f1,12]

the different phases. The source teis (=—M()) is the mass

transfer rate (kg/fis) from liquid to columnar phase, afde

(=—M.e) from liquid to equiaxed phase by solidification (posi-

tive) or melting (negative), anblce (=—Mec) from columnarto The momentum equations for the parent melt and the moving

equiaxed phase by the mechanism of fragmentation (pos't'v"équiaxed phase are

or by attaching (negative). The fragmentation is ignored, so we8

choseMe=0. -~ - -

Diffusion controlled grain growth kinetics at the micro scale at(f' piin) + V- (fipin ® i)
is considered. For equiaxed solidification an ideal spherical mor-
phology is considered so that the grain growth velocity in the
radius direction can be solved analyticdliyl]

dRe D cf —q D) Cl
"Re =0 T Recf—cz  Re1—K) " o ®)

2.4. Momentum conservation

= —fiVp+ V-7 + Fg + Uq + Uel, (10)

0 - - N
&(fepe“e) + V- (fepelte ® ue)

= —fevp'f‘v'?e"' ﬁBe+ Ole‘i‘fjce, (11)
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wherer; andre are the stress—strain tensors. With the Boussenisgd -
approximation, the thermal-solutal buoyancy fodég acting Q(f epehe) + V - (fepeltehe)

on the liquid and the buoyancy forcf’éae acting on the free =V - (fekeV - Te) + Qle + Oce, (16)
moving equiaxed grains are appligd. Each of the momentum

exchange term§/|e, f]|c and f/ce includes two parts: the part 9 -

due to phase transformation and the part due to drag force, fop, (fepehc) +V - (fepeitche)

exampleUie = U, + U andUjc = UP. + UE. Details to treat — V- (fekeV - Te) + Oic + Qeo (17)
these momentum exchange term between the liquid phase and

the equiaxed phases are describgd j&]. The same ideais used Where the enthalpies are defined vig= fTTrLf cp(y AT + hf®f
for the momentum exchange between the liquid and the columandhe = he = ij; cps)dT + hgef with specific heat of the lig-

nar phase. ngeyer, we calculated the quuiqjcolumnar dragiq ¢y and the solid phassys). Trer andh'® are defined so that
force by considering a mushy zone permeability as proposeg,q enthalpy difference between liquid and any solids- e

in [13]. For the momentum exchange between the columnar anghyq, _ ., is equal to the latent heat of fusion. Further details
the equiaxed phase a simple approach is used. We assumed thfreat the latent heat can be found in previous publications
when the local volume fraction of the columnar phase is mMOreq 2. By solving Eqs.(15)—(17) three different temperatures

than a critical value Oﬂr.ee = 0.2, an infinite drag force coef- 4re gbtainedy), Te and7¢. The thermal equilibrium condition
ficient between both solid phases applies and thus the equiax fl] ~Te~Ty) is satisfied by applying a quite large volumet-

grains are captured. When the volume fraction of the columna¥i. neat transfer coefficient of $qQWm—3K-1) between the
phase is smaller than this critical value, no drag force betweegpases.

both solid phases exists and thus the motion of the equiaxed
grains is not affected by the columnar front. The choice of th
critical value for £{'®¢ = 0.2 is here arbitrary. Therefore, further

parameter study on the influence of this value on the final result o+ e concentration for the description of macrosegre-
IS hecessary. gations cmix, is defined by

&7 Auxiliary quantities

2.5. Species conservations ) apfi + cepefe+ cepefe

Cmix = . (18)
Pt + pefet pefe

The average diameter of the equiaxed grailasjs calculated

from the following relation

The volume averaged concentratigiin the liquid phasege
in the equiaxed phase anglin the columnar phase are obtained
by solving the species concentration equations:

3
d N 4 (de
o ime) + V- (fipina) fe:”g(g) : (19)

=V - (finDiVey) + Cel + Ce, (12)  The average diameter of the columnar dendrite trudksis
3 calculated by relating the cross section area of a single columnar
=z > trunk, 7(dc/2)?, to the maximal available area of each trunk

peCe) + V - (fepeltec c ) i

ot (fepece) (fepetiece) when the dendrites are ranked in hexagon. Thus, we get

=V - (fepeDeVce) + Cie + Cee, (13) 32

=-—. 20

d -
g(fcpccc) + V- (fepcteee)
In the case the dendrites are ranked in square, the prefactor of
=V - (fepcDcVee) + Cic + Cec, (14)  Eq.(20)would ber/4 instead of 3/4. In this paper, the average
whereD, De, D are the diffusion coefficients. The diffusive dendrite arms spacing,, is assumed to be constant and given.

species exchange at the phase interface is ignored, but Q" the results presented in this paper we thok1 mm.

species partitioning at the phase interface during solidification

(and melting) is taken into accoufit,2]. As we ignore any 2.8. Columnar tip front tracking and tip front ‘blocking’

phase exchange between equiaxed and columnar phases, we'8gg/anism

Cee=0. The columnar tip front tracking is based on the assumption
that columnar dendrite trunks grow from the wall into the bulk
melt. However, no growth-preferred crystalline orientation is

We solve the enthalpy conservation equation for each phasgonsidered.

2.6. Enthalpy conservation

a - - .

—(fiprh) + V - (fipiathy) (1) Each cc.JntroI.voI.umle is indexed with a columnar status

or marker,ic, which indicates whether a control volume con-
=V - (fikiV-Ti) 4+ Q¢ + Qel, (15) tains the columnar tip fronti{=1); columnar dendrite
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trunks ¢c = 2); or no trunks or tipsi¢ = 0). All control vol-
umes are initialized witli, =0, except the boundary (wall)
elements wherg = 1.

(2) For each control volume an “equivalence” cylinder is con- ,
sidered with aradius dfs and a height of¢t. The volume of ! é 4
the cylinder is chosen to be equal to that of the correspond- I
ing control volume:nlfef = AV. As no preferred crystal H=1
growth orientation is predefined, the “equivalence” cylin- £
der is thought to be orientated parallel to the local heat flow |
direction. |

(3) The columnar front grows parallel to the “equivalence” |
cylinder with a growth velocitypp, which is determined
fromthe LGT mode]11,12] The actual position of the front
is tracked by evaluating the integfak [ vyp dr, starting as !
soon as the front first enters the control volume. |

(4) For [>Ilef the columnar tip front has grown out of the -
“equivalence” cylinder. In this case all neighboring control !

|

66 mm

| Fe-0.34 wt.%C
| T,=1785K
| co=0.0034

170 mm

volumes which are still “empty”if =0) will be “reached”

by the front. Thus, the columnar status markers of these vol-

umes are set t@ =1, whereas the marker of the considered

volume is set td. = 2. 19=981 ms'!
(5) A mass transfer from the liquid to the columnar phase is

only considered for those control volumigs£ 0. !
(6) In order to model the ‘mechanical blocking’ mechanism by |

Hunt [8] the tip growth velocity is set to zerayp = 0, as |

soon as the local volume fraction of equiaxggjncreases

over the critical threshold g§ cet=0.49. This event defines = 300K

what is known in the literature as CET. The above described i e /

4

procedure for the CET automatically leads to the so-called
‘soft-blocking’ mechanism proposed by Martorano et al.
[10]’, as Ut,ip vanishes when the local constitutional under- Fig. 1. Schematic of the simulated benchmark (average grid size 2.6 mm
cooling disappears. 2.5mm).

2.9. Numerical implementation . . )
of 1785 K. All properties and parameters used for the simulation

The conservation equations are numerically solved with th&'€ listed inTable landFig. 1. _ _
control-volume based finite difference CFD software FLUENT _ F19- 2shows the solidification sequence of the ingot casting.
6.1. The closure laws are implemented as user defined funcolidification starts as soon as the temperature drops down below
tions. The FLUENT formulation is fully implicit, hence there lluidus (1782.3K). At 5, the equiaxed grains start to sink,
is no stability criterion for the time stepyz. However, the time ~ @Nd induce melt convection. The melt is dragged by the sinking
steps used in practice impact on the accuracy of the calcul&rains downwards along the wall and then rises again in the mid-
tion, thus the reliability of the numerical result. The must dle of the casting. Two symmetrical vortices form. In addition to

be determined empirically by test simulations. For the benchth® grain-sedimentation-induced melt convection, thermal and
mark simulation in Sectio8 a time step ofAr=10"%s was solute buoyancy also drives melt convection. The melt near the
used to start the simulation, and later change to*s0For each

time step, up to 60 iterations were necessarily to decrease thgye 1

normalized residual of|, ce, cc, fe, fo, Ul, Ue, p andn below  Properties and parameters used in simulation

the convergence limit of ¢, and#j, ke, and ¢ below that

Thermal physical Thermal dynamics Process parameters
of 10,
cp(l) =Cp(s) =808.25 Tkg1 K1 k=0.2894 max=5x 10°m~3
3. Benchmark D=2x108m?s7? m=-—8453.0K ATn=5K
) De=D¢=5.6x1010m?s! Ty=1811K AT, =2K

o . _ Ahg = h®f — h®" = 256476 Jkg® I'=2.9x 107" mK
The solidification of a binary “steel” (Fe—0.34 wt.% C) ingot ) = ke = k¢ = 3394Wnr 1K1

with a relatively small size (diameter: 66 mm, height: 170 mm)ar=0.0002K™*

was simulated (seEig. 1). An axis-symmetrical simulation is £c=0.011wt.%* .
made. The grid used consists of 690 elements with a mean sii;é:f;;ﬁ::f? kg
of 6 mn?. The ingot is filled instantaneously with temperature - 9
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t=060s t=90s

f.(0~0.47) +
i,(~0.0092 ms™)

T TR

£ (0~0.99) + £ (0~0.99) + i, (0)
i, (~0.0012 ms™)

J

£, (0~1.0) + E;"(, (0)

£.(0~0.39) + £,(0~0.78) + £, (0~1 0)+
ii,(~0.016 ms™) ii,(~0.015 ms™) ii,(~0.012 ms™)

Fig. 2. Solidification sequences. Bgthandfe are shown with 60 gray levels. The maximum and minimum values of them are given. The arrows of both velocities
are linearly scaled starting from zero to the maximum value. The columnar tip front with solid line overlaps the qyaatfitiks

wall revealed a lower temperature and is thus heavier than theolumnar dendrite trunks reaches 20%, when they are blocked
bulk melt (81 >0) and enhance the flow. On the contrary, theand incorporated in the columnar front.
effect of solute buoyancy is reverse compared with thermal buoy- At =60 s, the columnar tip front in the middle of the casting
ancy. The melt near the mold is enriched with solute, thus isneets. Therefore, two closed columnar tip front lines are seen:
less densed: >0) and so tends to rise. From the flow patternone in the upper region where the solid fraction is still low, and
of Fig. 2, it becomes obvious that the joint effect of thermal a second in the lower part of the casting, where the solidification
buoyancy and grain-sedimentation-induced flow dominates this nearly completed by equiaxed grairfs> 0.99). Here the
overall convection pattern. Sedimentation, of course, influencesolumnar tip front has already been ‘blocked’ by the presence
the distribution of equiaxed grains. The equiaxed grains sinlkof many equiaxed grains. The columnar tip frontline in the upper
down, and settle at the bottom region, where the volume fracpart is still able to move.
tion of the equiaxed phase reaches a quite high level, i.e. 39% at At r=90s the solidification of the whole casting is almost
t=5s. finished. The columnar tip front in the upper part of the casting
In the course of further cooling, the volume fraction of the has disappeared. However, in the lower part of the casting the
columnar phase at the mold wall increases. In addition, theolumnar tip front still remains. This remaining columnar tip
equiaxed grains continue to nucleate, sink and grow. They sefront line indicates the position of the CET. Within the CET line
tle and pile up in the lower region of the ingot. At 20 s, the  only equiaxed grains exist, while out of the line both columnar
volume fraction of columnar phase near the wall reaches 97%hase and equiaxed phases coexist.
and the volume fraction of equiaxed phase in the lower part of The macrosegregation is shown kig. 3. A cone shaped
the ingot reaches 78%. In the mean time the columnar tip frontegative segregation is predicted in the lower part of the ingot,
moves inwards. As described in Sectid#, it is assumed that where high sedimentation rate occurs. It is numerically ‘evi-
the equiaxed grains can freely move until the volume fraction oflenced’ that the mechanism of the sedimentation of equiaxed
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current until the whole casting had solidified and the melt flow
disappeared.

The modeling results described above reproduce the sense,
which was described by CampbFl#] based on the understand-
ing to classical experiments. The positive segregation at the top
region of the ingot can be explained by the convection of the
segregated meltin bulk region. This kind of positive segregation
coincides with the early experimental results of Campie]
and Nakagawa and MomogE5]. Finally, it must be mentioned
that channel segregations, which are frequently found in steel
ingots, are not predicted with the recent model. The reason for
that is that melting was not taken into account in this simulation
and that the used numerical grid is too coarse.

4. Summary

A three-phase Eulerian solidification model is developed,
and preliminarily used to simulate a reduced ‘steel’ ingot. The
result has shown the potential of the mixed columnar and
equiaxed solidification including CET. The simulated solidi-
fication sequence, the sedimentation of the equiaxed grains,
the movement of the columnar tip front and the final macro-
scopic phase distribution fit to the widely accepted explanations
of experimental findings, as summarized by Camphbdl].
However, no quantitative evaluation was made yet. We rather
suggest that further comprehensive parameter studies are neces-
sary in order to analyze the importance of the different modeling
assumptions.

Fig. 3. Predicted macrosegregationx. The quantity ofcmix is shown with References
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in the ingot. In the casting center the flow current transport 34 (2003) 1657-1674.
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. . " P p cations, Aedemannsdorf, Switzerland, 1989.
the melt hits the casting top, it diverges into two side streamﬁlzl 3. Lipton, M.E. Glicksman, W, Kurz, Mater. Sci. Eng. 65 (1984) 57-63.
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