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Natural Convection and Columnar-to-Equiaxed Transition
Prediction in a Front-Tracking Model of Alloy Solidification

J. BANASZEK, S. MCFADDEN, D.J. BROWNE, L. STURZ, and G. ZIMMERMANN

A meso-scale front-tracking model (FTM) of nonequilibrium binary alloy dendritic solidifica-
tion has been extended to incorporate Kurz, Giovanola, and Trivedi (KGT) dendrite kinetics
and a Scheil solidification path. Model validation via comparison with thermocouple mea-
surements from a solidification experiment, in which natural convection is limited by design, is
presented. Via solution of the flow field due to natural thermal buoyancy, it is shown that
resultant liquid-phase convection creates conditions in which equiaxed solidification is favored.
Comparison with simulations in which casting solidification is diffusion controlled show that
natural convection has greatest effect at intermediate times, but that at early and late stages of
columnar solidification, the differences are relatively small. It is, however, during the time of
greatest divergence between the simulations that the authors’ predictive index for equiaxed zone
formation is enhanced most by convection. Finally, the columnar-to-equiaxed transition’ is

directly simulated, in directional solidification controlled by diffusion.
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I. INTRODUCTION

RESEARCH within the last decade has led to new
models in which solidification micro- and macrostruc-
ture is computed. Significant early progress was made in
the combination of cellular automata (CA) techniques
to model multiple grain growth with finite element
analysis (FEA) to solve the global transport equations.!")
It is the goal of much recent research to separately
model solidification of columnar and equiaxed grains
and thereby to predict the columnar-to-equiaxed tran-
sition (CET) in solidifying alloys. At the microscopic
length scale, both the ?hase field method® and the
front-tracking technique!® have been used successfully
to model dendritic growth in a few crystals. Significant
advances have been made in predicting CET, using
CA™ and phase field"® methods, albeit for unidirec-
tional solidification and in thermal fields that are fixed
a priori. Another recent model uses a volume-averaging
approach!® in which columnar and equiaxed grains
grow with very simplified morphologies, and direct
numerical simulation of growth of equiaxed grains is not
carried out.

The current work relates to models of the evolution of
macrostructure, i.e., columnar and equiaxed grains. A
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front-tracking formulation is applied, not at the length
scale of the dendrite,””! but at that of the grain.”! The
meso-scale model has some similarities to that devel-
oped by Flood and Hunt®®! but is not restricted to one
dimension. Here, an envelope of solid is considered,
enclosing either a columnar front or an equiaxed grain,
and the authors use this to develop a model to predict
the CET in castings in the presence of natural thermal
convection. This article presents (a) experimental vali-
dation of the core model; (b) simulation of convection in
the melt and the columnar mushy zone, which is directly
coupled to the front-tracking formulation; and (c) a
study of the front-tracking predictions of impingement
of equiaxed grains with the columnar front to form a
columnar-to-equiaxed transition (CET).

II. THE FRONT-TRACKING MODEL

Details of the computational approach used in the
direct front tracking of undercooled solidification
boundaries are available elsewhere.”” Only a brief
summary is presented here. Following nucleation at an
appropriate temperature, the model” follows the
growth of columnar or equiaxed solid via the employ-
ment of representative computational markers, at a
speed set by dendrite kinetics, over the fixed-grid
domain into undercooled liquid.

To account, in theoretical models, for nonequilibrium
solutal undercooling, the growth velocity v, is defined as
a function of local undercooling, AT = T, - T,
determined from the current temperature field, where
T, is the alloy equilibrium liguidus temperature and T} is
the dendrite tip temperature.”” In References 7 and 10,
the parabolic relationship, developed by Burden and
Hunt,"'"! between tip velocity v, and the local underco-
oling AT was used, which is valid for constrained growth
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of columnar dendrites at relatively high dendrite tip
velocity and low thermal gradients. In this article, the
widely used model of Kurz, Giovanola, and Trivedi,!'”
known as the KGT model, is employed to describe
dendrite tip kinetics, and a polynomial approximation
to the KGT model'*'¥ is adopted, where

v = K (AT) + K>(AT) 1

with K| and K, coefficients specific to the alloy compo-
sition.

Here, the volume averaged energy conservation equa-
tion, valid in all regions developing in a mold during
alloy solidification, i.e., in the solid, columnar mush,
undercooled liquid, and superheated melt zones, is
solved on the Eulerian grid. Within a small but finite
control volume, Vv, this equation reads

oper),, e (9T
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Here, p, ¢, and k are density, specific heat, and thermal
conductivity of the solid-liquid mixture

p=rp;+(1—=r0)p
k= rdey+ (1 — r3)ks 3]
= (1=fes +fier

where subscripts s and / stand for the solid and liquid
phases, respectively; f; and ry are, respectively, the mass
fraction of liquid and volumetric fraction of solid, re-
lated to the entire control volume V¢y; T is tempera-
ture; v, and n; are the x-direction liquid velocity and
the corresponding component of an outward normal
vector to a control volume surface Scy, respectively; ¢
is time; and H is the liquid enthalpy, a sum of the sen-
sible enthalpy of the liquid phase and the latent heat,
L. Equation [2] is based on the assumptions that the
solid phase when formed is stationary, restricted to
columnar or consolidated equiaxed solidification, and
that saturation conditions exist, i.e., that no pores ex-
ist, only two phases—liquid and solid. The volume
integral on the right-hand side of Eq. [2] represents the
latent heat source terms: £, due to the advance of the
solidification front and E, due to dendritic thickening
behind the solidification front!”!%)

piL AV gy
B+ B =t g = 4 Py 4
at E Vm’(g« T Vg [4]
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stands for internal volumetric fraction of solid, which
is a ratio between the solid volume, ¥, and volume of
the mush, V,,, within the control volume V¢y.

The assumed variation of fraction solid with
temperature affects the calculation of E, E, and the

METALLURGICAL AND MATERIALS TRANSACTIONS A

solid-liquid mixture properties. Because the main objec-
tive of References 7 and 10 was to analyze the potential
of the new front-tracking model (FTM), a simplified
linear relationship between the solid fraction and
temperature was used to avoid nonlinearity of nodal
energy equations. In fact, such variation should be the
result of consideration of the solidification path as
defined by study of interdendritic diffusion of solute in
the mushy zone. Therefore, in all further presented
calculations, the Scheil model of solute diffusion is used.
Another improvement in the current studies is that the
alloy thermophysical properties are different in the solid
and in the liquid phases. It has been shown!' that it is
reasonable to assume that columnar dendrites can be
represented as a single front; thus, the method does not
treat individual columnar crystals. This finding has
recently been exploited!'® to develop a simplified CA
model of solidification. Furthermore, calculations of the
progress of the columnar dendritic front in nonequilib-
tium solidification enable prediction, through numerical
spatial integration of the undercooled region developing
ahead of the front, of the potential for the formation of
the equiaxed zone.!"®

III. MODELING OF SOLIDIFICATION
CONTROLLED BY DIFFUSION

In microgravity conditions or when mold cooling is
arranged in such way that reduces buoyancy forces
(e.g., directional solidification with a chill at the
bottom of the mold), thermal natural convection can
be ignored and the computational problem simplifies as
the convective term in Eq. [2] disappears (v; = 0), and
there is no need to solve mass and momentum
conservation equations for the solid-liquid mixture.
Such a situation has been analyzed in Reference 7 and
the front-tracking method has been compared with the
commonly used enthalpy approach in Reference 10 for
Burden and Hunt kinetics!'"! and for the physically
unrealistic linear relationship between the fraction solid
and temperature.

Here, further development of the computer simula-
tion model is reported where the front-tracking tech-
nique is coupled with the fully implicit control volume
finite difference method (CYFDM)!'" and with a special
iterative algorithm written to include in the model both
the Scheil solidification path and KGT kinetics (Eq. [1]).

At each successive time-step, the following iterative
strategy is applied.

(1) First, using the current solid fraction field, the en-
ergy conservation Eq. [2] is solved on a control
volume grid to get a current iteration of nodal
temperatures.

The computed temperature field, along with the
adopted law of dendrite tip growth (Eq. [1]), is
used to calculate the local undercooling, the local
marker velocities, their new positions, and the
mush volumes and to update the fraction solid for
all control volumes that are bounded or crossed by
the solidification fronts
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Fig. 1—Solidification experiment: temporal variation of temperature
measured by six thermocouples placed at different heights of the
sample.

(3) The convergence is next verified and, unless
maximum differences between two consecutive iter-
ations of temperature, two successive approxima-
tions of the fraction solid, and two consecutive
updates of the mush volumes are simultaneously
lower than the assumed tolerance, the source terms
of Eq. [2], E, and E,, are recalculated and the pre-
ceding steps are repeated.

A. Experimental Validation of the Model

The model predictions have been compared with
measurements obtained from a carefully instrumented
directional solidification experiment carried out by the
authors. The experiment involved solidification of a
rodlike sample of binary alloy Al-7 wt pct Si under
argon atmosphere in a Bridgman-Stockbarger type
furnace in a thermally stable configuration with direc-
tional solidification vertically upward in the gravity
field. Solutal instability is negligible because, in this case,
the solute density is very similar to that of the solvent.
The Bridgman furnace was equipped with a hot zone
and a cold zone separated by an adiabatic zone (thermal
baftle) of height 40 mm, but not used in typical mode, as
will be seen. The sample material was delivered from
HYDRO Aluminum GmbH (Bonn, Germany) and cast
from high-purity materials. It was manufactured to fit
into an alumina crucible of diameter 10 mm. The sample
was partially molten within a suitable temperature
gradient and solidified after thermal equilibration by
extracting heat along the samples axis, the lower zone
consisting of a water-cooled bath of liquid Ga-In. A
“power-down” technique was applied in which the
temperature of the hot zone was decreased in a
controlled and constant manner, while no relative
sample-furnace movement was applied.
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Fig. 2—Computational model of directional solidification of a cylin-
drical sample in the Bridgman furnace with the power down cooling
strategy—geometry and boundary conditions, properties of the alloy.
and the alumina crucible used.

Columnar grains of primary Al dendrites and inter-
dendritic eutectic were formed at the beginning of the
experiment, as expected at the low growth rate v, and
high-temperature gradient G. The CET occurred by
lowering G within the melt ahead of the dendrite tips
and increasing v, powering down the electrical resistance
heaters.

Temperature was gaged by thermocouples positioned
at different axial positions in a small alumina crucible in
the center of the sample. It was shown that these
measurement arrangements do not visibly influence
microstructural evolution, because CET occurred within
I mm of the same position with and without tempera-
ture assessment.

The experimental results are shown in Figure | in
terms of temporal variation in temperature measured by
six thermocouples placed at different heights (see Figure
2) of the cylindrical sample of alloy. Within the first
period (<2600 seconds), the hot zone was heated from
ambient to the final temperatures and the system left for
some equilibration. Then, the sample was moved within
the hot zone and it was thus partially molten
(<4400 seconds). After thermal equilibration, the
“power-down” procedure was started at 5200 seconds,
cooling at 15 °C/min until 6680 seconds.

Only the cooling/solidification part of the temperature
curves (shown in Figure 1 within dashed rectangle) is
the subject of comparison with the model calculations.

To numerically simulate the directional solidification
of Al-7 wt pct Si alloy in a Bridgman furnace with this
power-down technique, the computational model was
developed with geometry and boundary conditions, as
shown in Figure 2.

Conjugate heat transfer was analyzed, whereby con-
duction and the liquid-solid phase transformation in the
sample were calculated simultaneously with conduction
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Fig. 3—Comparison of cooling curves from the solidification experiment and the FTM calculations at the selected thermocouple positions.

in the alumina crucible. Initial temperature, varying
along the axis of revolution, was approximated by a
piecewise linear function based on the experimental
data-temperature values, T, measured by the six
thermocouples at the start of the cooling process (at
5200 seconds in Figure 1).

To mimic the power-down technique, convective
boundary conditions on the external curved surfaces of
the ceramic crucible and on the chill/alloy surface were
used with temperatures decreasing in time according to
the expression shown in Figure 2.

Computations were performed on a 14 x 200 control-
volume square grid with the fully implicit Euler scheme
and Ar = 0.05s. The Scheil solute diffusion model
was employed along with KGT dendrite kinetics, Eq.
[1], where K; = 2.9-107° m/(s K?), and K, = 1.49-107°
m/(s K?).'Y Alloy and mold thermophysical properties
are presented in the box in Figure 2, where T, I, Dy,
and m represent the eutectic temperature, Gibbs-Thom-
son coefficient, solute diffusivity in the liquid phase, and
slope of the liquidus in the binary phase diagram,
respectively; Ty is the melting point of the pure metal
and k,, is the alloy partition coefficient.

Because surface boundary conditions were unknown
quantitatively, the first 71 cooling curve (Figures 1
and 2) was used to calibrate the heat-transfer coeffi-
cients (htcs) on the bottom-chilled surface of the sample
and on the outer curved surface of the crucible (with the
baffle zone adiabatic); they were matched as corre-
sponding "functions of cooling time and temperature,
respectively (Figure 2).

The model predictions of temporal changes of tem-
perature at the six selected thermocouple locations are
compared with the experiment findings in Figure 3,
which shows reasonable agreement between measure-
ments and calculations. Larger experimental solidifica-
tion plateaux or recalescences are obvious in those parts
of the casting that are last to solidify, probably caused
by equiaxed solidification or the eutectic arrest. Devia-
tions from the predicted curves occur here as the model
is of columnar growth alone. However, as outlined in
Section V, progress on overcoming this limitation is
being made.
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Furthermore, choosing values of htc to force agree-
ment at T1 does not guarantee the same fit elsewhere.
More precise information on both boundary conditions
is needed if the agreement is to be more universal. For
this, more extensive system temperature measurements
would be needed, including those in the mold. which,
with appropriate inverse models, could be used to
compute the system htes.['¥]

IV. MODELING OF COLUMNAR
SOLIDIFICATION WITH CONVECTION

It has long been known that buoyancy forces play an
important role in the progress and morphology of alloy
solidification. Due to the presence of natural convection,
it is expected that local temperature gradients in the
liquid (G) become lower than in the case of pure
conduction, which may significantly change the tempo-
ral position of the liquidus isotherm in the mold and the
shape of the mushy zone.

Computationally efficient single domain enthalpy/
porous medium models have been commonly used in
the calculations of multidimensional casting processes on
the industrial scale, e.g., References 19 and 20. However,
as no direct account was taken of the kinetics of growth
of solid, a picture of the microstructure could not
emerge. In particular, such models cannot distinguish
between the columnar mush and the undercooled liquid
region ahead of dendrite tips, resulting from the non-
equilibrium phenomenon of solutal undercooling. More-
over, because in the enthalpy approach the mushy zone is
treated as a whole, the same porous medium model is
used in both regions to account for the flow resistance
there. However, it seems physically more convincing to
restrict the porous medium flow model to the region of
columnar structure, because only the morphology of this
zone resembles a porous medium. In the undercooled
liquid region, where equiaxed structure can develop,
some models of slurry should rather be used.

However, to develop distinct models in these two
zones, one needs to know the temporal position of the
columnar dendritic front. Therefore, the front-tracking
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technique was coupled to the macroscopic transport
equations of mass, momentum, and energy of the solid-
liquid mixture, and the preliminary results were reported
in Reference 10 for the linear fraction solid—temperature
relationship in the columnar mush and for Burden and
Hunt kinetics.!"

Here, an account is given of the extension of the
authors’ FTM, as applied to the simulation of solidifi-
cation controlled by both conduction and thermal
natural convection, to the use of a more recent treat-
ment of dendrite tip kinetics (KGT model) and a
realistic description of solute diffusion and microsegre-
gation (Scheil function). In addition, a more complete
analysis of the potential for the formation of an
equiaxed zone ahead of the columnar front is conducted
and compared to the pure thermal diffusion case.

To get the velocity field, v, Eq. [2] is supplemented
with volume averaged mass and momentum conserva-
tion equations for the solid-liquid mixture. Assuming
equal and constant densities of both phases
(ps = p;r = p, which also implies the equality of respec-
tive mass and volume fractions), a stationary solid phase,
the Newtonian fluid model, and laminar Boussinesq
thermal natural convection, the following equations are
valid within a small but finite control volume V¢t

?{v,n/‘dS:O for i,j=1,2,3
Scy

C Oy v,
/ ;)FIVﬁ—f (pv\ —,u,,) )n,de %pn,-dSJr
i

r Ser Sev

/iv,-g,-pm-/ (T — Trer)dV+ / o,dV
Ve Ver
(6]

where v; = fjv;is a j component of the apparent velocity
(mass averaged); p = rp,is the superficial pressure; and
1, gi» and Br are, respectively, dynamic viscosity of the
liquid, component of the gravity vector, and thermal
expansion coefficient of the liquid. The term p,.r stands
for reference density at a reference temperature, 7.

The additional source term, Q,; is used to mimic
Darcy’s flow in the columnar dendrite mushy zone, V,.
Resolution of this two-phase region permeability
requires detailed considerations of its developing mor-
phology. In the present analysis, the commonly used
Blake-Kozeny model is adopted, and

5

&
—8
(1—g)
where Kj is a morphological constant.!"

The general appearance of the preceding equations is
an integral counterpart of those commonly used in the
enthalpy/porous medium model of the mushy zone (for
example, References 19 and 20), but when these equa-
tions are coupled with the front-tracking technique, the
opportunity arises for more precise modeling of the
momentum transport within the mushy zone. Having
identified the curve joining the columnar dendrite tips at

Qv = —1,Ko [7]

9,20]
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any time of the solidification process, one can restrict
application of the porous medium model, Eq. [6] with
Eq. [7], only to the columnar dendritic region. In the
undercooled melt, some model of slurry can be adopted
when equiaxed dendrite structure develops, or the
source term, Eq. [7], is simply nullified in the case where
nucleation and grain growth have not yet started there.

The KGT description of dendrite kinetics is based on
diffusion in the liquid solute field surrounding the
growing tip. A more advanced model would treat the
additional effect of liquid flow on dendritic growth, e.g.,
using_kinetics as modified by Schragel*! or Gandin
et al*® Direct coupling of dendrite kinetics to both the
thermal and liquid velocity field, v, in a convergent,
iterative, and self-consistent manner would involve a
significant extra model complexity and computational
overhead. The authors plan to carry this out in the
future and compare the results to the curfent ones. For
now, it is assumed that the growth kinetics are not
influenced by velocity field, v,.

To calculate concurrent fluid flow and heat-transfer
phenomena occurring in the superheated melt, under-
cooled liquid, mushy, and fully solidified regions, the
CVFDM was directly coupled with the front-tracking
len.hmque on a fixed grid. The authors’ computational
model is based on the staggered grid approach,"” to
avoid checkerboard pressure modes, and on the power-
law upwinding"” to eliminate nonphysical spatial
oscillations of the numerical solution. To separately
calculate pressure and velocng fields, the velocity and
pressure correction method™ is used. Finally, the
iterative segregated solution strategy is used, where
linearized directional momentum and energy equations
are solved consecutively. When a fully implicit time
marching scheme is used, the convective-diffusive energy
equation coupled with the front-tracking technique is
solved in an inner iterative loop analogous to the one
described in Section IIT of the article.

The example of columnar dendrite solidification of
Al-4 wt pet Cu in a square mold cooled from all sides by
convective heat transfer (Figure 4) was used to study the
effect of thermal natural convection on the development
of columnar dendritic and undercooled liquid zones.
The alloy properties are listed in Flgure 4 and they are
supg)lememed with g = 1.3107 kg/(ms) and fr =

K™'. At the start of the process, the melt was at a
temperature of 700°C. It was then cooled by convective
heat flux, ¢, through all external surfaces of the mold
(Figure 4) with the constant ambient temperature

9= Mo -T)
1

Al-4wt.%Cu properties:
1 P P~ P=2600 kg/m?
5 ! E g ¢~1100 J/(kg K); ¢,~900 J/(kg K)
g| calculation! = H
| domain I S & k=90W/(m K); k,~180 W/(m K)
= =
7 i ~5800C: T,~6480C: [~
P : E A T,~580°C; T,~648°C; L-390 ki/kg
; ) I-2.41:107mK; D~5.2:10° m¥s;
5 £ ,=0.17, m=-3.37 Kiwt.%
@ =h(Tem-T)

Fig. 4—Geometry, boundary conditions, and thermophysical proper-
ties for columnar solidification of Al-4 wt pct Cu.
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Ty = 400°C and the heat-transfer coeflicient
h = 3 kW/(m*K).

Because natural convection was modeled, there was
no longer fourfold symmetry (as in Reference 7), and so
one half of the domain (either side of the vertical
centerline) was divided into 50 x 100 staggered control
volumes.

The KGT model of dendrite growth kinetics, Eq. [1],
and Scheil solidification were employed, and it was
assumed that no equiaxed grains formed yet in the
undercooled liquid region. In the absence of equiaxed
solidification in this zone, the columnar front could
proceed unhindered to the center of the casting. The
undercooled region was treated as completely liquid,
although with temperatures lower than the equilibrium
liquidus temperature.

The columnar dendritic zone was modeled as isotro-
pic porous medium where the resistance to the flow was
given by Blake-Kozeny law,'”? Eq. [7], with the
estimated morphological constant K, = 4.92:10" m™".

To analyze the impact of natural thermal convection
on the developing columnar dendritic and undercooled
liquid zones, the predicted temporal positions of the
dendrite tip curve and of the liquidus isotherm are
compared in Figures 5 and 6 for solidification driven by
convection vs that controlled only by conduction.

The differences in the dendrite tip curves (Figure 5),
although visible, are not very substantial. Nevertheless,
the local temperature gradients lowered by thermal
buoyancy forces cause a faster movement of the liquidus

|
|
|
time =50s |
’ |
[
|
|

time = 20s

N

Fig. 5—Comparison of temporal positions of the columnar dendritic
front during solidification of Al-4 pct wt Cu controlled by pure con-
duction—curves with solid triangles, and additionally by thermal
natural convection—curves with solid circles.
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isotherm toward the hottest central part of the mold
(Figure 6). Thus, the undercooled liquid zone, confined
by this isotherm and the dendrite tip curve. becomes
much larger when compared with the case of pure
conduction. This is particularly observed at early and
intermediate times of the solidification process, where
relatively strong convection currents occur (Figure 6).
At later times, when a significant part of the mold is
filled with the solid, the region of superheated melt is
shortened, being replaced by the liquid of temperature
slightly lower than the liquidus, and thermal convection
becomes very weak. In consequence, all zones, i.c., the
solid, columnar, and undercooled ones, resemble the
corresponding zones growing during conduction-con-
trolled solidification (Figure 6).

As mentioned, Browne!'™ used the FTM of nonequi-
librium columnar solidification to estimate the potential
for the formation of a completely equiaxed structure
developing in front of the columnar zone. The proposed
equiaxed index is calculated by numerical integration of
the local undercooling, AT, over all control volumes
within which the undercooling occurred and can be
treated as a metric for the relative tendency to form an
equiaxed zone.""! It was shown that low heat-transfer

SOLIDIFICATION CONTROLLED BY THERMAL NATURAL CONVECTION

Fig. 6—Comparison of FTM predictions of evolution of the solid,
liquid, columnar, and undercooled liquid zones during solidification
controlled by conduction and natural convection: solid—dark gray,
columnar zone—gray; undercooled liquid—light gray, and super-
heated melt—white.
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coefficients and increasing the solute content in the alloy
augmented the index, thus indicating higher potential of
promotion of equiaxed solidification. Recently, it has
been shown®" that predictions based on this index
concur well with Hunt® CET maps in (G, v,) space.

Here, the equiaxed index is used to study the role of
thermal natural convection in the development of
equiaxed solidification. Figure 7 compares the index
for columnar solidification of Al-4 wt pct Cu with and
without natural convection in the melt intensively
cooled (h = 3000 W/(m>K) in the square mold, Fig-
ure 4).

In both cases, the equiaxed index behaves in a similar
way. At the start of solidification, it is very small, as the
extent of the undercooled region ahead of the front is
small (left column of Figure 6). Next, the index
increases, reaching its peak at some intermediate time,
but eventually starts to decrease as columnar solidifica-
tion converges at the casting center and the undercooled
region contracts (right column of Figure 6). However, in
the case of thermal natural convection, the potential of
forming an equiaxed zone is roughly 2 times higher than
that calculated for pure heat diffusion, and it gains its
maximum much earlier (Figure 7).

All of this confirms that natural thermal convection in
interdendritic and bulk liquids alters the local underco-
oling and thus changes the conditions created for
equiaxed nucleation and grain growth. It also shows
that, while actually modeling columnar solidification,
the equiaxed index is a simple and useful metric that can
be employed to tailor experimental variables in order to
increase or lower the potential of equiaxed solidification.
However, the FTM is currently being extended to enable
direct simulation of equiaxed solidification in the
undercooled liquid ahead of an advancing columnar
front, as explained in Section V.

0.012
Al - 4wt.%Cu KGT kinetics
0.01 - Scheil's model
‘E 0.008 -
x
S
£ 0.006
°
£
s
S 0.004
o
u
0.002
———— conduction
—e—— convection
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solidification time [s]

Fig. 7—Comparison of temporal changes of the equiaxed index dur-
ing solidification of Al-4 wt pct Cu controlled by pure conduc-
tion—curve with solid triangles, and by thermal natural
convection—curve with solid circles.
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V. MODELING EQUIAXED SOLIDIFICATION
AND IMPINGEMENT

Equiaxed crystals may nucleate in the undercooled
liquid ahead of the advancing columnar dendrites. These
equiaxed forms become dendritic and continue to grow
until they impinge with neighboring dendrites. Where the
grains impinge, an as-cast grain boundary is observed. If
the neighboring dendrites to the equiaxed ones are
columnar, then a CET is seen. Front tracking has been
used to model the growth of isolated equiaxed dendrites!”
and has recently been developed to include impingement
of the equiaxed dendrites”® in a purely diffusive system.
Thermal interaction between growing grains affects the
tip undercooling and, consequently, the relative growth
velocities between neighboring grains. Hence, thermally
soft impingement occurs, that is, the approaching growth
velocities gradually reduce as the grains get eloser to each
other. The authors have recently demonstrated®” that
thermal effects, due to evolving latent heat, dominate the
interaction between neighboring growing dendritic crys-
tals, for the majority of the growth stage between
nucleation and impingement in typical castings. It is only
very near impingement between growing grains, when
grain boundary loci are largely finalized, that their solutal
boundary layers overlap. Therefore, through direct
modeling of the nucleation, growth, and impingement
of equiaxed 2ﬁrains ahead of a columnar front, this FTM
is capable®” of directly simulating the final as-cast
macrostructure and CET.

Figure 8 shows front-tracking results (purely diffusive
case) at four time stages for an Al-2 pct wt Cu sample
that is cooled from the left-hand-side wall of a
4 x 10 mm rectangular mold/enclosure. The computa-
tional grid spacing is 0.1 mm in both directions. The
wall is held at 400 °C and the heat-transfer coefficient at
the wall is 3000 W/m> K. All other walls are adiabatic.
An initial superheat of 15 K is present. An instanta-
neous nucleation criterion is used: when the undercool-
ing at the seed is sufficient (taken as 1.0 K for initiating
columnar growth and 0.5 K for equiaxed), a crystal
nucleates and begins to grow. The seeds are distributed
throughout the casting. Columnar grains nucleate on
the left-hand mold wall and are represented by a
growing front. Equiaxed grains are observed to nucleate
and grow ahead of the columnar front. For time 7, the
crystals that are seen nucleate early in the simulation
and grow to become elongated columnar crystals
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Fig. 8—Columnar and equiaxed growth of a directionally solidified
Al-2 wt pet Cu.
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Fig. 9—Comparing the columnar front velocity at three section
heights to the columnar velocity when no impingement takes place:
At = 5% 107s.

themselves. The final result, at 74, shows the as-cast
macrostructure of the sample and the CET.

To reveal the nature of the impingement of the
columnar front, the horizontal velocity of the columnar
front of Figure 8 is measured over time at three heights:
quarter, half, and three-quarters sample height (shown
in Figure 8 at 14). These velocities are compared to the
velocity of a columnar front that is allowed to grow
unimpeded to the end of the sample, that is, under the
same growth conditions but with equiaxed nucleation
suppressed; hence, no impingement takes place. Fig-
ure 9 shows this comparison. For the velocities of the
impeded front, one observes a gradual deceleration and
then an abrupt decrease to zero velocity for each
measurement. The initial gradual deviation is due to
the thermal interaction of the columnar front with the
neighboring grains; this is thermally soft impingement.
The abrupt decrease to zero occurs when the neighbor-
ing grains contact one another, and growth ceases at this
point. The thermal impingement effect is more pro-
nounced at the three-quarter height, simply because at
this height the neighboring equiaxed grains nucleated
earlier, grew bigger, and had a larger influence on the
local temperature profile. Also, at this later time in the
simulation, the thermal gradient in the liquid is lower,
thus widening thermal boundary layers. The other
grains that nucleated closer to the columnar front were
quite small at the moment of contact and emitted only a
small amount of latent heat up to that point.

VI. CONCLUSIONS

The current model was validated by comparison with
a well-instrumented and carefully controlled directional
solidification experiment on an Al-Si alloy. The effect of
liquid flow due to thermal gradients on the undercooled
region has now been computed, and it is shown that
such natural thermal convection promotes equiaxed
solidification, even when effects such as transport of
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crystalline fragments in such flow from the columnar
mushy zone are neglected. Direct simulation of equiaxed
solidification has been carried out, and, when done
simultaneously with columnar growth simulation, the
CET is computed.

Future work will entail modification of the dendrite
kinetics to account for the effects of liquid flow,
implementing a model of slurry to deal with the flow
of the equiaxed mushy zone and direct coupling of the
two flow models—that in the fixed porous columnar
solid with that in the particulate two-phase equiaxed
mush. Proper consideration of the effect of liquid solute
gradients on natural convection will also follow.
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NOMENCLATURE
¢ specific heat
D, mass diffusivity in liquid
E; source term accounting for front advection
E, source term accounting for dendrite
thickening
! mass fraction
G temperature gradient
g internal volumetric fraction
g component of gravity vector
H specific enthalpy
h heat-transfer coefficient
Ky morphological constant
K, coefficient of KGT model
K, coefficient of KGT model
k thermal conductivity
L latent heat term, L = (¢y—=¢/)Trer + Lyer
Lo latent heat at reference temperature
n; component of outward normal
0, Darcy’s source term
r volumetric fraction
S surface
iy temperature
T ambient temperature
Tinit initial temperature
Trer reference temperature
T, dendrite tip temperature
T liquidus temperature
Ty melting point of pure metal
t time
4 volume
Vi volume of columnar mush
v apparent velocity
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liquid velocity

X; Cartesian coordinate
Br thermal expansion coefficient of liquid
AT temperature difference
At time-step
r Gibbs-Thomson coefficient
Ky partition coefficient
I dynamic viscosity of liquid
p density
Pref reference density in Boussinesq model
Subscripts
cv pertinent to control volume
ij Cartesian coordinate direction
! liquid
m pertinent to columnar mush
s solid
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