Prediction of the As-Cast Structure of Al-4.0 Wt Pct Cu Ingots
MAHMOUD AHMADEIN, M. WU, J.H. LI, P. SCHUMACHER, and A. LUDWIG
A two-stage simulation strategy is proposed to predict the as-cast structure. During the ﬁrst
stage, a 3-phase model is used to simulate the mold-ﬁlling process by considering the nucleation,
the initial growth of globular equiaxed crystals and the transport of the crystals. The three
considered phases are the melt, air and globular equiaxed crystals. In the second stage, a 5-phase
mixed columnar-equiaxed solidiﬁcation model is used to simulate the formation of the as-cast
structure including the distinct columnar and equiaxed zones, columnar-to-equiaxed transition,
grain size distribution, macrosegregation, etc. The ﬁve considered phases are the extradendritic
melt, the solid dendrite, the interdendritic melt inside the equiaxed grains, the solid dendrite, and
the interdendritic melt inside the columnar grains. The extra- and interdendritic melts are
treated as separate phases. In order to validate the above strategy, laboratory ingots
(Al-4.0 wt pct Cu) are poured and analyzed, and a good agreement with the numerical predictions is achieved. The origin of the equiaxed crystals by the ‘‘big-bang’’ theory is veriﬁed to
play a key role in the formation of the as-cast structure, especially for the castings poured at a
low pouring temperature. A single-stage approach that only uses the 5-phase mixed columnarequiaxed solidiﬁcation model and ignores the mold ﬁlling can predict satisfactory results for a
casting poured at high temperature, but it delivers false results for the casting poured at low
temperature.
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I.

INTRODUCTION

A good understanding of the solidiﬁcation phenomena, such as the origin of equiaxed and columnar grains,
the evolution of globular/cellular morphology to dendritic, and the columnar-to-equiaxed transition (CET),
has been the focal issue among the researchers to develop
models which are needed to predict the solidiﬁcation
structure. Despite the several empirical models introduced, no suﬃcient attention has been paid to incorporate
them together with macroscopic phenomena. The as-cast
structure has a crucial impact on the mechanical properties of cast products. For decades, researchers and
metallurgists have been studying the factors which aﬀect
the as-cast structure.[1–5] Once the nucleation of equiaxed
grains occurs (heterogeneously or under dynamically
stimulated conditions), metal crystals start to grow in
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either columnar (cellular or dendritic) or in equiaxed
(globular or dendritic) morphology. The ﬁnal as-cast
structure may contain one or more of these morphologies
with a CET. In addition, various interacting multiphase/
multiscale processes during solidiﬁcation, e.g., transport
of heat, momentum, mass, species, and melt convection
increase the complexity of the prediction of the as-cast
structure.
Progress has also been extended to grasp a better
understanding of CET since the pioneer study of Hunt[6]
in the 1980s. A CET map using a correlation of the
columnar primary dendrite tip growth velocity with the
local temperature gradient at the moment of CET was
established to analyze the occurrence of CET. This CET
map was later veriﬁed and further improved by many
authors.[7–12] In the meantime, empirical correlations
have been proposed as indirect criteria to predict the
CET for engineering castings.[13–17]
In later studies,[18–21] Wu and co-authors introduced a
5-phase mixed columnar-equiaxed model which takes
into account the impacts of ﬂow and grain transport
based on the above mentioned empirical knowledge.
Preliminary simulations were compared with Al-Cu
alloy ingots which are poured at various temperatures.[22,23] The results showed that the model is capable
of producing the mixed columnar-equiaxed structure
and to distinguish the CET, but fails to predict the fully
equiaxed structure obtained at low pouring temperature.
The reason for the failure prediction of the as-cast
structure for the castings poured at low pouring
temperature consists in the fact that the mold ﬁlling
and its inﬂuence on the origin of crystals were ignored.
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Previous simulations were based on an assumption that
same and constant initial number density of the equiaxed grains (n0) are applied despite the diﬀerence in the
pouring temperature. According to the ‘‘big-bang’’[2] or
‘‘separation’’ theory,[4] a large amount of equiaxed
nuclei would be produced during pouring at the ﬁrst
contact of the melt with the cold mold. These nuclei
would subsequently be dispersed in the bulk melt.
In the current study, further model veriﬁcations and
improvements of the authors’ earlier studies[18–23] have
been conducted. Mold ﬁlling, which had been ignored
completely in previous studies, is now being considered
to predict more reliable initial conditions that are
required for the prediction of the as-cast structure and
CET using the 5-phase columnar/equiaxed model. There
was much experimental evidence that ‘‘premature solidiﬁcation’’ may take place if metal is poured with
relatively low superheat into a cold mold cavity.
Although this issue is of great importance to the
solidiﬁcation structure, it was not treated numerically
in the existing literature. For this purpose, a 3-phase
volume-averaging model is used to simulate the moldﬁlling process by considering the nucleation, the initial
growth of globular equiaxed crystals, and the transport of the crystals. These calculated as-ﬁlled conditions
obtained at diﬀerent pouring temperatures replace
the previously assumed initial conditions, which helps
in improving the as-cast structure predictions. The
predicted structures of various pouring temperatures
are quantitatively and qualitatively compared with
the experimental outcomes to evaluate the modeling
results.

II.

MODEL FEATURES

The mold ﬁlling was simulated by using a 3-phase
globular solidiﬁcation model. A detailed description of
the transport equations and the deﬁnitions of the
corresponding source terms are provided in References
24–28. The main features and assumptions of the model
are summarized as follows:

– The 3 phases are the air phase, the liquid metal, and
the solidifying equiaxed globular crystals. They are
quantiﬁed with the corresponding volume fractions
fa, fl, and fe. They move with the corresponding
velocities: ua , ul ; and ue .
– The morphology of equiaxed crystals is assumed as
a sphere, and the formation of columnar crystal is
ignored.
– A
three-parameter
heterogeneous
nucleation
law[29,30] is implemented to model the nucleation of
the equiaxed crystals. The transport of the number
density of the equiaxed crystals is calculated according to the solid velocity.
– The mass exchange between liquid and solid during
the solidiﬁcation of equiaxed crystals is determined
by the diﬀusion-governed growth of the spherical
crystal.
– The liquid–solid mass exchange introduces an additional source term for the momentum conservation
equations of liquid and solid phases, but no mass or
species exchange between air and the other phases.
– Grain sedimentation and thermosolutal convection
are considered. Nevertheless, the forced convection
associated with pouring is dominant.
– The remelting of the solid and the dissolution of the
formed equiaxed nuclei are allowed. Superheating
the solid and liquid mixture introduces two source
terms: One for the remelting-induced mass transfer
in the mass conservation equation, and one for the
transport equation of the crystals. The rate of the
remelting and the rate of the dissolution of nuclei
are dependent on the superheat.
After the mold ﬁlling, a 5-phase mixed columnarequiaxed solidiﬁcation model with dendritic morphology[18–21] is applied to simulate the formation of the ascast structure and the CET. The main features and
assumptions of the 5-phase model are summarized as
follows:
– The three hydrodynamic phases, denoted as e-, c-,
and l-phases (Figure 1), are considered and quantified with their volume fractions, fe, fc, and fl. They
move with the corresponding velocities: ue , uc and

Fig. 1—Schematic of the mixed columnar-equiaxed solidiﬁcation in an ingot casting.
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–

–

–

–

ul . The columnar grain velocity uc is predefined as
zero, whereas ue and ul are solved numerically. The
air phase is not considered here.
The dendritic growth of crystals is taken into consideration as shown in Figure 1. Two distinct phase
regions exist within the crystal envelope: the solid
dendrites and interdendritic melt. It is assumed that
the interdendritic melt is transported with the solid
dendrites and is generally enriched with the solute
element to a larger extent than the extradendritic
melt surrounding the crystals. Therefore, ﬁve ‘‘thermodynamic’’ phase regions are deﬁned in the system: The solid dendrites and interdendritic melt in
the equiaxed grain, the solid dendrites and interdendritic melt in the columnar dendrite trunk, and the
extradendritic melt. Each region has corresponding
volume fractions: fse, fde, fdc, and fl and is characterized by its corresponding solute concentration: ces ,
ced, ccs , ccd, and cl. Inside an equiaxed grain, volume
fractions of interdendritic liquid and solid dendrites
are quantified, respectively, with aed, and aes ; hence
fde = aedÆfe and fse = aes Æfe. Inside a columnar dendrite trunk: fdc = acdÆfc and fsc = acs Æfc.
The same nucleation law, parameters, and equiaxed
transport equation as the ones used for the 3-phase
mold-ﬁlling model are used here. The growth of columnar trunks is assumed to start at the mold wall. The
position of the columnar tip is tracked explicitly.[11,12]
The expansion of the grain envelope and the solidiﬁcation of the interdendritic melt are treated diﬀerently. The expansion of the envelopes is determined
by dendrite growth kinetics—using the Kurz–Giovanola–Trivedi model for the growth of columnar
primary dendrite tips and the Lipton–Glicksman–
Kurz model for the growth of columnar secondary
dendrite tips (radial growth of the columnar trunk)
and equiaxed primary dendrite tips. The solidiﬁcation of the interdendritic melt is driven by the supersaturation of the interdendritic melt and governed
by the diﬀusion in the interdendritic melt region.
Two columnar tip-blocking mechanisms are implemented to calculate the CET: One is the hard blocking,[6] and the other is the soft blocking.[9] The hardblocking mechanism suggests that CET might occur
when the equiaxed grains ahead of the columnar
dendrite tip exceeds a critical volume fraction
(fe,CET = 0.49). The soft-blocking mechanism suggests
that the growth driving force (constitutional undercooling) is exhausted because of the enrichment with the
solute element rejected by the growing equiaxed grains,
which stops the growth of columnar primary dendrite
tips.For both the 3- and the 5-phase models, the volume-averaging approach was employed to formulate
the conservation equations of mass, momentum, species, and energy for the assigned phases. In addition to
the grain transport equation, the former conservation
equations were solved sequentially at each time step
with implicit linearization based on the control volume
method. The solidification models were implemented
in an Eulerian multiphase CFD code (ANSYS Fluent
6.3.26).[31]
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III.

SIMULATION SETUP

For the simulation of columnar/equiaxed solidiﬁcation by means of the 5-phase model, a 2D axisymmetric
grid was constructed (Figure 2) whereby the top surface
proﬁle is similar to that of the real casting. In order to
simulate mold ﬁlling, this grid was additionally provided
with one velocity inlet at the top for pouring the liquid
alloy. The liquid alloy is poured at temperatures of
973 K, 1023 K, and 1073 K (700 C, 750 C, and
800 C). The initial concentration of the poured melt
was set at 4.0 wt pct and is assumed to carry
1.0 9 107 m 3 of the heterogeneous nucleation sites.
The parameters which are used for the nucleation model
are based on experimental measurements by Ahmadein
and co-workers.[32] From the casting experiments, the
pouring speed was estimated to be 1.037 m/s for a
corresponding ﬁlling time of ~5.5 seconds. A constant
heat-transfer coeﬃcient of 120 W m 2 K 1 was provided at the outer walls of the mold and
2900 W m 2 K 1 at the mold/melt interface. The mold
was initially ﬁlled with air (with phase fraction, fa ~ 1) at
the ambient temperature. During the process of pouring,
air is allowed to escape from the top of the mold
through a pressure outlet boundary condition. A ﬁxed
time-stepping scheme was employed with a time step
between 10 5 and 10 4 seconds.
To calculate the subsequent ingot solidiﬁcation after
mold ﬁlling, the same ingot and mold grid were used
after excluding the pouring inlet and air outlet. The
average temperature, fl, fe, n, cl, and ce of the as-ﬁlled
ingot are used to initialize the solution of ingot
solidiﬁcation using the 5-phase mixed columnar-equiaxed model. The same ingot and mold grid are used. The
heat-transfer coeﬃcient at the outer wall remains
unchanged, whereas it was reduced at the melt/mold

Fig. 2—Simulation grid of ingot and mold.
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interface to 1000 and 125 W m 2 K 1 above and below
the liquidus temperature, respectively. The initial fl and
fe are provided from the 3-phase mold-ﬁlling simulation,
whereas fc is assumed to be 10 5. The columnar primary
dendrites were initialized with tips located at the mold/
melt interface cells. An adaptive time-stepping scheme
was employed with a minimum time step of 10 4 seconds. The grid was equipped with some control points
and thermocouples, e.g., T1, T2, and T3. Further
modeling parameters and the thermophysical data are
listed in Table I.

IV.

EXPERIMENT

The Al-4.0 wt pct Cu alloy was melted and poured into
a clay-bonded graphite crucible at diﬀerent pouring
temperatures, namely 973 K, 1023 K, and 1073 K

Table I.

(700 C, 750 C, and 800 C). Crucibles were initially
set at the room temperature. Mold ﬁlling is accomplished
in ~5.3 seconds with an average pouring velocity of
1.037 m/s. After pouring, the top was covered, and they
were let to cool down in the normal atmosphere. After
solidiﬁcation, specimens were cut, ground, polished, and
etched for macroscopic examination. The resulting macrographs are shown in Figure 3.
The as-cast structures of various samples are shown in
Figure 3. It is obvious from a ﬁrst glance that a lower
pouring temperature favors the formation of equiaxed
grains. In addition, the equiaxed grain size is reduced
when the pouring temperature decreases. Concerning
the ingot poured at 1073 K (800 C) (Figure 3(a)), the
core of the ingot (region A) is mainly equiaxed with ﬁner
grains near the bottom and with coarser grains at the
top. These equiaxed grains are mixed with the columnar
ones at the region boundaries. In the outer region

Simulation Parameters for Al-4.0 Weight Percentage Cu Alloy

Thermophysical data
Solute concentration of raw material = 4.0 wt pct Cu
Eutectic concentration = 33.2 wt pct Cu
Eutectic temperature = 821.35 K
Liquidus slope = 260 K/wt pct
Partition coeﬃcient = 0.145
Latent heat of fusion = 389.32 kJ/kg
Thermal capacity = 1100 J/kg K
Thermal conductivity of liquid = 87 W/m K
Thermal conductivity of solid = 180 W/m K
Diﬀusion coeﬃcient in liquid = 5.0 9 10 9 m2/s
Diﬀusion coeﬃcient in solid = 8.0 9 10 13 m2/s
Liquid viscosity = 0.0012769 kg/m s
Thermal expansion coeﬃcient = 0.0001 K 1
Solutal expansion coeﬃcient = 0.92 wt pct 1

Nucleation parameters
nmax = 1.48 9 1011 m 3
DTN = 28.84 K
DTr = 0.17 K
n0 = 107 (for 3-phase simulation)
Morphological parameters
Feenv = 0.48
Fesph = 0.4
Feenv = 0.80
Fesph = 0.5
Primary dendrite arm spacing = 500 lm
Secondary dendrite arm spacing = 100 lm

Fig. 3—The as-cast structure of Al-4 pct Cu ingots poured at (a) 1073 K (800 C), (b) 1023 K (750 C), and (c) 973 K (700 C). Capital letters
denote macroscopic regions; small letters denote microstructure characterization points.
2898—VOLUME 44A, JUNE 2013
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(region B), it is evident that the columnar trunks grow
perpendicular to the mold walls. The structure of the
ingot poured at 1023 K (750 C) (Figure 3(b)) is mainly
very ﬁne equiaxed in the core (region A) and relatively
coarse equiaxed in the exterior (region B) which may
interfere with some columnar grains which grow from
the wall. A further reduction of the pouring temperature
(Figure 3(c)) results in very ﬁne equiaxed grains at the
ingot core (region A) with a ﬁne-grained exterior. The
top (region B) features coarser equiaxed grains, mixed
with a few columnar grains coming from the mold wall.

V.

SIMULATION RESULTS

The 3-phase model was used to simulate the mold
ﬁlling of ingots poured at two extreme pouring temperatures: 1073 K and 973 K (800 C and 700 C). The
calculated temperature after a ﬁlling time of 5 seconds
for the ingot poured at 973 K (700 C) (Figure 4(a))
showed that the superheated metal jet retains its
temperature until it bumps up against the mold base.
Thus, it exchanges its heat with the cold mold, cools
down, and continues to cool, while it is streaming
upward, close to the mold wall. Additional heat losses
occur through the melt/air interface at the top. As a
result, the top of the ingot is colder than the core and the
bottom. Owing to the eﬀect of the melt convection, a
relatively high solid fraction (Figure 4(b)) is formed
within the mixture vortex compared with its core which
retains a relatively higher temperature. In addition, the
nucleation and the crystal growth rates are much higher
at the top than the rest region of the ingot (Figures 4(c)
and (d)). The formed grains are redistributed in response
to the convective stream. Some of them survive, while
some are remelted at the hotter regions. Thus, the vortex
center exhibits low n. The falling hot metal jet maintains

the minimum fe = 10 5 and n = 107 m 3 and
de = 1 lm (assumed as inlet boundary condition).
The average value of fe and n over the melt-ﬁlled
domain are monitored during mold ﬁlling and plotted
versus the pouring time, as shown in Figure 5. For the
ingot poured at 973 K (700 C), equiaxed grains nucleate very early at ~0.2 seconds and a very high number
density (~1.0 9 1010 m 3) is formed when the liquid
metal touches the cold bottom of the mold. Afterward, n
ﬂuctuates and gradually decreases. After 1.5 seconds, n
increases tremendously to reach a steady-state value of
about 1.1 9 1010 m 3 after 4.0 seconds. In the same
case, the volume fraction of the solid behaves similar to
n and reaches about 0.055 after the ﬁlling of the mold.
On the other hand, the nucleation is delayed for the
highly superheated ingot [1073 K (800 C)] to start at
~0.45 seconds with a lower grain production rate. The

Fig. 5—Evolution of the average of n and fe during the moldﬁlling process at 973 K and 1073 K (700 C and 800 C) pouring
temperature.

Fig. 4—Calculated results for the ingots poured at 973 K (700 C) after a ﬁlling time of 5 s: (a) temperature ﬁeld with superimposed solid velocity
vectors, (b) fe, (c) n, and (d) grain diameter of the solid.
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peak value (~6.0 9 108 m 3) decreases progressively as
the pouring of the hot melt proceeds. The grain growth
is negligible, since the initial fe is maintained. The asﬁlled mold contains an average of n ~ 1.3 9 107 m 3
and fe ~ 0.0, i.e., similar to the initial melt state.
The calculated results of the as-ﬁlled state are used as
initial conditions for the subsequent solidiﬁcation calculation using the 5-phase mixed columnar-equiaxed
model. The resulting cooling curves at the thermocouple
point T1 (positions shown in Figure 2) are plotted
versus those of the experiments as shown in Figure 6.
The calculated cooling rates and the total solidiﬁcation
time are nearly similar to those of the experiments. The
solidiﬁcation plateau at the liquidus temperature is
reproduced by the simulation. The predicted as-cast
structure of the ingot poured at 1073 K (800 C) is
shown in Figure 7. Two zones could be easily distinguished in the as-cast structure of the equiaxed phase

Fig. 6—Measured and calculated cooling curves of the ingots poured
at 973 K and 1073 K (700 C and 800 C).

Fig. 7—Calculated volume fractions of the columnar and equiaxed
phases of the ingot poured at 1073 K (800 C).
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region at the ingot core and the columnar phase region
in the exterior. Both regions are separated by a mixed
columnar-equiaxed zone. The ﬁnal position of the
columnar primary dendrite tips is indicated by the
CET-line. The equiaxed zone is vertically extended in
the mold near the sidewall with a lower volume fraction.
At a horizontal section 40 mm above the bottom, the
calculated volume fraction of the phases was plotted
versus the ingot radius along with the real-to-scale ascast structure, as demonstrated in Figure 8. The predictions of the fe and fc ﬁnely match the macrograph of the
same region. A fully equiaxed structure can be noticed
on the left of the CET-line, whereas fc increases
tremendously on the right of the CET-line. A mixed
structure between 18 and 29 mm can be discerned. An
overall eutectic volume fraction of 9 pct was formed.
In addition to the above results, the model provided
other results such as the grain number density and the
solute concentration in each phase. The calculated
diameter of the equiaxed grains and the columnar
trunks are shown in Figure 9. The ﬁnest equiaxed grains
and the coarsest columnar trunks exist at the exterior of
the ingot and vice versa inside the CET-line.
Analogous to the real as-cast structure (Figure 3(a)),
the calculated structure has relatively ﬁne equiaxed
grains close to the bottom of ‘‘region-A’’ and coarse
grains at the top of the same region. At the horns of
‘‘region-A,’’ the size of equiaxed grains gradually
decreases toward the top. Very tiny equiaxed grains
(400-lm diameter with fe ~ 5 pct) may coexist along
with columnar grains at the ingot top and peripherals.
Compared with the ingot peripherals, very coarse
columnar trunks are obtained at the top of ‘‘region-B.’’
The predicted as-cast structure of the ingot poured at
973 K (700 C) is shown in Figure 10. The structure is
almost equiaxed, except for the corners that contain a
tiny amount of columnar grains. The complementary
volume fraction to fe inside the CET-line represents the
formed eutectic. A very high number density for the
equiaxed grains is formed at the ingot core. A lower

Fig. 8—Phase fraction distribution from center-to-wall at a line
40 mm above the bottom.
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Fig. 9—Calculated diameters of equiaxed grains and the columnar
trunks for the sample poured at 1073 K (800 C).

Fig. 10—Calculated fe, n, and CET of the ingot poured at 973 K
(700 C) using the predicted initial conditions.

number density is formed at ingot exterior and the
minimum, which corresponds to the coarser grains and
exists at the top of the ingot.

VI.

MODEL EVALUATION AND DISCUSSION

During mold ﬁlling, the assumption for the model
that the equiaxed growth of grains is globular seems
very reasonable. It is well established that the formation
of columnar grains starts with nuclei sticking to the
mold walls. During the process of mold ﬁlling, the
METALLURGICAL AND MATERIALS TRANSACTIONS A

continual pouring and splashing of superheated melt
eliminates any chance for grains to stick to the walls.
After the mold ﬁlling, convection and agitation are
reduced substantially, and the conditions may favor the
columnar growth. In this case, switching to the 5-phase
model is more convenient to consider the columnar/
equiaxed dendritic growth in a competitive manner.
The results of n (Figure 5) exhibit a delayed nucleation for the casting poured at 1073 K (800 C) compared with that poured at 973 K (700 C). The reason
for this is the additional time needed to undercool the
melt and dissipate the extra superheat. According to the
nucleation model, at the moment when the hot metal
bumps against the mold bottom, the nucleation rate for
the melt poured at 973 K (700 C) is much higher
compared with that for the melt poured at 1073 K
(800 C). In fact, these results support the nucleation
theory known as the ‘‘big-bang.’’[2] The formed nuclei
may survive or remelt depending on the pouring
conditions, e.g., after the ﬁrst bump of the metal jet
against the mold bottom, and, owing to the continual
pouring of the hot melt, the nucleation rate decreases.
The reason for this lies in the remelting and the reduced
cooling rate. After about 1.5 seconds, n increases
progressively for the low superheated [973 K (700 C)]
melt, whereas the initially formed big-bang crystals of a
highly superheated one [1073 K (800 C)] remelt gradually and reach a state that is very close to the original
state of the incoming melt at the inlet. The average
volume fraction of the solid reaches as high as ~0.055 for
the casting poured at 973 K (700 C), while it remains
the same as the initial melt state (fe = ~0.0) for the
casting poured at 1073 K (800 C).
In previous studies,[22,23] the simulation of mold ﬁlling
was ignored and replaced by assuming a higher n0 for the
ingot poured at a low temperature. The results of a
parameter study based on this assumption reveal the
impact of n0 (varying from 107 to 109 m 3) on the CET,
where the equiaxed region expands when n0 increases.
Nevertheless, the modiﬁcation of n0 alone is insuﬃcient to
suppress the growth of the columnar grains for the ingot
poured at a lower temperature, and this assumption failed
to reproduce an as-cast structure similar to that shown in
Figure 3(c). The current two-stage simulation strategy
showed that not only does the initial n0 have to be
considered depending on the pouring temperature, but
also all the other solidiﬁcation quantities, in particular fe.
The CET criterion is based on the competitive growth
between the columnar and equiaxed phases. A simulation
which ignores the impact of mold ﬁlling on the initial fe
allows the columnar grains with tips initialized at the
mold interface to win this competition even at a low
pouring temperature, which results in false predictions.
After adopting the new strategy, the equiaxed grains
initially have the majority (n0 = 1.1 9 1010 m 3 and
fe = 0.055) for the ingot poured at 973 K (700 C).
Therefore, the equiaxed phase could survive and limit the
growth of the columnar phase, which would lead to an
improved prediction (Figures 3(c) and 10).
The above results, based on the new two-stage modeling
strategy, exhibit a good qualitative agreement regarding
the phase distribution, grain size, and CET. The numerVOLUME 44A, JUNE 2013—2901

Table IIMeasured and Calculated Microstructural Quantities at Selected Points

ne (m 3)
Quantity
Point*

TPouring [K (C)]
1073 (800)

measured
calculated
measured
calculated

973 (700)

a

dc (mm)

b
9

2.9 9 10
1.1 9 109
5.4 9 1010
6.9 9 1010

c
8

7.0 9 10
6.2 9 108
2.8 9 1010
3.2 9 1010

9

2.8 9 10
1.3 9 109
1.8 9 1010
2.4 9 1010

d

d

e

—
—
2.5 9 109
6.0 9 109

0.73
0.553
—
—

0.65
0.54
—
—

*The points a, b, c, etc. correspond to the positions as marked in Figs. 3(a) and (c).

ically predicted as-cast structure of the 1073 K (800 C)
ingot (Figure 7) features an equiaxed core and a columnar
exterior similar to experiment (Figure 3(a)). The real ascast structure contains coarse equiaxed and columnar
trunks at the top of the regions ‘‘A’’ and ‘‘B,’’ respectively,
which is already predicted in Figure 7. The qualitative
comparison of the results of the ingot poured at 973 K
(700 C) (Figures 3(c) and 10) exhibit a good agreement. A
fully equiaxed structure with a ﬁne core and a coarse top is
predicted similar to the experiment. Some columnar grains
could be distinguished at the mold corners by analogy with
the real structure. As further evidence, a quantitative
comparison of the grain number density ‘‘ne,’’ with trunk
diameter ‘‘dc’’ at selected points (a through e in Figure 3(a))
is summarized in Table II.
The ﬁnal ﬁndings seem very promising and emphasize
the signiﬁcance of modeling the process of mold ﬁlling.
Further numerical and experimental mold-ﬁlling veriﬁcations will be suggested in the forthcoming study. In
addition, the impact on the as-cast structure has to be
studied as well. At this point, an additional message may
be addressed to the commercial software developers,
namely that they should pay a greater attention to the
probable premature nucleation and solidiﬁcation during
the mold ﬁlling in casting processes.

VII.

CONCLUSIONS

The 3-phase mold-ﬁlling simulations revealed the
impact of pouring temperature on the premature equiaxed solidiﬁcation for the as-ﬁlled state of the ingot.
Premature solidiﬁcation and the ‘‘big-bang’’ nucleation
are numerically observed during the pouring of low
superheated melt. Considering the ‘‘big-bang’’ nucleation
and the premature solidiﬁcation during the mold-ﬁlling
process as initial conditions, the subsequent as-cast
structure predictions using the 5-phase mixed columnarequiaxed solidiﬁcation model can be improved signiﬁcantly. A good quantitative agreement with the real ascast structure (Al-4.0 wt pct Cu) poured at 973 K and
1073 K (700 C and 800 C) was achieved. The current
study raises an important issue for future model development. Greater attention should be paid to the nucleation
and the premature solidiﬁcation that occurs during the
mold-ﬁlling process. Further numerical and experimental
mold-ﬁlling veriﬁcations are going to be our objectives for
the future studies.
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