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Abstract. This work evaluates a mixed columnar-equiaxed solidification model [Wu et al. 2010
Comp. Mater. Sci. 50 32] by comparison with the laboratory castings. In the numerical model
nucleation of equiaxed crystals, tracking of the position of columnar primary dendrite tips,
transition from non-dendritic to dendritic growth, columnar-to-equiaxed transition (CET), melt
flow and grain sedimentation are taken into account. As modeling result the as-cast structure,
macrosegregation, volume-averaged inter- and extra-dendritic eutectic phase can be calculated. In
the laboratory experiment a series of Al-Cu ingots with different pouring parameters and
compositions were cast, and the corresponding structural information and macrosegregation were
analyzed. The primary goals are (1) to explore the uncertainties and limitation of the numerical
model; (2) to identify the sensitive parameters influencing the casting and modeling results; finally
(3) to further justify the model assumptions.

1. Introduction
Typical as-cast structure of engineering castings includes the chill zone, columnar zone and center

equiaxed zone. Empirical knowledge about the formation of the as-cast structure, mostly obtained
before 1980s [1-5], rests primarily on two critical issues: one is the origin of the equiaxed crystals; the
other is the columnar-to-equiaxed transition (CET). The most-likely-operating nucleation mechanisms
were proposed: (1) the heterogeneous nucleation [6]; (2) the ‘big band’ theory [1]; (3) the partial
remelting of columnar dendrites [7]; (4) the showering down of dendrite crystals formed from the
casting top surface [8]; (5) the so-called ‘separation’ theory [3] which has some similarity to the ‘big
band’ theory. Progress was also made in the understanding of CET since the pioneering work of Hunt
[9] in 1980s. A CET map, the correlation of the columnar primary dendrite tip growth velocity with
the local temperature gradient at the moment of CET, was established to predict the occurrence of
CET. This CET map was later confirmed and further improved by many authors [10-15]. In the
meantime people also tried to abstract some empirical correlations as indirect criteria to predict the
CET for engineering castings [16-20].

Unfortunately, the application of the theories above or empirical knowledge was very limited, as
the flow and crystal transport were not considered. Therefore, a 5-phase mixed columnar-equiaxed
solidification model was recently proposed by the current authors [21-25] on the base of modeling the
multiphase transport phenomena. Promisingly, the typical grain structure of the Al-Cu cylindrical
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ingots, often observed experimentally [1, 3, 5], was preliminarily simulated [21-22, 25]. The
motivation of the current work is to evaluate the mixed columnar-equiaxed solidification model by
comparison with laboratory castings. Therefore, some classical experiments on the Al-Cu ingot casting
were repeated and the as-cast structural information including distinct columnar and equiaxed zones,
macrosegregation, and grain size distribution was analyzed.

2. Key features of the numerical model

As depicted in figure 1, two types of crystal morphologies co-exist: equiaxed and columnar. We
assume that immediately following the nucleation of crystals in the chill zone, columnar dendrites start
to grow from the casting surface. Three ‘hydrodynamic’ phases, denoted as e-, c- and / -phases, are
considered and quantified with their volume fractions, f., f., f,. They move with corresponding
velocities, u,, i, , and u,. Here u, is predefined (zero in the case of ingot casting), while u, and
i, are solved numerically.

A three-parameter heterogeneous
nucleation law [26] is applied for the
origin of equiaxed grains. With a free-
slip boundary condition for the e-phase,
the equiaxed grains attached on casting
surfaces (top or side wall) are allowed
to be swept away by the melt flow into mum — g
the bulk region. Almost all the w7
aforementioned nucleation mechanisms %ﬁ * | U
[1, 3, 6, 8] can be taken into account '
except for the one due to partial L?:::i:ﬁ;id
remelting of columnar dendrites [7]. As of +of =1
the current model does not include mold
filling, hence a simple idea is proposed
to consider the equiaxed nuclei which Figure 1. Schematic of the mixed columnar-equiaxed
have formed during mold filling, i.e. to  solidification in an ingot casting
pre-set an initial grain number density
in the as-filled state, n, .
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Dendritic crystal growth is considered. Two distinct phase regions exist within the envelope of an
equiaxed grain or a columnar trunk: the solid dendrites and interdendritic melt. It is assumed that the
interdendritic melt is transported with the solid dendrites and is generally more enriched with solute
elements than the extradendritic melt surrounding the crystals. In this sense, a fictitious crystal
boundary envelope is constructed to separate the interdendritic melt from the extradendritic melt.
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. They are quantified with their volume fractions, f°, f7,
f fd , f,.and characterized by their corresponding solute concentrations, c; , c;, ¢, ¢, ¢, . Inside
an equiaxed grain, volume fractions of interdendritic 11qu1d and solid dendrites are quantlfled
respectlvely with ad, at, hence fy=ay f and f°=qa;"f, . Inside a columnar dendrite trunk,
fi=agf, and £ =t

Both hard blocking [9] and soft blocking [12] mechanisms are implemented to model the columnar-to-
equiaxed transition (CET). The hard blocking mechanism suggests that CET might occur when the
equiaxed grains ahead of the columnar dendrite tip exceeds a critical volume fraction ( f, .= 0.49). A
recent study [27] has shown that the critical value suggested by Hunt [9] might be too large. Instead, a
value of f, ;= 0.2 should be used. The soft blocking mechanism suggests that the exhausting of the
growth driving force (constitutional undercooling) due to the enrichment of solute elements (rejected
by the growing equiaxed grains) stops the growth of columnar primary dendrite tips. Details regarding
to the growth kinetics, treatment of the dendritic morphology of crystals, algorithm of tracking the
columnar tip, etc. refer to previous publications [21-22].
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3. Casting and simulation parameters

¢ 75 mm

Casting configuration is shown in figure 2. A
specially manufactured (non-grain-refined and _ \
unmodified) Al-Cu alloy is prepared from [ =
commercially pure aluminum and copper (99.99 ]
wt.%). The alloy is limited to a binary system
with proper compositions (2.0 wt.%Cu, 4.0
wt.%Cu). A clay bonded graphite crucible is used
as casting mold. Casting conditions are listed in
table 1. After solidification the ingot is subjected
to following analyses: (1) macrostructure; (2)
macrosegregation; (3) microstructure (grain size
and phase fraction). Thermo-physical and
dynamic properties used for the calculations refer
to [21-22]; some process parameters are - - —
summarized in table 2. ' ‘

13 mm
1 -

ww ¢e

Figure 2. Configuration of the casting geometry
and boundary conditions.

Table 1. Sample ingots characterized by nominal copper content

Ingot number 1# 2# 3# 4# S5# o# T# 8#
Alloys (wt.%Cu) 20 20 20 20 40 40 40 40
Touring temp. (°C) 700 750 800 810 700 750 800 808
Mold temp. (°C) 20 20 20 20 20 20 20 20

Table 2. Process parameters used for the simulations.

Initial and boundary conditions: Nucleation parameters:
¢, =2.0 and 4.0 wt.% T, see Table 1 N = 10" m? AT, = 35K
H, =10 Wm>K"' T, = 290K AT, = 05K n, = 10’,10°and 10°m?
H =200 W-m2>K" T =290K Morphological shape factors & dendrite arm spacing:
Hb = 300 W.m-Z.K-l Tl') = 290 K (Dim, =048 (I)th =04 ;Ll =500 um

¢ _=0.80 oL =05 A, =100 pm

b) 3# | c) 5# d) 7#

Figure 3. Examples of as-cast macrostructure of the Al-Cu ingots
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4. Results and discussions

Characteristic macrostructures of the sample ingots 1#, 3#, 5# and 7# (table 1) and their corresponding
simulation results are shown in figures 3 and 4. For the ingots poured at high temperature (7, = 800
°C), both as-cast structures (figure 3, #3 and #7) and simulation results (figure 4, #3 and #7) have
shown that there is a well-developed columnar zone in the upper part and near the casting surface
region of the ingot. In the lower bottom region a pure equiaxed zone separated from columnar zone by
the CET line can be found. The macrostructure distribution patterns of both experimental and
simulation results agree with each other. Quantitatively, the numerically predicted equiaxed zone is
smaller than the experimental ones.

For the ingots poured at low temperature (7, = 700 °C), the simulation results (figure 4, #1 and #5) do
not agree with the as-cast structure (figure 3, #1 and #5). The as-cast structure is found to be almost
fully equiaxed, while the simulation shows a mixed columnar-equiaxed structure. Both numerical
simulation and experimental results have confirmed that the lower pouring temperature is favour of the
formation of equiaxed zone, but the numerically predicted equiaxed zone in the ingot poured at 700 °C
is far too small in comparison to the experimentally observed equiaxed zone.

1#: A1 - 2.0 wt.%Cu, 3#: Al - 2.0 wt.%Cu, S5#: Al — 4.0 wt.%Cu, T#: Al — 4.0 wt.%Cu,
T,=700°C T,=800°C T,=700°C T,=800°C
£ ~99.6% . ﬂio"99-20*_'5‘ fi~99.7% . .f*: 1_:;_.,99_910;,;j fi~983%  f: 1.5~99.7% f£:~983%  f:1.6~99.6%

P :7/_/,//- \ §

349 ~ 2067 jum

_—

d, d,:1~559 um 2601832 m d,:1~560 pun' d, 287 ~ 1824 nm
i "

s

Figure 4. Calculated macrostructure of the ingots, corresponding to 1#, 3#, 5# and 7# in figure 3.
Four quantities are present: the volume fraction of columnar phase f, [vol.%], equiaxed phase
f. [vol.%], diameter of columnar trunk d_ [um], and equiaxed grain size d,[um]. All quantities are
shown in gray scale (dark for the highest and light for the lowest value). The position of CET is also
marked. All simulations were performed with the same equiaxed grain nucleation parameters (Table
2), and n,= 10" m™". The hard blocking criterion for CET is Socer= 0.49.

CET
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Further numerical parameter studies were performed to investigate the discrepancy between the
numerical model and experiment. Above simulations were made with an assumption of the same and
constant nucleation parameters (n,, , AT, , AT, , n,) despite of the difference in pouring
temperature. This assumption might not be valid. The initial number density of equiaxed grains n, is
mainly originated from the nucleation during pouring. The current model has considered the equiaxed
nuclei, which have formed during mold filling by pre-setting an initial n, . According to ‘big band’ [1]
or ‘separation’ theory [3], large amount of equiaxed nuclei would be produced during pouring when
the melt comes in first contact with the cold mold. Those nuclei would be further brought and
dispersed in the bulk melt. The lower the pouring temperature, the more nuclei would be created
initially with this mechanism. In order to verify this hypothesis, simulations by varying #, (from 10"
to 10™) for the lower casting temperature (T, = 700 °C) were made. As expected (see figure 5), the
pure equiaxed zone, enclosed in the CET line, increases significantly with the increase ofn,. The
current paper cannot verify the value of n,, but this study indicates the importance of the pouring
process (method and temperature) in the macrostructure formation. Based on the above modeling
results, the experimentally observed phenomenon about the influence of the pouring temperature on
the size of the equiaxed crystal zone in the casting center might be explained as follows: firstly, the
low pouring temperature is in favor of the heterogeneous nucleation of the equiaxed crystals;
secondly, the initial number of the crystals created during pouring at a lower pouring temperature is
larger than the number of crystals created at a higher pouring temperature.

Figure 6 shows the influence of the CET hard blocking criterion on the macrostructure. Obviously,
the predicted pure equiaxed zone by using f, ..;=0.2 is much more close to the experiment (figure 3c).
This result seems to confirm the finding of Martorano et al. [27] that CET hard blocking criterion
( f.cer) should better be 0.2 rather than 0.49.

-

o

f:~983%  f:1.5~99.7% f:~989%  f:192-995% fi~90.%  f:98~977%

a) =10 b) 1y =10° ¢) ny=10°
Figure 5. Influence of 1, on the macrostructure: a) n,= 10", b) n,= 10**, n,= 10**. Ingot #5, Al-

4.0 wt.%Cu, poured at 700 °C. Two quantities are present: left for f,[vol.%], right for f, [vol.%].

All quantities are shown in gray scale (dark for the highest and light for the lowest value). CET
position is plotted as well.
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b)fﬁ,CET =0.35""

Figure 6. Influence of the CET hard blocking criterion on the macrostructure:

doi:10.1088/1757-899X/27/1/012018

F:~988%  £:0.9~99.7%

C) J%,CET

N

—0a'"

a) f.cpr= 049, b)

Socer=0.35,¢) f,cgr=0.2. Ingot #5, Al-4.0 wt.%Cu, poured at 700 °C. Two quantities are present:
left for f,[vol.%], right for f,[vol.%]. All quantities are shown in gray scale (dark for the highest

and light for the lowest value). CET position is plotted as well.

The measured and predicted macrosegregation patterns for the
sample #7 (see figure 7) have shown some similarities and
discrepancy. The similarities are: relatively lower ¢, , i.e.
negative segregation, in the equiaxed zone enclosed by the CET
line, some discontinuous islands of higher ¢ , i.e. positive

segregation, in the upper part of the ingot. The main
discrepancy between the model and the experiment is the
severity of the macrosegregation: the measured ¢, varies from

3.67 to 4.31, while the calculated ¢ ; varies from 3.92 to 4.05.

The main reasons for this discrepancy might come from the
inaccurate prediction of the flow and sedimentation, and the
assumed crystal morphological shape factors, which plays
important role in the calculation of the species exchange
between the inter- and extradendritic melts. Study and
discussion of this topic cannot be covered by the current paper.

5. Summary

The macrostructure of AI-Cu ingot was verified to be
reproducible by the newly developed mixed columnar-equiaxed
solidification model, although the detailed structural quantities
did not yet match the experiment quantitatively. Previous
knowledge [1-8] has confirmed the importance of the
nucleation events, which seems to be strongly influenced by the
process variables like pouring method and pouring temperature.
Modeling results have shown that the most sensitive parameters

Measured ¢, :
3.67~4.31%

Calculated ¢, :
3.92~4.05%

Figure 7. Comparison of the
measured (spark analysis)
macrosegregation with the
calculated one. Ingot #7, Al-4.0
wt.%Cu, poured at 800 °C. ¢, is

shown in gray scale (dark for the
highest and light for the lowest
value). CET positions are plotted.
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for the macrostructure are the nucleation parameters such as the initial number of the crystals created
during pouring, 7n,, the maximum potential nucleation sites, n_, , etc. Effect of grain refiner and

inoculation is not studied here. In the modeling point of view another sensitive factor for the

macrostructure is the hard blocking criterion f, ..., for which a value smaller than the originally

suggested 0.49 [9] should rather be used, e.g. 0.2 [27]. The current work is still going on, and further
evaluations and more detailed analyses of the modeling and experimental results will be presented
later.
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