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Modelling As-Cast Structure and Macrosegregation
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Abstract: Since 1960s the formation mechanisms of the as-cast structure and macrosegregation during solidification of
steel ingots were systematically studied by Flemings and other researchers, and understanding to this issue was significantly
achieved, but there is still no mathematical model which can quantitatively predict them. Reason is due to the complexity
of the involved multiphase flow phenomena, e. g. interdendritic flow in the mush, sedimentation of free moving ( equi-
axed) crystals, etc. All these multiphase flow phenomena are coupled with the solidification thermodynamics and diffusion
kinetics, affecting the formation of as-cast structure. The development of multiphase computational fluid mechanics
(MCFD) and its application in the study of solidification in last two decades provide a new tool for solving the above prob-
lem. This article is going to give a brief review of the progress in this area. Some examples are presented to demonstrate
the potential and limitations of this tool for the calculation of the as-cast structure and macrosegregation in ingot castings.
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1 Introduction

Most valuable experimental researches on the as-cast

structure and macrosegregation in steel ingots were performed

-2]

approximately one century ago'' >'. A series of steel ingots,

scaled from a few hundred kilograms up to 172 tons, were
poured and sectioned for segregation and structure analyses.
Today due to extremely high costs these kinds of experiments

[3-6]

are only carried out occasionally and with caution In-
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stead, the mathematical (both analytical and numerical ) mod-
elling becomes the most efficient tool for this study. Systematic
study of the formation mechanisms of macrosegregation by using
mathematical model can trace back to 1960s"”’. By now, fun-
damentals of the macrosegregation are mostly understood™’ ;
“all types of macrosegregation form within the liquid-solid
zone, not in front of it. In most cases, it is the results of slow
interdendritic flow, driven by shrinkage, geometry, solid de-
formation or gravity. In some cases it may be the results of solid
movement in the early stage of solidification (1. e. settling).”
More about the state-of-the-art knowledge on this topic can be
read in some recent review articles'®* ™'

Mostly-occurring phenomena during solidification, which

concern the formation of as-cast structure and macrosegrega-
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tion in an ingot casting, are illustrated in Fig. 1. Firstly, it is
multiphasic by nature. The involved phases interact with each
other, and multiphase flow is not avoidable. Secondly, the so-
lidifying phases appear with different crystal morphologies
(‘stationary columnar, moving equiaxed) , which affect the in-
terphase interactions, hence to a large extend influence the
flow. Thirdly, solidification thermodynamics and diffusion ki-
netics which occur at the microstructure scale are also fully
coupled with the aforementioned multiphase flow. It means
that an ideal model for macrosegregation should consider mul-
tiphase flow, different crystal morphologies, and span a wide
range of length scales. In the last few decades great progresses
have been made, and more and more powerful solidification
models have been developed at both the macro- and micro-

[2-51 " hut a model covering all fields of physics

scopic scales
and spanning all length scales is far from completion. It is
still quite challenging to predict macrosegregation in an ingot

casting quantitatively.
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Fig. 1  Schematic illustration of the multiphase phenomena during solidifi-

cation of a metal casting

The volume average based Eulerian approach is considered
to be the most promising method to describe the above issue at
the process scale. The reasons lie on the power and flexibility
of this approach in dealing with the multiple transport phenome-
na. All the transport phenomena occurring during solidifica-
tion, as far as they are able to be properly described with the
transport equations, can be included in one model. The number
of phases is theoretically limited by the computational capabili-
ty. A bridge of the physical phenomena occurring at different
length scales can be made by the proper description of the cor-
responding exchange and source terms, which are implemented
in the global transport equations by closure laws. Solution
methods and tools to that multi-equation system are also availa-
ble"®’. A drawback of the volume average approach is that the
discrete nature ( morphology of each individual crystal, size
distribution of the solidified crystals or included particles and
gas bubbles) of each single phase is neglected. Therefore, the
interactions between phases must be approximately based on the
averaging theory to characterize the properties of the phases.

The major challenges for a particular solidification model lie on

the following aspects: (O Mathematical descriptions of the
source terms and interphase exchange terms based on the hy-
drodynamics, solidification thermodynamics and diffusion ki-
netics which occur at the microstructure scale; (2)Numerical
complexity of the coupled multi-equation system with the in-
creasing number of involved phases; (3) Limitation of the com-
putational capacity.

As an example shown in Fig. 1, too many phases are in-
volved in one system: the liquid melt, the solids ( columnar
and equiaxed are considered as separated phases), the gas
bubbles, the pores (might be considered as different phase
from the gas bubbles) , the non-metallic inclusions or slag. Tt
is not possible to take all the phases into account in one mod-
el. Therefore, most solidification models, recently applicable
for the calculation of macrosegregation of industry ingots, are
limited to 2 ~3 phases. They are summarized in Table 1.

The most advanced model is the 5-phase dendritic mixed
columnar-equiaxed solidification model, but the extreme cal-
culation cost has prevented it from the application for large
castings. For the moment, most applications are based on the

1017 -30)

one-phase mixture solidification mode , or two-phase

model considering stationary solid ( columnar) or moving solid

) [5,39-47]

(equiaxed . In order to consider both columnar and

equiaxed phases simultaneously, a model considering at least

(521 must be used. A compromise has to be made

3 phases
between the complexity of the model and the limitation by the
computational capacity. In the following section, examples of
different macrosegregation phenomena occurred typically in in-

got castings are analyzed by the numerical models.

2 Modelling examples

2.1 Thermosolutal convection-induced macrosegrega-
tion

A two-phase columnar ( cylindrical morphology) solidifi-
cation model is used to study the formation of macrosegregation
caused by thermosolutal convection. Key features of this model
are summarized in Table 1, and details can refer to previous
publications™ ™). A benchmark ingot (¢ 66 mm x 170 mm)
of Fe —0. 34 wt% C alloy is simulated. For this study some fur-
ther simplifications are made : mould filling is ignored, solidi-
fication starts with an initial concentration Fe — 0. 34 wt% C
and an initial temperature of 1785 K; solidification shrinkage
is not considered, a Boussinesq approximation is used to treat
thermosolutal convection, and the thermal and solutal expan-
sion coefficients of the melt are g, = 2 x 107 K™, B, =
0.011 wt% ™", respectively; 2D axis symmetric calculations
are carried out.

The predicted solidification sequence and evolution of
macrosegregation are shown in Fig. 2. The columnar tip front
and volume fraction of the columnar phase ( f, -isolines) move
from the outer region towards the bulk melt region. Due to ther-
mosolutal convection, the hot spot’ in the ingot centre moves

upwards and is finally located slightly above the geometrical
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Table 1

Overview of macrosegregation models

Models

Short descriptions of key features

Refs.

— One phase (quasi two phases) ;

— Mixture continuum to treat the mushy zone;

Mixture continuum — Enthalpy — based solidification model ;

solidification model

— Evolution of solid phase according to a predefined relation;

[17 -30]

— Permeability law for the interdendritic flow;

- Species transport with melt flow only.

— Two phases: melt and equiaxed crystal ;
— Spherical morphology for the equiaxed crystal ;

Globular equiaxed L
e - Diffusion-gover ystal growth;
solidification model iffusion-governed crystal growth;

[14, 31 -38]

— Flotation and sedimentation of equiaxed crystals (e. g. buoyancy and drag law) ;

— Species transport with melt flow and crystal sedimentation.

— Two phases:; melt and columnar trunk ;

Cylindrical columnar

<olidification model - Diffusion-governed crystal growth;

— Interdendritic flow ( permeability law) ;

— Species transport with melt flow only.

— Cylindrical morphology for the columnar trunk ;

[39 -47]

— Three phases: melt, equiaxed crystal and columnar trunk;

— Cylindrical crystal morphology for columnar, spherical for equiaxed;

Mixed columnar-equiaxed — Columnar tip tracking;

solidification model - Diffusion-governed crystal growth;

(non-dendritic)

- Interdendritic flow & grain sedimentation;

[48 -52]

— Species transport with melt flow and crystal sedimentation ;

— Columnar-to-equiaxed transition.

— Three phases; solid dendrites, interdendritic and extradendritic melt;

— Dendritic crystal morphology ;
Dendritic equiaxed — Shape factors for the crystal envelope;

solidification model

— Growth of envelope according to Lipton-Glicksman-Kurz model ;

[5,53-59]

- Diffusion governed solidification of interdendritic melt;
— Species transport with the extradendritic melt, interdendritic melt and equiaxed crystals.

— Five phases: extradendritic melt, interdendritic melts in columnar and equiaxed grains, solid

dendrites in columnar and equiaxed grains;

— Dendritic crystal morphology ;
Dendritic mix — Shape factors for the crystal envelope;
columnar-equiaxed

solidification model

— Growth of columnar primary dendrite tips according to Kurz-Giovanola-Trivedi model;

[60 -63]

— Growth of grain envelope according to Lipton-Glicksman-Kurz model;

- Diffusion governed solidification of interdendritic melt;

- Columnar-to-equiaxed transition ;

— Species transport with the extradendritic melt, interdendritic melt and equiaxed crystals.

centre of the casting. During solidification an axis symmetric
convection pattern develops. The melt near the mould wall has
a higher density due to its lower temperature, and thus sinks
downwards, while the hotter melt in the centre rises. One may
argue that the solute-enriched, lower density interdendritic
melt might rise and thus partially compensate or reverse the a-
bove mentioned convection pattern. However, with the given
temperature gradient, the thermal buoyancy dominates over
the solutal buoyancy. The downward flow near the columnar
tip region and the upward flow in the bulk melt are the primary
phenomena which lead to the final macrosegregation. Here the
macrosegregation is evaluated with a macrosegregation index,
being calculated as 100 x (¢, —¢,) /¢, , where ¢, is the lig-
uid-solid mixture concentration. The final macrosegregation
map (Fig. 2e)shows: a small region with negative macroseg-
regation is found in the upper surface region, particularly in
the upper corners ( —0.9% ). In the lower corners a positive
macrosegregation is predicted ( +5.9% ). A large area of

positive macrosegregation ( +11.7% ) is located in the cast-

ing centre.
The macrosegregation mechanism during columnar solidi-
fication due to thermosolutal convection can be analysed as fol-
lows. With the assumption of stationary solid and no solidifica-
tion shrinkage, the evolution of the mixture concentration in
mushy zone can be expressed as:
% = _felle Ve,
The evolution of ¢

(1)

i 15 @ function of the scalar product of the
flux of the interdendritic melt flow f,1, and the gradient of the
liquid concentration V¢, . If both vectors f,1, and V ¢, point in
the same directions (the angle between the two vectors is smal-
ler than 90°), ¢, tends to decrease ( dc,, /9t < 0). As

shown in Fig. 3, this mechanism acts in the upper corner region

mix

of the ingot. Both the melt flow and the liquid concentration
gradient have almost the same direction. In the other words,
solute-poor melt replaces the solute-rich melt in this region,

and thus, leads to a reduction of ¢, (or formation of negative

mix

segregation ). In the opposite situation, if both vectors f{IL{, and
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V ¢, point in the opposite directions (the angle between the two
/9t >

0 ). As shown in Fig. 3, this mechanism acts in the lower cor-

vectors is larger than 90°) , ¢, tends to increase ( dc,,;,

ner region of the ingot. In the other words, the melt leaving the

2
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region has a relative lower concentration than the melt which

will feed the region. It leads to an increase of ¢, (or formation

mix

of positive segregation). Please notice that Eq. (1) applies on-

ly if solidification shrinkage induced flow can be ignored.

——+5.9% |

45.9% ——

Fig. 2 Predicted solidification sequence and macrosegregation formation induced by thermosolutal convection in a benchmark ingot( ¢ 66 mm x 170

mm) of Fe-0.34 wt% C the left half parts of figure 2a ~ d show the volume fraction evolution of the columnar phase in gray scale with the co-

lumnar tip position indicated with a solid line, vectors show the liquid velocity ; the right half parts of the series show the evolution of the mac-

rosegregation, gray-scaled according to positive and negative segregation, the macrosegregation index in % is calculated as 100 x (¢

cy)/cy , where ¢

Fig. 3 Analysis of the formation of macrosegregation in the initial
stage. Here only corner regions are investigated. The liquid
concentration ¢, is shown by the gray scale with dark for the

highest concentration and light for the lowest concentration.

The black arrows indicate the direction of the melt flow u, ,

whereas the white arrows indicate the direction of the liquid

concentration gradient V ¢,

The positive macrosegregation in the ingot centre
(Fig. 2) is formed gradually during solidification. As men-
tioned above, the interdendritic melt has a higher concen-
tration than the bulk melt. The interdendritic solute-en-
riched melt is brought out of the mushy zone by the flow,
causing ¢, in front of or slightly behind the columnar tip
front to be enriched gradually. These positively enriched
melts are not stationary, they move with the flow, and final-
ly meet in the casting centre and form a large positive segre-

gation zone.

mix

mix 18 the liquid-solid mixture concentration. The predicted final macrosegregation map is shown in (e).

2.2 Sedimentation-induced macrosegregation

Here the same benchmark ingot as 2. 1 is simulated,
but now with the assumption of globular equiaxed solidifica-
tion. The purpose is to study the formation of macrosegrega-
tion by the mechanism of grain sedimentation and sedimen-
tation-induced convection during equiaxed solidification.
Key features of the two-phase globular equiaxed solidifica-
tion model are summarized in Table 1, and details can refer

to previous publications''* ¥ %/

Further simplifications
are: mould filling is ignored; solidification shrinkage is not
considered, a Boussinesq approximation is used to treat the
buoyancy force for the grain sedimentation, and liquid and
solid densities are 7 027 kg - m~*, 7 321 kg + m >, re-
spectively; 2D axis symmetric calculations are carried out;
additionally, a heterogeneous nucleation law is used to mod-
el the origin of equiaxed crystals with following parameters
n, =1x10"m™ AT, = 4K, AT, = 10 K.

The dynamic evolution of the equiaxed phase, sedimenta-
tion and resulting macrosegregation are shown in Fig. 4. At the
initial stage, grains which nucleate in the upper regions and at
the side walls sink downwards. The sinking grains drag the sur-
rounding melt with them, and thus cause the melt to sink along
the wall and rise in the casting centre. Two axis symmetric melt
convection rolls develop. The relative velocity u, — u, always
points downwards. The sinking grains lead to an accumulation
of solid in the bottom region of the casting and cease to move
when the local fraction of solid exceeds the packing limit. E-
vents such as grain nucleation, grain growth and sedimentation

continue until the late stage of solidification.
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Fig. 4  Predicted solidification sequence and formation of macrosegregation induced by grain sedimentation. The volume fraction of e-

quiaxed grains f, is shown in gray-scale (light for f, =0 and dark for f, = 1), and overlaid with the equiaxed velocityzg , melt ve-

locity Zg , and the relative velocity u, — TLZ . The distribution of ¢

culated as 100 x (¢

mix

The relative motion between the equiaxed grains and the
melt results in the formation of macrosegregation. The evolu-
tion of the mixture concentration in mushy zone can be
expressed as;

dc

ﬁz (¢, —¢c,) V- (fu,) )

In the case of ¢, > ¢, , a positive value of V + (fu,)

would lead to a increase of ¢, (or formation of positive seg-

regation) . Here, V - (f.u.) is the volumetric flux balance
for the moving solid phase. It means that, when there is
more solid phase leaving than entering the volume element,
V + (fu,) gets positive, and thus a positive segregation
forms. This mechanism is also schematically illustrated in
Fig. 5a, which corresponds to a situation where solute poor
grains are replaced by the solute rich melt. The opposite is
shown in Fig. 5b. Now, more solid phase enters the volume
element than it leaves, and thus V - (fiu,) gets negative
and negative segregation forms. In the other words, the re-
placement of solute rich melt by the solute poor grains leads
to negative segregation.

As shown in Fig. 4, in the initial stage the solute-poor
grains at the top corner regions sink and solute-enriched
melt is drawn into the corners, causing positive segregation

i. e. the mechanism shown in Fig. 5a operates. At the bot-

“mix

is also shown in gray-scale. The macrosegregation index, as cal-

—¢y) /¢y , is shown. The final macrosegregation map is almost identical to the one at 67 s

tom corners, the solute-poor grains settle and ‘ squeeze’
the solute-enriched melt out of the corners, causing negative
segregation, i. e. shown in Fig. 5Sh. However, at the top
corners the positive segregation zones are actually not sta-
tionary. They move downwards along the wall and then
move slowly away from the wall towards the casting centre.
This is due to the fact that the positive segregation zones are
associated with fluid and thus may move with melt convec-
tion. As visible in Fig. 4b-c, along the casting top surface
the melt flows continuously into the corner and thus devel-
ops a local circulation current, causing a motion of the posi-
tive segregation region. The positive segregated area, as it
moves, becomes wider and wider. The equiaxed grains
continue to grow, sink, and eventually leave the enriched
melt behind. While sedimentation goes on, the bottom
negative segregation zone becomes larger and larger as
well. The grains pile-up slowly, creating a relatively large
negative segregation zone at the bottom. Due to the cou-
pling of melt flow and grain movement, the ¢, field is
slightly modified in the last stage of solidification. Howev-
er, the primary mechanism responsible for negative segre-
gation at the bottom of the casting is due to mechanism as

shown in Fig. 5b.
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(@) (b)

Fig. 5 Macrosegregation formation mechanisms ( & < 1 ) by grain sedi-

mentation; (a)negative segregation formed by replacing the solute
rich melt with solute poor grains, and (b) positive segregation

formed by replacing the solute poor grains with solute rich melt
2.3 Segregation in a 2. 45-ton steel ingot

A three-phase mixed columnar-equiaxed solidification

(a)

(b)

Fig. 6  Configuration of a 2. 45-ton industry-scale steel ingot; (a) experimental ingot and (b) experimentally measured segregation

Fe-0.45 wi%C
T=1768.95 K
¢,~0.0045

model is used to study the formation of macrosegregation in an

industry ingot. Key features of the model are summarized in
48 -52]

Table 1, and details can refer to previous publications
The experimentally measured macrosegregation of a 2.45 ton
big-end-up ingot (Fe —0.45 wi% C) was reported''’. The in-
got had a section of square and was cast in a chilled mold.
The segregation in this ingot is numerically simulated, as
shown in Fig. 6. The sulphur print of this ingot is shown in
-¢)/

¢, ) map is shown in Fig. 6b. Configuration of this ingot, to-

Fig. 6a. The measured segregation index (100 x (¢,
gether with necessary boundary and initial conditions used for
the calculation, is described in Fig. 6¢. More details about the
simulation configurations are presented elsewhere ™. 2D axis
symmetrical simulations are performed to approximate the so-
lidification behaviour in the square section ingot. The predic-

ted solidification sequence is shown in Fig. 7 and the segrega-

tion map is shown in Fig. 6d.
0.483 m

wego'l

g=9.81m:-s2?

(d)

U (e) sim-

ulation settings and (d) simulated macrosegregation in grey scale ( black for the positive segregation and light for the negative segregation)

overlapped with isolines. The macrosegregation, both experimental (b) and simulated (d), is shown for the segregation index (100 x

(epix —€4)/¢,) . Nucleation parameters for equiaxed crystals: n

The global solidification sequence in this 2. 45 ton ingot
is shown in Fig. 7. The sinking of the equiaxed crystals in
front of the columnar dendrite tips leads to an accumulation of
equiaxed phase in the base region of the ingot. The accumula-
tion of the equiaxed phase in the base region will block the
growth of the columnar dendrite tips, i. e. columnar-to-equi-
axed transition (CET) occurs there, hence finally to cause a
characteristic cone-shape distribution of equiaxed zone being
enveloped in the CET line. Relatively strong negative segrega-
tion is predicted in the low-bottom equiaxed zone. With the
sedimentation of large amount of equiaxed crystals downwards,
the solute enriched melt is pushed upwards in the casting cen-

max

=5x10°m™, AT, =2 K,ATy = 5K

tre, hence to cause a positive segregation in the upper region.
Some other interesting phenomena occurred in such industry
ingot are analysed below.

Firstly, the flow is instable ( Fig. 7). The melt flow in
the bulk region ahead of the columnar dendrite tip front is
driven by three mechanisms; the solutal buoyancy driving up-
wards; the thermal buoyancy driving downwards; and the
equiaxed sedimentation which drags the surrounding melt
downwards. Generally the two downward driving forces domi-
nate, and the melt flows downwards along the columnar den-
drite tip front. This downward flow along the columnar tips
will push the melt to rise in the ingot centre. This rising melt
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will interact with the falling equiaxed crystals and with the
downward flow near the columnar tip front, to form many local
convection cells. The pattern of melt convection and crystal

sedimentation becomes chaotic. These local convection cells

are developed or suppressed dynamically, and the flow direc-
tion in the cells changes with time as well. The flow instability
and the flow chaotic behaviour are dependent on the ingot size

(ingot height).
. { 5

'QD.
L N
Volume . \
fraction t’e,maf U, e
1 .0337 m/s| 0.014 m/s
|
i
Columnar
front froni
0.5
0
.

(a) 1‘00 s

(b) 500 s

|
Columnar
t

(c)1500s (d) 4 000 s

Fig. 7 Solidification sequence of the 2. 45 ton ingot. The volume fraction of each phase (f, orf,) is shown in gray scale from minimum (bright) to

maximum (dark). The left half of each figure shows the evolution of equiaxed volume fraction (f,) together with the equiaxed sedimentation

velocity ( u, ) in black arrows. The right half of each figure shows the evolution of columnar volume fraction (f,) together with the melt

velocity ( ;e ) in black arrows. The columnar dendrite tip position also marked with a black solid line

Secondly, a streak-like segregation pattern (Fig. 6d) in the
mixed columnar-equiaxed region is predicted. Concrete explana-
tion to this segregation pattern demands more detailed analysis of
the flow and sedimentation and their interaction with the solidifi-
cation, nevertheless a tentative hypothesis is proposed as follows.
As the equiaxed crystal can be captured (crystal entrapment) by
the growing columnar trunks, the entrapment of the equiaxed
crystals will lead to a heterogeneous, i. e. streak-like, phase dis-
tribution between the columnar and equiaxed immediately behind
the columnar tip front, as seen in Fig. 7b-d. The resistance to the
interdendritic flow by the columnar trunks and the entrapped e-
quiaxed crystals are different; therefore the flow direction of the
melt in this region is slightly diverted by the heterogeneous phase
distribution. This diverted-flow can only be visible in the careful-
ly zoomed view. As the macrosegregation is extremely sensitive to
the interdendritic flow, it is not surprising that the induced mac-
rosegregation ( Fig. 6d) takes the similar streak-like pattern of
the phase distribution (Fig. 7d).

One may notice that this streak-like segregation has a
similar contour as the classical A-segregation, but it is still not
clear if the classical A-segregation is the same one as the
streak-like segregation or originates from such streak-like seg-
regation. According to the mostly-accepted empirical explana-

tion, A-segregation belongs to a kind of channel segregation in

large steel ingots, which originates and develops in the station-
ary dendritic mushy zone. A recent study of the authors ™"’
in a Sn-Pb laboratory casting has found that the channel segre-
gation can originate and develop in a pure columnar solidifica-
tion, where no equiaxed crystal exists. Therefore, we name
the streak-like segregation here as a quasi-A-segregation. To
form this quasi-A-segregation, the sedimentation of equiaxed
crystals and its interaction with the columnar tip front and melt
flow seem to play important role.

Thirdly, the simulation of the 2. 45 ton ingot shows an
isolated hot spot in the upper part ( Fig. 7d), which takes
much long time to solidify. As the middle part of the ingot is
already blocked by the columnar trunks, the solidification of
the hot spot behaves like a mini-ingot. Sedimentation of the
equiaxed crystals in the mini-ingot will cause a small region
of negative segregation, as shown in Fig. 6d. This kind
phenomenon happens very often in long ( small section) in-
got casting or in the continuously-cast round billet casting,
and it is called as * bridging and mini-ingotism’ "**'. The
experimental result of Fig. 6b seems to show that no such
‘ bridging and mini-ingotism’ occurs, as no such negative
segregation zone is identified. It implies that the heat trans-
fer boundary conditions applied in the current simulation

might not be coincident with the reality.
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The segregation along the ingot centreline is analysed,
and compared with the experiment, as shown in Fig. 8. The
experiment shows the negative segregation in the lower part
and positive segregation in the upper part. The model also
shows the same tendency. They agree with each other qualita-
tively. However, the negative segregation in the lower part is
predicted more severe than the experimental result. The over-

estimation of the negative segregation in the lower part by the

16

1.4

12

1.0

0.8

0.6

0.4

Coordinate along the Centre Line / m

0.2

0.0

I 1 1 1 -1 1 1 L 1
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model may come from two aspects. One is the assumption of
globular equiaxed morphology, which can cause significant o-
verestimation of the sedimentation-induced negative segrega-
tion. The real equiaxed crystals are mostly dendritic. The oth-
er aspect is the error assumption of the equiaxed nucleation

parameters.

2.4 Dendritic solidification of an Al-4wt% Cu ingot

The three-phase model used in 2. 3 does not consider den-
dritic morphology. This deficiency has overestimated the cone
of the negative segregation at the base of the ingot, like what
we see in Fig. 6 and 8. In order to consider the dendritic mor-
phology, more phases (or phase regions), i. e. the interden-
dritic melt, must be separately considered. The interdendritic
melt in the equiaxed grain, highly enriched with solute, is en-
trapped in the crystal envelope, moving likely in the same ve-
locity as the equiaxed grain. A five-phase model was developed
by the group of authors to consider the mixed columnar-equi-
axed solidification with dendritic morphology'®~*". The calcu-
lation expense is so high as to prevent application in industry
ingots. The validity of this model for such a purpose has been
verified, but in a laboratory Al-4.0 wt% Cu ingot casting, as
shown in Fig. 9. A cylindrical casting ( $75 mm x 133 mm)
was poured and was analysed for both macrostructure and mac-
rosegregation. Some key features of the segregation maps agree
with each other: (I) the measured concentration index falls in a
range between —8.0% ~7.8 % compared to a predicted range
of =6.5% ~9.8 % ; 2 the upper region of the ingot has neg-

ative xmacrosegregation; @) the equiaxed core of the ingot

()

Fig. 9  An example of the modelling result of an Al4 wt% Cu ingot with a five-phase mixed columnar-equiaxed solidification model with dendritic

morphology: (a) comparison of the measured ( spark analysis) macrosegregation (left half) with the calculated one (right half) , the

casting is poured at 800 °C , here the segregation index (100 X (¢

mix

-¢,)/¢c,)is shown in grey scale (dark for the most positive and light

for the most negative segregation) , CET positions are plotted; This numerical simulation result shows satisfactory agreement with the as-

cast macrostructure: (b) macrograph and (c¢) micrograph
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exhibits an extreme negative macrosegregation; (4) the mixed
columnar/equiaxed zone at top boundary of the CET line ex-
hibits positive macrosegregation; (5) the bottom boundary of
CET contains dispersed regions of positive macrosegregation;
© the mixed columnar/equiaxed structure between CET and
mold wall is positively segregated and (7) several discrete sites
of positive and negative macrosegregation exist in the upper

part of the ingot.

3 Discussions

Based on the review of the last-century research progress
in the modelling of macrosegregation, Beckermann has sum-
marized 5 basic phenomena which are worthy increasing re-

10]

search attention' " : (1) macrosegregation in presence of grain

structure transition ( e. g. columnar to equiaxed, namely
CET); @ macrosegregation due to movement of solid; (3
macrosegregation in multicomponent alloys, taking into ac-
count the formation of multiphases; (@) macrosegregation due
to deformation of the solid and mush; (3 micro-/macroseg-
regation in the presence of undercooled, convecting liquid.
The modelling examples presented in the current article have
demonstrated that by introducing the multiphase computational
fluid mechanics (MCFD) the phenomena (D and 2) can be
well treated. A previous work of the authors'®®’ has shown
that the MCFD-based solidification model can be extended to
cover multicomponent alloy ( phenomenon 3) and to couple
the micro- and macrosegregation in the presence of under-
cooled and convecting liquid ( phenomenon 5). Some efforts
were done to treat the deforming mushy zone ( phenomenon 4) ,
a key phenomenon for understanding the centreline macroseg-

#-51 " Potentials and

regation in continuously cast slab casting'
limitations of the MCFD-based solidification models for the as-
cast structure and macrosegregation in ingot castings are sum-
marized and discussed as follows.

3.1 Model potentials

(1) The typical mixed columnar-equiaxed solidification se-
quence including the sedimentation of the equiaxed crystals,
the growth of the columnar tip front and the formation of the fi-
nal as-cast structure with CET can be simulated. Accurate so-
lutions to the multiphase flow dynamics and interactions among
the melt, equiaxed crystals and growing columnar trunks are
very important steps for modelling the typical as-cast structure
and segregation pattern.

(2) The most typical segregation, the concentrated posi-
tive segregation under hot-top and the cone of negative segrega-
tion at the base of the ingot, can be simulated. The simulated
cone of negative segregation by equiaxed crystal sedimentation
seems to have reproduced the experimental phenomenon, which
has been understood by metallurgists'”*; “The heap of equi-
axed grains at the base of the ingot has a characteristic cone
shape. Because it is composed of dendritic fragments, its aver-

age composition is that of rather pure iron, having less solute

than the average for the ingot. ” Mechanisms for positive segre-
gations under the hot-top in steel ingots are diverse. It is gener-
ally agreed that they are caused by the melt convection in the
bulk region or the partially solidified and/or re-melted mushy
zone. For example, the upper positive segregation is explained
by the melt convection in the bulk region, because the light sol-
ute-enriched melt rises. According to the recent modelling re-
sults, with the sedimentation of a large amount of equiaxed
crystals downwards, the relatively positive segregated melt is
pushed upwards, instead of ‘rising’ by itself, in the casting
centre, hence causing a positive segregation zone in the upper
region.

(3) The ability to calculate the columnar-to-equiaxed tran-
sition (CET) has been demonstrated. The upper region of the
ingot mainly consists of columnar dendrites, whereas a larger a-
mount of equiaxed grains are predicted in the base region.
Within the CET enclosed region, only the equiaxed phase ex-
ists, while outside of the CET region both columnar and equi-
axed phases coexist.

(4) Although the capability of the current models for
the interdendritic-flow-induced channel segregation has

. . C 4647
been shown in previous publications'***"’

, it was not clearly
shown in the above examples. The modelling result for the
channel segregation is extremely sensitive to the grid resolu-
tion. Grid size less than 0. 1 mm is often required, and this
is unrealistic for the large industry ingots on the basis of the
current computer resources. One interesting finding by the
current MCFD-based solidification model, worth mentioning
here, is the streak-like ( quasi-A ) segregation pattern,
which occurs in such large ingots and is strengthened by the
columnar-equiaxed interaction at the columnar tip front.
The streak-like segregation pattern has some similarity to the
classical A-segregation, but it is not clear if the classical
A-segregation is the same as or whether it originates from
the streak-like segregation. This is still to be verified.

3.2 Limitation of the models

The importance of the applied process conditions, e. g.
the pouring temperature, pouring method, mould materials
and interfacial heat transfer between the ingot and the mould,
ete. , for the quantitative accuracy of the simulated solidifica-
tion process and, hence, for the accuracy of the macrosegrega-
tion is obvious. It is not discussed here. Following discussions
focus on the aspect of numerical models.

The influence of the nucleation event on macrosegregation
was addressed in the example of the 2. 45-ton ingot. The ori-
gin of the equiaxed grains may be due to different mecha-
nisms, e. g. heterogeneous nucleation, and/or fragmentation
and detachment of dendrites by re-melting, and/or nucleation
formed during pouring by contact with the initial chilling of the
mould. The recent models condense all of these phenomena
into a single effective nucleation description. Here, a three-

parameter heterogeneous nucleation law'"* is applied for the
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origin of equiaxed crystals. It is only possible to obtain the re-
liable nucleation parameters experimentally.

No shrinkage cavity and porosity are considered. This de-
ficiency will influence the accuracy of the calculation, espe-
cially in the hot-top region. As shrinkage contributes to or in-
fluences the interdendritic flow, it will also influence the final
distribution of the channel segregation. However, the global
segregation pattern, e. g. , the concentrated positive segrega-
tion in the upper region and the cone of negative segregation at
the base of the ingot, will not be significantly influenced by
the shrinkage.

No thermal mechanics is considered. The thermal me-
chanical shrinkage of the solidified outer shell of the ingot
will influence the internal flow, but this may not be particu-
larly significant. What is the most important is the deforma-
tion of the growing crystals due to the thermal shrinkage or
the solid phase transition, which would have great impact
on the flow near the end of solidification at the central cone
region. The ‘V’ segregation is very much related to this
kind of deformation. This ‘ V’ segregation is not modelled
currently.

One drawback of the MCFD-based solidification models is
the high computational demand. An example of 2. 45-ton ingot
(Section 2.3) took 2 weeks of the calculation on an 8-core
cluster (Intel Nehalem Cluster 2. 93 GHz, operated in year
2009). The computational expense increases correspondingly
with the increasing of ingot size. It means that application of

the MCFD-based solidification models still depends on the fur-

ther development of computational resources.

4 Outlook

The future modelling activities for macrosegregation in in-
got castings will progress in two directions. One is to further
enhance the model capability and accuracy by including more
physical phenomena such as formation of cavity and porosity
due to solidification shrinkage, thermal mechanical deforma-
tion, dendrite fragmentation, etc. Another direction is to fur-
ther validate and improve the existing multiphase models, and
to apply them for the purpose of interpreting engineering phe-
nomena and enhancing fundamental understanding of different
segregation mechanisms.

(1) Thanks to the work of the Iron Steel Institute!'’,
many steel ingots scaled from 600 kg to 172 tons were poured
and sectioned for segregation analysis. This work provides
most valuable information for the validation of the numerical
models. Although many process parameters for those ingots
were not well documented and have to be assumed, the capa-
bility to reproduce segregation patterns of all (most) those in-
gots numerically is an important step for the development of
macrosegregation models.

(2) Numerical study of casting parameters based on the

existing models enhances the knowledge of metallurgists about

macrosegregation. Despite the difficulty of quantitatively re-
producing the segregation pattern of reality, the influence of
the process parameters, such as casting geometry, mould ma-
terials, pouring temperature, and other engineering measures
on segregation can be described numerically. By performing
this kind of parameter study, metallurgists would acquire valu-
able knowledge for process optimization.

(3) Any segregation mechanism, as proposed from ex-
perimental observation, can (should) be verified quantitative-
ly by the mathematical ( numerical or analytical) models. The
multiphase model can help to explain many well-known segre-
gation phenomena in detail. It may also help to explore the
new segregation phenomena, which are caused by the multi-
phase flow. For example, the question of streak-like segrega-
tion (Section 2.3 ), here referred to as quasi-A-segregation,
is raised on the basis of the current modelling exercise. The e-
quiaxed-columnar interaction at the columnar dendrite tip front
and its influence on the melt flow seem to induce or enhance
this kind of a streak-like macrosegregation.

(4)Some more fundamental issues as Beckermann point-
ed out'” have surely impact on the modelling of the as-cast
structure and macrosegregation: (1) nucleation in a convective
environment ; 2) fragmentation and transport of fragments orig-
inating in the mushy zone or at outer surfaces; @) effects of
flow on the growth rates of the dendrite tips, eutectic front,
etc. ; @ effects of flow on the evolution of dendrite arm spac-
ings and other microstructural length scale; (3 two phase rhe-
ology of melt laden with equiaxed grains. Solutions to all those
issues rely on not only the efforts of numerical modellers, but
also raise some new research topics for scientists in the field of

solidification.
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