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Abstract. The simulation of macrosegregation in a 2.45-ton steel ingot with the three-phase mixed
columnar-equiaxed model was presented previously. The results showed an overestimation of the
intensity of bottom negative segregation. The reason is due to the assumed globular morphology for
the equiaxed crystal. Therefore, in this paper a simple approach is suggested to treat the dendritic
morphology of equiaxed crystals. Three aspects are improved: the drag force between the moving
equiaxed crystals and the surrounding melt, the mechanism of the columnar-to-equiaxed transition,
the packing limit of the equiaxed crystals. The modified model is used to calculate the macrosegre-
gation of the same ingot. It is found that the modified model predicts less severe negative segrega-
tion in the bottom equiaxed zone than the previous globular equiaxed model does, i.e. it agrees bet-
ter to the experiment. The model considering simplified-dendritic morphology improves the calcu-
lation accuracy.

Introduction

On the solidification of ingot, the solutes are often redistributed non-uniformly in the fully solidi-

fied casting, giving birth to the segregation. Segregation occurring between and within dendritic
arms is known as microsegregation. Macrosegregation refers to chemical variations over length
scales approaching the dimensions of the casting, which for large ingots may be of the order of cen-
timeters or even meters. Macrosegregation occurs in large steel ingots intensively. Therefore it is
very important to understand its formation mechanism.
Since the experiment investigation in large steel ingot is very expensive, only very few experi-
mental studies were found in literature since 1990s [1-2]. More and more people pay attention to the
modeling study of steel ingot [3-7]. Gu and Beckermann [3] simulated the solidification of a 43-ton
steel ingot. Their model was a single and the solid phase was assumed to be fixed. The predicted
result of the vertical centerline segregation was in good agreement with the measured experimental
values in the bottom and top regions. However, the neglect of the sedimentation of equiaxed crys-
tals in the model leaded to the underestimation of the measured negative macrosegregation over the
middle half of the ingot. Moreover, this model fails to predict A-segregation. Vannier and co-
workers [4] presented a two phase model to study the macrosegregation of a 6.2 ton large steel ingot.
The model was able to consider the heat, mass and momentum coupled transports during solidifica-
tion of multicomponent alloys. The grain motion was still ignored. Combeau et al. [5-7] extended
this model by considering the motion of equiaxed grains and also the evolution of grain morphology
during solidification. However, these models did not take into account a realistic growth of the co-
lumnar phase. They just simply presumed a preinstalled columnar phase layer.
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On the base of Wu and Ludwig’s three-phase mixed columnar-equiaxed model [8-9], we calcu-
lated the macrosegregation in a 2.45-ton steel ingot [10-11]. Qualitatively, simulations agreed with
experiments, but due to the assumption of globular morphology for the equiaxed crystals, the results

showed an overestimation of the intensity of bottom nega-
tive segregation as well. In order to improve the modeling
accuracy, in this paper the mixed columnar-equiaxed
model (non-dendritic model) was modified by considering
the dendritic morphology for equiaxed crystals. A simple
approach was used to avoid the excessive increase of the
calculation cost.

Modeling Concept

As the assumption of globular equiaxed crystals leads to
the significant deviation of the simulation result in the
bottom equiaxed zone from the experimental result. There-
fore, some modifications should be made in order to take
into account the influence of equiaxed dendritic morphol-
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Fig.1 Schematic of the equiaxed den-
dritic structure and envelope.

ogy. On the other hand, since the calculation of large steel ingot is exhausting, the improved model
should not increase the calculation time so much. It is not a computationally efficient to embed the
full dendritic model [12-13] into this model. Therefore, some simplifications are made to compro-
mise the two aspects mentioned above. Here only the dendritic morphology of equiaxed crystal is

considered.

An equiaxed dendrite is schematically shown in Fig. 1. Some im-
portant features are depicted as follows [13]:

1) The equiaxed dendrite envelope is defined as a smooth surface con-
necting the primary and secondary arm tips and contains both the solid
dendrite and the interdendritic liquid. There are four phases in a control
volume: the solid dendrites in the equiaxed grain, the interdendritic melt
in the equiaxed grain, the extradendritic melt, and the columnar. The
corresponding phase fractions are f° , fy , f, , and f, with
fo +fi + f$+ f. = 1. For globular equiaxed crystals, fg =0;

2) The volume fraction of equiaxed envelope includes two phase re-
gions, f, = f +f4. The internal solid fraction within the envelope is
calculated as f; = f/f. ;

3) The interfacial area concentration, S, and S, , denoting the surface
areas of the solid/interdendritic liquid and the surface area of the den-
drite envelope, respectively, divided by the volume of the control ele-
ment.

As discussed above, the motivation of developing this model is to
take into account the equiaxed dendritic structure without increasing the
calculation time. Therefore, one simplification is made here: the internal
solid fraction within the equiaxed envelope, f,., was assumed to begin
with a constant value of f;. When the volume fraction of solid den-
drites, f;, is bigger than fJ, f is assumed to be equal to f;°. Here
f must be determined experimentally or assumed empirically. With
the above assumption all the parameters required can be derived based
on the previous three-phase mixed columnar-equiaxed model [13].

The model is the same as the non-dendritic model [8-11, 14-15]. Three

0.483 m

H=30 Wm?K!
T, =373K

Fe-0.45 wt. %C
T,=1768.95K
¢y = 0.0045

w zeo'1

£=9.81ms?

"\
H =300 Wm? K
T,=373K

{ \

- 0432m

Fig. 2 Configuration of
2.45-ton steel ingot

parts are modified when considering the simplified equiaxed dendritic morphology:
1) The drag force between the equiaxed and liquid phases is calculated according to a multiparticle

interfacial drag force law [16];
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2) The critical volume fraction of equiaxed crystals to block the growth of the primary columnar
dendrite tips (CET mecahnism), is set as 0.49- f., instead of 0.49 in the previous model [10-11].
3) The packing limit ( f, =0.637) of equiaxed crystals is modified accordingly,

Sepax =0.6371 f;.

, pack

Configuration of the Ingot

A 2.45-ton big-end-up steel ingot (Fe-0.45 wt.% C) is simulated [17]. The ingot had a square,
cross-sectional area and was cast in a chilled mould; here a 2-D axis-symmetrical simulation was
performed to approximate the solidification behavior in the square cross-section of the ingot. The
configuration of this ingot, labeled with the necessary boundary and initial conditions, is described

in Fig. 2. All the thermodynamic and  Tapje |. Thermodynamic & physical properties

physical properties used in this study

are the same as reference [12], as Pr.operty Symbols Units Quantity

shown in Table 1. Because the experi- Meltmg of pure T; K 1805.15

ment was performed many decades ago fron

and because of the lack of a precise  Liquidus slope m K (wt.%)" -80.45

process description, assumptions must  Equilibrium r i 036

be made for certain process parameters  partition coefficient :

and boundary conditions. Here, the  Reference density p,, p., p. kg'm’ 6990

heat transfer coefficient is based on the Solid-Tiquid densit

. e . . olid-liquid density 3

final solidification time, which refers difference Ap kg'm 150

to the classical theory and experimental . L . g

values [18]. Specific heat cps pr ¢y JkgK 500
nggﬁ‘cﬂvity K, k., k, Wm'K' 34.0

Result and Discussion N S
Latent heat L J'kg 2.71x 10

The solidification sequence and seg-

regation index were compared between  Viscosity K Kgm's' 42x10°

non-dendritic and simplified-dendritic Thermal expansion g 107 x 10°

models, as shown in Fig. 3. As we can coefficient P DX

see, the general solidification sequenc-  Solutal expansion 5 Wi L4 %102

es between these two models are the — coefficient ¢ ' '

same, including: the stationary colum- Denc.lritic arm 2 m 5% 10

nar dendrites grow from the mold wall,  SPacing 1

and the columnar tip front moves in- Diffusion D, s 2.0x 10

wards; the sedimentary equiaxed grains ]C)O.%fﬁqem (liquid)

nucleate near the mold walls, sink and Husion D,,D, m*s” 1.0x 107

settle at the base of the ingot which

coefficient (solid)

results in a characteristic conic shape. More equiaxed grains are found in the lower region of the
ingot, whereas columnar structures are found predominant in the upper region of the ingot. The
flow in the ingot is driven by three forces: the solutal buoyancy force, which leads to upward flow;
the thermal buoyancy force, which leads to downward melt flow; and the motion of the sinking
equiaxed crystals, which drags the surrounding melt downwards. Initially, the two downward forces
are dominant along the side walls of the ingot. The downward flow and the sinking equiaxed crys-
tals change direction at the bottom of the ingot, move inwards, and then rise in the middle region of
the ingot. Meanwhile, the cooled melt at the casting top tends to sink directly from the middle part
of the ingot. The upward and downward flows interact with each other, and the resulting global
flow pattern is highly unstable and disordered. Large eddies develop dynamically and then are sup-
pressed in the bulk region.
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Fig. 3 Predicted solidification sequence and formation of macrosegregation. The upper raw
shows the results of non-dendritic model, while the low raw shows the results of simpli-
fied-dendritic model. For (a)-(c) and (e)-(g), in the left half the equiaxed volume fraction
is overlapped with the equiaxed velocity, in the right half the columnar volume fraction is
overlapped with liquid velocity. (d) and (h) shows the final segregation index
(e, —co )/ ¢, ) overlapped with some iso-values.
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When the equiaxed dendritic structure is considered the drag force between sinking equiaxed
crystal and surrounding melt becomes larger by comparison with the case of non-dendritic model.
Thus the equiaxed sinking speed is decreased and subsequently the liquid velocity is also decreased,
as we see from Fig. 3(a)-(b) and (e)-(f). At 100 s the non-
dendritic model predicts the maximum equiaxed and liquid

velocity of 0.0418 m/s and 0.0410 m/s, whereas the simpli- ~ 1.6
fied-dendritic model predicts 0.039 m/s and 0.0328 m/s, % 1_4_'
correspondingly. In addition, the columnar-to-equiaxed- 8 1
transition (CET) zone for the simplified-dendritic model is & 1-2'_
prolonged, as shown in Fig. 3(c) and (g). The final mac- § 1.0
rosegregation patterns (Fig. 3 (e) and (h)) predicted by both = 0.8
non-dendritic and simplified-dendritic models are similar: e
the positive segregation zone in the top part, the cone shape < 0.6
negative segregation zone in the bottom region, and many 2 04l
quasi A-segregation bands. The distribution of these quasi 5 :
A-segregation bands is also similar for these two cases. For g 0'2'_
simplified-dendritic equiaxed case, the cone shape negative © 0.0-

segr.egation region has been prplonged. . 04 02 00 02 o4
Fig. 4 presents the centerline macrosegregation of non- o
dendritic model, simplified dendritic model and experiment Macrosegregation index
[17]. The general distribution of centerline segregation is the (Cmix-colfey)
same for non-dendritic case and simplified-dendritic case.
However, it is obvious that the simplified dendritic equiaxed
model predicted less serious negative segregation in the bot-
tom region than the non-dendritic model. The simplified-
dendritic model predicts a very nice agreement with the experiment result in the bottom region. It
demonstrates that the simplified dendritic model improves the accuracy of the calculation signifi-
cantly.

Fig. 4 Comparison of centerline
macrosegregation.

Summary

The three-phase mixed columnar-equiaxed solidification model [8-9] was modified to consider the
dendritic morphology of equiaxed crystals. This was used to calculate the macrosegregation in a
2.45-ton steel ingot. By comparison with the non-dendritic model, the simplified-dendritic model
predicted: smaller equiaxed and liquid velocity; more extended CET zone; the same
macrosegregation pattern; less severe negative segregation in the bottom equiaxed zone. The
predicted centreline segregation by the simplified dendritic model was more close to the experiment
result than the non-dendritic model did. The simplified dendritic model improved the calculation
accuracy for the macrosegregation significantly.
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