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Abstract: A two-phase model for the prediction of macrosegregation formed during solidification is presented. This model incorporates the
descriptions of heat transfer, melt convection, solute transport, and solid movement on the system scale with microscopic relations for grain
nucleation and growth. Then the model is used to simulate the solidification of a benchmark industrial 3.3-t steel ingot. Simulations are per-
formed to investigate the effects of grain motion and pipe shrinkage formation on the final macrosegregation pattern. The model predictions
are compared with experimental data and numerical results from literatures. It is demonstrated that the model is able to express the overall
macrosegregation patterns in the ingot. Furthermore, the results show that it is essential to consider the motion of equiaxed grains and the
formation of pipe shrinkage in modelling. Several issues for future model improvements are identified.
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Nmax: Maximum grain density, m™;
Nomenclature "
p: Pressure, N-m"z;
¢: Specific heat capacity, J'’kg K ™; Re: R 1d b
) e: Reynolds number;
C: Concentration of carbon, wt%; ) ) X
4 Grain diamet S,: Interfacial area concentration, m
,: Grain diameter, m;

D: Mass diffusivity, m?s

g: Volume fraction;

t: Time, s;
T: Temperature, °C;

g.: Grain packing limit; Tn: Melting point of pure iron, °C;

. - e
g: Gravity vector, m's u: Velocity vector, m's™ .

ky: Partition ratio; f3: Drag coefficient, kg:m™s™';

k: Thermal conductivity, W-m K ™; P Solidification volume shrinkage;

L: Latent heat, J’kg™; Bec: Solutal expansion coefficient, wt% ';
my: Liquidus slope, K-wt%™'; Sr: Thermal expansion coefficient, K™';

N: Grain production rate, m™-s™'; I Interfacial phase change rate, kgm™s™';
n: Grain density, m™; d: Solute diffusion length, m;
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AT: Undercooling, K;

ATy: Undercooling for maximum grain production rate,
K;

AT,: Gaussian distribution width of the nucleation law,
K;

w: Dynamic viscosity, kgm'-s™;

p: Density, kg'm™.

Subscripts or superscripts
0: Initial;
b: Buoyancy;
I: Liquid phase;
ref: Reference;
s: Solid phase;

*: Equilibrium at the solid-liquid interface.
1. Introduction

Macrosegregation in large steel ingots has long been a
topic of engineering importance [1]. The typical macroseg-
regation patterns in steel ingots consist of a positively seg-
regated zone at the top of the ingots and a negative segrega-
tion cone at the bottom [2-4]. It is well established that the
main causes of macrosegregation include melt flow induced
by thermosolutal convection and shrinkage and the motion
of free equiaxed grains. Modelling macrosegregation is a
multiphase and multiscale problem. Beckermann and
co-workers [5-6] were the first to present multiphase models
that account for melt convection and solid movement. The
global transport phenomena at the process scale and the
grain nucleation and growth mechanisms on a microscopic
scale are bridged in these pioneering models. Ludwig and
co-workers [7-10] developed a series of multiphase models
which are of a more advanced nature. The most sophisti-
cated one is a five-phase model for mixed colum-
nar-equiaxed solidification that tracks the evolution of den-
dritic morphologies, encompasses melt convection and
sedimentation of equiaxed grains, and allows the prediction
of the macrostructure and the macrosegregation [10]. Com-
beau and co-workers [11-12] presented a multiphase and
multiscale solidification model which describes the mor-
phology evolution of equiaxed grains and their motion. In
addition, a brief description of some other multiphase mod-
els can be found in a recent and well-documented review
[13].

The application of these sophisticated models to indus-
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trial steel ingots is limited mainly because of the large com-
putational resources required to accurately resolve the vari-
ety of the phenomena over the process scale [14]. Combeau
and co-workers [11, 15] simulated the solidification of a
3.3-t steel ingot, using a fully coupled multiphase and mul-
tiscale model. This work represents a pioneering application
of such a model to an industrial-sized production steel ingot
[15]. Furthermore, the experimental results of a carbon seg-
regation map for a longitudinal section of the ingot was pre-
sented [11]. This map was constructed from composition
measurements by an intercept method in 114 sampling
points. Such detailed measurements for validating the pre-
diction of macrosegregation in steel ingots are seldom
available in literatures.

In this paper, a two-phase multiscale model was proposed
to simulate the solidification of the benchmark 3.3 t steel
ingot. The model involves the simultaneous consideration of
the coupled macroscopic phenomena of heat transfer, fluid
flow, solute transport and solid movement, and the micro-
scopic phenomena of grain nucleation and growth. The
macrosegregation predictions under two possible assump-
tions on the motion of the solid phase (fixed solid phase or
moving grains) were presented and discussed. Furthermore,
the formation of shrinkage cavity in the hot-top was simu-
lated, and its influence on macrosegregation was also inves-
tigated. The results were compared with experimental data
and simulation results from Ref. [11]. The present study
may shed new light on the potential of the advanced models
for predicting macrosegregation in industrial steel ingots.

2. Model

The model proposed in this paper is developed based on a
volume-averaged Euler-Euler two-phase formulation. In-
deed, the present model is a modification and continuation
of the previous multiphase multiscale solidification models
of Beckermann and co-workers [5-6], Ludwig and Wu [7],
and Zaloznik and Combeau [12]. The model equations and
supplementary relations are summarized in Tables 1 and 2,
respectively. The basic concepts of volume averaging and
the derivation of the model are detailed elsewhere [5-7, 12]
and, hence, only a few explanations are included here.

The main assumptions employed in the present model are
as follows.

(1) The physical system considered consists of solid (s)
and liquid (1) phases. The volume fractions, g; and g, are
subject to gstg=1.
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Table 1. Two-phase model
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B

(2) The solid is presented in the form of free equiaxed
(globular) grains or a continuous structure packed by the in-
teracted and merged grains. The size of equiaxed grains are
explicitly calculated, while a constant value for the secon-
dary arm spacing of columnar dendrites (i.e., continuous
structure) is assumed.

(3) Solid and liquid densities are assumed equal and con-
stant, except in the buoyancy term of the momentum con-
servation equation. The Boussinesq approximation is em-
ployed to model the thermosolutal convection, grain sedi-

mentation, and the induced melt convection.

(4) Mold filling is not simulated. Equiaxed grains or solid
fragments that have separated from a mould wall or free
surface or melted off dendrites are not modeled.

The interfacial drag force is modeled using the Gidaspow
model [16], which employs the Wen and Yu model for low
solid fractions (i.e., the free particle regime) and applies the
Ergun model for high solid fractions (i.e., the packed bed
regime). The drag coefficient for a single sphere (the
well-known Stokes law) and the Kozeny-Carman perme-
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ability relation for a packed bed of spheres could be viewed
as the simplified, limiting cases of the present interfacial
drag correlation. It should be noted that the momentum
equations of two phases, solid and liquid, are valid for all
solid fractions ranging from zero to unity. Thus, the packing
limit is considered in the expression for the effective solid
viscosity (Eq. (18) in Table 2). As soon as the solid fraction
reaches the packing limit, the solid will become rigid and
fixed.

The local thermal equilibrium is assumed. The interfacial
species balance in Table 1 constitutes the grain growth
model, with the interfacial species diffusion lengths shown
in Table 2. In addition, a three-parameter heterogeneous nu-
cleation law (Eq. (10) in Table 2) is used to model the grain
nucleation [7].

The conservation equations are discretized using a con-
trol volume-based finite difference method. The transient
term is treated fully implicit. For discretizing the momentum
equations, a staggered grid is adopted. The sparse linear
systems of discretized equations are solved by the SIP
(strongly implicit procedure) method [17]. An extension of
the well-known single-phase solution algorithm SIMPLE
(semi-implicit method for pressure-linked equations) [18] to
multiphase flows, called the IPSA (inter-phase slip algo-
rithm), is employed in the present two-phase model. A de-
tailed description of this algorithm is given by Karema and
Lo [19].

The formation of a shrinkage cavity at the top of the ingot
can be calculated following the approaches in Refs. [20-21].
The basic concept is that the total shrinkage volume of the
ingot for each time step during solidification is equal to the
sum of solidification contraction of all the elements. Once
the total shrinkage amount is larger than the volume of one
single element, numbers of elements that (1) are the closest
to the top and centre of the ingot domain and (2) have a
solid fraction less than the critical solid fraction (assigned
0.35 in the present study), must be treated as empty. The
thermophysical properties of the empty element are consid-
ered to be those of the ambient (i.e., exothermic powder),
and the corresponding boundary conditions are updated.

3. Results and discussion

The steel ingot simulated in the present study is shown in
Fig. 1. It was a 3.3-t ingot of 2 m in height and 0.6 m in
mean width, of which comprehensive experimental meas-
urements and other details were reported by Combeau et al.
[11]. Two-dimensional simulations were carried out. The
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computational domain was meshed into volume elements of
10 mmx15 mm. The time-step was variable, in the order of
0.01s.

| Exothermic powder
L

Refractory

insulation

sleeve

Steel ingot

2m

Cast-iron
mould

Fig. 1. Schematic of the 3.3-t steel ingot simulated in the pre-
sent study.

To illustrate the effects of grain motion and shrinkage
cavity formation on the macrosegregation in the ingot, three
cases were investigated.

(1) Case 1. The solid phase was fixed everywhere, al-
lowing thermosolutal convection for the melt in the pure
liquid region and the stationary mush zone. This was im-
plemented in the model by setting the packing limit g.~0.
Shrinkage was not simulated.

(2) Case 2. Solid movement was considered with a pack-
ing limit of g.=0.2.

(3) Case 3 is basically the same as case 2, but the formation
of shrinkage cavity at the top of the ingot was calculated.

In order to account for the columnar zone observed ex-
perimentally, the grains were imposed to be fixed within a
layer of approximately 6 cm in width at the mould walls
[11], in all cases.

The steel properties and other parameters used in the
simulations are summarized in Table 3. The thermophysical
properties of the mould materials as well as the initial and
boundary conditions are essentially identical to those listed
in Ref. [22] and are not repeated here. It should be pointed
out that a characterized particle diameter d, is introduced in
the drag coefficient expression (Eq. (13) in Table 2). For a solid
fraction greater than the packing limit, d, is equivalent to the
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Table 3. Thermophysical properties and parameters used in the present simulations
Co/ Wt% T,,/°C m/(Kwt% )  k L/(Jkg")  w/kgm™s™  D/@m*sY) D/ (m*s™)
0.36 1532 -80.45 0.314 2.71x10° 42x107 2x1078 5.187x107"
SDAS/um  pee/ (kgm™)  fy B! wi%! Pr/K! P/ T ATy /K AT,/ K
300 6990 0.045 14164x107  1.07x107*  5x10" 5 2

secondary dendrite arm spacing (SDAS); otherwise it equals
to the grain diameter dj.

3.1.Case 1

The predicted solidification sequences of the ingot are
shown in Fig. 2. At 600 s (Fig. 2(a)), the melt at the mould
side has a higher density because of the lower temperature
and, thus, the thermal buoyancy force acts downward. In the
top two-thirds of the ingot, where no significant solutal gra-
dients are established, a descending melt flows along the
mould side can be observed. Consequently, this flow in-
duces an upward melt flow in the ingot centre and, hence,
consists of a counterclockwise convection cell. In the bot-
tom one-thirds of the ingot, however, there exists a layer of
enriched liquid (marked with a segregation ratio, (C—C)/C,,
of 0.005 in Fig. 2(a)) in front of the mushy zone. Because

the solute-enriched interdendritic melt has a lower density,
the solutal buoyancy points upward. Since the thermophysi-
cal parameters used in the simulation indicates that the so-
lutal buoyancy dominates over the thermal buoyancy, a
weak clockwise convection cell in the ingot bottom is ex-
pected. As solidification proceeds, at 1200 s, the ingot core
is generally positively segregated (also indicated with a
segregation ratio of 0.005 in Fig. 2(b)). The stable situation
is that the combined thermosolutal buoyancy drives the melt
flow upward along the mould side and downward in the in-
got centre. Thus, a global clockwise convection cell can be
seen in Figs. 2(b) and 2(c). It should be mentioned that at
600 s, the maximum velocity of the melt reaches 11.1
mm-s™'; as solidification proceeds, the melt velocities de-
crease significantly, of which the maximum magnitude are
5.6 and 0.6 mm-s™" at 1200 and 3600 s, respectively.

(C-Cy) ! C,
— 0.04

-0.04

Fig. 2. Model results in case 1 (left: liquid velocity field and solid fraction contours; right: macrosegregation distribution): (a) 600 s;

(b) 1200 s; (c) 3600 s.

As mentioned by Combeau ef al. [11], the observed seg-
regation tendency can be estimated by the direction of the
flow circulation relative to the temperature gradient. At the
bottom of the ingot, a clockwise circulation is always pre-
sented. This means that the flow is locally oriented in the
opposite direction of the temperature gradient and, thus,

leads to a negative segregation. Corresponding to the solid
fraction contours, which would indicate a shape of the liquid
pool or the fully solidified region, a conically shaped nega-
tive segregation zone evolves at the ingot bottom. Conse-
quently, the clockwise circulation brings the solute-rich melt
out of the mushy zone, leading to a continual enrichment of
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the remaining melt in the ingot core. Hence, the region in
and near the centreline of the hot top (the last part to solidify)
presents the highest positive segregation.

Fig. 3 shows the predicted evolution of the solid fraction
and the segregation ratio at a point, located in the bottom
part of the ingot at the centreline, 200 mm above the ingot
bottom face (termed point P, illustrated in Fig. 1). At the
beginning, this point is in the pure liquid region and has a
slight positive segregation. This is also in accordance with
that mentioned above and shown in Fig. 2(a). The solidifica-
tion of this point starts at approximately 800 s. As solidifica-
tion proceeds, a negative segregation tendency establishes
because of the flow direction and the opposite temperature
gradient. Finally, this point exhibits a negative segregation.

1.0 - 0.02
X - == Case 1 J
a Case 2 =
0.8 F !
4‘1‘\ = 0.00
£ 2
8 E
E T 0.02 g
- - .—
: =
2 04t 5.4 )
wn Ei“
o
4-0.04
02 F /
0.0 f/ . o= : -0.06
0 400 800 1200 1600

Time /s

Fig. 3. Predicted evolution of solid fraction and the segrega-
tion ratio at a point located at the centerline and 200 mm above
the bottom face of the ingot.
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The present flow structure and macrosegregation pattern
in the ingot are equivalent to those in a previous study [22]
in which a continuum model of the classic mixture theory
was used. While the thermal buoyancy dominates over the
solutal buoyancy, in the preceding work of Gu and Becker-
mann [21], a counterclockwise-flow circulation was pre-
dicted. The discrepancy in flow patterns can be attributed to
the varied values of the thermal and solutal expansion coef-
ficients used. Indeed, the formation mechanisms of the flow
and the macrosegregation would be fundamentally the same.

3.2. Case 2

This case considers both melt convection and solid
movement during solidification. Fig. 4 presents the solidifi-
cation and transport behaviors at 600, 1200, and 3600 s, re-
spectively. After the formation of the columnar layer at the
surface, the equiaxed grains nucleated are free to move. Be-
cause solid is heavier than liquid and the interfacial drag is
considered dependent on the grain size, larger grains have
stronger tendencies to settle. Hence, the grains descend
along the columnar zone and entrain the surrounding liquid
with them, inducing a downward melt flow at the mould
side and an upward one in the ingot centre (i.e., a counter-
clockwise convection cell). As the grains settle, they are
blocked when the local solid fraction exceeds the packing
limit and, thus, solid accumulates at the ingot bottom. It can
be observed in Figs. 4(a) and 4(b) that the ingot core is filled
up with the packed grains; correspondingly, the fully solidi-
fied layer along the surface only evolves slowly into the
centre.

(c)

(C_(—-‘u) / Crs
[

0.04

-0.04

Fig. 4. Model results in case 2 (left: liquid velocity field and solid fraction contours; right: macrosegregation distribution): (a) 600 s;

(b) 1200 s; (c) 3600 s.
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In the porous region (gs>g.), although the liquid can
penetrate through the stationary packed bed of grains, these
liquid velocities cannot be seen in Fig. 4(a) or are negligible
in Figs. 4(b) and 4(c) because of the large velocity scale
used in these figures. In the slurry region (g;<g.), where
solid grains are considered to freely move, the downward
component of the solid velocity is only a little larger than
the one of the liquid. Hence, the relative velocities between
two phases are generally small compared with either the
solid or the liquid velocity. Actually, the velocity vectors of
the solid phase are similar to those of the liquid phase to
some extent and, thus, are not illustrated in Fig. 4.

As shown in Fig. 3, for point P in the bottom part of the
ingot, the increase in solid fraction and the decrease in
composition with time are characterized by two distinct
stages. The first stage corresponds to the period of grain
sedimentation. The decisive negative segregation forms in
this stage because of the settling of the globular, solute-lean
grains. The second stage begins at approximately 330 s,
when the solid fraction approaches the packing limit. Be-
cause there is no significant interdendritic liquid flow in the
packed layer, only a small additional change in the mac-
rosegregation of point P takes place during this long period.

3.3.Case3
Based on case 2, it is of interest to further investigate the

(a) (b)

macrosegregation in the ingot when the pipe shrinkage for-
mation is considered. Not surprisingly, the global solidifica-
tion and transport behaviors (case 3) are very similar to case
2. The final macrosegregation pattern, together with a brief
discussion, is presented in the following section.

3.4. Comparison of final macrosegregation patterns

Fig. 5 shows the predicted final macrosegregation pat-
terns of carbon in cases 1-3. In all simulations, a positive
segregation was predicted in the hot top part and a conically
shaped negative segregation zone was predicted at the bot-
tom of the ingot. In case 1 (Fig. 5(a)), there is a negative
segregation region in the side and bottom of the hot top part;
and the most serious negative segregation at the ingot bot-
tom is located a little off the centreline. In case 2 (Fig. 5(b)),
in which the interdendritic liquid flow is somewhat weaker
and a global vertical segregation gradient is more prone to
exist because of grain settling, the hot-top negative segrega-
tion is absent. Furthermore, the most prominent negative
segregation is located at the centreline in the bottom part of
the ingot. In case 3 (Fig. 5(c)), the overall macrosegregation
pattern is very similar to case 2, except that the positive
segregation zone is gently shifted downwards to the hot-top
junction because of the pipe formation. It should be noted
that the lack of experimental data prevents the validation of
the predictions for the shape and depth of the pipe shrinkage.

(C-C) /Gy
0.04

-0.04

Fig. 5. Predicted final macrosegregation patterns in three cases: (a) case 1; (b) case 2; (c) case 3.

Fig. 6 shows a comparison of the measured and the pre-
dicted carbon macrosegregation along the vertical centreline
of the ingot. The experimental data and the model results for
a fixed solid phase [11] serve as crucial bases for validating

the present model. In general, the agreement among the re-
sults plotted can be considered good. However, the present
predictions for the positive hot-top segregation are underes-
timated as compared to the measurements. Furthermore, the
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most obvious difference between the numerical results is
found below the hot-top junction and takes up approxi-
mately one-third of the ingot height. For this segment, there
is a large oscillation in both the measured and the predicted
segregation ratios [11], with a maximum positive value of
about 0.1; the predicted concentration in case 1 is close to
the nominal one, and cases 2-3 exhibit a negative segrega-
tion tendency. For the entire ingot height, however, the
simulation with solid movement and pipe formation (case 3)
appears to provide the best prediction of the segregation
tendency. Nonetheless, further modelling refinements and
detailed experimental validations are still required.

0.2 —
0.0 F [ gl ———
E - :
5 -02F \ 2
3 04} i
]
= 06} i
E e Experimental [11]
o -
e 08F e - — = Predicted [11]
é 1ok H4— |—-—-Casel
.z : — — ‘i S ‘}
& sl v—ﬁ‘l i Case 2
: \ g Case 3
14 Pl 1 1 1
-0.2 =0.1 0.0 0.1 0.2 0.3 0.4

Carbon segregation, (C-C,) / C,

Fig. 6. Comparison of the variation in measured and pre-
dicted macrosegregation along the centreline of the ingot.

4. Conclusions

A two-phase solidification model has been proposed to
predict macrosegregation in steel ingots. The model incor-
porates heat transfer, melt convection, solute transport, and
solid movement on the system scale, and nucleation and in-
terfacial drag on a microscopic scale. It was used to simulate
the solidification of a benchmark industrial 3.3-t steel ingot.
Results of three different simulations were presented. Com-
parisons with prior experimental and numerical results in
Ref. [11] were also performed. Positive segregation was
predicted in the hot top and a conically shaped negative
segregation zone was predicted at the bottom of the ingot. It
was demonstrated that the macrosegregation could be re-
produced rather well in the simulation where grain motion
and pipe shrinkage formation was taken into account. Nev-
ertheless, the present model should only be viewed as a
simplified version when compared to published sophisti-
cated models. More detailed consideration of the micro-
structure and grain transitions is needed in modelling. Mi-
croscale parameters such as grain density, interfacial drag
coefficients, and local diffusion lengths should also be de-
termined with more accuracy. In addition, experimental
validation is an important future research issue.
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