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Abstract

A continuum model for the transport phenomena in solidification systems is used to invest-
igate the formation mechanism of macrosegregation in a 3.3 t steel ingot. Numerical scheme
with explicit time stepping in solidification problems is developed for solving coupled tem-
perature and concentration fields, and equations of momentum. Experimental measurements
and numerical results in the literature are used as indications of the validity of present pre-
diction. Influences of the mold shape and the melt superheat upon macrosegregation are
investigated. Results show that for ingots with the same weight, reducing the size of hot top
favors a pronounced positive-negative-positive concentration distribution along the centerline.
A-segregates and positive-negative-positive concentration distribution are not found in the
ingot with a modified hot top that has a more uniform section area. Higher superheat reduces
the height of bottom negative segregation cone. For cases with superheat larger than zero,
positively segregated patches are observed at the ingot bottom.

K e y w o r d s: macrosegregation, steel ingot, mold shape, melt superheat

Nomenclature

C – mixture concentration Cref – reference concentration
Cl/ 〈Cs〉 – liquid/average solid concentration cp – specific heat
ds – mean grain diameter fs – solid fraction
g – gravity acceleration H – enthalpy
∆H – latent heat Ko – permeability coefficient
ml – slope of liquidus line P – pressure
T – temperature Tref – reference temperature−→
U – velocity vector V, W – x and y components of

−→
U

vl – actual liquid velocity βC – solutal expansion coefficient
βT – thermal expansion coefficient ρ – density
λ – heat conductivity µl – viscosity of liquid

1. Introduction

Macrosegregation is one of classical problems in the
field of solidification and casting, especially for large-
scale ingots [1]. It is caused by the re-organization of
chemical elements over larger distances than the dend-
rite arm spacing. The segregation patterns commonly
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found in a steel ingot are top positive segregation
zone and bottom negative segregation cone. Whether
A-segregates can be observed or not depends upon
the steel grade and the size and the shape of ingot
[2]. These inhomogeneities, if occur, are unfortunately
a permanent feature. They cause serious problems in
the final steel properties and threaten the serviceab-
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ility of the casting [1, 3]. Therefore, how to efficiently
control macrosegregation during casting process de-
pends greatly on a better understanding of its forma-
tion mechanism.
With several decades of intensive research, the

reason for macrosegregation formation is qualitatively
understood. Based on the well-established knowledge,
one of the main goals of computer modeling is to
quantitatively clarify the influences of processing and
design parameters on the concentration distribution,
because it is very vital for controlling or eliminat-
ing macrosegregation. Schneider et al. [4] numeric-
ally compared the segregation pattern of a ten-element
steel alloy (E10) with that of binary Fe-C alloy (E2),
and found a slightly more severe carbon segregation
for E2 than E10. Much attention has been given to
studying thermosolutal convection and resultant mac-
rosegregation in irregular geometries by Rady et al.
[5]. Calculated results show that a higher extent of
segregation is found in ingots with positive or negat-
ive slopes compared to the rectangular ingot. Lee et al.
[6] examined the effects of cooling rate and strength of
gravity on the segregation formation. More homogen-
eous compositions are obtained for larger solidification
rate and smaller gravity force. Combeau et al. [2] sys-
tematically studied the influences of motion and mor-
phology of equiaxed grains on macrosegregation. Free-
-floating-dendritic-grain case presents a similar segreg-
ation tendency to the fixed-solid case. However, if the
morphology of equiaxed grain is changed from dend-
ritic to globular, a totally different segregation pattern
is created, characterized as serious bottom negative
segregation and pronounced top positive segregation.
Moreover, A-segregates are not formed. Yadav et al.
[7] considered the impact of filling process. For a small
size casting, the filling course should not be neglected,
since the residual flow after it significantly affects the
shape of mush and hence, the segregation distribution.
Although the above mentioned numerical stud-

ies could help us to obtain a good understanding
of macrosegregation formation under different condi-
tions, some special phenomena occurred in the real
casting process are still not explained. For example,
authors’ recent experimental measurement of 5 t sand-
mold cast ingot showed a small positive segregation
zone at the bottom of ingot, despite a negative segreg-
ation cone is usually expected. This phenomenon is
numerically studied and clarified in the present work.
Mold shape plays an important role and its influence
upon macrosegregation formation deserves an invest-
igation.
In this paper, a continuum model for the transport

phenomena during solidification is used to perform the
numerical studies. A time-explicit scheme is developed
for solving the coupled temperature and concentration
fields, and the equations of momentum. Self-developed
scheme is verified by reproducing the data both in the

literature and in the experiment. Effects of mold shape
and melt superheat on concentration distribution are
examined. Mechanisms of the macrosegregation form-
ation under different casting conditions are revealed.

2. Mathematical model

Mathematical model used is similar to the one pro-
posed by Voller et al. [9, 10]. Before calculation, some
assumptions are made:
1. laminar and Newtonian flow in the liquid phase,
2. two-dimensional calculations are carried out,
3. solid is considered to be rigid and stationary,
4. thermodynamic equilibrium at the solid-liquid

interface,
5. liquid is assumed to fill the mold cavity simul-

taneously.
The last assumption is due to the fact that for

a large-size ingot, the extent of solidification may be
small during filling course. Since a significant cool-
ing and solidification are avoided before filling is com-
pleted, the impact of mold-filling upon macrosegrega-
tion is not taken into account.
On the basis of these hypotheses, mass, mo-

mentum, mixture energy and mixture solute conser-
vations are given. Although these equations can be
found in [9, 10], they are still described for the intact
of the paper.
Continuity:

∇ ·
(−→

U
)
= 0, (1)

−→
U = (1− fs)vl. (2)

V -momentum:

∂

∂t
(ρV )+∇·

(
ρ
−→
U V

)
= −∂P

∂x
−KV +∇·(µl∇V ) . (3)

W -momentum:

∂

∂t
(ρW ) +∇ ·

(
ρ
−→
U W

)
= −∂P

∂y
− KW + (4)

+∇ · (µl∇W ) + ρg [βT (T − Tref) + βC (Cl − Cref)] .

The mushy region is modeled by Carman-Kozeny
relationship, where the parameter K is defined as:

K =
Kof

2
s

(1− fs)
3 . (5)

The permeability coefficient Ko is given as follows:

Ko =
180× µl

d2s
. (6)
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Mixture energy conservation equation:

∂

∂t
(ρH)+∇·

(
ρcp

−→
U T + ρ

−→
U∆H

)
= λ∇· (∇T ) , (7)

[ρH ] = fsρscpT +(1− fs) ρlcpT +(1− fs) ρl∆H. (8)

Mixture solute conservation equation:

∂

∂t
[ρC] +∇ ·

(
ρ
−→
U Cl

)
= 0, (9)

[ρC] = fsρs 〈Cs〉+ (1− fs) ρlCl. (10)

During primary solidification the temperature and
liquid concentration are related through the liquidus
line:

T = Tm +mlCl. (11)

Temperature-concentration coupling is solved us-
ing the time-explicit scheme. Flow equations are dealt
with by the Solution Algorithm for transient fluid flow
(SOLA) technique, rather than the well-known time-
-implicit SIMPLER algorithm.
A certain solidification path is not pre-determined,

indicating the finish of solidification is not judged by
the solidus temperature. A similar method to that in
[1] is employed. Solid fraction calculated by local tem-
perature and concentration at each point is used as
the criterion.

3. Validation of developed scheme

3.1. Numerical test

With the same assumptions, boundary conditions
and input parameters, validation of code is carried out
by comparing present calculated results with numer-
ical results available in [2] that were both theoretic-
ally and experimentally verified. The modeled ingot
(Fe-0.36wt.%C alloy, 3.3 t) is shown in Fig. 1. A re-
fined mesh size 0.6 × 0.6 cm2 is selected in this paper,
which is smaller than 0.7 × 1.2 cm2 in [2]. Time step
is not larger than 0.01 s.
The major uncertainty in the literature is that

thermal physical properties of hot top (refractory ma-
terial and exothermic powder) are not given. There-
fore, according to the same trials and previous experi-
ence of authors, properties in Table 1 are hired for the
hot top in this study.
Figure 2 compares the present segregation ratio

map with the existing numerical simulation. As ob-
served in Figs. 2a,b, segregation characteristics in [2]
are nearly all included in this study, including top pos-
itive segregation, bottom negative segregation cone,
and A-segregation bands. For the clarity of present-
ation, Fig. 2b is simplified to Fig. 2c, according to

Fig. 1. Schematic diagram of 3.3 t ingot [2].

Ta b l e 1. Thermo-physical properties of hot top

Refractory material Exothermic powder

ρs (kg m−3) 500.0 210.0
λ (Wm−1 K−1) 0.9 0.9
cp (J kg−1 K−1) 600.0 1130.0

the segregation ratio range. It can be noted that the
positive segregation patches near the ingot surfaces
(Fig. 2a) are reproduced in Fig. 2b. For Fig. 2a, one
thing should be mentioned. The bottom bar holder
and a large part of hot top are not displayed in the
picture. That is why Fig. 2b seems a little “taller”
than Fig. 2a.
Figure 3 offers the distribution of carbon segreg-

ation ratio along centerline. The present prediction
shows a fair agreement with that in [2], except the de-
gree of positive segregation below the hot top is smal-
ler, and positive segregation in the hot top is more
serious. Such discrepancies may be contributed to
the following factors: (i) different mathematical equa-
tions and numerical implementations are developed;
(ii) different thermal physical parameters of hot top
are selected. Despite these discrepancies, the test of
present scheme with an acceptable outcome gives
us confidence that the self-developed code is reason-
able.
For the following study, the ingot in Fig. 1 is re-

ferred to base case.
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Fig. 2. Comparison of segregation ratio map: (a) result in [2], (b) present simulation, (c) simplified form of picture (b).

Fig. 3. Comparison of carbon segregation ratio distribution along centerline: (a) result in [2], (b) present simulation.

3.2. Experimental validation

To further establish the validity of the developed
scheme, simulated results are compared to the exper-
imental data.
A 5 t ingot was sand-mold cast by Institute of

Metal Research, China [8]. The dimensions of ingot
are shown in Fig. 4. The steel grade is reported in
Table 2. The pouring temperature was 1552◦C with
superheat 60◦C. The ingot was poured from the bot-
tom and the mold filling time was about 180 s. The

Ta b l e 2. Steel grade of the 5 t ingot (wt.%)

C Si Mn S P Fe

0.49 0.23 0.51 0.03 0.03 balance

top insulator consisted of a 10 cm thick layer of exo-
thermic powder.
This practically-cast ingot was modeled. Selections

of boundary condition and input parameters are sim-
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Fig. 4. Schematic diagram of experimental 5 t ingot.

ilar to those in [8]. Comparison between the sulfur-
-print of the experimental ingot and numerical predic-
tion is shown in Fig. 5. For the sulfur-print, dark color
corresponds to positive segregation, and light color
corresponds to negative segregation. Some black dis-
continuous lines, close to the ingot surfaces, are called
A-segregates in which the solute is enriched. We can
note that the general segregation pattern in the ex-
periment is well reproduced in the simulation, such as
top positive segregation, bottom negative segregation,
and A-segregates.

Fig. 5. Carbon segregation map: (a) sulfur-print of the
experimental ingot, (b) simulation result.

In Fig. 6a, a fair agreement is noteworthy between
experimental measurements and numerical data. How-
ever, in Fig. 6b, some apparent discrepancies are
present. The oscillating concentration profile is shif-
ted upward in the simulation. The major reason is the
solidification shrinkage is not included in the calcula-
tion. The height of the bottom negative-segregation
cone is well predicted, but the extent of segregation is
numerically underestimated due to the neglecting of
grain settlement. There is a special phenomenon which
needs our attention. At the ingot bottom, both experi-
ment and calculation show a concentration fluctuation
(negative-positive-negative pattern). This is against
people’s expectation: positive segregation should not
exist at the bottom due to the settling of grains. This
phenomenon will be analyzed in Section 4.2.
All in all, fair agreements of present simulation

Fig. 6. Segregation in carbon of the ingot: experimental and model results: (a) along line-920, (b) along centerline.
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Fig. 7. Schematic diagram of modified ingots: (a) case-1,
(b) case-2.

Fig. 8. Carbon segregation ratio map in ingots: (a) case-1,
(b) case-2.

with data both in the literature and the experimental
measurement confirm that the developed scheme can
give a reasonable depiction of physical situation and
can be safely used in the following studies.

4. Numerical results and discussion

4.1. Influence of mold shape

In this section, the mold shape in Fig. 1 (base case)
is changed. Two modifications are made, as shown in
Fig. 7.
Figure 7a: case-1 has the same weight as that of

base case, but the height of hot top is reduced from
0.6 m to 0.4 m, and the diameter is decreased from
0.536m to 0.49m.

Fig. 9. Carbon segregation distribution along centerline for
(a) case-1, (b) case-2.

Figure 7b: case-2 has the same weight as that of
base case, but the height of hot top is reduced from
0.6 m to 0.207m, and the diameter is increased from
0.536m to 0.68m. Comparison between case-1 and
case-2 shows that only the hot-top shape is changed.
The apparent difference is the sharp decrease in the
section area for the hot top is avoided in case-2.
Numerical predictions of carbon segregation map

for the two cases are shown in Fig. 8, with melt su-
perheat 0◦C.
Case-1 (Fig. 8a) presents a similar tendency of

macrosegregation to the base case, except that there is
a more obvious positive-negative-positive carbon dis-
tribution along central axis (Fig. 9a). This can be
explained by examining Fig. 10, where solid fraction
distribution close to a “special point” is illustrated.
As informed by [2], there is a “special point” on the
centerline at the level of hot-top joint, where isotherms
from two sides of ingot meet with each other. During
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solidification, when this point occurs, the local hydro-
dynamic resistance is increased. It is not easy for the
solute-enriched liquid to be transferred from the po-
sition below the point to the top part. Then, since
case-1 has a larger size of liquid pool below the spe-
cial point and a higher value of solid fraction at this
point, the finally formed positive segregation becomes
stronger.
Case-2 (Fig. 8b) has a different segregation dis-

tribution in comparison with case-1 and base case.
First, the positive-negative concentration variation
along centerline is not observed (Fig. 9b). It is clear
that unlike case-1 and base case, the solid fraction
contour in case-2 does not present a wavy shape, see
Fig. 11c. Moreover, as in Fig. 11c, the fluid flow does
not change its direction at the level of hot-top joint,
e.g. diverting back to the hot top. This is attributed
to the fact that the mold shape does not favor the
formation of the “special point”. So, the tendency of
negative segregation formation is minimized.
Second, in case-2, the local negative segregation is

less serious at the joint position of hot-top and ingot
body. From Fig. 12 it is seen that since there is no
sharp variation in section area from ingot body to hop

Fig. 10. Solid fraction distribution close to the special point
along centerline at 5000 s for base case and case-1.

top, the direction of fluid flow does not change greatly
at the joint position. On the contrary, for case-1 and
base case, the fluid flow diverts nearly ninety degrees
to adapt to the solid fraction contour, which carries a
large amount of enriched liquid out of the mush. Then,

Fig. 11. Flow vectors at the level of hot-top joint at 5000 s for (a) base case, (b) case-1, (c) case-2. Black lines are solid
fraction contours.

Fig. 12. Flow vectors at the level of hot-top joint at 500 s for (a) base case, (b) case-1, (c) case-2. Black lines are solid
fraction contours.
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Fig. 13. Maximum melt velocity during solidification for
case-1 and case-2.

the solute depletion is more pronounced in case-1 and
base case than in case-2.
Third, A-segregates are not found in case-2. On the

one hand, the shape of mushy zone does not change
abruptly as those in the former two cases. On the other
hand, with the lower height and more uniform section
area of casting system, the velocity of natural convec-
tion becomes weak (see Fig. 13), meaning the degree
of disturbance at the solidification front is decreased.
As a result, A-segregation is not formed.

4.2. Influence of melt superheat

Case-1 in Section 4.1. is studied. Three melt su-
perheats are selected: 50◦C, 10◦C and 0◦C. Numerical

Fig. 15. Carbon segregation distribution along centerline
for various superheats.

predictions of carbon segregation ratio map at differ-
ent superheats are shown in Fig. 14.
For the three cases, the general segregation pattern

is similar: bottom negative segregation cone, top pos-
itive segregation, and A-segregates. To compare them
in a quantitative way, however, Fig. 15 shows some
differences.
When the melt superheat is larger than zero,

there are concentration fluctuations at the ingot bot-
tom: a small positively-segregated region forms be-
fore the negative segregation cone develops. Moreover,
the height of bottom negative segregation cone is de-
creased. All these are mainly ascribed to the variations
of flow field induced by superheat. Figure 16 shows
the flow field at different times during solidification.

Fig. 14. Segregation ratio map in ingot (case-1) for different melt superheats: (a) 50◦C, (b) 10◦C, (c) 0◦C.
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Fig. 16. Flow vectors at various times for different melt superheats: (a) 50◦C, (b) 10◦C, (c) 0◦C. Black lines are solid
fraction contours.
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Superimposed on the vector plots are solid fraction
contours.
At the early stage of solidification (100 s), flow

fields are complex for superheats 50◦C and 10◦C:
clockwise and counterclockwise cells coexist in the

bulk liquid. According to equation
∂C

∂t
= − 1

ml
fl�vl·∇T

in [2], if the temperature gradient has the same dir-
ection as that of flow vector, the formation of posit-
ive segregation is favored. Or else, negative segrega-
tion is formed. Since several flow cells counteract with
each other before solutal buoyancy dominates, tem-
perature gradient and flow vector may have the same
direction at some position, and then, positive segreg-
ation patches occur. However, this phenomenon is not
observed for superheat 0◦C. At the initial period, a
counterclockwise cell exists. Therefore, the possibility
that enriched liquid is captured at the bottom due to
the destabilized flow is reduced.
At 900 s, for superheats 50◦C and 10◦C, flow field

is still destabilized. Clockwise cells create a flow in
the direction of temperature gradient in the center,
resulting in the accumulation of solute-rich liquid. So,
the height of bottom negative segregation cone is re-
duced. For superheat 0◦C, liquid flows downward in
the center and turns upward in the mush. Such a flow
pattern favors the development of negative segregation
at the ingot bottom. Although a small clockwise cell is
noted, it is responsible for the formation of solute-rich
patches close to the ingot surface, and has no effect on
the formation of bottom negative segregation cone.
At 2500 s, 3600 s and until the end of solidifica-

tion, the three cases present similar flow fields and
solid fraction contours. This guarantees that each
case has the top positive segregation, A-segregates
and positive-negative-positive segregation distribution
along central axis in the final macrosegregation map.
In this paper, although the simulation with su-

perheat = 0◦C can only be performed on a numer-
ical research basis, it highlights that the occurrence
of positive segregation at the ingot bottom is mainly
due to the destabilized fluid flow created by melt su-
perheat during the early stage of solidification. The
phenomenon in Section 3.2. is explained by the above
simulation and analysis.

6. Conclusions

Impacts of mold shape and melt superheat on mac-
rosegregation formation of Fe-0.36wt.%C alloy in a
3.3 t ingot are numerically investigated. For the in-
tended use of the self-developed code, the numerical
scheme is tested by reproducing the data both in the
literature and in the experiment. An acceptable out-
come is obtained. Some important findings are sum-
marized as follows:

1. It is shown that with a sharp decrease of sec-
tion area at the level of hot top joint, a distribution
of positive-negative-positive concentration along the
centerline is favored. For ingots with the same weight,
by decreasing the height of hot top to some extent,
a more pronounced positive-negative-positive concen-
tration pattern occurs.
2. If the mold shape is modified to have more uni-

form section area, the occurrence of positive-negative-
-positive segregation pattern along the central axis is
not noted. Moreover, A-segregates do not occur since
the shape of mushy region changes and flow velocity
decreases.
3. As the superheat is increased from 0◦C to 50◦C,

the height of bottom negative segregation cone is re-
duced. With superheat larger than 0◦C, the occur-
rence of positive segregation patches at the ingot bot-
tom is explained as: the solute-enriched liquid is eas-
ily to be captured at the bottom region due to the
destabilized flow at the initial period of solidification
created by melt superheat.
Modeling of macrosegregation formation allows the

relative importance of different physical processes on
the final segregation pattern to be predicted, and
hence, indicates which aspect of the process needs ad-
ditional effort and experimental research to improve
the final product.
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