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Simulation of macrosegregation in a 36-t steel ingot using a multiphase model
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Abstract: Macrosegregation is the major defect in large steel ingots caused by solute partitioning and melt convection during casting. In this study,
a three-phase (liquid, columnar dendrites, and equiaxed grains) model is proposed to simulate macrosegregation in a 36-t steel ingot. A supple-
mentary set of conservation equations are employed in the model such that two types of equiaxed grains, either settling or adhering to the solid
shell, are well simulated. The predicted concentration agrees quantitatively with the experimental value. A negative segregation cone was located

at the bottom owing to the grain settlement and solute-enriched melt leaving from the mushy zone. The interdendritic liquid flow was carefully
analyzed, and the formation of A-type segregations in the mid-height of the ingot is discussed. Negative segregation was observed near the riser
neck due to the specific relationship between flow direction and temperature gradient. Additionally, the as-cast macrostructure of the ingot is

presented, including the grain size distribution and columnar—equiaxed transition.
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Nomenclature

List of symbols

g Volume fraction;

u Velocity, m-s™';

p  Density, kgrm™;

I' Phase transfer rate, kg'm s ';
u Viscosity, kgm '-s7!;

p Pressure, Pa;

K Drag coefficient, kg'm™-s™';
C Species content, wt%;

R Grain radius, m;

k  Thermal conductivity, W-m™'-k';

h  Enthalpy, J-kg';

N Nucleation rate, m >s™';

n  Number density of equiaxed grains, m;

Ny Maximum grain number density, m;

ATy Undercooling for maximum nucleation rate, K;
AT, Gaussian distribution width of nucleation, K;

0 Factor of diffusion length;

Br  Thermal expansion coefficient, K ';

pc  Concentration expansion coefficient;
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Pa  Density difference between liquid and solid.
Subscripts and superscripts
1 Liquid phase;
¢ Columnar dendrite;
e Free-floating equiaxed grain;
es Stationary equiaxed grain;
ref Reference value;
Equilibrium value at the interface;
b Buoyancy term.

1. Introduction

Chemical inhomogeneity on a large scale, also known as
macrosegregation, is a defect widely found in steel products.
Macrosegregation results from solute partitioning, ther-
mosolutal convection, and equiaxed settlement during solidi-
fication. A typical macrosegregation in an ingot contains a
positive segregated zone at the top and a negative segregated
zone at the bottom. Moreover, A-type segregations are al-
ways found in the middle of the ingot.

Since the 1960s, many investigations have been per-
formed to predict the segregation pattern of large ingots for
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the interest of industrial manufacturing [1-2]. Prakash [3], Ni
and Beckermann [4] firstly developed an advanced numeric-
al modeling technique, known as a two-phase model. This
technique, based on the volume-averaging method, assumed
a fixed solid phase to analyze the motion of the interdendrit-
ic liquid. A. Ludwig and M. Wu developed a three-phase ap-
proach to simulate the solidification of steel ingot [5]. The
model contained liquid, columnar dendrites, and equiaxed
grains. The columnar phase was assumed to adhere to the
wall, while the equiaxed phase moved during solidification.
By this approach, the negative segregation cone at the bot-
tom of the ingot, induced by grain settlement, was well pre-
dicted. Combeau et al. [6] performed an in-depth research of
grain settlement with a two-phase model. They studied the
motion of equiaxed grains and its influence factors, such as
grain morphology. The trend of grain settlement was found
to significantly affect the macrosegregation features. Wu et al.
[7-8] proposed a five-phase mixed columnar—equiaxed mod-
el. In this model, the interdendritic melt of both columnar
dendrite and equiaxed grains were treated as independent
phase, such that the interaction between dendrite and inter-
dendritic melt could be explicitly modeled. A four-phase
model in which air was involved in the multiphase frame was
established by Wu et al. [9]. The four-phase model accoun-
ted for shrinkage during solidification and effectively pre-
dicted the positive segregation in the top of the ingot.

Duan et al. [10] cast and chemically analyzed a 36-t steel
ingot, and sufficient macrosegregation data were provided.
According to the experimental result, typical macrosegrega-
tion features such as negative segregation at the bottom and
positive segregation at the top were noticed. Moreover, the
negative segregation along the side wall of the hot top was
found. Tu et al [11] developed a multicomponent three-
phase model to predict the macrosegregation of a 36-t steel
ingot. Their simulation results showed that the major segreg-
ation features, together with the shrinkage cavity, were well
reproduced and a high-leveled general agreement was ob-
tained. Wu ef al. [12], using a four-phase model, also carried
out a simulation of such an ingot. In addition to the macrose-
gregation and shrinkage cavity, the porosity was predicted
using this model.

However, its formation mechanism is still unclear due to
the complex macrosegregation in large steel ingots. Taking
the 36-t steel ingots as an example, the evolution of bottom-
located negative segregation and mid-located channel se-
gregation still requires clearer descriptions. The negative se-
gregation near the riser neck also requires further study.
Moreover, the solidification structure should be emphasized,
because the as-cast macrostructure of steel ingots is closely

related to macrosegregation.

In this study, a multiphase model is proposed to simulate
macrosegregation in the 36-t steel ingot. This model in-
cludes liquid, columnar dendrites, and equiaxed grains. The
motion of equiaxed grains, whether free-floating or adhering
to the solid shell, is simulated by this model using a set of
supplementary conservation equations. With this model, a
detailed study regarding the formation of bottom-located
negative segregation, channel segregation, and top-located
positive segregation is performed. The formation of negative
segregation near the riser neck is also investigated and ex-
plained using a mathematical criterion. An as-cast macro-
structure simulation, including the grain size distribution and
columnar—equiaxed transition (CET), is performed. The sim-
ulation result indicates good quantitative agreement with the
experimental measurement.

2. Model description

The model consists of three phases: liquid, columnar
dendrite, and equiaxed grains. The conservation equations of
mass, momentum, species, and energy for each phase are
solved simultaneously under a volume-averaged frame. In
addition, a new set of conservation equations are supplemen-
ted into the model, and this facilitates the simulation of the
nucleation and growth of motionless equiaxed grains that ad-
here to the solid shell (marked with subscript es). The model
equations and discussion are listed below.

Conservation equations in four-phase model:
Mass conservation:

0

Y (81D + V- (gipiwr) = =Tt —T'et = Iesl (D
0 (gepe) =T @)
ot 8cPc) =1 ¢l

0

Ey (8epe) + V- (gepelte) = —Iel (3)
D (gepe) =T 4)
ot 8esPes) = 1 esl

Momentum conservation:
% (gip1u) +V - (g -wy) =
~g1Vp+ V- (ugiVuy) + g1, g + Kei(ue —up)+
Kei(ue —uy) + Keg) (es — uy) (5)
% (8epelte) + V- (gepelle - Ue) =

—8eVp+ V- (uegeVue) + geplsjg + Kie(ur —ue)+
Kee(ue —ue) + Kege(es —Ue) (6)

Species conservation:
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Energy conservation:

0
E (gioth) + V- (gio1huy) =
V'(glplleTl)_Qikrcl_Qikrcl_Qikresl (11)

0
E (gcpche) =V - (gepckcVTe) + Ql*rcl (12)

0 *
E (8epehe) +V - (gepehette) =V - (gepeke VTe) + Q] Iy (13)

0 *

E (8esPeshes) = V - (gesPeskes VTes) + Ql Fes) (14)
Kinetics of grain growth and motion:

Number density:

0 .

En+V(uen):N (15)

Nucleation model:

AT ‘e 1 (AT - ATx\?

T Vamar, [_5( AT, ) (19
Density:
0] = pPret (1 =B (T1 — Tret) = Bc (C1 — Cret)) (17)
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Melt flow

<+—~Columnar dendrite (shell)
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P = prel 1+ Bsi = Br(Ts = Trer) = Bc(Cs = Crer)] (18)
Drag coefficient for each couple of phases:

Kpq = Mpq-8q (19)
Viscosity for equiaxed grain:

PR
=t \(1-2) —(1—gs>} 0)
Grain-growth rate:
vR:%(g%_gé)xé 1)

(1) As defined by this model, the equiaxed grains belong
to one phase but exhibit different motion states. Apart from
the free-floating equiaxed grains, those grains that nucleate
and grow while adhering to the solid shell should be simu-
lated with independent conservation equations. During solid-
ification, the nucleation rates of both types of equiaxed grains
are adjusted according to a criterion that is derived from the
previous research [13—14]. The schematic of two types of
equiaxed grains and their relationship with the flow intensity
are illustrated in Fig. 1. Schematically, the different sizes of
arrows and lines are used to denote the different flow intens-
ity of liquid. In Fig. 1(a), owing to the intensive liquid flow,
the nuclei of equiaxed grains are taken away from the solid
shell and settle. In Fig. 1(b), the nuclei grow motionlessly by
the shell because the melt convection is weak. The criterion
is related to the liquid velocity and the solid volume fraction,
and its influence on the final concentration distribution is dis-
cussed in this work.

(b)
i<— Melt flow

Equiaxed

/ grain

l

<+— Columnar dendrite (shell)

Fig. 1. Schematic of moving equiaxed grains (a) and stationary equiaxed grains (b).

(2) The momentum equation of columnar dendrite is not
listed because the phase does not move during formation.
Technically, a large negative value is added to the source
term such that the velocity is reduced to zero. Similarly, the
supplementary equations of motionless equiaxed grains do
not include the momentum function.

(3) The material is simplified as a binary alloy, and the
only species considered is carbon. A linearized Fe-C phase
diagram is employed, whereby the partition coefficient (k)
and liquidus slope () are constant.

(4) The equiaxed grains are considered as a mobile phase
with a dynamic viscosity, defined by Eq. (20). Details of the
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equation can be found in the paper by Ludwig and Wu [15].

(5) The grain-growth kinetics for columnar dendrite and
equiaxed grain are governed by species diffusion. In Eq.
(21), the difference term accounts for the species flux across
the interface, and ¢ denotes the factor of diffusion length.

(6) The drag force coefficients between each phase
couple are defined by Eq. (19). The subscript p denotes the
primary phase and ¢ denotes the secondary phase. For ex-
ample, when considering the drag between the melt and
equiaxed grains, p represents the liquid and ¢ represents the
equiaxed grains. M, is a large empirical value that can be set
to 10°.

(7) During solidification, the columnar dendrite origin-
ates from the chilled wall and proceeds toward the bulk li-
quid, and its tip front is tracked by a method similar to that of
Wau et al. [5]. The free-floating equiaxed grains nucleate any-
where provided that the undercooling is achieved. Further-
more, remelting is considered in this model.

(8) This model accounts for the macrostructure, includ-
ing the distribution of grain size and CET. Once the calcula-
tion volume of a cell is packed by the equiaxed grains at a
critical fraction, the growth of columnar dendrite is stopped.
The critical value is set to 0.49 [16].

(9) The boundary conditions for this simulation are de-
rived from those reported by Duan ef al. [10].

(10) Solidification shrinkage is not considered in this
model.

3. Experiment and calculation parameters

This model was applied to a 36-t steel ingot. This ingot
was cast and chemically analyzed at China International
Trust and Investment Corporation (CITIC) Heavy Industries
Co., Ltd. The shape and dimensions of the ingot are illus-

trated in Fig. 2. The cylindrical ingot was 3200 mm in height
and 1200 mm in mean diameter. The ingot was filled from
the bottom with molten steel at 1500°C. The carbon content
of the liquid was 0.51wt%. The top of the ingot was covered
by an exothermic powder and refractory materials at the out-
er surface.

Exothermic
powder
Insulating wall

Mold

Steel ingot
@O = 1500 mm

3200 mm

Fig. 2. Configuration of the 36-t steel ingot.

As reported by Duan et al. [10], the major macrosegreg-
ation features include bottom-located negative segregation
and top-located positive segregation. The channel segrega-
tion was found in the mid-height of the ingot, and the negat-
ive segregation was found close to the riser neck.

For simplicity, a two-dimensional axisymmetric mesh
was applied to simulate the macrosegregation on the vertical
section of this ingot. The momentum equations were solved
using the semi-implicit method for pressure-linked equations
consistent algorithm. Table 1 lists the thermodynamic prop-
erties and parameters necessary for the simulation. The cal-
culation domain was composed of more than 8000 cells with
a size of 10 mm x 10 mm. The time step was initially set to
0.01 s and gradually increased to 0.1 s as the calculation pro-
ceeded stably.

Table 1. Parameters used in the simulation of steel ingot

Solid-liquid density

Density, p / (kg'm™>
ensity, p / (kg'm ) difference, Ap / (kg'm™)

Melting temperature of pure Liquidus slope, n; /
iron, T, / K

0 Partition coefficient, k,
(K-wt% )

6990 150

1805 —80.45 0.314

Latent heat, L / Specific heat, ¢/

Thermal conductivity, & /

Liquid solute diffusion

Liquid vi it /
1quE VISCOSILY, £ coefficient, D, /

(kg ! (kg K ) (Wrm 'K (kg'm ™) (s
2.71 x 10° 500 34 42 x107 2x107%
Solid solute diffusion Concentration

coefficient, Dy / Pouring temperature, 7; /K

(ms™)

Thermal expansion
coefficient, fir / K

. . Maximum equiaxed grain
expansion coefficient,

bc

number density, 7,y /m

1x107° 1770

1.07 x 107" 14

1x10"

Critical volume fraction, Undercooling for maximum Gaussian distribution width  Factor of diffusion

e nucleation rate, ATy / K

of nucleation, AT,/ K

length, 0

0.6 5

10
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4. Results and discussion
4.1. Macrosegregation and comparison

The solidification sequence is shown in Fig. 3. In each of
the four subfigures, the contours on the left show the pro-
gression of the solid shell, and those on the right show the
evolution of macrosegregation.

At 1000 s (Fig. 3(a)), the liquid close to the chilled wall
was lower in temperature and higher in density. The density
difference caused the liquid to flow down with a maximum
velocity of 40 mm/s. The flow diverted to an upward direc-
tion at the bottom of the ingot, and therefore, a clockwise cir-
culation was formed in the bulk domain. The solidification at
this stage was rapid because of the chilling mold, and the
precise simulation of this phenomenon is significant to the
prediction of the macrostructure and macrosegregation. The
growth of columnar dendrite dominated in this solidification
period because of the large-temperature gradient, and few
equiaxed grains were found in the solid shell. Meanwhile, the
solute-enriched interdendritic melt could hardly escape from
the mushy zone and the shell exhibited a concentration
identical to the initial value.

As solidification proceeded, the growth of columnar
dendrite decelerated owing to the lower temperature gradient,
and the formation of free-floating equiaxed grain started to
become dominant. At 6000 s (Fig. 3(b)), a broad mushy zone
consisting of equiaxed grains and liquid was found at the
bottom of the ingot. A conic negative segregation was ob-
served in the lower part as well. For the flow close to the
shell, it has been reported that the solutal buoyancy should
exceed the thermal buoyancy on the driving force [13]. The
balance of these two opposite forces results in an upward dir-
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ection of the flow. However, in this study, the flow direction
was not reversed during the process, and the circumfluence
remained clockwise. This is owing to the settlement of
equiaxed grains, whose drag force imposed on the liquid re-
tained the downward flow near the shell. The effect of the
settling grains is further discussed later.

At 15000 s (Fig. 3(c)), the solid shell was thick but not
flat. Streak-like A-type segregations were found beneath the
shell surface. A cone of negative segregation, as a typical
macrosegregation feature, was formed in the lower part of
the ingot. The velocity of liquid flow was lower than that in
Fig. 3(a) by an order of magnitude. At this stage, as defined
by the model, more equiaxed grains will nucleate and grow
while adhering to the solid shell without settling. In addition,
a negative segregation was observed close to the riser neck.
This negative segregation will be discussed later.

At the final stage of solidification, the remaining liquid
began to solidify, and a positive segregation was formed at
the top of the ingot (Fig. 3(d)). Because of the uniform tem-
perature and high solute concentration in the liquid, such so-
lidification requires a long time and motionless equiaxed
grains sufficiently develop. Consequently, the hot top con-
tained equiaxed grains at a higher volume fraction than other
regions.

Fig. 4 shows the final segregation map and solidification
structure. As illustrated in Fig. 4(a), the negative segregation
cone was approximately one-third the ingot height, and the
positive segregation occupied half the height. Streak-like A-
type segregations were located at the middle of the ingot,
with an inclined angle of approximately 60°. Thus, the simu-
lation reproduced the experimental result.

A macrostructure map was obtained through the simula-
tion. Fig. 4(b) shows the volume fraction of the equiaxed

—0.12

Fig. 3. Predicted solidification sequence of the 36-t ingot at different times: (a) 1000 s; (b) 6000 s; (c) 15000 s; (d) 25000 s. Left part:
solid volume fraction g, = g. + g.; right part: macrosegregation index (SIL, contours) and liquid fluid flow (arrows).



Z. Chen et al., Simulation of macrosegregation in a 36-t steel ingot using a multiphase model 205

—0.12

Fig. 4. Final result of the simulation: (a) concentration distribution; (b) solidification structure (volume fraction of equiaxed grains);

(c) mean radius of equiaxed grains (in pm)..

grains, including both the free-floating and motionless grains.
The structure adjacent to the chilling wall was dominantly
columnar dendrite, and equiaxed grains occupied the inner
space of the ingot. By comparing Figs. 4(a) and 4(b), it is
found that the volume fraction profile of the equiaxed grains
in the lower part coincided with the negative segregation
cone. Moreover, the equiaxed grain distribution in the middle
exhibited a similar morphology as the A-type segregations.
As depicted in Fig. 4(b), the CET was observed where g,
sharply increased from 0.2 to 1. However, the reasons for
CET was triggered in the lower and upper regions are differ-
ent. In the lower part, the growth of columnar dendrite was
suppressed by the stacked equiaxed grains under the effect of
hard block [16]. In the upper part, the columnar dendrite was
surpassed by the equiaxed grains in growth owing to the lack
of undercooling.

Fig. 4(c) shows the distribution of the mean radius of the
equiaxed grains. From the bottom and along the centerline of
the ingot, the radius of the grain increased in the upward dir-
ection. A similar regularity was observed in a 3.3-ton ingot
by Combeau et al. [6]. In the present study, the grains in the
lower part were smaller because a large number of nuclei
were generated from the solid shell in the early period. The
larger grain radius in the upper part resulted from a lower
nucleation but more grain growth. Additionally, large grains
can be observed in the channels shown in Fig. 4(a).

The simulation results of the 36-t steel ingot shown in
Fig. 4(a) were compared with the experimental measure-
ments, as similarly reported by Tu ef al [11], and a good
quantitative agreement was obtained. In Fig. 5, the concen-
tration value is extracted along the centerline and three hori-
zontal lines at different heights of the ingot: 0.6, 1.8, and 2.8 m.

In Fig. 5(a), the negative segregation cone occupies ap-
proximately one-third the ingot height. The segregation in-
dex (S]) is approximately ~15% compared to ~10% from the
measurement. This discrepancy could be attributed to two as-
pects. First, the morphology of the equiaxed grain was not
modeled accurately; therefore, the drag force between the li-
quid and grain, which can affect the prediction of the final
macrostructure and macrosegregation, was defined incor-
rectly. Second, the solute transport across the liquid—grain in-
terface under the driving force of concentration difference
was ignored, resulting in an underestimation of equiaxed
grain concentration.

The prediction indicates that the concentration in the
middle of the centerline is close to the initial value, which is
supported by the experiment result. The accurate simulation
of this section is meaningful because the middle of the ingot
is always used for industrial manufacturing.

A positive segregation with an index of over 40% is pre-
dicted in the upper part, and this value is less than that of the
experimental measurement. The mismatch is regarded to
have resulted from the overlook in solidification shrinkage.
According to the research by Wu ef al. [9], the formation of a
solidification cavity on the top of the ingot creates a differ-
ence in the morphology of the top-located positive segrega-
tion. Furthermore, the shrinkage is an important issue that
needs to be investigated in future research.

Figs. 5(b)-5(d) show the concentrations (both predicted
and measured) along three horizontal lines. In Fig. 5(b), the
predicted concentration is slightly lower, but the trend is
identical with that of the measurement. The width of the neg-
ative segregation cone is ~0.5 m at this height (0.6 m), which
was precisely predicted by this model. In Fig. 5(c), the irreg-
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Fig. 5. Comparison of concentration between the numerical simulation and experimental measurements: (a) along the centerline of
ingot; (b—d) along the horizontal line at the heights of 0.6, 1.8, and 2.8 m, respectively.

ular distribution of points indicates the presence of the A-
type segregations. In Fig. 5(d), owing to the aforementioned
reason, the prediction of positive segregation in the top is not
as high as that of the measurement.

In summary, this model could reproduce the macrose-
gregation measured in the 36-t ingot. To further explore the
characteristics of the macrosegregation, three zones of the in-
got, as shown in Fig. 4(a), were chosen for an in-depth study.

4.2. Negative segregation at the ingot bottom

Fig. 6 illustrates the evolution of the negative segrega-
tion cone from 5000 s to 6000 s, corresponding to zone 1 in
Fig. 4(a). Two clusters of settling equiaxed grains (with a ra-

dius greater or lower than a threshold) were extracted. Their
corresponding flow fields are shown in the left and right
parts of the subfigures. After nucleation, the equiaxed grains
flowed in accordance with the liquid and spread all over the
domain. In particular, only those adjacent to the solid front
could coarsen because the undercooling condition was satis-
fied. On the contrary, the grains in the bulk melt were
hindered from growing or even remelting owing to high tem-
perature. As coarsening proceeded, the effect of excessive
grain density over the liquid started to determine their settle-
ment. Therefore, a flow of descending equiaxed grains was
established along the solid front.

As shown in the left parts of Figs. 6(a) and 6(b), a broad

Fig. 6. Formation of negative segregation at the bottom: (a) 5000 s; (b) 6000 s. Left part of each subfigure: flow of large grains (black
arrows) with solid fraction g, (isoline) and segregation index SI (flood). Right part of each subfigure: flow of small grains (white

arrows) with solid fraction g, (isoline) and liquid fraction g (flood).
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mushy zone was formed in the mid-bottom, including the
stacked equiaxed grains and interdendritic melt. The velocit-
ies of both the phases reduced to nearly zero owing to the
high viscosity of the equiaxed grains. During the coarsening
of the equiaxed grains, the solute species was rejected by the
dendrite and diffused into the liquid. With the increase in
carbon concentration, the interdendritic melt was slowly
forced into the bulk by the solutal buoyancy.

Two reasons contributed to the formation of the negative
segregation in this area. The nuclei of the equiaxed grains
originated from the solid front at a relatively high temperat-
ure; thus, the nuclei were lower in carbon concentration with
reference to the phase diagram. Meanwhile, the solute-rich
interdendritic melt in the mushy zone, as discussed above,
rushed toward the bulk melt, thus inducing the loss of solute
atoms from the zone.

4.3. A-type segregations in the ingot body

Fig. 7 illustrates the formation of A-type segregations at
11000 s (corresponding to zone 2 in Fig. 4(a)). The velocity
of the liquid beyond a certain threshold was extracted and is
indicated in the figure by arrows of the same length. Some
pioneering theories [2] attribute such segregation to the beha-
vior of the interdendritic flow in the mushy zone and solidi-
fication perturbation. In this study, the detailed process of
channel formation is presented and the theories are supported.

Fig. 7(a) depicts the stable formation of several channels.
The solute-enriched interdendritic melt squeezed through the
mushy zone and joined the bulk melt. Fig. 7(b) shows the
low solid volume fraction of such streak-like channels. This
is because the interdendritic melt was lower in the liquidus
and solidus owing to the solute enrichment. Thus, it tended to
remelt the columnar dendrite on its way. The channels were
1 cm to 2 cm in width, with an inclined angle of 60°. The

upward slope of the channels resulted from the dominance of
the solutal buoyancy forces, because S, was larger than f; by
four orders of magnitude. As observed in Fig. 4(c), the chan-
nels were later filled with large equiaxed grains. The high
carbon concentration and low nucleation tendency account
for this phenomenon.

The prediction of channel segregation using the current
model was good. Nevertheless, more studies should be per-
formed to relieve the segregation by modifying the casting
technique.

4.4. Negative segregation near the riser neck

Negative segregation was found near the riser neck (zone
3 in Fig. 4(a)). Flemings [2] proposed a criterion G to estim-
ate the occurrence of macrosegregation, where G is the scal-
ar product of two vectors: temperature gradient and melt ve-
locity. A negative value of G provides evidence of a negat-
ive segregation, while a positive value indicates a positive se-
gregation. In particular, the absolute value of G represents
the severity of segregation.

Figs. 8(a) and 8(b) show the predicted criterion G at 3000
and 10000 s, respectively, and Fig. 8(c) shows the final mac-
rosegregation after solidification. In Fig. 8(a), the area by the
front of the shell shows negative value of G at 3000 s, indic-
ating the specific orientation relationship between temperat-
ure gradient and melt velocity. In Fig. 8(b) at 10000 s, such
value of G by the front turns positive. The position of these
two selected shell fronts corresponds respectively with the
lower left and upper right edges of negative segregation as
shown in Fig. 8(c), supporting evidence to the origin and ter-
mination of its formation. It can be inferred from this study
that the negative segregation is affected by the configuration
of the mold, especially the insulation ability of the hot top.
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Fig. 8.
index.

4.5. Criterion for the equiaxed grain settlement

Fig. 9 illustrates the quantitative comparison of simula-
tion results along the centerline with three different criterion
indexes, as mentioned in the model description. It should be
noted that according to the model set, the trends of grain set-
tlement increase from criterion I to III. In other words, the
model with criterion I contains the most motionless equiaxed
grains, and the model with criterion III contains the fewest.
In the middle of the ingot, the simulation result with cri-

Int. J. Miner. Metall. Mater., Vol. 27, No. 2, Feb. 2020

(/

Criterion of negative segregation (flood) and volume fraction of solid (lines) at 3000 s (a) and 10000 s (b); (c) final segregation

terion II is very close to the measurements, which indicates
the good rationality of this criterion index. By comparison,
the predicted result with criterion I is lower than the meas-
urements because the effect of grain settlement is underes-
timated. Similarly, the model with criterion III predicted a
severer negative segregation by overestimating the grain set-
tlement effect. In summary, the motionless equiaxed grains
should also be considered for better simulation of the mac-
rosegregation of large steel ingots, and more studies are
needed in this aspect.

Distance to the bottom / m

—— Criterion I
——— Criterion IT

Criterion IIT

- - - Measured
O 1 1 1 1 n
-0.2 0 0.2 0.4 0.6 0.8
C-¢Cy)/C,

Fig. 9. Comparison of predicted segregation values along the centerline with different criteria.

5. Conclusions

A three-phase model to study phase motion and trans-
formation was established for a macrosegregation simulation,
and was verified using a 36-t steel ingot. A supplementary
set of conservation equations were employed in the model to

simulate the nucleation and growth of motionless equiaxed
grains at the later stage of solidification. The typical segrega-
tion features—such as negative segregation at the bottom,
positive segregation at the top, A-type segregations in the
middle, and negative segregation close to the riser neck of
the ingot were well-predicted by this model. The formation
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of a negative segregation cone was investigated, and the im-
portance of grain settlement was emphasized. The flow mo-
tion of the interdendritic melt in the mushy zone during the
formation of A-type segregations was observed. An intense
positive segregation was observed at the hot top because the
remaining liquid contained a massive amount of solute spe-
cies. The negative segregation close to the riser neck was ob-
served as a result of the specific relationship between liquid
flow and temperature gradient.

The predicted segregation pattern demonstrated a quant-
itative agreement with the experimental measurement. The
quantitative discrepancy between the simulation and meas-
urement was analyzed, and the reasons the discrepancy in-
clude (1) the incorrect modeling of phase interaction in a mi-
croscopic aspect and (2) the non-consideration of solidifica-
tion shrinkage.
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