La Metallurgia Italiana N .
International Journal of the Italian Association for Metallurgy M emaorie SC|ent|f| Ch e - ACCIaIerIa

DOI 10.36146/2026_03_06

Analysis of center segregation induced
by density changes and shrinkage cavities
using a moving-slice model
in continuous casting

J. Lee, S. Seo, W. Cho, E. Lee, ]. Jo, K. Kim

A simple yet effective method has been developed to simulate macro-segregation during continuous casting. The
model focuses on a thin slice moving at the casting speed, incorporating temperature and solid/liquid fraction profiles.
The model incorporates micro-segregation and two key flow mechanisms: density-driven flow, governed by mass
balance, and cavity-driven flow, which occurs as liquid and equiaxed crystals fill the solidification cavity forming at
the center during solidification. Density-driven flow leads to positive macro-segregation near the center in both slabs
and blooms, but the effect is significantly stronger in blooms. This is attributed to their higher Flow Contribution Ratio
(FCR), which quantifies the relative contribution of Y-axis flow to overall flow. The higher FCR is likely influenced by
greater solidification shrinkage. The cavity-driven flow model successfully explains the observed positive segregation
peak at the center and the negative segregation peak at the total shrinkage location. The model's predictions closely
match experimental data and provide valuable insights for optimizing casting parameters and soft reduction patterns
to minimize center-segregation. With its fast computation speed, the model is well-suited for both offline analysis and
real-time implementation, making it a valuable tool for research and industrial applications.
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INTRODUCTION

Center segregation in continuous casting is influenced by
several factors, including density variations [1, 2], bulging
[1-4], shrinkage cavities, and liquid feeding [6, 7]. Bulging
has been reported to significantly increase positive peak
segregation at the center of cast products. However, its
effect may be overestimated when considering the actual

extent of bulging [2-4]. While previous studies have in-

vestigated macro-segregation, the specific contributions Joodong Lee, Seok Seo
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of density-driven flow and cavity-driven flow remain un-
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regarding the relationship between density differences Hyundai steel, South Korea

clear. Additionally, inconsistencies exist in prior research

and segregation [2, 4, 5]. The role of shrinkage cavities as
driving forces for center segregation is qualitatively well
understood, but there is a lack of quantitative modeling
to assess the impact of cavity-driven flow. Furthermore,
the interactions among shrinkage cavities, shrinkage
pores [8], and limited liquid feeding need to be verified to
fully evaluate their effects on center segregation.

To address these challenges, this study introduces a
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moving-slice model that incorporates both density-driv-
en and cavity-driven flow to analyze macro-segregation.
In the density-driven flow model, macro-segregation is
calculated using Y-axis velocity, which is derived from
mass balance equations. In the cavity-driven flow mod-
el, the study proposes a shrinkage pore distribution ap-
proach to quantitatively evaluate center-segregation. Ad-
ditionally, this study introduces the concept of the Flow
Contribution Ratio (FCR), a parameter that measures the
relative contribution of Y-axis flow to overall flow. By
incorporating FCR, the model provides a clearer under-
standing of how flow dynamics influence segregation in-
tensity. To ensure reliability, the model’s predictions are
validated against experimental measurements, demon-
strating a strong match with observed data. This validation

confirms the model’s ability to accurately simulate mac-
a aT a aT
i (Keg) + 35 (55;)

Macro-segregation due to density change

_ ar

The liquid fraction, liquid and solid concentrations,
and temperature for each element are calculated,
incorporating the Clyne and Kurz micro-segregation
model [10], as it was found to fit best with experimental

results from the continuous casting simulator at Hyundai
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age, %is the component of flow in the y direction, and &
is the solid/liquid interface velocity. For cases involving
soft reduction, % can be replaced by the relative veloc-
ity, Vy _YVSH, where Y58 is soft reduction velocity, and ¥
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ro-segregation behavior. By offering a comprehensive
framework for analyzing segregation, this study provides
valuable insights for optimizing casting processes, par-
ticularly in controlling center segregation and improving
product quality.

CALCULATION PROCEDURES

Heat and solidification

The heat transfer and solidification are governed by the
two-dimensional transient heat equation. The material
properties depend on temperature, and the analysis con-
siders a moving slice with a heat flux boundary condition
that changes with time. Detailed discussions are provided
in a separate paper by the author [9].

(1]

Steel [11]. For macro-segregation analysis, a thin slice is
assumed to move at the casting speed, experiencing the
liquid flow caused by density change. The flow along the
thickness direction contributes to macro-segregation,
which can be calculated using equation 2. [3, 4]

(2]

represents the efficiency of soft reduction. At each time
step, the concentration of elements evolves and accumu-
lates as they traverse the mushy zone, ultimately deter-
mining the final concentration at the end of solidification.
The flow velocity, V, responsible for macro-segregation
is obtained by solving the following equation 3.

[3]

Here, P is the average density of liquid and solid. The left-hand side can be transformed as follows:

_9p _ _dlpL=ps)
at at

d0L _dps _

.gL_(pL_pS) ot at

Here, Ye is the casting speed, R is the solidification rate.
The right-hand side can be transformed by [5] to [7].
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VgL + (pr — ps)R [4]

dpL
Therefore, equation 8 can be derived, where: @9z s de-
fined by equation 9.
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dgr T dgL acy; 091
dp, 9PL crystals: Shrinkage cavities are filled by the flow of liquid

Where, ar, 86 is obtained from the literature [12, 13]. Cri
is derived from the macro-segregation model explained
in equation 2. The liquid velocity, ¥, is calculated by solv-

ing equation 8.

Center-segregation by cavity-driven flow due to soli-
dification shrinkage

Shrinkage during solidification can result in the forma-
tion of a cavity at the slab center. When this occurs, li-
quid tends to flow into the cavity, causing the observed
positive center-segregation. This mechanism is suppor-
ted by the presence of V-segregation [4, 8]. To estimate
center-segregation, the liquid filling of the central cavity
is modeled, assuming the slice moves at the casting spe-
ed. The key assumptions are as follows: (1) Shrinkage ca-
vity formation: The model assumes cavities form at the

center due to shrinkage. (2) Filling by liquid or equiaxed

Shy = iszo(i/p(Ti,t)/p(Ti,t+At) -

Al

Here, =" represents the element thickness. The positions

of y=0, y=y,, and x=0, x=x, are illustrated in figure 1. The
qu = pf"e +Zk:ijcz¢'
¢ ¢
Here, PFe represents the density of phase ® and kG are

the coefficient and concentration of element ¥ in phase ?,
respectively. These values are obtained from the literature
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and equiaxed crystals within the slice. (3) Shrinkage pore
formation: Restricted liquid feeding within the mushy
zone leads to the shrinkage pore formation. (4) Initial ca-
vity size: The size of initial cavities in the central region
is affected by the solidification rate, soft reduction, and
bulging. Soft reduction decreases the central cavity, with
its reduction quantified by both the soft reduction rate
and reduction efficiency. Conversely, bulging results in
an increase in the central cavity; thus, the bulging amount
is included as indicated in equation 15. In this study, the
individual contributions of soft reduction and bulging to
center-segregation have not been assessed. Instead, the
accuracy of current models in predicting the center-se-
gregation profile has been verified. The influence of soli-
dification rate on solidification shrinkage cavity is presen-
ted below. The shrinkage at each time step and the total
shrinkage are described as:

Sh, [10]

density is determined by the following equation 11.

[11]

[12, 13]. A shrinkage cavity element is added to the top
(center of the slab) of the thin slice at each time step. It is

assumed that liquid flows upward from beneath the cavity,
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fillingit. This solute-rich liquidincreases the concentration
in the cavity relative to the bulk composition. As the slice
moves, this process repeats, progressively enhancing
The
achieved at the end of solidification. This concept of the

center-segregation. final center-segregation s

cavity-driven flow mechanism is illustrated schematically

i(t)
0.3< gs

j(location)
Cirji1 Cyj
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in figure 1. In real scenarios, however, flow along the

X-axis also plays a role in macro-segregation. To quantify

the influence of X-axis flow, we introduce the Flow
- . o : vV, +V)

Contribution Ratio (FCR), which is defined by "#/ %" © s

. FCR quantifies the relative contribution of Y-axis flow (1{‘*‘

) to the overall flow.

Concentration change in
the central region, C,

Cavity formation by shri

Ciaj

Mushyregion

Area analyse

Fully liquid\ 0 x

1=

1 (liquidus)

Atin

Fig.1 - Center-segregation formation by shrinkage cavity-driven flow.

While macro-segregation is directly caused by p;, Vx can
influence its intensity through a dilution effect. Physical-
ly, FCR represents the extent to which Ve mitigates mac-
ro-segregation induced by 3 When FCR approaches 1,
the influence of % is minimal, leading to stronger mac-
ro-segregation. Conversely, when FCR approaches 0,
the dilution effect of ¥ becomes dominant, significantly
reducing macro-segregation. To account for this effect,
FCR is multiplied by the concentration of the filling mix-
ture at each time, as shown in Equation 15 and 16. The
value of FCR can be determined by the angle of the feed-
ing flow, which can be inferred from the V-shaped segre-
gation observed in the slab or bloom. As the solute-rich

o ] ' '
Cij= Cric1je19 1ij+1 * Csic1,j318 sij+1

Cii_y jog = Ci-jar (1 + Gs, ;1 (Biks — )P

inter-dendritic liquid fills the cavity, shrinkage pores may
form at points where the liquid flow begins. While some
pores are filled with liquid, others remain unfilled due to
restricted liquid feeding caused by the increasing solid
fraction. To validate this proposed mechanism, it is es-
sential to measure the pore distribution in future studies.
The center concentration can be calculated as following:
As described by equation 12, the overall{ concentration
of the filling mixture is represented by Cii The specific
concentrationsFof filling liquid and solid are denoted by

Cli_y: Ol 4 Gyl
W=Lj+l gpd “si-li+t i=Li+1 indicates the

concentration at the center from the previous time step

, respectively.

(equation 13).

[12]

1-k;

[13]

The fractions of the filling liguid and solid are represented by g'ij+1and .9’5,5,;+1, respectively.

OLij+19Lij+1

r
9Lij+1—
J B1i 11910711 +0ecijr19s,i 11
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Here,gf-f-“lrepresentstheratio ofthefilling liquid amount
to the original liquid amount, while Oecis+1 represents the
corresponding ratio for the solid phase. Hf-f-f’fland Becijsa
depends on the mobility of equiaxed-crystal phase, which
is affected by factors such as solid fraction and the size
of equiaxed-crystals [4]. In this study, only the liquid en-
Orijeisy ang Peciisig The

concentration at the center location within the measured

ters the cavity by assuming

area, M, is denoted by Cf-f, as described in equation 15 and

16. This area consists of four distinct parts: (1) the initial

When M < (Ei,j + b)(1 - S)),

Cij = (FCR)C;;(E;; + b)(1 = 5)(1 — p; ;)

When M > (Ei,j + bl)(l - Si)r

_ (FCRYC{ j(E; j+b)(1-5)(1-pj ) .\
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cavity filled with solute-rich liquid and equiaxed crystal
(first term of equation 16), (2) the region outside the initial
cavity (second term in equation 16), (3) the initial cavity
not filled (the pores or remained cavities within the ini-
tial cavity, Pij and (4) the pores located outside the initial
cavity, P4, These four distinct parts are represented in fig-
ure 2. The initial cavity size without soft reduction is de-
scribed by EU, while Si represents the ratio of soft reduc-
tion to the cavity size. Additionally, bt denotes the bulging

amount. The concentration at the center is given by:

[15]

Cim1,j1 (M—(Ey j+b)(1-S))(1—pf )

L= M

M [16]

M
(Eij+bi)A - S) Measured
Initial cav\it‘y area
_____________________________
x folw T e Pij
The pore or remained
v\ y flow cavity within initial cavity
ch,j
The pore outside
initial cavity

Fig.2 - Center-segregation area with four different parts.

RESULTS AND DISCUSSION

Temperature and Solidification

Figure 3 presents the results of the analysis of tempera-
ture distribution and solidification shell thickness for two
casting conditions. In the first case, Steel A (slab), with a

composition of 0.0594 wt% carbon and 1.179 wt% man-
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ganese, was cast at a speed of 1.1 m/min. The slab had a
width of 2200 mm and a thickness of 250 mm. In the sec-
ond case, Steel B (bloom), characterized by a composi-
tion of 0.2271 wt% carbon and 0.821 wt% manganese, was
cast at a speed of 0.55 m/min, and had a width of 530 mm

and a thickness of 390 mm
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Fig.3 - Temperature and shell thickness along the distance from meniscus (Steel A: Slab, Steel B: Bloom).
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Calculated liquid flow due to density change

The direction of liquid flow is depicted in figure 4, with
the X-axis representing the casting direction and the
Y-axis representing the thickness from the slab center to
the surface. In section A (9.87mm from the center), the X
flow moves toward the solidification end. This flow in-
creases but rapidly decreases as it approaches the end of
solidification in figure 4(c). The VY flow is directed toward

the surface in the upper part of the caster. However, as

(a) Temperature and shell thickness
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it progresses, the flow reverses direction toward the slab
center, increases in magnitude, and then diminishes near
the solidification end, as depicted in figure 4(d). The max-
imum velocity toward the slab center develops between
the center and the solidus (figure 4(e)). In the model, only
the Y velocity is considered for macro-segregation calcu-
lations. In the solid/liquid region, the Y flow tends toward
the center, which leads to positive macro-segregation.

(b) Calculated density-driven flow
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Fig.4 - The calculated results illustrate density-driven liquid flow along the casting direction (x) and thickness
direction (y). Positive macro-segregation occurs only when the Y-flow’s negative value moves toward the slab center,
specifically between 16m and 26m (the end of solidification) from the meniscus at section A, as depicted in (d).

In real scenarios, X flow mitigates the macro- segregation
effects of Y flow. To account for this, FCR is applied, as
described in Section 1.3. Since FCR varies with distance
in figure 5, the calculated element concentration is multi-
plied by FCR at each time step during macro-segregation
analysis to reflect its influence. Figure 5 provides a com-
parative analysis of the FCR for both the slab and bloom

at equivalent normalized thickness measured from their

respective centers, which are 0.079 based on slab thick-
ness and 0.086 based on bloom thickness. The bloom has
a higher absolute FCR within macro-segregation region
than the slab, which means that the bloom has higher rel-
ative contribution of Y flow to the overall flow than the
slab, enhancing more macro-segregation. It is explained

in detail in following section 2.3,

0.002

0.001

Macro-segregation region of slab

FCR, V,/(V,+V,)

0.003 —Slab, Normalized thickness = 0.079

0.008 ——Bloom, Normalized thickness = 0.086

Macro-seareaation reaion of bloom

Normalized distance by solidification end

Fig.5 - Flow Contribution Ratio (FCR). Normalized thickness refers to the dimensionless measurement of
thickness, calculated from the center of a slab or bloom relative to its overall thickness.
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Macro-segregation due to density-driven flow

Figure 6 compares the calculated macro-segregation re-
sulting from density changes with EPMA for the slab, and
CS analysis for the bloom, respectively. The results show
that slab experiences a slight increase in segregation near
the center, extending up to approximately 40 mm, where-
as bloom exhibits both a significantly higher level of seg-
regation and a broader affected range, reaching up to 110
mm. This difference is likely due to variations in the length
of the mushy zone. As shown in figure 3, the maximum
mushy zone length (fs = 0.1 to fs = 1.0) is 27.1 mm for the
slab and 57.2 mm for the bloom. This leads to significantly
greater solidification shrinkage in bloom (12.2 mm) com-

124 Steel A, Slab
22

Mn (%)

RRiphRbpRPEN
AUON®ONR

0 10 20 30 40 50
Distance from center (mm)

——EPMA —e—Density-driven flow
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pared to the slab (4.26 mm), as indicated in figure 7. Al-
though the bloom has a lower flow velocity due to its low-
er casting speed, figure 5 shows that it has higher absolute
FCR values, likely due to greater solidification shrinkage,
indicating weaker dilution by X-axis flow. Consequently,
the higher FCR in the bloom leads to more pronounced
macro-segregation near the center (figure 6). Howev-
er, the density-driven flow alone cannot account for the
positive center-segregation peak observed at the slab
(or bloom) center. To address this, we estimate the cen-
ter-segregation by modeling the filling of liquid into the

center cavity.

Steel B, Bloom

W

0 20 40 60 80 100 120 140 160 180 200
Distance from center (mm)

C(%)
OO _POOO000000
PRONNNNNNNNNS
RONRNWANAN®ROW

—=—Meas.CS —e—Density-driven flow

Fig.6 - Comparison of predictions based solely on density-driven flow
with EPMA results for slab and CS analysis for bloom.

Center-segregation due to cavity-driven flow

Figure 7 shows the calculated concentration at the cen-
ter of the slab and bloom, compared with measurements
obtained using EPMA and CS analysis respectively. The
first three points of calculation represent concentrations
evaluated based on cavity-driven flow, while the remain-
ing points are derived from density- driven flow analysis.
The second and third points are specifically calculated
using solute conservation principles as liquid fills the

Steel A, Slab

Total shrinkage
(=4.26 mm)

Mn (%)
Lo o T T T
RRERREEREONNNNNN
BUONRONRNWARUO

0 10 20 30 40 50
Distance from center (mm)

——EPMA  —e—Cavity-driven and density-driven flow

central cavity. Cavity-driven and density-driven flows are
analyzed separately, with results combined since cavi-
ty-driven flow is central and other areas are dominated by
density-driven flow. Interaction between these flows like-
ly occurs in the transition region. Coupling both flows is
necessary for improved accuracy in future analysis. Nota-
bly, the location of the lowest concentration, as measured
by EPMA and CS analysis, aligns closely with the extent of
shrinkage predicted by the current model.

Total shrinkage Steel B, Bloom

(=12.2 mm)

C(%)
OPOOO00000
RPRONNNNNNNNNS
RONRNRISVTONRGW

ee

[} 20 40 60 80 100 120 140 160 180 200
Distance from center (mm)

—=—Meas.CS  —e—Cavity-driven and density-driven flow

Fig.7 - Comparison of predictions based on density-driven and cavity-driven flow
with measured data (EPMA for slab and CS analysis for bloom).

La Metallurgia Italiana - Marzo 2026

pagina 12



Scientific papers - Steelmaking

Negative segregation seems strongly associated with how
shrinkage pores are distributed through the material’s
thickness. This relationship can be theoretically explained
by the shrinkage behavior illustrated in figure 8. To be-
gin with, the highest concentration of pores is expected
to occur where a shrinkage cavity first develops, as this
spot aligns with the greatest rate of shrinkage. As solidi-
fication advances, this point moves away from the center,
accompanied by a gradual reduction in the shrinkage rate
at the center, as shown in the top-left panel of figure 8.
This decline in shrinkage rate may lead to a corresponding
decrease in pore concentration at the central region. Ul-
timately, the area representing the total shrinkage thick-

ness displays the greatest degree of negative segregation,
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which is attributed to the peak pore concentration. Figure
7 illustrates that the proposed cavity-driven flow model
provides an effective explanation for segregation phe-
nomena, particularly with respect to the pronounced pos-
itive peak segregation at the center and the negative peak
observed at the location of total shrinkage. It is especially
notable that the position of the negative segregation peak
coincides with the calculated thickness of total shrinkage
in the model. The findings provide substantial evidence
supporting the hypothesis that negative segregation is
correlated with the distribution of shrinkage pores. Addi-
tional research is required to deepen our understanding
of the mechanisms governing shrinkage pore distribution

and its impact on macro-segregation behavior.

Shrinkage rate o
Solidification end ge p ity de at the Concentration increase at the center
\ center due to the decreasing due to the increasing concentration of
L rate inter-dendritic liquid
i
i® Ceiyn Chinssa - Shrinkage porosity Cij Civ1jo1—> Cinjn CoONCentration
A Cavity formation by shrinkage E’ \ At; At,
b Cuy o [N 7 ——— LT BB -clNe i ———
j(location) N - : G
ee — K] At at;
................. =
SR TR =%
Aty At; Atisy Atisn
0.3< g

Fig.8 - Shrinkage pore distribution by shrinkage dynamics and corresponding center-segregation

CONCLUSIONS

The proposed moving-slice model effectively predicts
macro-segregation, including center-segregation, in con-
tinuous casting by incorporating: (1) Density-driven flow,
which explains the positive segregation near the center of
cast products. (2) Cavity-driven flow, which accounts for
both the positive segregation peak at the center and the
negative segregation peak at the total shrinkage location.
The model’s predictions are validated against experimen-
tal data, confirming its reliability in capturing segregation
behavior. Since both density-driven and cavity-driven

flow are primarily influenced by mushy zone length and

La Metallurgia Italiana - March 2026

solidification shrinkage, which vary based on alloy com-
position, the model can theoretically be extended to oth-
er alloy systems beyond those studied. Future research
will explore how pore distribution and permeability in lig-
uid feeding affect center- segregation dynamics, further

enhancing the model’s applicability.
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