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Recent experimental dissections of steel ingots and multi-scale simulations have led to the discovery of a
potential driving force for channel segregation: the flotation of oxide-based inclusion (D. Li et al., Nat.
Commun. 5:5572 (2014)). Further experimental analysis and numerical modeling are necessary to clarify
this mechanism in detail. In this work, the inclusions in a carbon steel ingot that exhibits severe channel
segregations were characterized by the 3D X-ray microtomography, which revealed a significant
enrichment and growth of inclusions in the channels. Based on above microtomography characterization,
a 2D macrosegregation model encompassing the inclusion flotation was established. In the model, the
motions of solid inclusions and liquid were described using the multi-phase flow scheme within the
Euler-Lagrange framework. The benchmark simulations showed that sufficient inclusion populations
with appropriate sizes are capable of altering the local flow patterns and destabilize the mushy zone,
initiating the subsequent channel segregation. The continuous interplay between melt convection, in-
clusion flotation and solidification eventually causes the formation of macroscale channel. The predicted
sizes and volume fraction of inclusions that are able to trigger the channel segregation effectively are
consistent with the data obtained via microtomography characterization. The macrosegregation model
was then applied to predict the channel segregations in an industrial carbon steel ingot. A rather good
agreement of A-segregates was achieved between the simulation and the dissected ingot.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

As a typical kind of channel segregation, A-segregates are the
most prevalent and notorious type of macrosegregation in casting
steels and present as one of the main challenges facing the steel-
maker at all stages of fabrication. They appear as the linear regions
of chemical and even microstructure inhomogeneities, and form
along a direction that is roughly antiparallel to gravity during so-
lidification [1]. To understand and control their formation during
solidification, a large amount of effort has been exerted for decades,
including the theoretical analysis using Rayleigh number [2],
experimental analysis using model alloys [3,4], numerical simula-
tions based on the continuum model [5], the multi-phase/multi-
scale model [6e11], the 3D microscale solidification model [12,13]
and so on. With all of these studies, it is generally concluded that
lsevier Ltd. All rights reserved.
the thermosolutal convection induced by the density difference is
the origin of channel segregation. In steels, accordingly, it is the
sufficient buoyant force of the light interdendritic solute-enriched
melt and the hotter liquid at the upper regions of mushy zone
that jointly destabilize the mushy zone and cause the formation of
A-segregates [2].

Nevertheless, it is frustrating that most of the simulations based
on such a mechanism often failed to exactly predict the number,
shape and locations of A-segregates in the industrial steel ingots.
The failure is normally ascribed to the inputs of complex macro-
segregation models, such as the coarsened computing grid, the
uncertain material parameters and the simplification of auxiliary
models [8,14e16]. However, recent investigations on macro-
segregation in steels through a series of dissected steel ingots and
multi-scale calculations which were performed by Li et al. [17] and
then were highlighted by Plummer [18], have revealed a new
mechanism of channel segregation formation. In the widely used
steels with a high content of oxygen, they found that the flotation of
light oxide-based inclusions is responsible for the formation of
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Nomenclature

Cl, Cs, C liquid, solid and mixture concentrations (wt.%)
hs, hl, H, solid, liquid and mixture enthalpies (J kg�1)
DH latent heat (J kg�1)
C* reference concentration (wt.%)
T* reference temperature (K)
up, vp particle velocity components in x and y directions (m

s�1)
u, v liquid velocity components in x and y directions (m

s�1)
uap, vap average particle velocities in x and y directions (m s�1)
fs, fl fractions of solid and liquid

U
!

superficial velocity (m s�1)

Ul
!

liquid velocity (m s�1)
l heat conductivity (W m�1 K�1)
cp specific heat (J kg�1K�1)
ml liquid dynamic viscosity (pa s)
g! acceleration of gravity (m s�2)

n particle number
m liquidus slope (K wt.%�1)
Tl, Tm liquidus of steel and melting point of solvent (K)
ds secondary dendritic arm spacing (mm)
k partition coefficient
fp area fraction of inclusion
bT thermal expansion coefficient (K�1)
bC compositional expansion coefficient (wt.%�1)
Re relative Reynolds number
r, rp densities of steel and inclusion (kg m�3)
P pressure (pa)
dp particle diameter (m)
t time (s)

Subscripts and Superscripts
s, l solid and liquid phases
p inclusion particle
i the ith inclusion particle
sl, pl interaction between liquid and solid or inclusion

Y.F. Cao et al. / Acta Materialia 107 (2016) 325e336326
channel segregation. The sufficient volume fraction of oxide-based
inclusions with appropriate sizes can enhance the local flow,
destabilize the mushy zone, and finally dominate the channel
segregation formation. Obviously, this mechanism is quite different
from the previous recognition of the driving force of channel
segregation in solidifying steels.

Therefore, to address the effect of inclusions on channel segre-
gation formation in depth, it is of great significance to establish a
macrosegregation model incorporating the flow dynamics of in-
clusions. The previous multi-phase macrosegregation models that
couple the settlement of dendritic or globular crystals are within
the EulereEuler category. Nevertheless, the light inclusion particles
are different from these crystals, which are distributed in the melt
dispersively and drag the surrounding melt moving together when
they are floating upwards. Hence, their moving kinetics should be
described within the Lagrange framework to accurately track the
motion of each inclusion particle during solidification, as well as
the dragging effect [19]. Actually, with the Lagrange approach a
wide range of dispersed two-phase flow problems in metallurgy
processes were investigated [20e24]. Based on the commonly used
dispersed phase model for multiphase flow [20e24], an Euler-
Lagrange flow model is incorporated into the conventional mac-
rosegregation model in the current study.

In addition, the detailed examinations of the distributions and
features of inclusions in the segregated channels can help further
our understanding of the inclusion flotationmechanism in steels, as
well as validate the simulation results. Hence, the inclusions in the
A-segregate strips are characterized and determined carefully.
Here, the three-dimensional X-ray microtomography technique
[25,26] is applied to analyze the size, number and volume fraction
of inclusions and pores. The theoretical basis of X-ray micro-
tomography is the absorption contrasts between inclusions, pores
and matrix. Compared with the conventional destructive metallo-
graphic techniques, the microtomography results are considered
more reliable [27] because the drawbacks of the grinding and
polishing processes during the preparation of samples can be
ignored. More importantly, the distribution and morphology of
inclusions in three-dimensional space can be visualized.

In this paper, the quantitative characterization of inclusions in
carbon steels was first performed using the X-ray micro-
tomography technique. A dispersed phase model that describes the
motion of particles was then incorporated into the 2D continuum
macrosegregation model. The effect of inclusions on the channel
segregation in a benchmark cavity was analyzed in detail based on
the developed model. Finally, the model was used to simulate the
macrosegregation in a 500-kg 1045 steel ingot, particularly to
reproduce the A-segregates that were observed in the dissected
section.

2. 3D microtomography characterization of inclusions in the
dissected 500-kg 1045 steel ingot

2.1. Experimental procedures

A 500-kg cylinder ingot of 1045 steel was first prepared and
synthesized in a sand mould. The chemical compositions (wt.%) of
the ingot are: C 0.47, Si 0.26, Mn 0.54, S 0.016, P 0.020, T.O (total
oxygen content) 0.0056 and Fe balanced. The ingot dimensions and
shape are illustrated in Fig. 1a. An insulation sleevewith a thickness
of 40 mm was inserted at the circumference of the hot top sand
mould. The top of the riser was covered by a 100 mm thick layer of
covering flux. The steel was melted at 1873 K by an induction
furnace and poured at 1823 K in the atmosphere after the Al-
deoxidation process. The solidified as-cast ingot was cut in half
along the longitudinal axis. After being ground and polished, the
dissected center surface was etched in 5% aqueous nitric acid so-
lution. Fig. 1b shows the final etched macrostructure of ingot body
of which the top riser was cut away. The contrast generated by the
etch in the optical microscopy is caused jointly by the contents of
carbon, inclusions and even cavities. The darker positions always
correspond to higher concentrations of them. With this contrast,
severe segregated channels (A-segregates) can be clearly observed
on both sides of the ingot body. Evidently, within the zones of A-
segregates, besides the obvious positive carbon segregation, in-
clusions or even cavities can be observed to be converging together
[17].

Then, the lab-based Xradia Versa XRM-500 systemwas used for
3D quantitative characterization of inclusions [28]. The resolution
of the system can be as high as 0.7 mm. Three cylindrical samples
with a dimension of F3 mm � 25 mm were cut from the non-
channel zone, the bottom and body of the chosen segregated
channel of the sectioned 1045 steel ingot as shown in Fig. 1b. The



Fig. 1. (a) The section sketch and geometrical dimensions of the 500-kg 1045 steel ingot, in which the green, red, blue and pink regions denote the mould, ingot, insulation sleeve
and covering flux, respectively. The yellow arrow denotes the gravity g. (b) the etched macrostructure of the longitudinal center surface, where A-segregates are marked with white
arrows. A blown-up inset of a portion of the channel is inserted and the sample positions are also marked in (b). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).
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sample which locates at the bottom is adjacent to the onset site of
the channel. Then, the samples underwent abrasive paper grinding
and ultrasonic cleaning to ensure the cleaness. Finally, they were
placed at the rotation stage of an X-ray tomography system with a
working accelerating voltage of 140 kV. In total, for each sample
1600 projected images were recorded as the sample was rotated by
360�. The exposure time of each image is 4 s. The projections with a
pixel size of approximately 3.5 mm was reconstructed via a filtered
back projection algorithm, and then processed, visualized and
computed using the software of Avizo fire 7.1. The background noise
in the 3D data was removed using a median3d filter in the software
to enhance the reliability of the information. The inclusion from the
steel matrix was segmented using conventional threshold method
according to the absorption contrast. The segmentation results
were carefully checked on each slice of the whole 3D data. Here, it
needs to be noted that inclusions with an equivalent diameter
smaller than 4.34 mm cannot be detected in the current charac-
terization. Moreover, because a particle that is made up of 1e2
voxels is most likely below the noise threshold of the reconstructed
images, it is not reliable enough to resolve the inclusions below
approximately 4 voxels, or an equivalent diameter of 8.68 mm.
Therefore, the measured number of inclusion particles per unit
volume, to some extent, will be thus reduced. However, this will not
change the volume fraction dramatically. This is because most of
the particles are in a diameter larger than 5 mm according to pre-
vious 2D microscopy characterization [17].

2.2. Inclusion measurements and observation

Themeasured inclusion dimension, population andmorphology
at the adjacent onset site and within the body of channel segre-
gation are shown in Fig. 2. The 3D reconstructed regions in Fig. 2a
and b are 1800 � 1460 � 2500 mm3 and 1750 � 1830 � 2260 mm3,
respectively. The different colors represent the different equivalent
volume diameters (each inclusion is considered as an equivalent
sphere with a diameter dp) of inclusions. As analyzed and identified
by scanning electron microscopy (SEM) and energy dispersive
spectra (EDS), the inclusions are composed mostly of Al2O3 and
MnS [17]. In the sample adjacent to the onset site, the equivalent
volume diameter of the inclusion is smaller than 100 mm, while in
the sample in the body of the channel, the largest diameter is
160 mm. In addition, it can also be seen from Fig. 2 that the in-
clusions in the body of the channel exhibit a larger volume fraction
and population than that at the onset site. The comparisons of the
inclusion distribution and quantity between them indicate that the
inclusions tend to accumulate into the channel. Their morphologies
also become more irregular and complicated with the evolution of
channel segregation. These phenomena can be mainly ascribed to
the following two facts. Firstly, after the initiation of the channel
segregation, inclusions will coagulate and grow into a larger size
during the development of the channel, owing to the weak
wettability of Al2O3 particles. Secondly, the inclusions surrounding
the path of channel can find their way to preferentially float into the
channel together, eventually leading to the increments of inclusion
quantity and dimension. By further summarizing the total volume
of all inclusions, the volume fractions of inclusions at the adjacent
onset site and within the body of channel segregation are
approximately 0.09% and 0.35%, respectively.

Moreover, the quantitative statistical results of inclusions were
summarized and compiled in Fig. 3. It shows that the equivalent
volume diameters of most inclusions are at a range of 5e50 mm at
both the onset site and body part of the channel, which is consis-
tent with the 2D microscopy results [17]. Further, the number of
inclusions with a diameter larger than 50 mm decreases with
increasing size, but becomes obviously higher with the develop-
ment of channel segregation compared to the onset site. The sta-
tistics also demonstrates that the volume fraction of inclusions
with a diameter below 10 mm takes up a very small proportion.
Hence, the specified resolution in the current characterization is
reliable enough to resolve inclusions that contribute an effective
driving force to channel segregation.

Fig. 4 further shows the characterized inclusions in the non-
channel zone. In contrast, the sizes of inclusions in this zone are
apparently smaller than that in the channel, most of which are less
than 40 mm. The shape of inclusion is also more regular. In com-
parison with the inclusion distribution observed in the channel
zone, they are distributed in the matrix more uniformly. The ob-
tained total volume fraction of inclusions in the non-channel zone
is approximately 0.07%, lower than that at the onset site and in the
body of the channel zone.



Fig. 2. The morphologies, dimensions and distributions of inclusions observed by 3D X-ray microtomography: (a) at the adjacent onset site, and (b) within the body part of the
channel segregation in 1045 steel. The reconstructed dimensions of the left and right panels are 1800 � 1460 � 2500 mm3 and 1750 � 1830 � 2260 mm3, respectively.

Fig. 3. The statistics on the number and dimensions of inclusions (a) at the adjacent onset site and (b) within the body part of the channel segregation in 1045 steel. The statistical
regions are the same as those shown in Fig. 2.
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Above characterization uncovers the accumulation of inclusions
during the formation of channel segregation; nevertheless, the
direct visualization of their evolution process is not possible by
characterizing these fully solidified zones. However, the charac-
terized results render the general concern that, the volume fraction
of inclusions in the channel is so large that their influence on the
melt flow should not be neglected. This concern becomes more
crucial when bearing in mind that the moving dynamics of solid
inclusion is very different from that of liquid. Therefore, in the
following numerical simulations, the dynamic interactions
Fig. 4. The morphologies, dimensions and distributions of inclusions in the non-channel zon
the statistical results of inclusions. The reconstructed dimensions of the left panel is 1700
between the solidification, natural convection and motion of in-
clusions during the formation of channel segregation in steels will
be revealed.
3. Simulation methodology

In the current research, by coupling the multi-phase flow dy-
namics, a new two-dimensional macrosegregation model is built
based on the classical continuum model. The fluid phase is treated
as a continuum by solving the time-averaged NaviereStokes
e by 3D X-ray microtomography. (a) The 3D reconstructing image of inclusions, and (b)
� 1880 � 2260 mm3.
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equations, solute and energy transport equations. The dispersed
phase behavior is described by tracking the trajectories of a large
number of inclusion particles during solidification in a Lagrangian
reference frame. In addition, the two-way coupling approach is
adopted to describe the interaction between the continuous and
dispersed phases. The fluid phase will influence the particulate
phase through the dragging effect and the latter disturbs the local
melt convection through the source terms of momentum equa-
tions. Owing to the small volume fraction of inclusions in steels, the
interaction between particles, such as direct particle collisions, is
negligible. It should be stressed that, though the liquid solidified in
three-dimensional space in experiment, the required finer mesh,
jointly with the high computational cost of solving tridimensional
convection, has deterred exploration in 3D simulation. In particular,
the situation becomes tougher when coupling the motion of
numerous inclusions. However, the predicted macrosegregation in
two dimension showed no significant discrepancy from that in
three dimension. The simulations performed by Carozzani et al.
[29] indicated that the temperature distributions but in the edges of
boundaries are almost the same via 2D and 3D simulations of Sn-3
wt.% Pb alloy in a benchmark cavity. The comparison between 2D
and 3D calculations based on the two-phase columnar solidifica-
tion model demonstrated that the segregation pattern on the
center plane in the 3D case can be sufficiently reproduced by
computationally inexpensive 2D calculations [30].
3.1. Continuum phase equations

The basic assumptions in the treatment of continuum phases are
as follows. The solidified grains are supposed to be columnar. The
effects of solid movement and shrinkage on macrosegregation are
not taken into account except for thermosolutal natural convection.
The liquid is Newtonian and incompressible while the convection is
laminar. The effect of diffusion on the solute transport is also
neglected. The main governing equations are described as follows,
Conservation of mass (Continuity):

V$
�
U
!� ¼ 0 (1)

Conservation of solute:

v½C�
vt

þ V,
�
U
!
Cl
� ¼ 0 (2)

½C� ¼
Zfs

0

Csdaþ flCl (3)

Tl ¼ Tm þmCl (4)

Conservation of energy:

vðrHÞ
vt

þ V,
�
r cp U

!
T þ rU

!
DH

� ¼ V,ðlVTÞ (5)

½rH� ¼ fsrshs þ flrlhl (6)

Conservation of momentum (x and y directions):

v flr uð Þ
vt

þ V$ r U
!
u

� �
¼ �fl

vP
vx

þ V$ðmlV fluð ÞÞ þ Ksl uap � u
� �

þ
X
i¼1

Ki
pl uip � u
� �h i

(7)
v rfl vð Þ
vt

þ V$ r U
!
v

� �
¼ �fl

vP
vy

þ V$ðmlV flvð ÞÞ

þ r g!fl bT T � T*
� �þ bC Cl � C*� �� �

þ Ksl vap � v
� �þX

i¼1

Ki
pl vip � v
� �h i

(8)

where U
!¼ flUl

!
is the superficial velocity of liquid phase. To

calculate the solid fraction, the same strategy was applied as that in
Ref. [31] by solving the built quadratic equation considering the
energy and species conservations, thermodynamic equilibrium at
the solideliquid interface and Scheil microsegregation model. Ksl

(Ki
pl) is the interfacial friction coefficient between the solid den-

dritic network (the ith inclusion particle) and the fluid phase, which
is modified from the Gidaspow correction [32].

Ksl ¼ 150
f 2s ml
fld2s

(9)

Ki
pl ¼

3
4
CD

fpflr
dp

���vip � v
���f�2:65
l (10)

here, CD is the drag coefficient and equal to 24/Re for spherical solid
particles.

In addition, these governing equations are discretized on a
staggered Cartesian mesh using a finite volume approach and
uniform spaced grids. An explicit scheme of finite volume method
is adopted to solve the coupled equations for temperature and
concentration. The velocity-pressure coupling is realized using the
SIMPLE algorithm. The iterated time step for the continuous phase
is determined by the maximum fluid velocity at the previous time
step. As the calculation of liquid flow is accomplished in a time step,
the motion of inclusion is tracked via the following procedures.
3.2. Motion equations of dispersed phase

Based on the kinetics of particle motion, themoving velocity of a
solid particle in melt depends on the buoyant force, gravity force
and drag force. Considering that both the real inclusion size and
quantity are small, it is reasonable to ignore some other forces
acting on the particles, such as Brownian force, Saffman's lift force,
virtue mass force and thermophoretic force [23]. Hence, the tra-
jectory of each discrete particle is predicted by integrating the force
balance on the particle. The motion of a spherical solid particle in
the melt can be described as follows.

Velocity equations:

duip
dt

¼ 18ml
rpd2p

CDRe
24

�
u� uip

�
(11)

dvip
dt

¼ 18ml
rpd2p

CDRe
24

�
v� vip

�
þ g!�

rp � r
�

rp
(12)

Trajectory equations:

dxi

dt
¼ uip;

dyi

dt
¼ vip (13)

where xi and yi are the displacements of the ith particle at time t in
the x and y directions, respectively. The iterated time step for the
dispersed phase is determined by the maximum particle velocity at
the previous time step. Because Al2O3 is the main composition of



Table 1
Main physical parameters of Fe-0.36 wt.% C in benchmark simulations.

Symbol Unit Value

r kg m�3 6990
k 0.314
m K wt.%�1 �80.45
Tm K 1805
DH J kg�1 2.71 � 105

Cp J kg�1 K�1 500
ds mm 100
l W m�1 K�1 39.3
bT K�1 1.07 � 10�4

bC wt.%�1 1.4164 � 10�5

ml Pa s 4.2 � 10�3
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most inclusions, the inclusions are assumed as alumina in the
current simulations. Hence, the density of particle, rp, is equal to
3640 kgm�3 [33]. A solid particle will stopmoving once it arrives at
the domain boundaries or when it is blocked and engulfed by the
fully developed dendritic network where the local solid fraction
exceeds 0.5. The frictional force and floating velocity of each par-
ticle are significantly dependent on both its dimension and shape. A
particle with an irregular shape will experience a larger frictional
force than that with an ideal spherical shape. In the current sim-
ulations, to directly illustrate the effects of the particle size on the
liquid flow and formation of channel segregation, all the particles
are assumed to have an ideal circular shape in two dimension with
the same diameter. The agglomeration and growth of particles are
not considered.

To investigate the influence of inclusions on the channel
segregation formation in plain carbon steels, numerical simulations
in Fe-0.36 wt.% C have been performed with different sizes and
initial number of particles. The lateral solidifications in a Hunt-
Benchmark cavity (100 mm � 60 mm) were simulated, where the
cavity was cooled down from the right-hand side and the
remaining sides were thermally insulated as sketched in Fig. 5. The
initial temperature is the liquidus temperature. The heat transfer
coefficient between heat-extraction side and atmosphere is
300 W m�2 K�1, which is referred from other model alloy systems
such as SnePb alloy [34,35]. The main physical parameters of the
steel are listed in Table 1 according to Ref. [8]. The mesh size is
1mm� 1mm. Previous simulations have shown that the simulated
results do not vary with a finer mesh [36]. In addition, to reproduce
the channel segregation in an actual steel ingot with the developed
multi-phase flow model, corresponding simulations of the experi-
mental 500-kg 1045 steel ingot with a grid size of 5 mm � 5 mm
were also carried out. The alloy properties of Fe-0.45 wt.% C system
can be referred to Table 1 except ds, which is selected as 500 mm
according to the experimental result. The necessary initial and
thermal conditions are also listed in Table 2.

4. Numerical simulation results and discussion

4.1. The influences of inclusion size and quantity on the channel
formation

The simulations were first performed to illustrate the influence
of the particle diameter on the channel segregation. Fig. 6 shows
the final carbon distributions and segregation patterns with the
inclusion particle diameters ranging from 2 to 50 mm in Fe-
0.36 wt.% C system. In the simulations, 500 initial particles with
zero velocity were injected into the cavity randomly at the
Fig. 5. Schematic of solidification configuration in the current simulations of Hunt-
Benchmark cavity (100 � 60 mm2) cooling from the right-hand side, and the grey
regions denote adiabatic walls.
beginning of solidification. From Fig. 6a, it can be seen that as the
particle size is very small, no obvious channel segregations appear
but lots of isolated small zones with a little higher concentration
are disorderly dispersed in the cavity. With an increase in the
diameter of the particle, such kinds of small zones tend to accu-
mulate into a line at the early stage of solidification and to connect
each other. As the diameter is increased up to 10 mm, very obvious
chains form at the upper-right corner of the domain, namely the
channel segregations. However, unexpectedly, when the particle
size increases to a sufficiently large size, i.e., a diameter larger than
20 mm, the segregated channels diminish again and even disappear
without any solute enriched zones left in the broad central region of
the domain as seen in Fig. 6g. It was further found that inclusions
with a size ranging from 5 to 30 mm are capable of driving the
formation of final macroscale channel segregation. This is because
when the particles are too small (i.e., less than 5 mm), they will float
weakly and slowly and drift with the current of thermosolutal
convection or be easily captured by the relatively fast moving solid
[17]. Consequently, most of the injected small inclusion particles
will distribute irregularly and separately. Nevertheless, because the
light inclusion tends to move upward in the direction of solute-
dominated flow along the mushy zone, the natural convection is
thus strengthened, which changes the solute concentration locally.
As a result, lots of small solute enriched zones form at the region a
little far away from the bottom wall as shown in Fig. 6a.

Yet when the particles are too large (i.e., larger than 30 mm), they
will float quickly towards the top, driven by the strong buoyant
force. In the case of Fig. 6g, after solidifying for 15 s, almost all
particles accumulate near the upper wall. At this time, the solidified
zone is less than 5%. Although the dragged liquid flow velocity is
much stronger than the convection induced by the thermosolutal
buoyancy, the perturbations of particles on the melt flow are
instantaneous and vanish quickly before the melt starts or con-
tinues to freeze. Hence, the influence of these large particles on the
mushy zone is only limited to the solidified zones formed early,
where the particles have not already moved away to the upper
boundary. Owing to the absence of inclusions as the solidification
progresses further into the bulk melt, the interactions between
particles and the mushy zone do not last for a long time, and
therefore are not able to trigger the occurrence of channel segre-
gation. Coincidently, the effective sizes of inclusions obtained in the
simulations are in accordance with the results of the 3D tomogra-
phy characterization of inclusions in the channel zones, wheremost
of inclusions are in the diameters of 5e50 mm. Because of the
blocking of the complex dendritic structures in the real solidifica-
tion and the rough shape of inclusions, the effective sizes of in-
clusions should be larger than that in simulations. Moreover, the
agglomeration and growth of particles during and after the for-
mation of channel segregation will also raise the inclusion size,
which has been neglected in the present simulations.



Table 2
The initial and thermal conditions in the simulations of 500-kg 1045 steel ingot.

Material/Property r (kg m�3) CP (J kg�1 K�1) l (W m�1 K�1)

Sand mould 1520 1070 0.73
Insulation sleeve 600 1130 0.2
Covering flux 210 400 0.18
Interfacial heat transfer coefficient
(W m�2 K�1)

Ingot and covering flux: 300
Ingot and sand mould: 500
Ingot and insulation sleeve: 200
Covering flux and the outside: 5 þ 4 � 5.67 � 10�8 � 3� T3, 3¼ 0.5
Sand mould and the outside: 10 þ 4 � 5.67 � 10�8 � 3� T3, 3¼ 0.9

Fig. 6. The final relative segregation contours of carbon and channel distributions in the whole domain with various particle diameters dp of (a) 2, (b) 5, (c) 10, (d) 15, (e) 20, (f) 30
and (g) 50 mm.
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The provocation of channel segregation not only depends on the
size of inclusions but also closely depends on their population. To
quantify the effect of inclusion quantity, in the following simula-
tions the initial particle numbers were set to 100, 500 and 1000,
while the particle diameter was fixed at 10 or 15 mm. The simulated
carbon distributions are shown in Fig. 7. It can be clearly seen that
when 100 inclusion particles with a diameter of 10 mm were
injected into the melt, no channels would form except for the for-
mation of some localized zones with highly concentrated carbon
(Fig. 7a1). With an increasing quantity of particles, the channel
segregations become more and more severe. Meanwhile, the
number of channels is also apparently elevated. By comparing the
channel segregations induced by the different diameters of in-
clusions, the results indicate that when the diameter of the in-
clusions is larger, the quantity required to induce distinct channels
can be smaller. These varying trends of segregations with the
quantity and size of inclusion particles can be analyzed and inter-
preted from two aspects. On the one hand, with an increase of the
size of the initial particles the disturbance to interdendritic con-
vection is enhanced because of the larger inclusion flotation force



Fig. 7. The final relative segregation contours of carbon and channel distributions in the whole domain with various particle numbers of (a1, b1) 100, (a2, b2) 500 and (a3, b3) 1000;
(c) the inclusion-free effect on channel segregation. In (a1-a3) and (b1-b3) dp are 10 and 15 mm, respectively.
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driven bymore locally concentrated inclusion particles. Meanwhile,
affected by the local drastic convection dragged by the inclusions,
more solutes will also segregate. In addition to these floating in-
clusions and surrounding solute-rich melts, some of the adjacent
inclusions on the way will also enter the triggered channel, which
further reinforces this disturbance. On the other hand, increasing
the quantity of the initial particles does increase the probability of
destabilizing the mushy zone. That is, the mushy zone destabili-
zation can be triggered at more sites simultaneously. As a result,
more channels will appear eventually. By further calculations, the
sufficient volume fraction of the inclusions to induce the channel
segregation in the local mushy zone has been estimated in the
order of magnitude of ~0.01%. This critical volume fraction is close
to the measured values at the onset site and non-channel zone of
the 500-kg steel ingot.

By contrast, Fig. 7c also gives the final carbon contour map
without considering the effect of inclusions. As expected, no
channel segregation can be formed just by the thermosolutal
convection. In addition, it can be clearly seen that both the positive
segregation near the upper side and the negative segregation at the
bottom side are elevated obviously when taking into consideration
the inclusion effect.
4.2. The evolution and formation of channel segregation induced by
inclusion flotation

The formation of channel segregation is a result of the in-
teractions between solidification, thermosolutal convection and
inclusion flotation [17]. By carefully analyzing the evolutions of
solute distributions, inclusion trajectories, flow fields and solid
fraction isolines during solidification, we found that the formation
of channel segregation driven by inclusion flotation could generally
be divided into two stages: channel initiation and channel growth.
It should be stressed that these two stages are similar to the for-
mation process of the channel segregation merely driven by the
thermo-solutal convection as described by Li and coworkers
[10,37]. Fig. 8 shows the comparisons of these fields between
simulations with and without consideration of inclusion flotation
after solidification for 65 s. In Fig. 8c and d the particle diameter is
15 mm and its number is 500.

When the inclusions are absent in the simulation, only a single
convective vortex results from the thermosolutal buoyancy in the
bulk liquid and mushy zone. The convection keeps this stable flow
pattern until the solidification ends. The isolines of solid fraction
are straight without any deformation, as demonstrated in Fig. 8b.
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Unlike the obvious channel segregation formation in the simula-
tions of common model alloys (i.e., SnePb, SneBi, AleCu, GaeIn
and Ni-based superalloy) under the same solidification conditions
[36], no channel segregation is observed in the present simulations.
This is because of the rather weak convection caused by the low
amount of solute in Fe-0.36 wt.% C. In the model alloys, the solute
content is at least one order of magnitude higher, and the conse-
quent convection is so strong that it can deform the mushy zone
and result in the channels [36].When the inclusions are introduced,
the flow pattern and solidification mode change distinctly. Owing
to the light density of inclusions, they float upwards spontaneously.
During their flotation, they drag the surrounding melt moving
together, thereby strengthening the local fluid flow and even
changing the flow direction. Because the inclusions are randomly
distributed in the melt initially, the flow becomes very chaotic,
particularly at the upper region of the cavity as solidification pro-
gresses for a while, as shown in Fig. 8d. This flow pattern is quite
different from that in Fig. 8b. The localized increase of flow velocity
near the mushy zone alters the solute transport and the subsequent
solidification, which consequently causes the local solute segrega-
tion and restrains the local solidification. Hence, the advancing rate
of the mushy zone varies spatially. This is characterized by the
rather wavy isolines of solid fraction as displayed in Fig. 8d. With
the help of inclusion flotation, themushy zone starts to deform, and
the channel is initiated.

However, the macroscale channel cannot be formed without
successive deformation of the mushy zone by the inclusions. To
Fig. 8. The fluid velocity, solid fraction, carbon or/and inclusion distributions at the local
contours without and with considering inclusion effects, respectively. (b) and (d) are the flo
effects, respectively, and in (d) the particle distributions are superimposed. The detailed ev
legend on the right of (d) shows the number n of particles in each cell.
sustain the progress of the initiated channel, the moving velocity of
the particles and the solidification rate of the melt should be syn-
chronous or sufficient amounts of inclusions always exist during
the advancing of the mushy zone. For the former case, the inclusion
floating velocity is mainly determined by its own dimension, so
that for a given solidification condition, the size of particle should
be in an appropriate range to progress the channel segregation. For
the latter case, because the formation and growth of small in-
clusions are ignored in the present simulations, sufficient amount
of large-size solid particles are necessitated to be supplied in the
mushy zone in the early stage of solidification. In either case, after a
segregated channel is initiated, the particles in the channel will
preferentially float incline-upwards due to the thermal field. With
further particle flotation and solidification, particles will not only
drag the surrounding solute-rich melts flowing together but also
cause the enrichment of adjacent particles. All of these processes
and phenomena can ensure that the interactions between particles
and solidification last for a long period, and thus the flow instability
and mushy zone destabilization will continue until the macroscale
channel eventually forms. These evolution processes can be
observed by tracking the particle distributions and solidification
behavior from15 to 65 s as shown in Fig. 9. From the figure, it can be
seen that the particle distributions appear in a line almost parallel
to the channels with concentrated solutes, as indicated by the
green-dashed arrows. Here, it is worth noting that because the
solidification microstructure is much more complex in the real
solidification of ingot than the simulated shape of mushy zone, the
selected zone after solidified for 65 s (a) and (c) are the relative carbon segregation
w field and solid fraction isolines distributions without and with considering inclusion
olution of the chosen channel marked by the black arrow in (c) is shown in Fig. 9. The
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inclusion will act on the mushy zone in a much more complicated
way, such as the blocking by the dendritic network, eroding the
dendritic branches and adsorbing lowmelting elements together to
remelt solid.
4.3. Comparison of channel segregation between simulation and
experimental results in an industrial steel ingot

To reproduce the A-segregates observed in the dissected ingot
shown in Fig. 1b, the developed multi-phase flow model was then
applied to simulate the macrosegregation in a 500-kg Fe-0.45 wt.%
C steel ingot. In terms of the ingot symmetry and computational
efficiency, half of the ingot was simulated. The cooling conditions
are different from the previous unidirectional solidification in a
benchmark cavity. Heat is extracted from all the sides contacting
with the atmosphere as that in the experiment. The diameter of the
injected particles was set equal to the averaged particle diameter in
the region adjacent to the onset site of the channel segregation,
which approximates to 30 mm. The number of particle was chosen
to be 10000. This number is still smaller than that estimated from
the dissected ingot but is almost the upper limit of computing time
that can be acceptable. Simulations with a number ranging from 10
to 10000 showed that, as the population is larger than 500, the
evolution trend of channel segregations are almost the same except
for the longer channels andmore severe solute segregation. Fig. 10c
shows the carbon segregation contours of the ingot after solidifi-
cation. As a comparison, the simulated result without considering
the effect of inclusion is also presented in Fig. 10a.

As the inclusion effect is excluded in the simulation, the final
solidified ingot is featured with the upper positive segregation,
bottom negative segregation and two slices of channel segregations
at the side of the top riser. These characteristics are generally
consistent with the predicted results by Combeau et al. [8] and Li
Fig. 9. The channel segregation evolution induced by inclusion flotation during solidifica
distributions in the mushy zone at 65, 35 and 15 s, respectively; (a2-c2) show the correspond
the chosen channel in Fig. 8c. (For interpretation of the references to colour in this figure l
et al. [38]. The slight channels appearing occasionally in the riser
may be closely related to the abrupt changes of insulation and
geometry conditions at the junction of the riser and the ingot body,
where the complex flow field is beneficial to destabilizing the
mushy zone. Similar to the already reported simulations of indus-
trial steel ingots [7,38,39] and previous benchmark simulation
without considering the inclusions, the A-segregates are also not
observed here. However, after introducing the inclusion particles to
the melt, the final macrosegregation patterns are dramatically
changed. From Fig. 10c, it can be seen that besides the similar
positive and negative segregations, which appear in Fig. 10a, there
are several channels, which stem from the side of lower part of the
ingot and then extend to incline-up until they reach the riser.
Because of the distinct cooling conditions and geometrical shape of
the 500-kg ingot, the orientations of channel segregations appear
to be quite different from previous benchmark simulations. Sur-
prisingly, the position and shape of these channel segregations
show a very good agreement with the A-segregates appearing in
the etched section surface of the experimental ingot body that is
shown in Fig. 10b. Therefore, these comparison results demon-
strated that the inclusion flotation is the dominating driving force
for the formation of A-segregate in carbon steels, which also ac-
counts for its disappearance in most previous simulations of large
industry-scale steel ingots.
5. Conclusions

Detailed 3D microtomography characterization of inclusions in
the channel and non-channel zones of a steel ingot has been carried
out to illustrate the mechanism of channel segregation by inclusion
flotation in carbon steels in detail. The examined equivalent di-
ameters of inclusions are in a range of 5e50 mm, and the inclusion
volume fractions at the adjacent onset site and within the body of
tion of 15e65 s (a1-c1) are the part of flow filed, solid fraction isolines and particle
ing carbon distributions. The green-dashed arrows denote the developing trajectory of
egend, the reader is referred to the web version of this article).



Fig. 10. The comparison of channel segregation in Fe-0.45 wt.% C system between simulation and experimental results of the industrial 500-kg 1045 steel ingot: the predicted
results of (a) without and (c) with considering the inclusion effects, respectively; (b) the etched result of channel segregations. The white arrows denote the segregated channels.
The top riser of the ingot had been cut away before etching.
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channel segregation average approximately 0.09% and 0.35%,
respectively, whereas in the non-channel zone, the fraction is
lower. The characterization reveals the enrichment of inclusions
into the channels and their growth. Hence, the dynamics and
evolution of inclusions during the formation of channel segregation
should not be ignored.

In terms of the characterized results, a new two-dimensional
macrosegregation model coupling the multi-phase flow dynamics
has been developed to elaborate the interaction between inclusion
flotation and solidification. Based on this model, the initiation
conditions, evolution and forming mechanism of channel segre-
gation induced by inclusion flotation have been investigated in the
Fe-0.36 wt.% C alloy solidified in a benchmark cavity. The simula-
tions revealed that sufficient population of inclusions with appro-
priate diameters are able to alter the local flow pattern and
destabilize the mushy zone, consequently initiating the channel
segregation. Then, with the aid of enriched solutes and adjacent
inclusions, the interactions between inclusions and mushy zone
will be maintained until the final formation of macroscale channel.
To trigger the occurrence of channel segregation, the inclusion
volume fraction should be at least ~0.01% order of magnitude and
the diameter should be within 5e30 mm, which are in the range
that was measured in the experiment.

The established model is employed to simulate the formation of
A-segregates in an industrial steel ingot. Through the simulations of
a 500-kg 1045 steel ingot and comparisonwith the dissected result,
the shape and position of A-segregates can be well reproduced
when the inclusion flotation effects are taken into account. Mean-
while, the other types of macrosegregation are almost the same as
the simulations while considering only the thermosolutal buoy-
ancy. Hence, these results convince us that the inclusion flotation
plays a crucial role in the formation of A-segregates in carbon
steels.
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