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1. Introduction

Wrought aluminum alloys are mainly produced by 
Direct Chill (DC) casting, which is a semi-continuous 
casting process. In the DC casting process, molten 
metal is first poured onto a receiving platform called 
bottom block, which is moved downward at a 
constant speed. The aluminum melt is gradually 
solidified inside a mold due to primary cooling and 
then in water due to secondary cooling, that makes it 
possible to produce a billet or ingot of several meters 
in length. The DC casting process has been widely 
used because of its high productivity. There are, 
however, many problems to be solved in order to 
fabricate ingots with uniform structure without 
cracks and other defects. That is why a lot of efforts 
have been put to understand the format ion 
mechanism of defects occurring in the DC casting 
process. Previous studies, dealt with these issues, 
were reviewed by Emley and Nadella et al1), 2). For 

instance, such defects as the deformation of ingot at 
its bottom part called Butt curl, cracking formation 
due to hot tearing, formation of wavy structure on 
the ingot surface, non-uniform distribution of alloy 
elements over the ingot called macro-segregation 
have been well known for a long time. In the present 
study, we focused on the macro-segregations. 
Macro-segregations during DC casting have been 

documented experimentally in many studies. For 
example, Eskin et al. investigated a radial distribution 
of copper composition using a pilot-scale DC caster 
and an Al-4.5mass％ Cu alloy3). The macro-segregation 
characteristics was found to vary with the flow rate 
of cooling water and casting speed. The effect of melt 
temperature and casting speed on the macro-
segregation pattern has also been systematically 
investigated4). In addition, the effect of grain refiners 
on the macro-segregation characteristics during DC 
casting has been evaluated for a variety of alloys5). 
However, many factors affect the macro-segregation 
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formation during DC casting, and experimental 
investigation of some of them faces great difficulties 
because of the absence of appropriate measurement 
and observation tools, especially at high temperature 
conditions.
To understand underlying mechanisms and 

suppress the macro-segregation formation during DC 
casting, a variety of numerical models have been 
developed in the last 25 years. The first numerical 
model describing macro-segregations was developed 
by Bennon and Incropera6). Then, this model was 
improved by Ni and Beckermann7), and extended to 
t h e DC c a s t i n g s imu l a t i o n by Reddy and 
Beckermann8). Later, Thevik et al. performed a 
numerical analysis aiming at surface segregations9), 
Vreeman et a l . proposed a numerica l model 
considering free-floating dendrites10), and Vreeman 
and Incropera investigated the effect of free-floating 
dendrites on the macro-segregation pattern in Al-Cu 
and Al-Mg alloy systems11). It was reported that the 
macro-segregation pattern is dependent on the solid 
fraction at which free-floating dendrites forms rigid 
and solid structure. This value is called “packing solid 
fraction”. Later, Vreeman et al. carried out numerical 
simulation concerning industrial scale billets, and 
found that the results are in good agreement with 
their experimental results12). Then, Zaloznik et al. 
predicted macro-segregations in Al-4.5mass％ Cu and 
Al-5.25mass ％ Cu billets13)～15) and in 7449 ingots16). 
However, the above-mentioned numerical models of 
macro-segregations are unstable and spatially non-
bounded. Therefore, the effect of discretization 
scheme in numerical simulation on concentration 

distribution was also investigated by Venneker and 
Katgerman17). Eskin et al. proposed a scaling law for 
macro-segregations by numerical results18). Early 
studies on macro-segregations in DC casting up to the 
2000s have been reviewed by Nadella et al.
In the 2010s, macro-segregations in the DC casting 

process have been also the object of numerical 
investigations. Combeau and Zaloznik’s group 
developed a numerical model of macro-segregation 
behavior coupled with the microstructural behavior19), 
This numerical model was used later on to evaluate 
the effect of alloy composition on macro-segregation 
characteristics in ingots20). Besides, a simplified three-
phase mult isca le model was proposed21), and 
validated22). Finally, based on this model, three-
dimensional phenomena were predicted23). In addition, 
Krane’s research group has elucidated the behavior 
of unsteady macro-segregations pattern in 7050 alloy 
bi l lets taking into account the bottom block 
movement24). Then, the authors evaluated the effect of 
wiper application on macro-segregation pattern25). The 
wiper application is known to be one of the usable 
methods allowing one to prevent cooling water from 
flowing down along the ingot surfaces. In addition, 
they invest igated the dependence of macro-
segregation pattern on the liquid metal feeding26). In 
addition, Lebon et al . investigated the macro-
segregation behavior during ultrasonic DC casting27) 

and melt-conditioned DC casting28).
Although many phenomena have been elucidated 

and numerically simulated as mentioned above, the 
mechanisms of channel-type macro segregation 
formation in the DC casting process remain poorly 

Fig. 1　A sample photograph of channel-type macro-segregations formed in an ingot manufactured by DC casting.

10 mm
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understood. Particularly, although the formation 
condition has been clarified in the directional 
solidification and mold casting30)～32), little is known 
about formation of channel-type macro-segregations 
in DC casting process, which were experimentally 
observed by Li et al29). A sample photograph of 
channel-type macro-segregations formed in an ingot 
manufactured by DC casting is shown in Fig. 1. It is 
to be noted that this type of macro-segregations is a 
problem of great concern in DC casting because such 
segregations can form concentration stripes in 
aluminum products as shown in Fig. 1. To shed light 
on the formation condition of channel-type macro-
segregation in a DC casting process, we carried out 
numerical simulation focusing on two kinds of flow. 
The first one is a shrinkage flow, which is caused by 
volume shrinkage due to solidification. The second 
one is a slurry flow, which is generated in the zone of 
free-floating dendrites. It was found that the slurry 
flow causes formation of channel-type macro-
segregations of three types depending on the 
formation location. The formation conditions of these 
macro segregations were clarified in terms of 
Rayleigh number.

2. Simulation Model

A schematic diagram of the computational domain 
is shown in Fig. 2. In this numerical simulation, we 

focused on the phenomena occurring during the hot-
top DC casting. The aluminum melt, supplied from 
the hot-top unit, is first cooled in the mold, and then 
solidified further in the water-cooling section. We 
investigated the formation of channel-type macro-
segregations in an 5052 alloy billet. However, in the 
present simulation, Al-2.5mass％Mg alloy was used to 
s impl i fy the numerical model . In this study, 
calculations were performed in the axisymmetric 
approximation. In addition, the following assumptions 
were made to model the thermo-solutal flow with 
solidification during the casting process.
● The t h e rmodynam i c r e l a t i o n sh i p s a r e 

determined by phase diagram.
● Aluminum melt is an incompressible fluid, and 

buoyancy flow is modeled using the Boussinesq 
approximation.

● Phys ica l proper t i es are independent o f 
temperature. Fluid resistance in the mushy 
region is governed by the Blake-Kozeny law.

● Dimension of ingot remains unchanged after 
solidification.

● The packing effect due to r igid dendrite 
structure is determined only by the volume 
fraction of solid.

● Based on these assumptions, the following 
numerical model was developed. 

Based on these assumptions , the fo l lowing 
numerical model was developed.

Fig. 2　Schematic representation of calculation domain: (a) melt sump and solidifi ed ingot, and (b) simplifi ed calculation 
 domain with boundary conditions.
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2.1　Governing equations

We basically followed the numerical modeling 
proposed by Vreeman et al10). and modified by Fezi et 
a l24) . The bas ic govern ing equat ions for the 
momentum, mass, enthalpy and species concentration 
balance with solidification are given as

+∇(ρuu) =－∇p +∇・　　∇u +ρB + S (1)
∂t
∂(ρu)

ρl

μl 
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
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
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∂ρ

+∇・(ρuh) =∇・　　∇h +
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+∇・(ρuC) =∇・(αlρlDl∇C)

+∇・(αlρlDl∇(Cl－C))－∇・(ρ(u－uS)(Cl－C)) (4)

∂t
∂(ρC)

where ρ is the density, u is the mixture flow 
velocity, t is the time, p is the pressure, μ is the 
viscosity, B is the buoyancy force, S is the source 
term for mushy and solid zones, h is the enthalpy, k is 
the thermal conductivity, cp is the heat capacity of 
solid, C is the composition, α is the volume fraction, 
D is the diffusion coefficient. The subscripts s and l 
indicate the solid and liquid phases, respectively.
The buoyancy force and mushy terms can be 

written as

B =－gβT(T－T0)－gβC(C－C0) (5)

S = (1－P)SSlurry (6)+ PSrigid

where g is s the gravitational acceleration, βT is the 
volume thermal expansion coefficient, βC is the 
volume solutal expansion coefficient, T0 is the 
re ference temperature , C0 i s the re ference 
composition, P is the packing variable, proposed by 
Plotkowski and Krane32), Coleman and Krane26) as

P = min  max  (1－　　　　), 0  , 1 (7)
ΔαS
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Where αS
C is the critical volume fraction of solid 

phase, and ∆αS is the steepness of phase transition. 
The packing variable, P, is changed depending on the 
mass fraction of solid, and the slurry and mushy 

zones are determined by the smooth function. The 
mushy and rigid source terms are described as

SSlurry = －∇・ μl　　 ∇uS  +∇・(μ‾S (1－α)∇uS)    

= －∇・ 　　  (u－uS)(u－uS) (8)
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Srigid = －　　　  (u－uS) (9)
K
μl
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ρ

where μ―S is the effective solid viscosity as used by 
Vreeman et al .,10) f is the mass fraction, and K is the 
permeability, which is described by the following 
Blake-Kozeny model

K = (10)
180
λ2

(1－αl)2
α3l

where λ is the secondary dendrite arm spacing. The 
solid velocity uS is modeled as

uS = (1－P)  u+ fl 　 　 　 　 　 g + Pucast (11)
18μl

α(ρS－ρl)d2g 
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where dg is the diameter of floating solid particle, and 
ucast is the casting velocity. The volume fraction α
was modeled on the bas is o f error funct ion 
formulation, which was proposed by y Rosler and 
Bruggemann33).

α= 　 erf　　　　　+ (12)
Tl－TS2

1
2
14(T－Tm) 







2.2　Thermodynamic relationships

We followed the numerical modelling for the 
thermodynamic relationships proposed by Prakash 
and Voller34), as has been implemented in our 
previous study35). Fig. 3 is a representation of 
l inearized phase diagram used in the present 
simulation. Using such a phase diagram, the mass 
fraction of liquid can be calculated as

fl = 1－ (13)
1－kp
1

T－Tm
T－Tliq

where kp is the partition coefficient, Tm is the melting 
temperature of pure aluminum, and Tliq is the 
liquidus temperature, which is described as
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Tliq = Tm+ (Te－Tm) (14)
Ce
C

where Te is the eutectic temperature, and Ce is the 
eutectic concentration.
To avoid numerical oscillations due to calculation 

error, we adopted the same algorithm as that 
proposed by Prakash and Voller34). First, one can 
obtain the following relationship by arranging Eq.[13]. 
as

T = F ( fl , C ) = (15)
1－(1－fl )(1－kP )

Tliq－(1－fl )(1－kP )Tm

A dependence of enthalpy on the liquid fraction can 
be given as

h = cPT+ flL (16)

where L is the latent heat. After updating the 
enthalpy at the nth iteration, this expression becomes

hn+1 = cPTn+ flnL (17)

By substituting Eq. [15] into Eq. [17], one can obtain 
the following relationship

cPF ( fln+1, Cn)+ fln+1L = cPTn+ flnL (18)

By substituting Eq. [15] into Eq. [18], the following 
quadratic equation can be obtained.

a ( fln+1)2+ b ( fln+1)+ d = 0 (19)

where a, b, d are the coefficients, which have been 
formulated and explained in details in our previous 
study.[35] The mass fraction fl can be calculated by 
solving Eq. [19] as

fln+1 = min  ｍａｘ  0, 　　　　　　　　, 1 (20)
2a

－b+   b2－4ad 















By solving the governing equations coupled with the 
above-mentioned calculation of thermodynamic rela-
tionship, stable convergence can be achieved. The 
liquidus and solidus concentration are updated as

Cln+1 = (21)
1+ (1－fln+1) (kP－1)

Cn

CSn+1 = (22)
1+ (1－fln+1) (kP－1)

kPCn

During the iterations, the physical properties are also 
updated as

ρn+1 =αlρl +αSρS (23)

kn+1 = flkl + fSkS (24)

cpn+1 = fl cPl + fScpS (25)

2.3　Boundary conditions and numerical grid

The boundary conditions are shown in Fig. 2. The 
boundary conditions are similar to those in our 
previous study36). At the top boundary, the free inlet 
and outlet conditions were imposed, at which the flow 
velocity and direction are determined by the pressure 
gradient normal to the boundary. Here, the inlet 
temperature and concentration were set to 950 K and 
2.5mass％ , respectively. At the adiabatic side wall, 
no-slip condition was imposed for flow velocity, and 
normal fluxes of heat and species to the boundary 
were set to zero. At the water-cooled boundary, a slip 
condition was used for flow velocity, and normal 
gradient of pressure and concentration to the 
boundary was set to zero. The boundary condition for 
temperature at the water-cooled boundary was 
governed by the Newton’s cooling law, and the heat 

Fig. 3　A representation of linearized phase diagram.
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transfer coefficient was set to be as a function of 
cooled water flow rate, Q and temperature, T, as 
proposed by Weckman and Niessen37).

h = (－1.67×105＋704T)Q＋ (26)
T－273.15

20.8(T－373.15)3

The water flow rate was set to be 110 L/min in the 
present study. According to Eq.[26] , at higher 
temperatures, the heat transfer coefficient becomes 
unrealistically large. Therefore, the Eq.[26] was used 
in a temperature range below 423 K. Above this 
temperature, the heat transfer coefficient was set to 
10,000 W/(m2K). At the bottom block and mold 
surface, the heat transfer coefficient was set to 2000 
and 3000 W/(m2K), respectively.
In DC casting, typical length of billets produced is 

several meters, and therefore in the simulation the 
size and aspect ratio of calculation domain are 
changed in wide ranges. Hence, the numerical grid 
must be rearranged as the calculations proceed. In 
the present study, the dynamic grid motion was 
implemented by adding new grid cells from the 
moving boundary as used in our previous study36), 38).
This dynamic grid motion enables one to simulate the 
phenomena occurring during DC casting with higher 
accuracy and higher grid resolution. The length of 
grid cell in each direction was set to 0.5 mm.

2.4 Other calculation models

The parameters used in the present study are 
shown in Table 1. The physical properties are based 
on the relevant literature data39), 40). The physical 
properties of melt and solid corresponded to those at 
950 K and 723 K. The temperature dependence of 
physical properties was neglected in the present 
study because the variation of physical properties due 
to the phase change is much larger than that due to 
temperature variation in the present temperature 
range.
The convective terms in governing equations were 

discretized by the limited linear scheme, which is one 
of the Total Variation Diminishing (TVD) schemes. 
The other spatial derivatives were discretized by the 
linear interpolation scheme. The time advancement 
was modeled by the second order backward scheme. 
The coupling between pressure and velocity fields 
was modeled by pressure implicit with splitting 
operator (PISO) algorithm41). All the above numerical 
models were incorporated into an open-source 
software, OpenFOAM (v1812) 

3. Result and Discussion

3.1 Validation of calculation program

First , to val idate our simulation model , we 

Table 1 Parameters used in the present study.

Variable Value Unit
Melt Density (950 K)
Heat Capacity of Melt (950 K) 
Kinematic Viscosity 
Thermal Conductivity of Melt (950 K) 
Diffusion Coefficient (950 K) 
Thermal Expansion Coefficient 
Solutal Expansion Coefficient 
Solid Density 
Heat Capacity of Solid 
Solid Thermal Conductivity 
Eutectic Temperature 
Melting Temperature of Pure Aluminum 
Partition Coefficient 
Eutectic Concentration (Mass Fraction) 
Latent Heat 
Gravitational Acceleration 
Critical Solid Volume Fraction 
Smooth Parameter of Packing Fraction 
Secondary Dendrite Arm Spacing 
Diameter of Floating Particle 
Averaged Solid Viscosity 
Billet Radius 
Casting Speed

ρ1

cp1

ν
k1

D
βT
sC

ρs

cps

ks

Te

Tm

kp

Ce

L
g
αsc

Δαs

λ
dp

µ̄s
R
ucast

2.45 ×103

1.13 ×103

5.43 ×10-7

6.91×101

1.14 ×10-8

6.9 ×10-5

4.8 ×10-l

2.56 ×103

1.07 ×103

1.38 ×102

7.23 ×102

9.34 ×102

0.47
0.38
3.77 ×105

9.81×100

0, 0.3
0.05
5.00 ×10-5

7.50 ×10-5

6.45 ×10-3

0.05, 0.101, 0.2
50, 100, 200

kg m-3

J kg-1 K-1

m2 s-1

W m-1 K-1

m2 s-1

K-1

―
kg m-3

J kg-1 K-1

W m-1 K-1

K
K
―
―
J kg-1

m1 s-2

―
―
m
m
Pa s
m
mm/min
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compared the numerical results with those of 
previous studies31), 42). In these studies, solidification 
phenomena of Pb-18mass％ Sn alloy in a rectangular 
domain were investigated. It is to be noted that this 
alloy system has been widely used for the validation 
and verification of simulation codes on macro-
segregation characteristics. The numerical domain is 
shown in Fig. 4(a). The domain was filled with the 
Pb-18mass％Sn alloy melt at a temperature of 558 K. 
The heat was released from the side wall according 
to the Newton’s cooling law. The heat transfer 
coefficient, h and ambient temperature, T0 used in the 
Newton’s cool ing relationship were set to be 
400 Wm-2K-1 and 298 K, respectively. The other 
calculation conditions are the same as those in the 
above-mentioned validation case31), 42).

The calculated distribution of Sn mass fraction at 
the end of solidification is shown in Fig. 4(b). This 
distribution is similar to that of the previous study31). 
Near the upper right corner, a striped pattern of 
higher Sn concentrations is formed. Such a pattern is 
called channel-type segregation. In the case of 
hypoeutectic alloy, the Sn concentration becomes 
higher in the interdendritic liquid during solidification 
according to phase diagram. The liquid with high Sn 
concentration forms a counterclockwise circulating 
flow, which transports the Sn-enriched liquid upward 
a long the so l id ificat ion front . This causes a 
solidification delay resulting in formation of liquid 
channels there. To compare the present simulation 
results with previous ones quantitatively, the 
concentration distribution along a horizontal line 
located at a distance of 10 mm from the bottom 
boundary, is shown in Fig. 4(c). It is seen that the 

distributions are in a good agreement to each other. 
Therefore, this confirms that the calculation code 
developed in the present study is capable of 
predicting the macro-segregation phenomena 
including the channel-type segregation accurately.

3.2　 Influence of solidification-driven shrinkage 

flow on Mg concentration

First , in order to evaluate the accuracy of 
numerical predictions the effect of numerical grid 
resolution on the calculation results was clarified for 
the case with shrinkage flow. Fig. 5 shows the 
distribution of Mg concentration over a billet of 101 
mm in radius at a casting speed of 100 mm/min with 
shrinkage flow. The simulated time in this figure is 
200 seconds. In the figure, white lines indicate 

Fig. 4　Validation results of simulation code: (a) numerical domain, (b) distribution of Sn mass fraction at the end of 
solidifi cation, and (c)distribution of Sn mass fraction along the horizontal line (Color fi gure online).
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locations of the solidus and liquidus temperatures. In 
the present calculation, three grid resolutions, namely 
coarse, normal and fine, with sizes of 2, 1, and 0.5 mm 
were evaluated . Although the concentrat ion 
distribution and the sump shape are almost the same 
in all three numerical grid resolutions, the spatial 
oscillations of composition are larger in the cases of 
coarse and normal grid resolutions. These results 
indicate that the numerical grid influence is small, 
and, therefore, the calculation accuracy is sufficiently 
high in the case of fine grid resolution. Therefore, we 
used the fine grid in the following simulation.
Next , the effect o f shr inkage flow on the 

distribution of Mg will be considered. Fig. 6 shows 
the Mg concentration distribution predicted at a 
casting speed of 100 mm/min with and without 
shrinkage flow. In the case with shrinkage flow, three 
characteristic features can be distinguished: (1) Mg 
concentration becomes larger near the bottom block, 
(2) Mg concentration is small in the mushy zone, and 
(3) negative segregation pattern occurs at the billet 
centerline. The shrinking direction is normal to the 
so l id ificat ion front . Therefore , the negat ive 
segregation pattern occurs near the center-line of 
billet. The phenomena (2) and (3) were already 
reported previously in several studies11), 13)～ 18), 24), 26).
Next, the effect of casting speed on the macro-

segregation characteristics was investigated for the 
case with shr inkage flow. Fig . 7 shows the 

distribution of Mg concentration near the sump 
predicted under different casting speeds. The sump 
depth becomes larger with increase of casting speed. 
In addition, the negative segregation pattern, 
observed near the central axis, becomes larger with 
increase of casting speed. The increase in the sump 
depth at higher casting speeds causes the horizontal 
velocity of shrinkage flow to increase that results in a 
significant formation of negative macro-segregations 
along the centerline.
As discussed above, the shrinkage flow during 

solidification causes the negative segregations to 
occur near the center axis of billet. The negative 
segregations are pronounced at high casting speed. 
However, no the channel-type macro-segregations 
pattern was observed in all these cases.

3.3　Influence of slurry flow on macro-segregations

First, the effect of numerical grid resolution on the 
distribution of Mg concentration was evaluated using 
a slurry flow model. Fig. 8 shows the Mg distribution 
predicted under different numerical grid resolutions 
at a casting speed of 100 mm/min in a billet of 
101 mm in radius. Three white lines indicate the 
locations of solidus and liquidus temperatures, and 
packing location corresponding to the zone where a 
rigid dendrite structure starts to be formed. It is seen 

Fig. 6　Eff ect of shrinkage fl ow on the distribution of 
  Mg concentration at a casting speed of 

100 mm/min (a, c) without and (b, d) with 
shrinkage fl ow. (c, d) are magnifi ed fi gures near 
the mushy zone (Color fi gure online).
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Fig. 7　Distribution of Mg in the sump and ingot with 
  shrinkage fl ow at a casting speed of (a) 50 mm/

min, (b) 100 mm/min, and (c) 200 mm/min (Color 
fi gure online).
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that the spatial oscillations in Mg concentration due 
to numerical error decreases as the grid resolution 
becomes finer. Therefore, the fine grid resolution was 
used in the following simulation.
Next, the effect of slurry flow on the distribution of 

Mg concentration was investigated. Fig. 9 shows the 
results predicted for a casting speed of 100 mm/min 
predicted with and without the slurry flow model at t 
= 200 seconds. When the slurry flow model is used, 
the simulation predicts melt flows in the mushy zone 
between the packing and liquidus lines, and the flow 
forms an eddy at the center location between the 
center axis and billet surface. This eddy causes Mg to 
be localized in the mushy zone, resulting in formation 
of the channel-type Mg segregations.
Subsequently, the effect of casting speed on the 

macro-segregation characteristics was further 
investigated. Fig. 10 shows the time variation in Mg 
concentration distribution predicted with slurry flow 
model at different casting speeds. The billet radius 
was the same, 101 mm. At an early stage of casting, 
Mg is segregated in the mushy zone due to the 

partition between solid and liquid phases as shown in 
Fig. 10(a,i), (b,i) and (c,i). The Mg-enriched zone is then 
floated up near the center axis of billet due to a 
solutal buoyancy flow as seen from Fig. 10(a,ii), (b,ii) 
and (c , i i ) . Final ly , the flow, temperature and 
concentrat ion fie lds are stab i l ized reaching 
pseudosteady states as shown in Fig. 10(a,iii), (b,iii) 
and (c,iii). It is seen that the Mg distribution is 
strongly dependent on the casting speed. At slow 
casting speeds (Fig. 10(a) and (b)), the buoyancy flow 
results in formation of a high concentration zone in 
the mushy zone between the billet wall and center 
ax i s , wh ich i s a cause o f the channe l - type 
segregations in the solidified ingots. On the other 
hand, no the high concentration zone and channel-
type segregations pattern were observed in the 
simulation at the 200 mm/min casting speed (Fig. 
10(c)) . This difference can be explained by an 
influence of downward flow, which is generated due 
to motion of solidified ingot. The flow velocity vectors 
near the mushy zone are shown in Fig. 11. With 
increase of casting speed, the velocity of downward 
flow becomes larger, and this flow is opposite to the 

Fig. 8　Eff ect of numerical grid resolution on the
 distribution of Mg concentration over a 
billet of 101 mm in radius when the slurry 
fl ow model was used at a casting speed of 
100 mm/min: (a) coarse, (b) normal and (c) fi ne 
grid resolutions. The simulated time is 200 s 
(Color fi gure online).
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Fig. 9　Eff ect of slurry fl ow on the distribution of Mg 
  concentration at a casting speed of 100 mm/

min: (a) without and (b) with slurry fl ow model. 
The billet radius is 101 mm (Color fi gure online).
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solutal buoyancy flow. Therefore , the larger 
downward flow at higher casting speed overcomes 
the buoyancy flow. Finally, the effect of billet radius 
on the macro-segregation characteristics was 
evaluated. Fig. 12 shows the effect of billet size on the 
distribution of Mg at a casting speed of 100 mm/min. 
In the case of smaller radius, 50 mm, no buoyancy 
flow is developed as shown in Fig. 12(a). As the billet 
radius increases, the velocity of solutal buoyancy flow 
becomes larger. In addition, in the billet of largest 
radius examined, the fluctuating non-linear convection 
is developed. This continuously oscillating vortical 
flow causes formation of the striped-pattern channel-
t y p e s e g r eg a t i o n s .  T ime v a r i a t i o n o f  Mg 
concentration distribution over a billet of 200 mm in 
radius is shown in Fig. 13. The casting speed was set 
to be 100 and 200 mm/min. In both the cases, the 
striped-pattern channel-type segregations were found 
to be formed. Until the sump shape is stabilized as 
shown in Fig. 13(a) i- i i i and (b) i-v, the solutal 
buoyancy flow is under development at the center 
axis of billet. After development and stabilization of 
the sump shape, a complicated vortical flow is formed 
in the sump as shown in Fig. 13(a) iv-vii and (b) vi-vii. 

This flow leads to formation of thin zones enriched 
with Mg in the mushy zone. This causes a delay in 
the solidification and formation of the striped-pattern 
channel-type segregations. Also, as shown in Fig. 13, 
negative segregations are formed between the high-
concentration channels. To elucidate the possible 
formation mechanisms of these channel -type 
segregations, the interaction between the flow and 
concentration fields was investigated in more details.
These channel-type segregations can be subdivided 
into the following three types depending on location 
where they are formed: an upward flow developed 
along the solidification front, the flow separation zone 
and stagnant zone. Fig. 14 shows the time variation 
in Mg concentration and flow velocity vectors near 
the mushy zone at a casting speed of 100 mm/min in 
a billet with 200 mm radius at the location where the 
upward buoyant flow is developed. A zone with high 
concentration of Mg is created at the packing location 
(αSC) because of enrichment of the liquid phase with 
Mg due to its partition between the solid and liquid 
phases. The concentration of Mg in the mushy zone 
causes occurrence of the upward solutal buoyancy 
flow that leads to the accumulation of Mg along the 

Fig. 10　Time variation in Mg distribution predicted with slurry fl ow model at diff erent casting speeds: (a) 50 mm/min, 
 (b) 100 mm/min, and (c) 200 mm/min. The billet radius is 101 mm. The simulated time is (i) 20, (ii) 200, and (iii) 
400 s in case (a); (i) 10, (ii) 100, and (iii) 200 s in case(b); (i) 5, (ii) 50, and (iii) 100 s in case (c) (Color fi gure online).
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packing locations resulting in the solidification delay.  
As a result , Mg is transferred from the low 
concentration zone toward the high concentration 
zone of delayed solidification due to Mg partition 
between the solid and liquid phase. In this way, the 
low concentration zones (negative segregations) are 
formed below the high concentration zones at the 
packing location. Fig. 15 shows the interaction 
between the slurry flow and vertically aligned 
channel-type negative segregations for the case of 
large billet of 200 mm in radius and casting speed of 
100 mm/min in the flow separation zones indicated in 
Fig. 15 by red circles. These zones are created by the 
buoyancy flow. As a result, the locations of high Mg 
concentration are shifted, and zones of lower Mg 
concentration are produced in the mushy zone 
underneath the flow separation zones forming the 
channel-type negative segregations aligned in the 
vertical direction. The generation mechanism of these 
channel-type segregations is different from that of the 
striped-pattern channel-type segregations at the 
upward flow as discussed above. Fig. 16 shows the 
interaction between the slurry flow and vertically 
aligned channel-type segregations in the stagnant 

zone in a billet with the radius of 200 mm at the 
casting speed of 100 mm/min. The stagnant zones are 
indicated by black circles. It is seen that these zones 
are located close to the flow separation zone, and 
zones of high Mg concentration are formed there. As 
a result, the vertical channel-type segregations are 
created.
The velocity of buoyant flow can be expressed in 

terms of Rayleigh number. As explained above, the 
solutal buoyant flow causes formation of the channel-
type segregations. The thermal and solutal buoyancy 
flow can be evaluated by the following Rayleigh 
number.

RaT = (27)
να

gβTΔTR
3

RaS = (28)
νD

gβCΔCR
3

where the ΔT is the temperature difference, and 
ΔC is the concentration difference. The temperature 
and composition differences can be roughly calculated 

Fig. 11　Velocity distribution near the mushy zone at 
  the casting speed of (a) 50 mm/min, (b) 

100 mm/min, and (c) 200 mm/min after the 
stabilization of sump shape. The white lines 
indicate the solidus temperature, liquidus 
temperature and packing location (Color fi gure 
online).
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Fig. 12　Eff ect of billet size on the Mg concentration 
 distribution at a casting speed of 100 mm/min. 
The radius of billet is (a) 50 mm, (b) 101 mm, 
and (c) 200 mm (Color fi gure online).
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as

ΔT = Tcast－Tl,Ccast (29)

ΔC=Cl,Ccast－Ccast=Ccast　　　　　　　　－Ccast (30)1
1＋αSC (kP－1)









The thermal and solutal Rayleigh numbers are 
approximately 7.691╳105 and 3.700╳109. These values 
indicate that the solutal buoyancy flow is much 
stronger than thermal buoyancy flow. This suggests 
that the solutal buoyancy flow is the main cause of 
the channel segregation formation. Also, the solutal 
Rayleigh number is proportional to the first power of 
concentration difference and third power of billet 
radius. It means that the condition for formation of 
channel-type segregations is sensitive to the billet 
size. Therefore, as seen in Fig. 12 through 16, the 

channel-type segregations are formed easily in large 
billets. Finally, one important point should be 
explained concerning the difference in the formation 
conditions of channel-type segregations between mold 
and DC castings. In the directional and mold casting, 
the channel-type segregations are formed at low 
cooling rates43). However, in DC casting, despite the 
fact that cooling rates are even lower than those in a 
mold casting, the channel-type segregations are 
formed only in some special cases. Besides, in mold 
and d i rec t i ona l ca s t i ngs , the channe l - type 
segregations can be simulated without considering 
the slurry flow model30)～32). The simulated results 
without using the slurry flow model in mold and 
directional casting also indicate the formation of 
channel-type segregations is expected to be more 
difficult in a DC casting compared with in a mold 

Fig. 13　Time variation of Mg concentration distribution over a billet of 200 mm in radius at the casting speed of 
 (a) 100 mm/min and (b) 200 mm/min. The simulated time is (i) 50, (ii) 150, (iii) 200, (iv) 250, (v) 300, (vi) 350, and 
(vii) 400 s in case (a); (i) 25, (ii) 75, (iii) 100, (iv) 125, (v) 150, (vi) 175, and (vii) 200 s in case (b) (Color fi gure online).
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casting. As seen from Fig. 12, the channel-type 
segregations are formed when the casting speed is 
slow. It suggests that the channel-type segregations 
unlikely to be formed due to the downward flow, 
which is caused by motion of ingot in a DC casting.

4. Conclusion

In the present study , we invest igated the 
generation mechanism of channel-type macro-
segregations in a DC casting by numerical simulation. 

Particularly, the effects of volume shrinkage flow due 
to the phase transition and slurry flow on the macro-
segregations were investigated. The channel-type 
macro-segregations and their formation mechanism 
were predicted in the DC casting process for the first 
time. The results obtained in the present study can 
be summarized as follows:
1.   The volume shrinkage flow causes formation of 

zones with high Mg concentration at the bottom 
part of ingot.

2.   Besides, the volume shrinkage flow causes 

Fig. 14　Interaction between the slurry fl ow and stripped-pattern channel-type segregations in a large billet at a casting 
  speed of 100 mm/min in the location where the upward buoyant fl ow is developed along the solidifi cation front. 

The simulated time is (a) 320, (b) 321, (c) 322, (d) 323,(e) 324, and (f) 325 s (Color fi gure online).
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Fig. 15　Interaction between the slurry fl ow and vertically aligned negative channel-type segregations in a large billet at 
  the casting speed of 100 mm/min in the fl ow separation zone. The simulated time is (a) 305, (b) 310, (c) 315, and (d) 

320 s (Color fi gure online).
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formation of negative segregations along the 
center axis of billet, and this phenomenon is 
especially pronounced in the case of high casting 
speeds.

3.   The slurry flow causes formation of the channel-
type macro-segregations in the case of lower 
casting speeds and large billets.

4.   The solutal buoyancy flow is the main cause of 
channel - type macro -segregat ions . Their 
formation condition can be evaluated by the 
solutal Rayleigh number.

5.   The channel-type segregations can be easily 
formed in mold and directional casting while in 
the case of DC casting their formation becomes 
difficult because the 

6.   me l t downward f low , generated by the 
downward motion of bi l let , prevents the 
development of upward solutal buoyancy flow. 

7.   The channel-type segregations are formed 
according the three mechanisms depending on 
the formation location.

8.   The striped-pattern channel-type segregations 
are formed at the zone where an upward 
buoyancy f l ow i s genera t ed a l ong the 
solidification front.

9.   The high concentration zone caused by the 
solutal buoyancy flow delays the solidification, 

and creates a flow from the low concentration 
area toward the high concentration zone. Finally, 
channel-type segregations with stripped pattern 
are formed. 

10.  At the flow separation zones, the vertically 
aligned channel-type negative segregations are 
formed because the flow separation decreases 
the Mg concentration in the mushy zone.
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