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Abstract

Macrosegregation formed during direct chill (DC) casting
of aluminum ingots will deteriorate the mechanical
property of products. The characteristic of macrosegre-
gation is reported to be affected by the free-floating
crystals, which was proved to result in the center negative
segregation. The motion of free-floating crystals in ingots
is numerically simulated. The model is developed to
incorporate fluid flow, heat transfer, and the motion of
free-floating crystals basing on the mixture model and
Lagrangian approach. Efforts are made to investigate the
motion of free-floating crystals in liquid and slurry zones
during solidification of casting process. In addition,
distribution of the dendrites in mush and solidified zones
is also studied. The variation of macrosegregation with
the influence of free-floating crystals can be primarily
clarified according to the results.
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Introduction

Macrosegregation formed during alloys solidification will
significantly deteriorate the mechanical property of products.
In DC-cast billets and ingots, movement and
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sedimentation/growth of free-floating crystals in the slurry
zone is considered one of the main mechanisms of
macrosegregation. Transport of free-floating crystals as
considered being solute-lean crystals within the slurry zone
by gravity and buoyancy forces, convective or forced flows
accounts for the formation of inverse segregation. This
theory was not accepted until 1980s [1], when the duplex
structure characterized by a mixture of fine-branched den-
drites and coarse-cell dendrites was observed near the ingot
centerline by numerous experiments [2, 3]. Microsegrega-
tion measurements performed by Nadella et al. [4] showed
that independent of grain refinement, coarse dendrite bran-
ches have a depleted concentration plateau in contrast to the
fine dendrite arms, which substantiate the concept of
solute-depleted floating crystals contributing to the center-
line segregation.

Vreeman et al. [5, 6] developed a numerical model to
investigate the effect of free-floating crystals and convection
on macrosegregation in DC cast aluminum alloys. The
velocity of free-floating crystals was assumed to be equal to
the average solid and liquid interfacial velocity on the basis
of the work of Ni and Incropera [7, 8]. Numerical results
show that the negative segregation at the centerline increased
with an increase in the packing fraction at which
free-floating crystals are presumed to coalesce into a rigid
dendritic structure. Using the method, Krane [9] evaluated
the effect of the motion of free-floating crystals on the final
macrosegregation patterns in a Pb-Sb-Sn alloy. Lesoult [10]
pointed out that only moderate flux density of the floating
crystals leads to the intense negative segregation, whereas
the segregation was effectively reduced when a larger den-
sity of the floating crystals caused their early immobility.
Reddy and Beckermann [11] predicted the commonly
observed subsurface enrichment and depleted regions, as
well as positive segregation at the centerline with a low grain
density. With a higher grain density, negative segregation
was predicted at the centerline. Turchin et al. [12] studied the
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solidification of an Al-4.5 pct Cu alloy in a shallow cavity
under conditions of forced flow by fluid-dynamics simula-
tions and experiments. In the study, they performed a
particles-transport calculation in the flowing melt to simulate
the settling of fragments in the beginning of the solidification
process, and the fragments were modeled as spherical par-
ticles with the size 50 pm. The results indicate that the
detached crystals or fragments could be transported by the
fluid flow from the upstream part of the cavity and, finally,
settle in the downstream corner, where the duplex (coarse
and fine) internal structure can be observed. Another report
by Eskin et al. [13] shows an obvious correlation between
the negative segregation at the downstream section of the
sample and the transport of solute-lean crystals by the flow.
Currently, although we conclude that the floating crystals
contribute to inverse segregation, doubts are expressed as to
what extent the floating crystals could affect macrosegrega-
tion. Thus, the authors intend to perform some works to
qualitatively describe how the free-floating crystals affect the
macrosegregation patterns, as well as quantitatively analyze
the influence of free-floating crystals on macrosegregation.
Although previous studies indicate the correlation between
negative segregation at centerline and the motion of
free-floating crystals with fluid flow, the movement charac-
ters and distribution of free-floating crystals in DC cast bil-
lets are rarely reported. Therefore, as our initial work, the
main purpose is to investigate the motion and distribution of
free-floating crystals during DC casting process of aluminum
alloys with a mathematic model, in which the fluid flow,
solidification, and transport of free-floating crystals are
simulated.

Model Description

Assumptions

(a) An incompressible Newtonian fluid was assumed and
the effects of turbulence were approximated with the
low Reynolds number turbulence model.

(b) Local thermodynamic equilibrium was assumed at the
solid-liquid interface.

(c) The densities of liquid and solid were assumed to be
constant and equal. Thus, the flow induced by shrinkage
was not considered.

(d) The free-floating crystals are treated as spherical parti-
cles, ignoring the influence resulted from the variation
of shape.

(e) A larger density (2700 kg/m3) is adopted for the
free-floating crystals in order to account for the effect of
gravity.
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(f) The growth and remelting of the free-floating crystals
are not taken into account here.

Fluid Flow Model

Conservation Equations

The coupled model governing the conservation of mass,
momentum, energy, and particle transport simultaneously
valid in the liquid, mushy, and solid zones, can be expressed
as follows.

Continuity Equation

V- (pii) = 0 (1)
where p and U represent mixture density and velocity,
respectively, and they are defined using mass fractions f;,, and
volume fractions g, for solid (n =s) and liquid (n =1)
phases.

i :fsﬁs +flﬁl

(2)
(3)

In the present work, the volume fractions for solid and
liquid are equal to the corresponding mass fractions as the
same density assumed for the two phases.

p = 8sPst 8P,

Momentum Equation

I(pid)

o +V - (piiii) = V - (15 Vii) — Vp + pg + S,

(4)
where ii; represents the solid velocity, p is the pressure, and
the effective viscosity g describing the sum of laminar and
turbulent viscosity was defined to take into account the
turbulence effect. The source term S, can be described as
follows:

)2
Sy = pgﬁT(T - TR) + uAm(ﬁ - ﬁs)

e (5)

where i represents the thermal expansion coefficient, 7 is
temperature, the subscript R identifies the reference value,
and ¢ is a very small positive number.

The first term on the right-hand of Eq. (5) accounts for
the thermal buoyancy, which resulted from the temperature
gradient during solidification. The buoyancy term were
calculated with the Boussinesq approximation. The second
term represents the phase interaction force in the mushy
zone, which was modeled as a porous medium wherein the
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Darcy’s law can be applied. A,, is permeability coefficient,
which depends on the morphology of porous media.

Turbulence Model

To consider the effects of turbulence on the fluid flow, the
low-Reynolds number k — ¢ model [14, 15] was adopted
here, which considered to be preferable than standard
two-equation k — ¢ model or high-Reynolds number k — ¢
model in continuous casting processes. Governing equations
of the model can be written as follows:

Ok N Hy
E#—V(puk) =V |:<M+ 0'](>Vk:| + Gi

— pe+pD+S;

Oe . &
5 +V. (pu?) =V [(/H— /;—:>VS:| —|—C]f|kaE

2
€
= Cafap - +PE S, (7)
where k and ¢ are the turbulent kinetic energy and its rate of
dissipation, respectively. Sy and S, represent the source
terms for k and ¢ equations, which related to solidification as

1— 2 1— 2
Si = f;—féAmk, and S, = ﬁ—féAms.
The turbulent viscosity can be calculated with the fol-
lowing equation:

2
W= pfucy? (8)

The coefficients and empirical constants [15] used for the
Launder—Sharma low-Reynolds number model are listed in
Table 1.

Energy Equation

Table 1 Coefficients and
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where k7 .z is the effective heat conductivity, which can be
described as follows:

kr;+ ;,”—r'r , T>T,
krey = § krofs +krfi, To<T<T, (10)
kT,s7 T S TS

where k7, and k7 are the thermal conductivity of solid and
liquid, respectively, and the turbulent Prandtl number Pr, is
listed in Table 1.

The enthalpy H in the energy conversation equation can
be described as a function of temperature:

T
H = H,y+ / ¢psdT +fiL

Ther

(11)

where ¢, is the specific heat, H,, is the enthalpy at refer-
ence temperature Ty, and L is the latent heat of fusion. In
this work, the solid fraction was calculated with the Scheil
equation, which expressed as [16]:

07 TZTZ
)
fi=31- (g_;) . T.<T<T, (12)
1 T<T,

where T; and T are the liquidus and solidus temperature
respectively.

Particle Force Balance Equation
The motion of free-floating crystals is governed by the
particle force balance equation defined as follows:

(13)

ppgd;’? = ﬁdrangFp + Fp+ Fym

where p,, is the particle density, d, is particle diameter ,i, is
particle velocity, F"dmg is particle drag force, F“,, is pressure

gradient force, F, » 1s buoyancy force, F 'vM 18 virtual mass force.
Drag force can be described as [17]:

- Parameters Values Parameters Values
empirical constants used for the : 5
low-Reynolds number model G ™ (%, + % 2721 D 2u (%f))
E 2w\ 2 2
2t (Z) Tu exp {—3.4/(1 +Be) }
Cy 0.09 (&) 1.92
f1 1.0 Ok 1.0
f2 1.0-03 exp(fRelz) o 1.3
C 1.44 Re, ok? [ ue
Pr, 0.9 N 1.0
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Fdrag = EdzCDpZ|I’_iP - ﬁl| (I’_iP - ﬁl)

g (14)

where Cp is a dimensionless drag coefficient as a function of
particle Reynolds number, according to the approach of

Crowe et al. [17, Cp=(1+0.15RS%)24/Re,,

Re, = pydy [T, — T |/p, Re, is particle Reynolds number. i
is instantaneous velocity, which will be described below.
The pressure gradient force can be given as follows:

T

F, = G

3
d3Vp (15)

The buoyancy force can be expressed as:

O 4 -
Fp = gdS(Pz —py)& (16)

The virtual mass force, takes in account that an acceler-
ating or decelerating body should accelerate a volume of
surrounding fluid equal to one half of the volume a sphere
displaces:

- d
Fyy = Ed3PICVM— (i) — i)

17
67 dt (17)

where Cyy is virtual mass force coefficient, which is set as
0.5 [18].

The stochastic transport of particles (STP) [19] is adopted
to incorporate the stochastic effect of turbulent fluctuations
on particle. In STP model, velocity fluctuations are based on
a Gaussian-distributed random number chosen according to
the kinetic energy of the local turbulence. The random
number is changed to produce a new instantaneous velocity
fluctuation at a frequency equal to the characteristic lifetime
of the eddy. The instantaneous velocity is then given by:

Table 2 Operation parameters
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- !/
Ui = Ui +u;

u, = (2k/3)"? "

where u; is mean velocity component of the fluid flow in
direction i, u} is component of Gaussian-distributed random
velocity fluctuation in direction 1i.

Computational Procedure
Geometry Model and Numerical Scheme

Geometry Model and Thermophysical Parameters
The DC casting process of Al-4.5 pct Cu alloy is numeri-
cally studied in this work, the operation parameters and
thermo-physical parameters applied in the simulation are
listed in Table 2. In order to enhance the computing effi-
ciency, a two-dimensional model shown in Fig. 1 was used
here.

Numerical Scheme

The model was solved in the computational domain shown
in Fig. 1 with the appropriate initial conditions, boundary
conditions, and thermo-physical parameters in open-source
software OpenFOAM [20]. The finite volume method
(FVM) was applied to the set of macroscopic transport
equations. The large time-step transient solver, PIMPLE (a
merged PISO-SIMPLE algorithm), was used to solve the
pressure-velocity coupling; this algorithm has shown supe-
rior numerical stability in large time-steps calculations as
compared to the Pressure Implicit Splitting Operator (PISO)
algorithm [21], which is applied in the PIMPLE algorithm
to rectify the pressure-velocity correction, while the

and thermo-physical parameters Parameters Values
Casting speed, m/min 0.09
Ingot diameter, mm 200
Pouring temperature, K 965
Density, kg/m® 2500
Solid specific heat, J/(kg K) 958
Liquid specific heat, J/(kg K) 1054
Liquid thermal conductivity, W/(m K) 95
Solid thermal conductivity, W/(m K) 180
Thermal expansion coefficient, K™ 1.17 x 107*
Liquid viscosity, Pa s 0.0013
Latent heat, J/kg 390,000
Melting point of Al, K 933.5
Liquidus temperature, K 921
Solidus temperature, K 821
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Fig. 1 Geometry model and the corresponding mesh

Semi-Implicit Method for Pressure-Linked equations (SIM-
PLE) algorithm allowed us to calculate the pressure from
velocity components on a grid by coupling Navier—Stokes
equations with an iterative procedure. Both numerical sta-
bility and efficiency can be achieved with the PIMPLE
algorithm. The whole solving process consists of two steps:
the transient simulation of the fluid flow and solidification is
firstly executed for 160 s, providing an initial condition for
the following calculation, which coupled the motion of
free-floating crystals with the fluid flow and solidification.
The time step was set at 1le—4s in the calculation of particle
transport.

Boundary Conditions

The boundary conditions considered applicable to the
macrosegregation simulation in continuously cast billet are
described as follows.

Free Surface
The free surface was set to be adiabatic wall. The normal
gradients of other variables were set to be zero.

Inlet and Outlet

Molten aluminum is poured into the mold through a straight
nozzle at a certain flow rate corresponding to the casting
speed. The inlet velocity profile was assumed to be flat and
determined based on the inlet-outlet mass balance. Thus,
boundary conditions of all variables at the inlet can be
described as follows:
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4n?
uy =0, uy = u;, = J;uc (26)
T, =T, (27)

where wj, represents the ingot diameter, d;, is the diameter of
nozzle, and T, is the pouring temperature. The values of
k and ¢ at the inlet were calculated on the basis of the
semi-empirical equations [22]. At outlet, fully developed
condition was adopted for the fluid flow, and normal gra-
dients of other variables were set to be zero.

Moving Wall

In the simulation, the ingot surface was treated as a moving
wall, and the velocity was set to equal casting speed, and the
thermal boundary conditions can be calculated as follows:

qs = h(Tsurf - Te) (28)

where T,y is the surface temperature of billet, 7, is the
environment temperature, and s is the integrative heat
transfer coefficient, which can be calculated using the fol-
lowing equations.

In the mold zone, the heat transfer coefficient was treated
as a function of solid fraction to take into account the
influence of air gap on heat transfer:

h= hconmct(l _fr) +hair fv (31)

Heat transfer coefficient in the secondary cooling region
varies with the change of surface temperature, and
the expression of Zhang et al. [23] was applied in the
simulation.

Results and Discussion
Solidification

Figure 2 shows the contour plot of predicted liquid fraction,
also the isoline with the value of 0.6 (fs = 0.4) is indicated
with the black line in the figure. The position of the crater
end, shape of mushy zone and the related solidified shell can
be clearly identified in the figure. The predicted temperature
profiles at different positions of the ingot are shown in
Fig. 3. As shown, the temperature in the ingot decreases
slowly during early solidification as affected by the adiabatic
hot top (0.14-0.20 m). The molten solidifies as soon as
reaching the mold region (0.11-0.14 m), wherein the surface
temperature decreases rapidly below the solidus temperature.
The temperature at the center and quarter changes little in the
meantime for the low cooling intensity. After that, the
temperature of the whole ingot gradually decreases, and the
smallest cooling rate occurs at the centerline.
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Fig. 3 Predicted temperature profiles at different positions of the ingot

The occurrence of air gap between the ingots, a solidifi-
cation zone exists at the mold region, where the free-floating
crystals will develop and escape from the solidified shell into
the liquid and mushy zone. In the present work, the particles
are introduced into the ingot from this region, as shown in
the figure with the grey frame. The introduction of particles
will be clearly indicated in the following figure. The mushy
zone gradually develops in the ingot, and the largest mushy
zone has been predicted at the central zone in response to the
smallest cooling rate. And this will contribute to the growth
of crystals in this region.

Motion and Distribution of Free-Floating Crystals

Figure 4 depicts the distribution of the particles (with the
size of 130 pm) at different moments from the time particles
were introduced: 1, 5, 10, 20, 30, and 50 s. It should be note
that the duration time of particle addition is 10 s, and the
number of particles is set to be 50 per second. Also, the
mushy zone patterns are identified with iso-lines, red line
represents the iso-line of 0.99 liquid fractions, and the liquid
fraction of 0.01 is given as the black line. The coherency
point with the solid fraction of 0.4 (liquid fraction 0.6) is
shown in the figure by the orange dashed line. At the time of
1 s, the particles are just introduced into the ingot, and the
position of the particle addition can be clearly identified,
although the position might not be accurate for the formation
of free-floating crystals. The inaccurate position of particles
injection, corresponding to small liquid fraction (less than
0.6), leads to the immediate sediment near the ingot surface.
A number of particles float into the liquid as affected by the
turbulent fluctuation and buoyancy. In fact, most of these
floating crystals will be re-melted for the high temperature in
this region, and the others will plunge into the slurry zone
with the fluid flow.

To investigate the influence of particle size on their dis-
tribution, the particles with 8 different diameters (10, 40, 70,
100, 130, 200, 350, and 500 um) are uniformly introduced
into the ingot at the same time. The predicted distribution of
the particles with different sizes is shown in Fig. 5, and the
computing time is 50 s. The red particle represents the
smallest size (10 pum), and the largest is identified by blue
ones (500 pm). As shown in the figure, most of the blue
particles are predicted to be in the completely solidified
region (below the black line), and the red ones are randomly
distributed in the liquid zone (above the red line). The pre-
dicted distribution indicates that the large particles are more
prone to go down into the mushy zone and captured by the
solidified shell. While the particles with small diameters tend
to float into the liquid and slurry zones affected by the tur-
bulent fluctuation and buoyancy. The effect of size on dis-
tribution can be more clearly identified from Fig. 6, which
illustrates the distribution of particles with three different
sizes (10, 130, 200, and 350 pm). As shown, with the same
computing time and particle number, the ratio of
free-floating particles of 350 pm in the liquid obviously less
than that with the size of 10 pm. These findings suggest that
large free-floating crystals tend to be captured as soon as
their formation, while small ones are prone to float into the
region with high temperatures. And all of them hardly arrive
at the center of ingots, only the free-floating crystals with
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moderate sizes can move to the ingot center along the nearby
region of slurry.

Conclusions

A mathematic model coupling the fluid flow, solidification,
and transport of free-floating crystals is developed to
investigate the motion and distribution of free-floating
crystals during DC casting process of aluminum alloys.
The liquid fraction patterns and characteristics of solidifi-
cation are given in this work. When the particles are intro-
duced, a number of them float into the liquid as affected by
the turbulent fluctuation and buoyancy, while the others go
down into the mushy zone and are captured further by the
solidified shell. The results of different diameters show that
large particles are more prone to be captured by the solidified
shell, and small ones tend to be floating in the liquid and
then re-melted. This indicates that only the free-floating
crystals with moderate sizes can move to the ingot center
along the nearby region of slurry and affect the formation of
centerline segregation.
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Fig. 6 Comparison of the distribution of particles with three different sizes
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