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Abstract: A modified horizontal continuous casting process under the electromagnetic field was proposed for preparing AA3003/
AA4045 clad composite hollow billets. To investigate the effect of electromagnetic field on this process, a comprehensive
three-dimensional model was developed. Two cases with and without electromagnetic field were compared using the simulations.
When rotating electromagnetic stirring is applied, the flow pattern of fluid melt is greatly modified; the mushy zone becomes much
wider, the temperature profile becomes more uniform, and the solid fraction decreases for both the external and internal alloy melt
layers. These modifications are beneficial for the formation of a bimetal interface and fine and uniform grain structure of the clad
composite hollow billet. Experiments conducted using the same electrical and casting parameters as the simulations verify that under
the electromagnetic field the microstructure of the clad composite hollow billet becomes fine and the diffusion of the elements at the
interface is promoted.
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1 Introduction

Aluminum clad composite products exhibit an
excellent combination of physical, chemical and
mechanical properties that cannot be achieved by a
monolithic material. These materials have been
successfully used in the automotive and other industries.
For example, some radiators and heat exchangers are
manufactured with the AA4045/AA3003 clad brazing
products which are made from a thin clad layer of the
AA4045 brazing alloy clad onto the corrosion-resistant
AA3003 alloy. Double performances can thus be
improved for not only the weldability but also the
corrosion resistance.

The conventional method for cladding products
involves roll bonding or welding [1—4]. Although the roll
bonding method has served the industry well for decades,
this approach still has some practical issues. A major
disadvantage is that roll bonding is a very time intensive

and expensive process and it is impossible to remove all
of the oxides at the interface [5].

Recently, the process of simultaneous casting has
been developed for the manufacturing of clad composite
slabs, rods or tubes [6—11]. This casting process has
distinct advantages of both cost reduction and interface
improvement. In addition, the use of an electromagnetic
field, which can significantly improve the solidification
structure and mechanical properties of billets [12—15],
has gained wide application in the metallurgy industry
due to the advantages of the high energy density and
controllability of this non-contact technique.

In order to understand the casting process under
electromagnetic field, numerical modeling is used
increasingly by many researchers with the development
of powerful numerical methods and computers. Several
models were developed to analyze fluid flow, heat and
mass transfer and solidification during the -casting
process [16—22]. For instance, BASERINIA et al [21]
developed a steady-state thermofluids model of the
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fusion co-casting technology casting process to simulate
the casting of rectangular bimetallic ingots.
FOROOZMEHR et al [22] described a coupled
dissolution and diffusion model of solutionizing and
solute redistribution in a co-cast bi-layer aluminum alloy
system. NASTAC and STEFANESCU [17] developed a
general stochastic model to describe the fraction of solid
evolution, cooling curves and microstructure formation
in castings. In addition, numerous scholars focused on
the effects of an electromagnetic field on the fluid flow
or solidification during the casting process using
numerical simulations [23—29]. For example, ZHANG
et al [26] developed a comprehensive mathematical
model to describe the interaction of the multiple physics
fields during low frequency electromagnetic casting of
7xxx aluminum alloys. LI et al [28] performed a
simulation study on the horizontal continuous casting
process of copper hollow billets under rotating
electromagnetic stirring. CHAUDHARY et al [29]
investigated the effect of static electromagnetic braking
on the transient turbulent flow in continuous slab casting
using large eddy simulations.

Based on the work by LIU et al [11,30], rotating
electromagnetic stirring (REMS) was applied to the
horizontal continuous casting process for preparing clad
aluminum hollow billets. However, few studies have
been reported, which investigated the casting process for
manufacturing clad composite hollow billets under an
electromagnetic field using numerical simulations. In this
work, a comprehensive three-dimensional numerical
simulation model was developed to investigate the
solidification process of clad composite hollow billets
during horizontal continuous casting under rotating
electromagnetic stirring. The effects of rotating
electromagnetic stirring on the flow field and thermal
field were studied using this model. Corresponding
experiments were implemented to verify the simulation
work.

2 Experimental

The schematic of the experimental apparatus,
presented in Fig. 1, contains the tundish, crystallizer,
water-cooling ~ system, withdrawal device and
electromagnetic system. The crystallizer is composed of
an annular baffle plate, a graphite mold consisting of an
inner mold and an exterior mold, and a water-cooling
copper outer-jacket. The annular baffle plate is fixed into
the graphite mold between the molten alloys. A
three-phase rotating electromagnetic stirrer, with 6 poles
and 42 turns per winding, as shown in Fig. 2(a), is
installed around the graphite mold. The power phase
difference between adjacent poles is 2/3w. In this
experiment, molten metal of the external layer was

poured into the graphite mold from the furnace first.
Once the drawing system started working, the melt of the
internal layer was poured into the tundish and entered
into the central part of the graphite mold through the
graphite duct, and then, the combination of internal and
external alloys occurred at the bottom of the annular
baffle plate. The liquid metal stream was precisely
controlled by a flow control tap, and the clad composite
hollow billet was continuously withdrawn from the
crystallizer. Rotating electromagnetic field stirring was
applied during the horizontal continuous casting.

Fig. 1 Schematic of experimental apparatus: 1—AA3003 melt;
2—AA4045 melt; 3—Tundish; 4—Furnace; 5— Electro-
magnetic stirrer; 6—Annular baffle plate; 7—Water-cooling
copper outer-jacket; 8—Graphite mold; 9—Second cooling
system; 10—Drawing system; 11—Clad composite hollow
billet
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Fig. 2 Computational grid in ANSYS Mechanical (a) and
boundary conditions in ANSYS FLUENT (b): 1—Graphite
mold; 2—AA3003 melt; 3—AA4045 melt; 4 — Annular
graphite plate; 5—Iron core of electromagnetic stirrer; 6—Coil

winding of electromagnetic stirrer; 7—Water cooling copper
outer-jacket; 8—Clad composite hollow billet



Li WU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 26752685 2677

3 Simulation model

3.1 Assumptions

To simplify the problem, certain assumptions were
made:

1) The displacement current is neglected.

2) The variety of the fluid field has little effect on
the distribution of the magnetic field.

3) Joule heat is not considered in this model because
the Joule heat produced during the low-frequency
electromagnetic casting process is much smaller
compared with the entropy inflow with the liquid
aluminum with respect to room temperature.

4) The molten aluminum alloys behave as
incompressible fluids. The effect of liquid surface
fluctuations in the flow and the additional magnetic field
produced by the flow of aluminum liquid in the mold are
ignored.

5) The calculation of the solute field is not included
in this model and ignores the interface reaction between
AA3003 and AA4045 alloys.

3.2 Governing equations

The Maxwell’s equations are used for
electromagnetic field calculation. The governing
equations for flow field and thermal field are described
as follows.

Continuity equation:

%P y. -
4V (pU)=0 (1)

Momentum equation:

AL V- (PUU) =V (V) -Vt
f2
AU -U)= BT -T)+F ()
(fL 5) h pep 0

where U is the fluid velocity; p is the density; g.g is
the effective viscosity coefficient, where pes = 1+ i, 1
is the laminar viscosity and g is the turbulent viscosity; p
is the pressure; f; and fg are the liquid and solid volume
fractions, respectively; T is the temperature; 7, is the
reference temperature and was assumed to be equal to
the liquidus temperature in the current study; J is a small
number to prevent division by zero; Ap,g, is the mushy
zone constant; Uy is the solid velocity due to the pulling
of solidified material out of the domain; g is the
gravitational acceleration; £ is the thermal expansion
coefficient of the molten aluminum; and £ is the Lorenz
force and is ignored during the casting process without
REMS. In this model, the lever rule is used to calculate
the solid fraction fg and the liquid fraction f;, which are
functions of temperature and are expressed using the
following equations:

I, T>T,
fi=41- L ,Ty<T<T, and f5=1-f
L 1ka S L N L

0, T<T,

A3)
where k, is the solute partition coefficient, T; is the
fusion temperature of the pure base metal and 71 and T
are the liquidus and solidus temperatures, respectively.

The standard k—e model, which is a semi-empirical
model, is used to model the transport of turbulence
kinetic energy and its dissipation rate. The first form of
this model is

2
w = pC,— )
&£
where C, is a function of the turbulent Reynolds number,
which is a constant value, k& and & represent the
turbulence kinetic energy and its rate of dissipation,
respectively and are obtained using the following
transport equations:

AP v =Vl + EVH £ G- pp )

ot Ok

5 2

<§€) V-(pUe) =V-[(u+ )W]HlkG‘“Z"g?
(©)

where x4, is the laminar viscosity, G represents the
generation of turbulence kinetic energy, c¢; and c, are
constants, o and o, are the turbulent Prandtl numbers for
k and ¢, respectively. All constants used in Egs. (4)—(6)
are given as follows: C,=0.09, c,=1.44, ¢,=1.92, ¢,=1.0
and o,=1.3.

Energy equation:

The enthalpy H of the material is computed as the
T
sum of the sensible enthalpy h:IT c,dT and the
ef

latent heat AH = f{ AH; in the energy equation as
H=[" c¢,dT+fAH ®)
LS ref cp - !

where k7 is the thermal conductivity, T is the reference
temperature, ¢, is the specific heat capacity at constant
pressure, f; is the liquid volume fraction and AH; is the
latent heat of the material. The latent heat is released
uniformly between the liquidus and solidus temperatures.
In other words, the enthalpy changes linearly over the
solidification range.

4 Numerical procedure

The current model was based on a combination of
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the commercial software package ANSYS Mechanical
and ANSYS FLUENT (Dalian University of Technology
is authorized by ANSYS Inc., to use these softwares),
with the former for calculation of the electromagnetic
field and the latter for calculations of the fluid flow, heat
transfer and solidification. When the casting process
without REMS was simulated, only the flow field and
thermal field were solved. During the REMS process,
coupled modeling of the electromagnetic field and other
fields must be performed. Moreover, this interaction is in
a single direction. That is, the electromagnetic field has
an effect on the other fields, while these fields have no
effect on the electromagnetic field. The electromagnetic
field was first solved using ANSYS Mechanical. Then,
the obtained Lorenz force was added to the conservation
equation of momentum as the source term while solving
the flow field and thermal field in ANSYS FLUENT.
Figures 2(a) and (b) present the computational grid and
boundary conditions, respectively. The graphite mold and
annular baffle plate are 340 mm and 140 mm in length,
respectively. The sizes of the clad composite hollow
billet are d86 mmx21 mm with a simulation length of
650 mm. The thicknesses of the internal and external
layer of the clad composite hollow billet are 15 mm and
6 mm, respectively.

During the of the

calculation  procedure

Table 1 Casting process parameters
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electromagnetic field based on the ANSYS Mechanical,
the magnetic potential method is used.
Furthermore, when other fields are calculated based on
ANSYS FLUENT, the pressure—velocity coupling
algorithm is the simple algorithm, the difference schemes
are the first-order upwind scheme and all of the
calculations are run with a time-step of 0.001 s.

vector

4.1 Casting parameters and material properties

In this work, two different casting processes were
modeled, and the electrical and casting parameters are
listed in Table 1. AA3003 and AA4045 aluminum alloys
were used as the experiment materials for the internal
and external layers of the clad composite hollow billet,
respectively. The chemical composition of AA3003 is
0.219% Si, 1.066% Mn, 0.553% Fe, 0.073% Cu, 0.006%
Ti, 0.008% Ni, 0.003% Zn, and the balance is Al. The
chemical composition of AA4045 is 9.857% Si, 0.004%
Mn, 0.156% Fe, 0.001% Cu, 0.012% Ti, 0.007% Ni,
0.001% Zn, and the balance is Al. The material
properties used in this study are listed in Tables 2—4 [31].

4.2 Boundary conditions

When the electromagnetic field was solved, the
boundary conditions in the outer air region were set with
the magnetic flux parallel condition, and the interface

. Pouring temperature Pouring temperature Casting speed/ Electromagnetic
Condition . - Current/A
(AA3003)/K (AA4045)/K (mm'min ) frequency/Hz
Without REMS 1003 963 120 0 0
With REMS 1003 963 120 50 80
Table 2 Thermo-physical properties of material
. Density/ Viscosity/ Thermal expansion Latent .heat of Solidus Liquidus SOI.u.te
Material (k 'm73) (k ~rn71's7]) cocfficient/K"! fusion/ temperature/ temperature/ partition
£ 5 (kI'kg™") K K coefficient
AA3003 2730 0.00115 2.3x10°° 386 916 927 0.67
AA4045 2657 0.00115 2.1x10°° 460 851 862 0.13
Table 3 Magnetic properties of material
Material AA3003 AA4045 Copper Iron core Coil Graphite Air
Electric resistivity/(Q'm) ~ 4.2x10°® 431x10°%  2.92x107® 7.3%x1077 1.68x10°% 1.42x107° -
Relative permeability 1 1 1 10000 1 1 1

Table 4 Specific heat capacity and thermal conductivity of AA3003 and AA4045

Specific heat capacity/(J-’kg 'K ™")

Thermal conductivity/(W-m K™

Material
298 K 773 K 916 K 927 K 1073 K 298 K 773 K 916 K 927 K 1073 K
AA3003 900 1112 1150 1167 1167 136.1 1554 151.6 61.1 60.9
298 573 851 862 1073 298 573 851 862 1073
AA4045
885 1116 1350 1128 1128 141.3 188.5 172.0 57.0 61.0




Li WU, et al/Trans. Nonferrous Met. Soc. China 25(2015) 26752685 2679

between the two regions was automatically satisfied in
ANSYS Mechanical.

As illustrated in Fig. 2(b), when the flow field and
thermal field of the casting process were solved, the
boundary conditions were described as below.

1) Inlet and outlet boundaries

The velocity boundary condition was used in the
region. The turbulence kinetic energy and its dissipation
rate were set as follows:

_ 2 . _ inlet .
_O'Oluin]et’ Einlet = R s

koutlet =0 5 Eoutlet = 0 (9)

k

inlet

where Rjy is the hydraulic radius of the inlet. The
temperatures at the inlet and outlet boundaries were set
as the pouring temperature and room temperature,
respectively.

2) Mold cooling boundary

The velocity and turbulence boundary conditions
were set as the static wall. The heat transfer on the outer
surface of the clad composite hollow billet in the mold
was modeled with the Neumann boundary condition:

~kS-=7 (10)

In the mold cooling region, heat was extracted
through the mold and carried away by the cooling water
in the copper jacket. Therefore, the average heat flux can
be obtained by
_ 0,C,AT,
q= 4 11
where ¢ is the average heat flux, Q,, is the cooling
water quantity, C,, is the specific heat of water, AT is the
temperature difference and A4 is the effective cooling
area.

3) Water cooling boundary

The water cooling boundary condition used in the
current model is based on the empirical model of
Weckman and Niessen [32]. The forced convection and
nucleate boiling effects are estimated for a turbulent
water film, and the heat transfer coefficient in water
cooling zone is given as follows:
20.8

AT
h= nucleate boiling (12)
(-1.67x10° + 704?)Q”3, forced convection

(=1.67x10° +704T)0""* + === (AT, )%,

where / is the heat transfer coefficient in water coolling
zone; T is the average temperature of water; AT is the
temperature difference between the billet surface and the
cooling water; ATy is the difference between the ingot
surface temperature and the water saturation temperature
(at this temperature, 373 K, the cooling water will boil

off the surface of the clad composite hollow billet); and
O is the water flow rate.

4) Air cooling boundary

The velocity and turbulence boundary conditions
were treated as the moving wall, and its moving velocity
was the casting speed. The heat transfer coefficient in the
air cooling zone was given as follows:

hyie = 08, T (13)

where o is the Stefan—Boltzmann constant, g, is the
blackness of the clad composite hollow billet surface and
T is the temperature of the clad composite hollow billet
surface.

The AA3003/AA4045 interface was modeled as a
zero-thickness layer with a discontinuous change in
material properties. Momentum and energy are
conserved across the interface; however, no mass transfer
is allowed. The boundary conditions of the rest of the
walls were treated as those of a static adiabatic wall.

5 Results and discussion

5.1 Electromagnetic field, fluid flow and thermal field

Figure 3 presents a comparison of the calculated
and experimental results of the magnetic flux density at
the outer wall of the graphite exterior mold under
various currents. As observed in Fig. 3, there is a good
agreement between the calculated and the measured
results, and the maximum relative error is smaller than
7.5%.

30
2261 » — Simulated value
=, 4 — Measured value
5 22/
.
w
=
=
.2 18}
D
=
1
= 14F
10 . . . .

40 50 60 70 80 90 100
Current/A
Fig. 3 Comparison of calculated and measured magnetic flux
densities at outer wall of graphite mold under various current
with /=50 Hz

The simulated results for the magnetic flux density
and the Lorenz force in the x—y plane (z=120 mm) are
presented in Figs. 4(a) and (b), respectively. As can be
observed, the vector of the Lorenz force wvaries
periodically with a vortex configuration and points from
each magnetic pole to the center zone, and the direction
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of the Lorenz force is always perpendicular to the
direction of the magnetic flux density. Figures 4(c) and
(d) present the numerical results for the magnetic flux
density and Lorenz force in the y—z plane (x=0),
respectively. Because of the skin and edge effects of the
alternative electromagnetic field, the maximum values of
the magnetic flux density and Lorenz force emerge on
the billet surface near the center of the electromagnetic
stirrer and decrease from the center to both sides along
the axial z-direction.

Figure 5 shows the magnetic flux density and
Lorenz force distribution along the radial y-direction
(x=0, z=120 mm) and the axis z-direction (x=0, y=43 mm)

density/T

Magnetic flux
density/T
0.018 0.022
0016 0.020

(c)

0.006 0.010 0.014
0.008 0.012

. "Magnetic flux
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of the clad hollow composite billet, respectively. The
magnetic flux density and Lorenz force are observed to
vary sharply near the outer wall and smoothly near the
inner wall of the clad composite hollow billet in Fig. 5(a).
Figure 5(b) demonstrates that both the magnetic flux
density and Lorenz force exhibit the typical jump near
the center of the electromagnetic stirrer, which appears
as a sharp hill in the axial z-direction. The maximum
magnetic flux density and Lorenz force reach 23 mT and
1.9x10* N/m’, respectively.

Figure 6 presents the calculated results for the flow
field. Velocity vectors with an isotherm in the y—z
plane (x=0) without REMS and with REMS are shown in

Casting direction

==

Lorendz force/
(N-m™)

2000 G000 10000 14000 18000

4000 000 12000 16000

(d)

Fig. 4 Calculated results of electromagnetic field with REMS: (a) Magnetic flux density contours and vectors in x—y plane
(z=120 mm); (b) Lorenz force density contours and vectors in x—y plane (z=120 mm); (c) Magnetic flux density contours and vectors
in y—z plane (x=0); (d) Lorenz force density contours and vectors in y—z plane (x=0)
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Fig. 5 Distribution of magnetic flux density and Lorenz force along radial y-direction (x=0, z=120 mm) (a) and axial z-direction (x=0,

y=43 mm) (b) of clad composite hollow billet with REMS
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Figs. 6(a) and (b), respectively. Without REMS, the
liquid melt velocities of both the internal and external
layer are relatively small, and the melt flow direction is
approximately parallel to the centerline of the clad
composite hollow billet. However, with REMS, the
velocities of the internal and external melt stream both
have horizontal and large vertical components in the y—z
plane (x=0) due to the stirring action of the alternating
magnetic field. Figure 7 presents the velocity profiles
and vectors in the x—y plane (z=120 mm) with REMS.
The direction of the circulation is clockwise, and the
maximum rotation velocities are observed to be 0.35 m/s
and 0.25 m/s in the internal and external layer regions,
respectively.

Velocity/(mss™)

0.002 0.003 0.004 005 015 025 035

(a)
% Casting direction
- *—s-‘-’-" %‘:_,'; : “}; J R _}’8( =
- = BT -8 S T PiE

e I

..-;r e

==

= [ W Velocity/(m-s™)
0.002 0.003 0004 0.05 0,15 025 035

(b)
Fig. 6 Calculated results for flow field: velocity vectors with
isotherm in y—z plane (x=0): (a) Without REMS; (b) With
REMS

Velocity/
(m-s™")

0.35
0.30
0.25
0.20
0.15
0.10
0.05

Fig. 7 Velocity profiles and vectors in x—y plane (z=120 mm)
with REMS

Figure 8 presents the temperature profiles without
REMS and with REMS in the y—z plane (x=0).
Compared with the casting process without REMS, the

distribution of the temperature field is greatly modified
with REMS. The mushy zone, which is defined as the
zone between the solidus and liquidus, becomes much
wider when REMS is applied. Figure 9 shows the effect
of REMS on the axial depth and axial temperature
gradient of the mushy zone during casting processes. The
axial depth of the mushy zone for AA4045 of the
external layer is increased from 20 to 58 mm, and the
axial depth of the mushy zone for AA3003 of the internal
layer is increased from 3 to 22 mm. The axial
temperature gradient of the mushy zone for AA4045 of
the external layer is decreased from 5.5 to 1.9 K/cm, and
the axial temperature gradient of the mushy zone for
AA3003 of the internal layer is decreased from 36.7 to
2.0 K/em. The reason for the great modification of the
temperature field is the vigorous forced convection
induced by the electromagnetic stirring and the heat flux
along the axial direction is increased due to the vigorous
forced convection in the solidification front.

— Temperature/K
450 550 650 750 351 862 916 927 1000

(a)

Casting direction

Temperature/K

450 550 650 750 851 862 916 927 1000
(b)
Fig. 8 Calculated temperature profiles without (a) and with (b)
REMS in y—z plane (x=0)

The liquid fraction profiles resulting from the
temperature field distribution without and with REMS in
the y—z plane (x=0) are presented in Fig. 10. Figure 11
shows the predicted variations of the solid fraction in
the middle of the interface of the clad composite
hollow billet without and with REMS. As observed in
Figs. 11(a) and (b), both the AA4045 of the external
layer and the AA3003 of the internal layer are in
semisolid form at the interface once the internal melt
comes into contact with the external alloy, and then, the
solid fractions of both sides start to increase and finally
reach approximately 12 mm away from the baffle bottom
due to the effects of the mold cooling.
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Fig. 9 Effect of REMS on axial depth (a) and axial temperature
gradient (b) of mushy zone during casting process
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Fig. 10 Calculated liquid fraction profiles without (a) and with
(b) REMS in y—z plane (x=0)
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Fig. 11 Predicted variations of solid fraction in middle of

interface of clad composite hollow billet without (a) and with
(b) REMS

5.2 Macro/micro structures and bimetal interface
Figures 12(a) and (b) show the macrostructures of
the clad composite hollow billets in cross section at a
casting speed of 120 mm/min without and with REMS,
respectively.  Without REMS, the solidification
macrostructure is inhomogeneous and consists of coarse
columnar grains in the transverse section; however, with
REMS, this macrostructure is homogeneous, and a very
fine equiaxed grain structure is exhibited. From the
present investigation, the main reasons are as follows.
First, the mushy zone becomes much wider, and the
temperature profile becomes more uniform, as illustrated
in Figs. 9 and 10. Therefore, the heat flux along the axial
direction is increased due to the vigorous forced
convection induced by the electromagnetic stirring at the
solidification front. Second, the uniform temperature
field and low temperature gradient in the mushy zone
with REMS increase the nucleation rate, which is one of
the main reasons for the fine equiaxed grain structure of
the clad composite hollow billet produced during the
casting process with REMS. Third, due to the vigorous
forced convection with REMS, as demonstrated in
Figs. 6 and 7, the growing columnar dendrites are broken
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<
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Fig. 12 Macrostructures of clad composite hollow billets in cross section without (a) and with (b) REMS, microstructure in interface

zone without (c) and with (d) REMS and distribution of Si and Mn elements in interface zone (e)

and detached to form a large amount of debris around the
solidification front. When this debris is detached in the
mushy zone and moves within the mushy zone with the
electromagnetic forced melt flow, each piece of debris
will become a crystal nucleus. The debris will survive
and not be remelted due to the uniform thermal field.
Therefore, the crystallization occurs simultaneously in
most of the mushy zone, and a fine and homogeneous
structure over the entire cross section is obtained.

Figures 12(c) and (d) show the microstructure in the
interface zone without and with REMS, respectively. As
observed, REMS has little effect on the formation at the

interface of the clad composite hollow billet. However,
the eutectic silicon phase shrinks in AA4045 with
REMS, which can improve the mechanical properties of
the AA4045 of the external layer.

Figure 12(e) shows the distribution of elements Si
and Mn in the interface zone. The thickness of the
diffusion layer of Si is greater than that of Mn because
the diffusion coefficient of Si in Al is higher than that of
Mn in Al under the same condition and the concentration
gradient of Si atoms is higher than that of Mn atoms in
the diffusion layer. Additionally, in comparing the two
cases with and without REMS, the diffusion distance of
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Si at the interface increases from 30 to 40 um, and the
diffusion distance of Mn at the interface increases from
20 to 30 um. This is because the solid fractions of both
the AA4045 of the external layer and the AA3003 of the
internal layer at the interface during the casting process
with REMS are smaller than those without REMS, as
shown in Fig. 11, which will benefit element diffusion at
the interface of the clad composite hollow billet.

6 Conclusions

1) The rotating electromagnetic stirring significantly
changes the flow field and causes vigorous forced
convection at the solidification front.

2) The axial depth of the mushy zone increases from
20 to 58 mm for AA4045 and from 3 to 22 mm for
AA3003.

3) The axial temperature gradient of the mushy zone
decreases from 5.5 to 1.9 K/cm for AA4045 and from
36.7 to 2 K/cm for AA3003.

4) With the rotating electromagnetic stirring, the
microstructure of the clad composite hollow billet
becomes fine and the diffusion of the elements at the
interface is promoted.
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