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A modified direct chill casting process based on Novelis FusionTM Technology co-casting
process was used recently to prepare Al-1Mn/Al-10Si circular clad ingots. In the current study, a
comprehensive simulation model was developed to investigate the direct chill casting process for
preparing the Al-1Mn/Al-10Si circular clad ingots, and a parametric study and experimental
research of the direct chill casting process was conducted to explore potential success and failure
casting conditions. The simulation results revealed the bonding mechanism of the Al-1Mn/
Al-10Si interface in the direct chill casting process and identified the effect of certain parameters
on casting performance. The results indicated that the effect of casting speed and Al-1Mn
casting temperature on the variations of the minimum solid fraction of Al-1Mn at the interface
is stronger than that of cooling water flow rate in inner mold, while Al-10Si casting temperature
is the weakest of the four casting parameters. The corresponding experimental results verified
that Al-1Mn/Al-10Si circular clad ingot with acceptable metallurgical bonding can be
successfully prepared by direct chill casting process under the proper casting parameters. The
thickness of diffusion zone is about 40 lm, and the fractured position in tensile test was located
in the Al-1Mn alloy side which indicated the strength of the interfacial region is higher than that
of Al-1Mn alloy.
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I. INTRODUCTION

ALUMINUM clad products have been successfully
used in the automotive industry and others, since they
exhibit an excellent combination of physical, chemical,
and mechanical properties that cannot be achieved by a
monolithic material.[1] The automotive heat exchanger is
an important application of the aluminum clad product
which is made from a corrosion-resistant alloy at internal
layer with a thin clad layer of a brazing alloy. The main
conventional method for cladding products is roll bond-
ing,[2,3] which has served the industry well for decades.
However, 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.[4]

For the past few years, the process of simultaneous
casting was developed for the manufacturing of clad
products. This casting process has the distinct advan-
tages of both cost reduction and interface improvement.
For example, a new Novelis FusionTM Technology for
the manufacturing of clad aluminum products was

introduced in some literature.[5,6] The copper cladding
aluminum rods were fabricated by Su et al. using
horizontal core-filling continuous casting technology.[7]

The clad aluminum hollow billets were prepared by Liu
et al. using horizontal continuous casting.[8] An 8090/
3003 bimetal slab with consistent mechanical properties
was prepared by Wang et al. using a modified direct chill
casting process.[9] A continuous composite casting
process was developed by Nerl et al. for the production
of bilayer aluminum strips.[10] In order to understand
the casting process, several models were developed to
analyze the casting process by many researchers with the
development of powerful numerical methods and com-
puters.[11–16] For instance, Yoon[12] reviewed the appli-
cations of numerical simulations to continuous casting
technology in steel production. Foroozmehr et al.[15]

described a coupled dissolution and diffusion model of
solutionizing and solute redistribution in a co-cast
bilayer aluminum alloy system. Baserinia et al.[14] devel-
oped a steady-state thermofluids model of the FusionTM

Technology co-casting process to simulate the casting of
rectangular bimetallic ingots. Caron et al.[16] used the
three-dimensional numerical thermofluids model to
simulate the co-casting of AA3003/AA4045 clad rect-
angular ingots via FusionTM Technology with an asym-
metrical arrangement of feeding systems.
In our previous research, a modified direct chill

casting process based on Novelis FusionTM Technology
co-casting process was used to prepare Al-1Mn/Al-10Si
circular clad ingots.[17] As is known, the Al-1 wt pctMn
alloy has excellent corrosion resistance and low strength,
while the Al-10 wt pctSi alloy (all in wt pct if not stated
otherwise) has high strength, weldability, and poor
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corrosion resistance. Therefore, the Al-1Mn and Al-10Si
circular clad ingot prepared by the direct chill casting
process can combine their advantages. In the current
study, a comprehensive simulation model was developed
to investigate the direct chill casting process for prepar-
ing the Al-1Mn/Al-10Si circular clad ingot, and a
parametric study and experimental research of the direct
chill casting process was conducted to explore the
potential success and failure casting conditions.

II. EXPERIMENTS

Figure 1 presents the schematic of the vertical direct
chill casting process for preparing the circular clad
ingot. 1. Al-1Mn and Al-10Si alloys are selected as the
clad layer and core layer materials, respectively. The
Al-1Mn pouring tundish is fixed on the top of the outer
mold. The water-cooled stainless steel sleeve (inner
mold) with heat insulator on its inner and bottom side is
placed in the center of the outer mold. The diameter of
clad ingot is 160 mm, and the core Al-10Si alloy has a
diameter of 80 mm. As presented in Figure 1, molten
metal of the clad layer is poured into the outer mold and
contact with the inner mold firstly. A primary semisolid
shell of Al-1Mn alloy is formed after contacting with the
lower part of inner mold and pulled down as the starter
block is withdrawn at a given casting speed. The core
layer melt is then poured into the inner mold and makes
first contact with the semisolid shell immediately below
the inner mold. Once the starter block exits the bottom
of the outer mold, the clad ingot is cooled directly by the
cooling water. This process continues until a clad ingot
with a desired height is produced.

III. SIMULATION MODEL

A. Assumptions

To simplify the problem, certain assumptions were
made:

(1) The molten aluminum alloys behave as an incom-
pressible fluid.

(2) Ignore the effect of liquid surface fluctuations in the
flow.

(3) The calculation of the solute field is not included in
this model.

(4) Ignore the interface reaction between Al-1Mn and
Al-10Si alloys.

B. Governing Equations

Continuity equation:

@q
@t

þr � ðq~vÞ ¼ 0 ½1�

Momentum equation:

@ðq~vÞ
@t

þr � ðq~v~vÞ ¼ r � ðleffr~vÞ

� rP� llf
2
S

K0ð1� fSÞ3 þ d
ð~v�~vsÞ � q~gbðT� T0Þ ½2�

Here, ~v is the fluid velocity; q is the density; leff is the
effective viscosity coefficient, where leff = ll + lt, ll is
the laminar viscosity and lt is the turbulent viscosity; P
is the pressure; fS is the solid volume fraction, respec-
tively; T is the temperature; T0 is the reference temper-
ature and is assumed to be equal to the liquidus
temperature in the current study; d is a small number
to prevent division by zero; K0 is the permeability factor
of the mushy metal; ~vs is the solid velocity due to the
pulling of solidified material out of the domain; g is the
gravitational acceleration; and b is the thermal expan-
sion coefficient of the molten aluminum.
The last term in Eq. [2] is the Boussinesq approxima-

tion for the thermal buoyancy term. The second last
term on the right-hand side of Eq.
[2] is Darcy source term. When 0< fS £ 0.3[18], the

solid convection is considered and the Darcy flow is not
important. Then, the value of the Darcy source term is
applied to zero and the laminar viscosity is set as
ll 9 1010fs[19] in Eq. [2].
In this model, the Scheil-type nonequilibrium rela-

tionship is used to calculate the solid fraction fs and the
liquid fraction fL, which are functions of temperature
and are expressed using the following equations:

fs ¼
0 T � TL

1� Tf�T
Tf�TL

� � 1
kp�1

Ts<T<TL and fL ¼ 1� fs

1 T � Ts

8><
>:

½3�
Here, kp is the equilibrium distribution coefficient, Tf

is the fusion temperature of the pure base metal, and TL

Fig. 1—Schematic of the vertical direct chill casting process for
preparing the circular clad ingot.
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and TS 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 k and its dissipation rate e. The first form
of this model is

lt ¼ qCl
k2

e
; ½4�

where Cl is a function of the turbulent Reynolds num-
ber, which is a constant value; k and e represent the
turbulence kinetic energy and its rate of dissipation,
respectively, and are obtained using the following
transport equations:

@ðqkÞ
@t

þr � ðq~vkÞ ¼ r � ½ðlþ lt
rk
Þrk� þ G� qe ½5�

@ðqeÞ
@t

þr � ðq~veÞ ¼ r � ½ðlþ lt
re
Þre� þ c1

e
k
G� c2q

e2

k
;

½6�

where G ¼ �qv0v0jð@vj=@xiÞ, c1 = 1.44, c2 = 1.92,

cl = 0.09, rk = 1.0, and re = 1.3.
Energy equation:

@ðqHÞ
@t

þr � ðq~vHÞ ¼ r � ðkrTÞ ½7�

The enthalpy of the material H is computed as the

sum of the sensible enthalpy h ¼
R T

Tref
cpdT and the latent

heat DH ¼ fLDHf in the energy equation as

H ¼
Z T

Tref

cpdTþ fLDHf; ½8�

where ~v is the fluid velocity, k is the thermal conduc-
tivity, Tref is the reference temperature, Cp is the speci-
fic heat at constant pressure, fL is the liquid fraction,
and DHf is the latent heat of the material.

C. Material Properties and Boundary Conditions

Al-1Mn and Al-10Si alloys are used as the experiment
materials of the internal and external layers of the
circular clad ingot, respectively, in the current study.
Al-1Mn alloy is a high melting-point corrosion-resistant
alloy and Al-10Si alloy is a lower melting-point brazing
alloy. Table I lists the material properties of Al-1Mn
and Al-10Si used in this simulation. The material
properties of Al-1Mn and Al-10Si are based on that of
AA3003 and AA4045, respectively, used by Baserinia
et al.[14] for nonequilibrium solidification. Here, the solid
fraction changing with the temperature presented in
Figure 2(c) is based on the Scheil type nonequilibrium
relationship, and the eutectic solidification of Al-10Si is
assumed to occur from 861 K to 851 K (588 �C to
578 �C) in order to avoid numerical instabilities.
In order to model the casting processes, the governing

equations of the flow field and thermal field were solved
using the commercial software ANSYS-FLUENT.
Figure 3 shows the geometry model, computational grid,
and boundary conditions. The outermold and innermold
are 65 and 120mm in height, respectively. The height level
difference between the bottomof the innermold andouter
mold is 25 mm. The Al-1Mnmelt surface is 45 mm higher
than the bottom of the outer mold. The size of the circular
clad ingot isF160mmwith a simulation height of 420mm
and the thickness of the external layer Al-1Mn alloy is 35
mm.For the axisymmetric distributionof the circular clad
ingot, an axisymmetric model was used to reduce the
calculation amount, as shown in Figures 3(b) and (c).
As illustrated in Figure 3(c), when the flow field and

thermal field of the casting process are solved, the
boundary conditions are described as follows.

1. Inlet and outlet boundary
The velocity boundary condition is used in the region.

The turbulence kinetic energy and its dissipation rate are
set as follows:

kinlet ¼ 0:01u2inlet; einlet ¼
k1:5inlet

Rinlet
; koutlet ¼ 0; eoutlet ¼ 0

½9�

Table I. Material Properties

Property Al-1Mn Al-10Si

Density (kg m�3) 2400 2408
Viscosity (kg m�1 s�1)[14] 0.00115 0.00115
Specific heat (J kg�1 K�1)[14] as shown in Figure 2(a) as shown in Figure 2(a)
Thermal conductivity (W m�1 K�1)[14] as shown in Figure 2(b) as shown in Figure 2(b)
Thermal expansion coefficient (K�1)[14] 2.3 9 10�5 2.1 9 10�5

Permeability factor (m2)[14] 6.67 9 10�11 6.67 9 10�11

Latent heat of fusion (J kg�1)[14] 4.08 9 105 4.60 9 105

Solidus temperature [K(�C)][14] 858 (585) 851 (578)
Coherency temperature [K(�C)][14] 922 (649) 858 (585)
Liquidus temperature [K(�C)][14] 927 (654) 871 (598)
Equilibrium distribution coefficient 0.67 0.13
Solid fraction[14] as shown in Figure 2(c) as shown in Figure 2(c)
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Fig. 2—(a) Specific heat, (b) thermal conductivity, and (c) solid fraction of Al-1Mn and Al-10Si.

Fig. 3—Geometry model (a), computational grid (b), and boundary conditions (c) in ANSYS-FLUENT.
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where Rinlet is the hydraulic radius of the inlet. The
temperatures at the inlet and outlet boundaries are set
to the pouring temperature and room temperature,
respectively.

2. Mold cooling boundary
The thermal boundary condition is treated as

Cauchy-type boundary condition, and the heat transfer
coefficient between the mold and the metal is assumed to
vary with the solid fraction and is written according to
Eq. [10]:[20]

hmold ¼ hcontact � ð1� fSÞ þ hgap � fS; ½10�

where hcontact is intended to reflect good thermal con-
tact with the mold and is in the range of 1000 to
2000 W m�2 K�1 due to the different cooling water
flow rate in the mold, hgap is given as 100 W m�2 K�1

to reflect poor thermal contact associated with the gap
formed when the metal is solidified.

3. Water cooling boundary
The water cooling boundary condition used in the

current model is based on the empirical model of
Weckman and Niessen.[21] The forced convection and
nucleate boiling effects are estimated for a turbulentwater
film of water on a vertical surface. For forced convection,
the heat transfer coefficient is given as follows[16,21]:

hconv ¼ ½�1:67� 105 þ 352ðTsurf þ TwÞ�Q01=3; ½11�

where Tsurf and Tw are the clad ingot surface tempera-
ture and the local cooling water temperature in Kelvin,
and Q0 is the volume flow rate of cooling water per
unit circumference in m2 s�1 and its specific value is
about 6.63 9 10�4 m2 s�1 in the current study. When
nucleate boiling takes place, the heat transfer coeffi-
cient is given as follows:[16,21]

hNB ¼ ½�1:67� 105 þ 352ðTsurf þ TwÞ�Q01=3

þ 20:8ðTsurf � TsatÞ3; ½12�

where Tsat is the water saturation temperature equal to
373 K (100 �C). Therefore, the heat transfer coefficient
in water cooling zone is determined according to the
following equations:

hwater

¼
hconv for hconvðTsurf�TwÞ<3910ðTsurf�TsatÞ2:16

hNB for hconvðTsurf�TwÞ� 3910ðTsurf�TsatÞ2:16

(
;

½13�

where the local cooling water temperature Tw(y) is cal-
culated by integrating the heat absorbed via water
cooling zone at locations above position y:[16]

TwðyÞ¼Twð0Þþ
Zy

0

hwaterðTsurf�TwÞ
Q0qwCp;w

dy; ½14�

where qw and Cp,w are the density (958.6 kg m�3) and
specific heat (4251 J kg�1 K) of water, respectively.

4. Air cooling boundary
The velocity and turbulence boundary conditions are

treated as the moving wall, and its moving velocity is the
casting speed. The heat transfer coefficient in the air
cooling zone is given as follows:

hair ¼ r � e � T3
surf; ½15�

where r is the Stefan–Boltzmann constant
(5.67910�8 W m�2 K�4) and e is the Blackness (0.19)
of the clad ingot surface.
The heat insulator wall boundary condition is treated

as Cauchy-type boundary condition, and the heat
transfer coefficient between the heat insulator and the
metal is set as 20 W m�2 K�1 to reflect some heat
transfer occurring. The Al-1Mn/Al-10Si interface is
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 are treated as those of a static adiabatic
wall.

IV. RESULTS AND DISCUSSION

In this section, the numerical results of the casting
process for preparing Al-1Mn/Al-10Si circular clad
ingots based on the simulation model explained before
are presented and discussed. First, the results are
presented for a typical case to understand the physics
of the casting process, and then, a parametric study is
performed to identify the effect of certain parameters on
casting performance. Finally, corresponding experimen-
tal results are shown to verify the simulation work.

A. Physics of the Casting Process

As the first typical test case, the casting speed (vcast) is
60 mm min�1, the casting temperature of Al-1Mn melt
(Tcast_Al-1Mn) and Al-10Si melt (Tcast_Al-10Si) is 993 K
and 903 K (720 �C and 630 �C), respectively, and the
cooling water flow rate in inner mold (Qinner) and outer
mold (Qouter) is 700 and 1200 L h�1, respectively.
Figure 4 shows the predicted velocity vectors, velocity
contours, temperature contours, and liquid fraction
contours during the casting process in the typical case.
As seen from Figures 4(a) and (b), the clad layer
Al-1Mn and core layer Al-10Si melt are poured into
the liquid sump from different inlets and then flow
vertically downwards to reach the solidification front
with the slight recirculating flow pattern. The maximum
velocities of Al-1Mn and Al-10Si melt are 0.0017 and
0.02 m/s at their inlets, respectively. As seen from
Figures 4(c) and (d), the clad layer Al-1Mn melt is
cooled by the mold and cooling water; however, the heat
of core layer Al-10Si melt is only extracted by the clad
layer alloy. The temperature contours across the inter-
face are continuous but the liquid fraction contours are
discontinuous, this is because the variation of liquid
fraction with respect to temperature is different for the
Al-1Mn and Al-10Si alloys. The mushy region of
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Al-1Mn alloy is wider than that of Al-10Si alloy because
of the larger difference between liquidus and solidus
temperature. The inner mold creates an initial primary
shell in the Al-1Mn alloy which grows slowly until it
leaves the inner mold and comes in contact with the
liquid Al-10Si alloy. At this point, there is some
reheating and remelting of the shell due to the hot
liquid Al-10Si alloy until it reaches the bottom of the
Al-1Mn sump.

Figure 5 shows a plot of the calculated solid fraction
of the Al-1Mn and Al-10Si alloys as a function of
vertical position at the interface of core and clad layers.
As seen, the solid fraction on the Al-1Mn side of the
ingot increases initially to 0.95 because of the inner mold
cooling. However, this solid fraction reduces to a
minimum of 0.88 at the interface zone once it comes
into contact with the Al-10Si molten alloy and is
reheated. Below this point, the values of solid fraction

Fig. 4—Calculated results of the typical case: (a) velocity vectors, (b) velocity contours, (c) temperature contours, and (d) liquid fraction con-
tours of the clad ingot. (vcast = 60 mm min�1, Tcast_Al-1Mn = 993 K (720 �C), Tcast_Al-10Si = 903 K (630 �C), Qinner = 700 L h�1, and
Qouter = 1200 L h�1).

Fig. 5—Calculated variations of solid fraction at the interface of the
clad ingot. (vcast = 60 mm min�1, Tcast_Al-1Mn = 993 K (720 �C),
Tcast_Al-10Si = 903 K (630 �C), Qinner = 700 L h�1, and Qouter =
1200 L h�1).
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on both sides of the interface start to increase and finally
reach unity at about 13 mm below the outer mold
bottom due to the effects of the mold and secondary
water cooling from clad layer of the ingot. In the
interface zone when the Al-10Si melt first contacts with
the Al-1Mn shell below the inner mold bottom, the clad
layer shell of Al-1Mn is in mushy form and the core
layer of Al-10Si is liquid as shown in Figure 5. This is
good for the casting process since the liquid metal of
core layer can wet the semisolid primary shell of clad
layer at the interface, thereby creating a strong bond
interface.

B. Casting Practice Studies

The results studying in Section IV–A are important to
understand the physics of the casting process, and a
better approach to understand the success and failure
scenarios is to study the distribution of solid fraction at
the interface of core and clad layers.

The minimum value of solid fraction at the interface
can be used as a parameter to determine whether the
semisolid primary shell of clad layer remains intact after
contact with the liquid melt of core layer. It was used by
Baserinia et al.[14] as a criterion for the survival of the

semisolid shell. This minimum solid fraction value
should be larger than an assumed threshold, and then,
the semisolid primary shell will be strong enough to
prevent a breakthrough of the Al-10Si liquid metal into
the Al-1Mn sump at some location on the interface of
core and clad layers and mixing of the two alloys. The
coherency solid fraction of the two-phase material in the
mushy zone is used to define the critical threshold for
survival of the semisolid shell. Above the coherency
solid fraction, the two-phase material in the mushy zone
is coherent enough to begin to behave like a solid and is
able to withstand normal stress and strain.[22] The
coherency solid fraction for the Al-1Mn alloy is assumed
to be 0.5.[23] If the minimum solid fraction is lower than
the assumed ‘‘coherency solid fraction,’’ then the differ-
ence in metallostatic pressures across the interface is
predicted to cause a liquid breakthrough from the core
layer sump into the clad layer and a failure of the casting
process for preparing Al-1Mn/Al-10Si circular clad
ingot.
Figure 6 shows the calculated variations of the

minimum solid fraction on the Al-1Mn clad layer side
of the interface with the casting speed, cooling water
rate in inner mold, and casting temperature of Al-1Mn
melt and Al-10Si melt, respectively. The results indicate

Fig. 6—Calculated variations of the minimum solid fraction on the Al-1Mn clad layer side of the interface with (a) casting speed, (b) cooling
water rate in inner mold, (c) Al-1Mn casting temperature, and (d) Al-10Si casting temperature.
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that the effect of casting speed and Al-1Mn casting
temperature on the variations of the minimum solid
fraction of Al-1Mn at the interface is stronger than that
of cooling water flow rate in inner mold, while Al-10Si
casting temperature is the weakest of the four casting
parameters. The different degree effect of casting tem-
perature of Al-1Mn and Al-10Si melts is because that
the latent heat of fusion of Al-1Mn is smaller than that
of Al-10Si. As seen, the minimum solid fraction of
Al-1Mn at the interface correlates directly with the
cooling water flow rate in inner mold and inversely with
the casting speed, Al-1Mn and Al-10Si casting temper-
ature. In other words, increasing the cooling water flow
rate in inner mold and reducing the casting speed and
casting temperatures lead to more favorable conditions
to maintain the interface of the clad and core layers and
prevent liquid metal breakthroughs from the Al-10Si to
the Al-1Mn sump through the initial Al-1Mn primary
shell. Figure 6 also shows that the minimum solid
fraction of Al-1Mn at the interface ranges from 0.96 to
0.57 with different casting conditions. That is to say, a
sufficiently strong primary shell at the interface is
provided in terms of coherency of the semisolid shell
under these casting conditions explored in the current
study.

Figure 7 shows the predicted maximum sump depth
of both the core and clad layers of the ingot below the
surface of Al-1Mn melt. Here, the sump depth is defined
as the distance between the surface of Al-1Mn melt and
the coherency temperature line of two alloys. As can be
seen, the sump depth increases with increasing casting
speed, but is almost independent of the cooling water
flow rate in inner mold. This is because the sump depth
is primarily influenced by the secondary water cooling,
whereas the inner mold cooling is typically very small
compared to the secondary water cooling.

C. Experimental Verification

A circular clad ingot of Al-1Mn and Al-10Si alloys
was successfully prepared by direct chill casting with the

same experimental parameters as the typical case pre-
sented before. Metallographic observation, electron
probe microanalysis (EPMA), tensile testing, and Vick-
ers hardness testing were carried out in order to
investigate the microstructure morphology and mechan-
ical properties of the interface of the clad ingot.
The images of transverse section and microstructures

of the interface of the clad ingot are shown in Figure 8.
As seen in Figure 8(a), the Al-1Mn and Al-10Si alloys
are distinctly separated into the clad layer and core layer
because of the different surface color after etching (the
Al-10Si shown in Figure 8(a) always appears slightly
darker than the Al-1Mn because of their different
chemical compositions), and the interface is clear with
few casting defects. In addition, there is an accept-
able bonding at the interface zone as shown in
Figure 8(b). For the Al-10Si alloy of core layer, the
microstructure contains the dendritic a-Al phase and a
eutectic structure with fine acicular Si, while on the clad
side, a few Al6Mn particles are distributed in the Al
matrix.
When the Al-10Si melt contacts with the Al-1Mn

semisolid shell below the inner mold bottom, the solute
diffusion occurs at the interface. The Si element diffuses
from the Al-10Si side to the Al-1Mn side because the
Al-10Si alloy side is relatively enriched with Si atoms. In
the meantime, the Mn element diffuses in the opposite
direction at the interface. Figure 9 shows the solute
distribution of the Mn and Si elements in the diffusion
zone of the clad ingot measured by EPMA. As seen, the
content of the Si element is about 1.6 pct at the position
of 20 lm away from the interface on the Al-10Si alloy
side and decreases gradually to about 0.2 pct at the
position of 20 lm away from the interface on the
Al-1Mn alloy side. However, the diffusion distance of
the Mn element is much shorter than that of the Si
element. The main reason is that the concentration
gradient of the Mn element in the diffusion zone is lower
than that of the Si element, and the diffusion coefficient
of the Si element in Al matrix is higher than that of Mn
under the same condition.[24] The diffusion zone is

Fig. 7—Maximum sump depth with respect to the surface of Al-1Mn melt as a function of (a) cooling water flow rate in inner mold and (b)
casting speed.
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formed by the interdiffusion of the Si and Mn elements
into the matrix of counterparts. In the present experi-
ment, the thickness of diffusion zone between Al-10Si
and Al-1Mn alloys is defined as the distance that Si
content decreases from average to minimum value
across the interface. According to the results of EPMA
in Figure 9, the diffusion zone is marked by white dash
dot lines in Figure 8(b).

Tensile test was performed using a ZwickBZ2.5/TS1S
test machine with a strain rate of 1 mm/min to examine
the interface strength. The shape and size of tensile
sample is shown in Figure 10(a) according to GB/T
16865-1997 standard. Figure 10(b) shows the fractured
tensile sample with the interface zone marked and the
tensile strength of the sample is 106.8 MPa. It can be
seen that the fracture occurs in the Al-1Mn alloy side,
while the interface remains well, which indicated that the
strength of the interfacial region is higher than that of
Al-1Mn alloy, and the tensile strength of the interface is

more than 106.8 MPa. The interface strength is higher
than in the Al-1Mn alloy due to the effect of solid
solution strengthening, but it should be lower than that
of Al-10Si alloy. This is because that plasticity should
predominantly occur in the softer alloy and failure
occurs when the ultimate tensile strength (UTS) of
Al-1Mn is reached if a clean and high strength interface
is formed between the two different alloys.
Figure 11 shows the Vickers microhardness measure-

ment across the interface of the Al-1Mn alloy and Al-10Si
alloy. The specimen surface was carefully polished before
testing. The test was performed on the sample surface
using a typical diamond indenter in the form of a pyramid
with a square base and an angle of 136 deg between
opposite faces. The load was 1.96 N which was applied for
15 seconds. As seen, the microhardness of Al-1Mn alloy is
in the range of 35–40 HV, while it is in the range of 76–82
HV for the Al-10Si alloy. In addition, the microhardness
of the interface zone is higher than that of the Al-1Mn
alloy, but lower than that of the Al-10Si alloy. Both
hardness and strength are important properties of mate-
rials, and they often obey the three times empirical
relationship,[25] i.e., HV � 3ry, where HV is the Vickers
microhardness, and ry is the yield strength. Thus, it can be

Fig. 10—(a) Shape and size of tensile sample and (b) the tensile frac-
tured specimen.

Fig. 9—The content of Mn and Si elements in the diffusion zone
measured by EPMA.

Fig. 8—The images of (a) transverse section of and (b) microstructures of the interface of the clad ingot.
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concluded that the interface yield strength is also higher
than that of the Al-1Mn alloy.

V. CONCLUSIONS

In the current study, a comprehensive simulation
model was developed to investigate the direct chill
casting process based on Novelis FusionTM Technology
for preparing the Al-1Mn/Al-10Si circular clad ingot,
and a parametric study and experimental research of the
direct chill casting process was conducted to understand
the potential success and failure casting conditions. The
simulation results revealed the bonding mechanism of
the Al-1Mn/Al-10Si interface in the direct chill casting
process and identified the effect of certain parameters on
casting performance. The results indicated that the effect
of casting speed and Al-1Mn casting temperature on the
variations of the minimum solid fraction of Al-1Mn at
the interface is stronger than that of cooling water flow
rate in inner mold, while Al-10Si casting temperature is
the weakest of the four casting parameters. The mini-
mum solid fraction of Al-1Mn at the interface correlates
directly with the cooling water flow rate in inner mold
and inversely with the casting speed, Al-1Mn and
Al-10Si casting temperature. A sufficiently strong pri-
mary shell at the interface can be provided in terms of
coherency of the semisolid shell under these casting
conditions explored in the current study.

The corresponding experimental results verified that
Al-1Mn/Al-10Si circular clad ingot with acceptable metal-
lurgical bonding can be successfully prepared by direct
chill casting process under the proper casting parameters.
The main bonding pattern of bimetal materials is diffusion
bonding because of diffusion of Si and Mn elements and
the thickness of diffusion zone is about 40 lm. Both the
tensile strength and the Vickers microhardness of the
interfacial region are higher than that of Al-1Mn alloy.
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