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Abstract: In order to improve the quality of clad ingots, diverse physical fields including electromagnetic stirring, power ultrasonic
and compound field of ultrasonic and electromagnetic stirring were attempted to prepare clad ingots of 3003/4004 alloys. The
solidification structures near the interface in clad ingots were investigated. The experiment results indicate that the solidification
structure of 4004 alloy changes from dendritic crystals to petal-like grains when the clad ingot is treated by electromagnetic stirring.
With the effect of power ultrasonic, the solidified microstructure of 4004 alloy exhibits the refinement of both primary a(Al) and
eutectic silicon. Under the compound field, the primary a(Al) is refined, the morphology of eutectic silicon has a transition from a
coarse plate-like form without treatment or thin acicular-like form with power ultrasonic to fine coral-like form.
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1 Introduction

Clad ingots, also called bimetallic ingots, consist of
layers of two or more different materials. These materials
have been widely used in many industrial fields due to
their unique properties which cannot be obtained from a
monolithic material [1]. In recent years, many methods
of producing clad ingots have been developed. These
involve roll bonding [2], explosive welding [3], diffusion
bonding [4], extrusion clad [5], spray deposition
technique [6] and casting [7]. The casting method for
production of clad ingots is more efficient and
economical than other processes. Therefore, this method
has drawn great attention by many researchers in recent
years.

In this work, a semi-continuous casting method was
developed to prepare clad ingot. The bimetal slab of
3003/4004 alloy (442 mmx128 mmx1000 mm) was
successfully prepared [8]. In order to improve the quality
of clad ingots, diverse physical fields were used for the
production of aluminum alloy clad ingots. Static test
method was employed (i.e. solid—liquid bonding method)
to simulate the process of continuous casting and
produce aluminum alloy clad ingots.

2 Experimental

In this experiment, 3003 aluminum alloy is the outer
layer material, and 4004 aluminum alloy is the inner
layer material. The chemical compositions of
experimental materials are given in Table 1. The
experimental setups consist of power ultrasonic and
electromagnetic ~ stirring  equipment,  temperature
measurement system, and two resistance furnaces.

The schematic diagram of experimental procedure
is shown in Fig. 1. For step 1, 3003 alloy melt is poured
into the steel mold with 52 mm in diameter and 70 mm
in height. For step 2, after 20 s, the 3003 alloy melt
forms a solidified shell, and the residual 3003 melt is
poured out. For step 3, 4004 alloy melt is poured into the
solidified shell of 3003 alloy, after that, for step 4, the
solidification shell of 3003 alloy with 4004 melt is
moved into electromagnetic stirring coil, and the diverse
physical fields are imposed till the end of solidification
process. The detail experimental parameters are shown in
Table 2. In the end, the solidified ingots (70 mm in
height, 50 mm in diameter) are obtained, which are cut
along the central horizonal plane, ground and polished
for macro and micro-metallographic examination. The
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Table 1 Chemical composition of experimental alloys (mass
fraction, %)

Alloy Si Fe Cu Mn Mg Zn Al
3003 0.6
4004 9.0-10.5 0.8  0.25 0.10

0.7 0.05-0.20 1.0-1.5 —  0.10 Bal

1.0-2.0 0.20 Bal.

proportion of etching agent is 75 mL HCI, 25 mL HNO;
and 5 mL HF. The solution of 0.5% HF is used as
microstructure etching agent.

3 Results and discussion

3.1 Effect of physical fields on solidification
structures of bimetal interface

The macrostructures of clad ingots are shown in

Steel mold

Melt 3003

Solidification

Melt 4004

Fig. 2. From Fig. 2(a), it can be obviously seen, under
as-cast condition, the developed columnar crystals grow
from the interface towards the inner alloy side, which
parallels the heat flow but in the opposite direction, and
in the center of 4004 alloy, there are coarse equiaxed
grains. Under the effect of electromagnetic stirring, the
solidification structure of inner 4004 alloy changes from
columnar grains to equiaxed grains, as shown in
Fig. 2(b). Figure 2(c) shows the ingot treated by power
ultrasonic. The results indicate that the solidification
structure of inner alloy transforms from coarse columnar
crystals to fine equiaxed grains. The similar refinement
results can be found in the ingot under compound field,
as shown in Fig. 2(d).

The samples were taken from different positions
near the interface in the ingots, as shown in Fig. 3.

Ultrasonic
setup

shell 3003 |

Melt 4004

—_—
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Fig. 1 Schematic diagram of this experimental procedure
Table 2 Experimental parameters

Ultrasonic Ultrasonic Inserted depth ~ Exciting  Temperature of 3003 Pouring Physical

ower/W frequency/ of ultrasonic voltage/ alloy solidification temperature of 4004 field treated
p kHz probe/m \'% shell/K alloy/K temperature/K
200 22,5 0.01 80 673 967 957

Fig. 2 Macrostructures of 3003/4004 clad ingots solidified under diverse physical fields: (a) Without external physical field; (b) With
electromagnetic stirring; (c) With power ultrasonic; (d) With compound field
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Fig. 3 Sampling positions for microstructure observation in
clad ingot

Figure 4(a) shows the solidification structure at the
interface of 3003/4004 clad ingot without any treatment.
It can be seen that the typical dendritic crystals grow
from the 3003 alloy side towards the 4004 alloy side, and
the coarse acicular eutectic silicon disperses among these
dendrites. Figure 4(b) presents the solidification structure
of the ingot with electromagnetic stirring (ESM). The
primary a(Al) changes from dendrite grains to irregular
fine grains. When the melt is treated by power ultrasonic
(UST), the solidification structure of inner 4004 alloy
changes from dendritic grains to globular grains, and the
average grain size reduces to 110 pum, as shown in
Fig. 4(c). Figure 4(d) displays the solidification structure
under the compound physical field of power ultrasonic

and electromagnetic stirring (UE). The results indicate
that there are not only globular grains but also irregular
petal-like grains, and the average grain size is 112 pum,
showing that the refinement effect is nearly the same
with the sample treated by sole power ultrasonic. The
average size of primary a(Al) is shown in Fig. 5.

In general, during the solidification of inner layer
4004 alloy melt, as a substrate of 3003 solidification
shell, 4004 alloy will nucleate and form dendrites
growing parallel to heat flow but opposite direction, as
shown in Fig. 4(a). In the case of electromagnetic stirring,
under the effect of forced convection caused by magnetic
force, the secondary dendritic arms may separate from
the primary dendrites, resulting in a structural
transformation from dendrites to irregular fine grains
[9]. 1t is well known that when power ultrasonic is
injected into the melt, a series of unique phenomena
occur such as cavitation and acoustical stream. Both of
the two effects may contribute to the refinement of the
solidification structure. However, according to the
available literatures [10—12], the dominant mechanism
for grain refinement of power ultrasonic is
cavitation-induced heterogeneous nucleation. However,
the forced convection resulted from -electromagnetic
stirring and ultrasonic acoustical stream is beneficial to
the bulk distribution of refined grains in the whole ingot.
When ultrasonic spreads in aluminum melt, sound waves
are damped by the energy absorbance in liquids. The
intensity of power ultrasonic at a distance of X from the
sound source /y can be described as follows [13]:

Fig. 4 Optical microstructures of interface region in clad ingots: (a) Without external physical field; (b) With electromagnetic stirring;

(c) With power ultrasonic; (d) With compound field
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Fig. 5 Average grain size of primary a(Al) in 4004 alloy under
diverse physical fields

Iy =1yexp(-2aX) (1)

where [, is the intensity at the sound source and a is the
attenuation constant.

2

o7
@ )
n =y exp[E/(RT)] (3)

where @ is the angular frequency, p is the density of melt,
1o is the viscosity, ¢ is the acoustic velocity and 7is the
viscosity of melt at temperature 7.

Combining Egs. (1)—(3), we can obtain the relation
between effect distance of ultrasonic and the temperature
of melt.

2
Yoo Inl, o"n,exp[E/(RT)] )
In/y pc

According to Eq. (1), it is noted that the acoustic
intensity is in inverse proportion to the distance from the
sound source. So, if the size of ingot is too large, the
ultrasonic intensity in the region far away from the sound
source will be very low. At the same time, from Eq. (4),
it can be seen that the effect distance of ultrasonic
decreases with decreasing temperature of the melt.

As reported by LIU [14], for Al=7.3%Si, 20 mm
away from the sound source the attenuation is about 41
dB at 850 K, and 60 mm away from the sound source is
about 47 dB at 850 K. The results indicate that the
attenuation is heavier during the solidification of melt.
The attenuation results in the decrease of refinement
effect in the region far away from the sound source.

However, the melt treated by electromagnetic
stirring, the forced convection in bulk area caused by
magnetic force can transfer the -cavitation-induced
nucleuses into the region far away the sound source.
Therefore, the compound field of power ultrasonic and
electromagnetic stirring is good for the uniform
distribution of refined grains. For the ingot with a large
size, the superiority of compound field will be obvious.

3.2 Effect of physical fields on Si morphology at
interface of clad ingots
Figure 6 presents the typical Si morphology of

Fig. 6 Eutectic Si morphologies near interface of clad ingots: (a) Without external physical fields; (b) With electromagnetic field; (c)

With power ultrasonic; (d) With compound field
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position 3 in Fig. 3 near the interface of 3003/4004
ingots treated by diverse physical fields. For the ingot
without any external physical field, coarse eutectic
silicon disperses in the primary a(Al), as shown in Fig.
6(a). While the electromagnetic stirring is imposed, the
morphology of eutectic silicon is still coarse plate-like,
as presented in Fig. 6(b). The average width of ingots
with power ultrasonic decreases and the morphology
changes into thin acicular from a coarse plate-like form.
Further, when the two physical fields are unitedly
imposed into the melt, the compound effect of power
ultrasonic and electromagnetic field results in a from
coarse plate-like to fine coral-like form in the eutectic
silicon morphology, as presented in Fig. 6(d).

Figure 7 shows the results of quantitative
metallographic analysis of silicon morphology. Without
any treatment, the average length of eutectic silicon is
48 um and the average width is 10 um. While with the
electromagnetic stirring treatment, the eutectic silicon is
about 50 pm in length, and 8 um in width. With the
ultrasonic treatment, the morphology of Si grain is
modified to thin acicular-like from coarse plate-like
form, the average length of eutectic silicon decreases to
30 um and the average width is 2.5 um, while with the
compound field, the average size of eutectic silicon is
about 12 um in length, and 2 um in width.
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Fig. 7 Eutectic Si morphological analyses of 4004 alloy under
diverse physical fields

Under the effect of forced convection caused by
magnetic force, the movement of liquid around growing
silicon flakes induced bending stress causes fracture in
the silicon which has a very little strength [15]. The
broken silicon flakes are transferred into other parts of
the liquid and become gradually thick and broad, as
shown in Fig. 6(b).

The eutectic Si in hypoeutectic Al-Si alloys
nucleates on the impurity-based particles before the
eutectic reaction [16]. Ultrasonic cavitation can induce

pressure fluctuation in the melt and increase the
wettability between impurity particles and melt [17]
which is advantageous to the nucleation of eutectic Si on
these impurity particles or primary a(Al) grains [18]. In
addition, acoustically induced convection can also affect
nucleation of the silicon phases by altering the
constitutional supercooling at the front of the growing
eutectic grains [18,19]. Therefore, the average width
decreases and the morphology changes to thin acicular
from a coarse plate-like form. Under the compound field,
the forced convection caused by magnetic force and
acoustic stream will be enhanced. The thin acicular
silicon resulted from power ultrasonic will easily fracture.
The broken silicon flakes increase, therefore, the
morphology of eutectic silicon is modified from a coarse
plate-like form to a finely short stick form.

As discussed in section 3.1, for the primary a(Al),
the refinement effect by compound field is nearly the
same with that treated by sole power ultrasonic. However,
the compound field has more obvious refined effect on
the eutectic silicon. When the compound field is applied
to the melt, the turbulence of the melt and heat effect
both increase. For the small inner layer ingot (40 mm in
diameter, 60 mm in height), the solidification time will
be longer than that of the sole power ultrasonic.
Therefore, the refinement effect of a(Al) by compound
field is weakened due to the grain growth. However, the
ultrasonic cavitation and enhanced convection during the
prolonged solidification process are more beneficial to
break the growing silicon, resulting in the more obvious
refinement of eutectic Si, as shown in Fig. 6.

4 Conclusions

1) When the clad ingot is treated by electromagnetic
stirring, the solidification structure of inner layer 4004
alloy changes from dendritic-like crystals to petal-like
grains.

2) Under the effect of power ultrasonic, the
solidification microstructure of 4004 alloy exhibits the
refinement of both primary a(Al) and eutectic silicon.

3) Under the compound field, the primary a(Al) is
refined and the morphology of eutectic silicon has a
transition from a coarse acicular plate-like form without
treatment or thin acicular-like form with power
ultrasonic to fine coral-like form.
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