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Microstructure and properties at bonding interface of AA4045/AA3003
aluminum alloy cladding billet prepared by semi-continuous casting
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Abstract: AA4045/AA3003 cladding billet was prepared by direct chill semi-continuous casting process. The macrostructures,
microstructures, temperature distribution, compositions distribution and the mechanical properties at the bonding interface were
investigated in detail. The results show that the cladding billet with few defects could be obtained by semi-continuous casting process.
At the interface, diffusion layer of about 10 pm on average formed between the two alloys due to the diffusion of alloy elements in
the temperature range from 596 to 632 <C. From the side of AA4045 to the side of AA3003, the Si content has a trend to decrease,
while the Mn content has a trend to increase gradually. Tensile strength of the cladding billet reaches 103.7 MPa, the fractured
position is located on the AA3003 side, and the shearing strength is 91.1 MPa, revealing that the two alloys were combined

metallurgically by mutual diffusion of alloy elements.
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1 Introduction

With the intensifying of energy crisis and the
development of science technology, cladding materials
have excellently physical, chemical and mechanical
performance that conventional monolithic alloys do not
have [1,2]. The cladding materials can be conventionally
produced by extrusion [3], explosive welding [4], spray
deposition [5] diffusion bonding [6] and casting [7,8].
However, casting to prepare cladding billet is more
efficient and economical than other processes [9]. This
process could make two different alloys contact directly
at a high temperature and realize metallurgical bonding.
In recent years, many novel methods have been
developed to fabricate composite sheet or clad billet.
GUPTA et al [10] and WAGSTAFF et al [8] prepared the
clad ingot via Nowvelis fusion process [11].
MARUKOVICH et al [7] studied the possibility of
continuous-casting of bimetallic components in condition
of direct connection of metals in a liquid state. LI
et al [12] prepared the 2024/3003 gradient materials by
semi-continuous casting using double stream pouring

technique. JIANG et al [13] prepared the three-layer
composite ingot of 4045/3003/4045 aluminum alloys by
direct chill semi-continuous casting process. FU et al [14]
developed a process to prepare Al-1Mn and AI-10Si
alloy circular clad ingots by direct chill casting. However,
there are few reports of interfacial temperature field and
bonding shear of cladding billets, which are used to
prepare condense pipes of automotive engines.

In this work, AA4045/AA3003 cladding billets with
sizes of d140 mm/d110 mm were prepared by
semi-continuous casting, based on the casting process
parameters which were determined through theoretical
analysis, numerical simulation, and experiments [15].
Temperature distribution near the interface was measured.
In order to investigate bonding interface structure and
bonding strength, the cladding billets were detected by
metallographic  examination, SEM, microhardness,
tensile and shear tests.

2 Experimental

In this work, AA4045 alloy, with high strength
and weldability, was selected as the cladding-layer, while
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AA3003 alloy, with excellent corrosion resistance and
low strength was selected as the core-layer. The
condense pipes of automotive engines could be produced
by perforation extrusion of AA4045/AA3003 cladding
billets. The chemical compositions of the two alloys are
listed in Table 1.

The apparatus of continuous casting bimetal
cladding billets is schematically shown in Fig. 1. It
mainly includes outer-crystallizer and inner-crystallizer,
which has their own pouring system and cooling system,
and starting head. During the casting process, AA3003
was fed into the inner-crystallizer firstly. A supporting
layer would be formed near the inner-graphite in several
seconds. When the strength of the supporting layer was
sufficient to prop up the internal melt, AA4045 was
poured into the outer-crystallizer rapidly so that AA4045
could flow into the narrow annular region and the
starting head was drawn at the same time. The cladding
billet with sizes of d140 mm/d110 mm was prepared
successfully. Similarly, several cladding billets were
obtained successfully. The casting process parameters are
listed in Table 2.

To study the temperature field around the bonding
interface during the cladding casting process, four
thermocouples were placed at the positions of center (Py),
1/2R(P,), 3/4R(Ps) and R(P,) near the bonding interface
in AA3003 melt, as schematically shown in Fig. 2. The
thermocouples were vertically fixed to the stainless steel

Fig. 1 Schematic diagrams of cladding casting equipment
(Outer-crystallizer: 1—Clad tundish, 2—Launder, 3—Outer-
graphite, 4—Cooling water, 5—Outer-mold; Inner-crystallizer:
6 — Core tundish, 7— Inner-graphite, 8 — Inner-mold, 9—
Cooling water; 10—Bonding interface, 11—Cladding billet;
12—Starting head)

Table 1 Alloy compositions used in present work (mass
fraction, %)
Alloy Si Fe Cu Mn Mg 2Zn Ti Al
0.05- 1.0-

AA3003 0.6 0.7 - 010 - Bal
020 15

9.0

AA4045 11; 0.8 030 0.05 0.05 0.10 0.20 Bal.

Table 2 Casting process parameters during cladding casting

Casting Casting Cooling water
Alloy temperature/ speed/ flow rate/
T (mm min?Y) (L minh)
AA3003 720 120 30
AA4045 740 120 60

Fig. 2 Schematic diagram of thermocouple positions (top view;
unit: mm)

rods installed in the starting head and moved down with
the lowering of the starting head. These thermocouples
were linked to a data logger to record the temperatures
every 0.2 s. When the casting was finished, the
corresponding temperature data were transferred to a
personal computer and then processed to yield a
distance—temperature plot.

In order to investigate the microstructure and
properties of the cladding billets, the cross section of
cladding billet, after being lathed, was corroded to
observe macrostructure by an ambient solution of 10%
NaOH (mass fraction) for 10 min, while the sample for
microstructure was etched by a solution of 5% HF
(volume fraction) for 15 s. The metalloscope (Leica—
500) and scanning electron microscope ((Zeiss Ultra Plus
60) were used to investigate the mechanism of interfacial
bonding. The Vicker hardness (452SVD automatic turret)
was measured with a test load of 3 N and a dwell time of
15 s. The specimens for tensile and shear measurement
were taken from three different positions respectively.
The dimensional drawings of tensile and shear specimens,
which were cut by electric discharge machine from
different positions of the cladding billet, are shown in
Fig. 3. The bonding strength tests, including tensile test
and shearing test, were performed using an MTS-810
universal testing machine at a strain rate of 1 mm/min.
As shear strength cannot be tested according to the
conventional standard due to the arc-shaped bonding
interface, a set of home-made die was designed to
determine the shearing strength with reference to the
above standards by JING et al [16].
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Fig. 3 Schematic diagrams of tensile sample (a) and shear
sample (b) (unit: mm)

3 Results and discussion

3.1 Macrostructure and microstructure

Figure 4(a) shows the macrostructure of the cross-
section of cladding billets after corrosion. The two alloy
layers are revealed by two different contrasts. The
macrostructure features of AA4045 and AA3003 were
different distinctly, and the interface was clearly
distinguishable. After AA3003 was poured into the
inner-crystallizer, some equiaxed grains formed on the
substrates of heterogeneous nucleation at the internal of
core-layer. Then, AA3003 continued to solidify along the
direction of heat transfer, forming the coarse columnar
zone. At the center of core-layer, the isotropic heat
transfer resulted in the formation of equiaxed grains.
AA4045 melt flowed into the outer-crystallizer through
the launder, contacting with the outer-graphite and the
supporting layer, and then was cooled intensively by the
former. Therefore, the external of cladding-layer was
composed of fine equiaxed grains, whereas the internal
consisted of coarse columnar crystals.

The micro-interface is shown in Fig. 4(b). On
AA4045 side, a(Al) is close to the interface, and then
acicular eutectic silicon crystals (Zone A) and a(Al)
(Zone B) appeared alternately. It can be seen that acicular
eutectic silicon crystals (Zone A) distribute at the
boundaries of the coarse a(Al) grains (Zone B) on
AA4045 side; whereas some phases containing
manganese (Zone C) are embedded in the a(Al) matrix
(Zone D) on AA3003 side. In addition, there are no
discontinuities, cracks or porosities at the interface,
indicating a good bonding of the two alloys.

3.2 Cooling curves of temperature profile near

interface during cladding casting process

Figure 5 shows the cooling curves recorded by
thermocouples with the lowering of the starting head. As
a reference, the solidus (645 <C) of AA3003 and the
liquidus (596 <C) of AA4045 are denoted as horizontal
auxiliary lines, respectively. According to the
temperature fluctuation of the interface (P,) and the
auxiliary lines, the cooling process of cladding billet
could be divided into three phases, Phase 1 (660—632 <C),
Phase 2 (632-596 <C) and Phase 3 (596 <T-room
temperature). In Phase 1, AA3003 melt was cooled by
the inner-graphite and the interface temperature (P,)
decreased below solidus until it contacted with AA4045
melt, whereas other temperature measurement points
remained about 670 <C. In Phase 2, the interface
temperature rebounded slightly and others still kept
nearly unchanged. The rebounding of the interface
temperature should be attributed to the feeding and the
latent heat of AA4045 melt. At the end of Phase 2, the
temperatures of points P, and Pz began to drop evidently,
due to the indirect influence of the secondary cooling
water. In Phase 3, all temperatures of the four points
have a sharp decrease, especially after the water impact
point on the billet surface. Meanwhile, the billet,
including the interface region, accomplished the process
of solidification.

L A0S

AA3003
I'd

Fig. 4 Macrostructure (a) and microstructure (b) of cross-section of cladding billet
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Fig. 5 Cooling curves near interface during cladding casting
process

3.3 Diffusion across bonding interface

The analysis of cooling curves above revealed that
AA4045 melt contacted with the supporting layer of
AA3003 at a higher temperature (higher than 630 <C)
and there were a rebound and temperature remaining
near the interface during Phase 2. They should accelerate
the diffusion of elements Si and Mn across the interface.
In order to investigate the diffusion of elements near the
interface, the SEM image of the bonding interface and
the corresponding concentration maps of elements Al, Si
and Mn are presented in Fig. 6. The results revealed that
majority of Si element distributed on AA4045 side, and
little Si element could be found on AA3003 side. On the

contrary, most of Mn element appeared on AA3003 side,
and little diffused to AA4045 side. The bonding interface
is distinct and straight.

To quantitatively investigate the alloy element
diffusion across the interface, linear analysis of alloy
elements around the bonding interface was performed by
the energy-dispersive spectroscopy (EDS), as shown in
Fig. 7. A marked drop in composition of element Si and a
rise in composition of element Mn were observed clearly
by each EDS line across the interface region from
AA4045 side to AA3003 side. During the cladding
casting process, superheat of AA4045 reheated the
surface of AA3003 supporting layer to the approximate
solid temperature of AA3003 (645 <C) and kept that for
more than 10 s. During this period, elements Si and Mn
mutually diffused across the interface and a diffusion
layer with a thickness of about 10 um formed. Moreover,
the diffusion distance of element Si is longer than that of
element Mn, as shown in Fig. 7.

According the Fick’s laws of diffusion, if the
diffusion process of every element is independent, the
diffusion equation can be shown as

2
x©_pic

a v @)

where C is the concentration of elements; t is the
diffusion time and x is the distance.

The diffusion coefficient (D) can be analyzed by
following equation

STacl R e’

Fig. 6 SEM image (a) of bonding interface along corresponding concentration maps of elements Al (b), Si (c) and Mn (d)
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Fig. 7 EDS line scans across bonding interface

Q
D=D, exp[ RTJ (2)
where Dy is the diffusion constant, Q is the activation
energy for diffusion, R is the mole gas constant and T is
the thermodynamic temperature.

From Eq. (2), temperature is the most important
factor to affect diffusion coefficient. With temperature
increasing, diffusion coefficient enlarges sharply. The
diffusion of elements mainly occurred during Phase 2 in
Fig. 5. From Ref. [17], D, values of elements Si and Mn
in Al are 3.5x10° m%/s (344-632 <C) and 2.2x10 > m?/s,
(450-650 <C) respectively, while Q values of elements
Si and Mn are 123 and 120 kJ/mol, respectively.
According to Eqg. (2), the diffusion coefficients of
element Si in Al are 1.41x10™" m%s (569 <C) and
2.78x10 * m?/s (632 <C), which are slightly larger than
those of element Mn in Al, 1.35x10 ?*m%s (569 <C) and
2.61x10 2 m?/s (632 <C). Moreover, the concentration
gradient of Si atoms is much larger than that of Mn
atoms between AA4045 and AA3003, which further
improves the diffusion of Si.

3.4 Mechanical properties of bonding interface

The Vickers microhardness with distance from the
bonding interface of AA4045/AA3003 cladding billet
was measured, as presented in Fig. 8. It is seen that the
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Fig. 8 Vickers hardness near bonding interface

microhardness of AA4045 is in the range of
HV 78-80, while that of AA3003 is in the range of
HV 43-46. The microhardness of bonding interface
region is lower than that of AA4045, but higher than that
of AA3003. In addition, the microhardness curve shows
considerable drop as approaching to the bonding
interface. The variation of microhardness is attributed to
the decrease of Si contents from AA4045 side to AA3003
side (as shown in Fig. 8).

The interface bonding strength is a directly efficient
approach to judge the bonding quality of two alloys. The
tensile fracture specimen, which is similar to other
tensile fracture specimens, is shown in Fig. 9(a). For all
these samples, the failures occurred in AA3003 with
lower strength, while the bonding interface remained
good. The tensile strengths of different regions of the
cladding billet are shown Fig. 9(b), and the average
tensile strength of different regions of the cladding billet
is 103.7 MPa, indicating that the tensile strength of the
bonding interface is greater than that of the softer alloy,
AA3003. The discussion of the former part indicates that
the interdiffusion of elements Si and Mn is evident
around the tensile test. It is the existence of the two
elements among the diffusion layer that makes the
bonding interface strength exceed the strength of
AA3003 due to the effect of solid solution strengthening,
but below that of AA4045. LLODY et al [18] reported
that the failure of AA3003/AA6111 cladding materials
during tensile process always takes place in the softer
AA3003 component (Al-1Mn-0.5Fe—0.2Si) because
plasticity should predominantly occur in the softer alloy,
and failure occurs when the UTS of AA3003 is reached.
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Fig. 9 Tensile fractured specimen (a) and tensile strengths of
different regions of cladding billet (b)
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Therefore, if the two alloys are bonded metallurgically
without any defects or discontinuities at the bonding
interface, the tensile strength fracture would be located in
the softer alloy.

The tensile test just confirmed qualitatively that the
strength of bonding interface was higher than that of
AA3003. In order to quantitatively detect the bonding
strength of the bonding interface, shearing test was
conducted. Shear strength plays a significant role in
judging the bonding of the cladding billet. Figure 10
shows the variation of shear strength and displacement
during shearing process. With the increase of
displacement, shear strength reaches the peak gradually
and declines sharply, according with the shear fracture
process. The shear strengths are nearly uniform, and the
mean value of the bonding interface is 91.1 MPa, which
is higher than the shear strength of AA3003 (84 MPa).
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Fig. 10 Curves of shear strength—displacement during shearing

process

To have a profound understanding of the shearing
fracture, the interfacial morphology of the sheared
surface was examined using scanning electron
microscopy. It can be seen that lots of bonding dimples
emerge on the shearing surface of the AA3003 side,
while a relatively small on the other, as shown in Fig. 11.
When a specimen is sheared, the shearing fracture
generates bonding dimples, which are similar to those of
ductile fracture. As stated by DAS and TARAFDER [19],
the weeny and dense dimples indicate the excellent
ductility and strength of the material. The EDS analysis,
marked in Figs. 11(a) and (b), are shown in Table 3. It
can be seen that some Mn-rich phases exist on the
AA4045 side, such as P, and Pz, while some Si-rich
phases (Ps and Pg) distribute on the AA4045 side. The
shearing fractures contain the element of the opposite
side. It can be revealed that the two alloys adhere each
other through the diffusion of alloy elements.

During the cladding casting process, when the
overheated molten AA4045 contacts with the supporting

Fig. 11 SEM images showing shearing fracture of bonding
interface: (a) AA4045 side; (b) AA3003 side

Table 3 EDS analysis of shearing fracture (mass fraction, %)

Location Al Si Mn Cu Fe
P, 98.69 1.31 0 0 0
P, 79.21 12.45 4.49 0 0
P 82.13 14.62 3.25 0 0
P, 98.55 0.04 1.20 0.16 0.06
Ps 82.18 212 6.39 0 9.31
Pg 92.12 7.88 0 0 0

layer of AA3003, the former would reheat the supporting
layer of the later and remain it in the range of
596—632 T for several seconds, as presented in Fig. 5.
Meanwhile, elements Si and Mn diffuse to the opposite
side with higher diffusion coefficient and AA4045 melt
near the interface start to solidify in the way of
heterogeneous nucleation. Based on reheating of the
supporting layer and atomic diffusion near the bonding
interface, excellent metallurgical bonding is obtained
between the cladding-layer and the core-layer.

4 Conclusions

1) The AA4045/AA3003 cladding billet in sizes of
d140 mm/d110 mm was fabricated by direct chill
semi-continuous casting process.

2) The two different aluminum alloys were
combined by excellent metallurgical bonding with few
defects. Elements Si and Mn diffused across the interface
and a diffusion layer with a thickness of 10 pm formed.
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