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Abstract
Tri-layered Cu/Al-Mg-Si/Cu clad composite was cold roll-bonded, and its mechanical/electrical properties were studied. In the roll-bonded and aged Cu/Al-Mg-Si/Cu clad
composite, neither interfacial reaction layer nor interface defects were observed. The strength
as high as 415 MPa with the conductivity of 82 % IACS was attained in 3-ply light-weight
Cu/Al-Mg-Si/Cu clad composite. The ductility and conductivity of clad composite are increased appreciably with heat treatment at 175 ◦C. After mechanical testing, the interface
crack propagation and fracture in the well-bonded interface between metallic Cu and Al occurred in softer Al matrix. The increase of detached Al lumps onto the separated Cu side
in clad composite heat-treated at 175 ◦C strongly supports that the interface bonding can
be enhanced during aging of Al-Mg-Si alloy layer in Cu/Al-Mg-Si/Cu clad composite. The
increased ductility in the aged Cu/Al-Mg-Si/Cu clad composite can be attributed to the
enhanced interface bonding and precipitation in Al-Mg-Si layers.
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1. Introduction
The clad metals, consisting of two or more metallic
layers, have advantages compared to individual metals and alloys for a variety of applications. The performance of clad composite materials is determined
by the design and selection of component materials
to be joined, the stacking structure and thickness of
diﬀerent materials. Roll bonding is the most costcompetitive process to produce clad or hybrid metal
sheets because of fast and eﬃcient production rate
[1–5]. Since bonding at the interface between similar
and dissimilar metals is obtained during roll-bonding,
variations of the strain state in the roll gap, reduction
ratio and rolling temperature are of great importance.
Cu/Al clad composites have attracted the interest
of many investigators, because of their merits associated with low density, good electrical conductivity
and cost-competitiveness compared to Cu and Cu alloys. Bi-layered Al/Cu clad composite sheets could almost reduce the weight by 40 %, with the electrical
and thermal conductivity equivalent to those of Cu
alloys. Furthermore, the material expenses can be de-

creased by 40 % compared to those of Cu alloys. Aluminum clad copper is frequently used as busbar conductor joint, electrical wires, communication wires and
cables, armored cables, yoke coils, electronics chassis
and cookwares [6, 7]. In many applications Cu/Al clad
can directly replace solid copper or aluminum.
Producing Cu/Al clad sheet, however, is a great
challenge due to the diﬀerent chemical and physical
properties of copper and aluminum. The formation of
the brittle intermetallic layers at the interface during
high-temperature heat treatments seriously weakens
the interface strength. The nature and properties of
interfacial intermetallic layers in as-roll-bonded and
annealed Al/Cu are not completely understood [3].
The properties and reliability of clad composite are
dependent on the interface properties. The ductility
of clad does not increase in case the interface bonding
strength is low because of the interface ﬂaws, voids
and brittle intermetallics [8, 9].
In this study, 3-ply Cu/Al-Mg-Si/Cu plates were
fabricated by a roll-bonding process, and the mechanical performance and electrical properties were studied. The inﬂuence of aging on the electrical conductiv-
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ity and hardness of Cu/Al-Mg-Si/Cu clad metal were
studied. The objective of the present work was to examine the eﬀect of aging on mechanical and electrical
properties of tri-layered Cu/Al-Mg-Si/Cu clad composite to ﬁnd a way to enhance the properties of layered clad composites.

2. Experimental
In the present study, stacked copper and Al-Mg-Si
plates were roll-bonded at room temperature. Materials used for roll-bonding in the present study were
pure OFHC copper and Al-1.0wt.%Mg-0.6wt.%Si-0.25wt.%Cu-0.2wt.%Cr. Al-Mg-Si plates were solution treated, and Cu plates were annealed at 800 ◦C
for 1 h before roll-bonding. Stacked Cu/Al-Mg-Si/Cu
plates were rolled at a reduction ratio of 78.7 % at
room temperature. Al-Mg-Si alloy sheet with 2 mm
thickness and Cu sheet with 1 mm thickness were
stacked and rolled. The post-roll-bonding thickness
of whole clad composite plate was measured to be
0.85 mm, and that of the copper layer and Al-Mg-Si layer was 0.2 and 0.45 mm, respectively. Some clad
Cu/Al-Mg-Si/Cu composites were aged at 175 ◦C for
3 and 6 h to examine the eﬀect of aging in Al alloy
on the overall performance of clad materials. The interface structures of Cu/Al-Mg-Si/Cu clad composites were observed by a scanning electron microscope
(SEM) and an optical microscope (OM). The hardness
of each layer in as-roll-bonded and heat-treated clad
composites was measured using a micro-Vickers hardness tester to examine the eﬀect of heat treatment on
the hardness of Al alloy and Cu layers. In this study,
the mechanical properties and interface behavior were
studied in tensile testing to examine the interface behavior during extensive tensile forming. The mechanical testing was performed using a Universal Materials
Testing Machine (UNITED, US/SSTM) at room temperature at the strain rate of 1 × 10−3 s−1 . The gauge
width and gauge length for tension testing specimens
were 1.5 and 3.19 mm, respectively.

3. Results and discussion
Figure 1 shows the optical micrographs of Cu/Al-Mg-Si interfaces of tri-layered Cu/Al-Mg-Si/Cu clad
composite, as-rolled (a), aged at 175 ◦C for 3 h (b), 6 h
(c). No intermetallic compound layers were observed
at the interface in the as-roll-bonded and aged composites. As-roll-bonded and aged Cu/Al clad composites exhibited no interfacial cracks and defects. It suggests that the bonding interface between Al-Mg-Si and
Cu is intact. Kim and Hong investigated [1] the interface structure of tri-layered Cu/Al/Cu clad composite
and demonstrated the presence of Cu9 Al4 , Cu3 Al2 and

Fig. 1. Optical micrographs of Cu/Al-Mg-Si interface region in Cu/Al/Cu clad metals (a) as-roll-bonded, aged at
175 ◦C for 3 h (b), 175 ◦C for 6 h (c).

CuAl intermetallic layers heat-treated above 300 ◦C.
They reported [1], however, that no visible intermetallic layers were observed at the Cu/Al interface by optical microscopy after annealing at 200 ◦C. It has also
been shown that the intermetallic layer with the thickness smaller than 10 µm does not deteriorate the mechanical reliability of interface in clad composites [1, 2,
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Fig. 2. Vickers hardness of as-roll-bonded and aged Cu/Al-Mg-Si/Cu clad composites.

10–12]. Sheng et al. [13] also reported the presence of
intermetallic layers in Cu-Al bimetal composite heat-treated at 300 ◦C after cold-roll-bonding. They, however, reported [13] that no intermetallic layers formed
at the Cu/Al interface in Cu/Al clad heat-treated
at 150 ◦C for 1 h. They [13] observed the CuAl2 intermetallic layer with the thickness of approximately
100 nm when Cu-Al was heat-treated at 150 ◦C for
20 h. It is, therefore, reasonable to assume the absence or negligible eﬀect of the intermetallic layer in
the as-rolled and aging-treated (at 175 ◦C) tri-layered
composite in the present study.
Micro-Vickers hardness values of the clad metal in
Cu layer, Al-Mg-Si layer and the interface region of
3-ply Cu/Al-Mg-Si/Cu clad composite are shown in
Fig. 2. The microhardness at the Cu/Al-Mg-Si interface is the average of microhardness values at the Cu
and Al-Mg-Si layers. The hardness of Cu layer is not
appreciably changed by heat treatment at 175 ◦C because the heat treatment temperature is far lower than
the typical recovery temperature (∼ 450 ◦C) of Cu [14].
The microhardness of Al alloy layer in the as-rolled
condition is smaller than that of Cu layer. However,
the microhardness of Al alloy layer (95 HV) before aging heat treatment was found to be greater than that
(80 HV) typically observed in solution-treated 6061
Al because of deformation and deformation-induced
precipitation during roll-bonding [15]. Figure 2 shows
that the microhardness of Al-Mg-Si layer increased up
to 113 HV by aging at 175 ◦C. The microhardness of
as-rolled Al-Mg-Si aged at 175 ◦C for 6 h was similar to
that of Cu layer. The increase of hardness with aging
at 175 ◦C is mainly due to the precipitation in Al-Mg-Si alloy [16–18].
Figure 3 shows electrical conductivity of as-rolled
and aged Cu/Al-Mg-Si/Cu clad composite. The electrical conductivity of as-rolled Cu/Al-Mg-Si/Cu clad
composite was measured to be approximately 80 %
IACS. After aging heat treatment, the electrical
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Fig. 3. The electrical conductivity of as-roll-bonded and
aged Cu/Al-Mg-Si/Cu clad composites.

Fig. 4. Stress-strain curves of as-roll-bonded and aged
Cu/Al-Mg-Si/Cu clad composites.

conductivity of Cu/Al-Mg-Si/Cu clad composite increased slightly to ∼ 83 % IACS. The insensitivity of
conductivity to the aging treatment of Cu/Al-Mg-Si/Cu clad composite is thought to be associated with
precipitation by aging during roll-bonding and large
volume fraction of Cu. Kim and Hong [3] suggested
that the temperature during roll-bonding could reach
∼ 80 ◦C, which may promote precipitation during roll-bonding. The higher hardness value and insensitivity of conductivity to the aging treatment in the roll-bonded Cu/Al-Mg-Si/Cu clad composite support the
possible precipitation during the roll-bonding process.
In Fig. 4, stress-strain curves of the as-roll-bonded
clad plate and aged clad plate at 175 ◦C are exhibited. As-rolled Cu/Al-Mg-Si/Cu clad composite and
aged Cu/Al-Mg-Si/Cu clad composite at 175 ◦C for
6 h showed similar yield strength and ultimate tensile
strength. The strengths of as-rolled and aged Cu/Al-Mg-Si/Cu clad composites were found to be as high
as 415 MPa. The strength of 3-ply Cu/Al-Mg-Si/Cu
clad composite was not observed to be greatly inﬂu-
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Fig. 5. SEM images of separated interface fracture surfaces of peeled-oﬀ Cu plate (a, c) and Al-Mg-Si plate (b, d) of
Cu/Al-Mg-Si/Cu clad composites; as-roll-bonded (a, b) and heat-treated at 175 ◦C for 6 h (c, d).

enced by aging because of the greater contribution of
Cu to the overall strength. In the Cu/Al-Mg-Si/Cu
clad composite aged at 175 ◦C for 3 h, the yield stress,
and ultimate tensile strength increased slightly. In the
as-roll-bonded Cu/Al-Mg-Si/Cu clad composite, the
strain softening occurred after yielding, resulting in
the lower ductility. In the aged Cu/Al-Mg-Si/Cu clad
composite, extended stress saturation behavior probably caused by the balance between Cu and Al-Mg-Si
layers due to precipitation hardening in Al is observed
in Fig. 2. In Fig. 4, sudden stress drops due to the premature fracture of Cu layer are exhibited in all Cu/Al-Mg-Si/Cu clad composites, and subsequent fracture
of Al layers ensued after 1–2 % extra elongation.
In order to examine the eﬀect of heat treatment
at 175 ◦C on the interface bonding nature in Cu/Al-Mg-Si/Cu clad composite, the Cu/Al-Mg-Si interface
was deliberately peeled oﬀ, and the separated interface
fracture surfaces were observed. Figures 5a–d exhibit
SEM images of separated interface fracture surfaces
of peeled-oﬀ Cu plate (a, c) and Al-Mg-Si plate (b,
d) of as-roll-bonded (a, b) and heat-treated (c, d) (at
175 ◦C for 6 h) Cu/Al-Mg-Si/Cu clad composites. The
peeled-oﬀ interface fracture surface of Cu side revealed

Fig. 6. EDX spectra from the point marked with A’, B’ (a,
b) on the separated fracture surface of Cu plate (Fig. 5c)
and those from the point marked with C’ on the separated
fracture surface of Al plate (Fig. 5d).

irregular island-shaped regions, which have the chemical composition diﬀerent from Cu as is shown in Fig. 6.
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The island-shaped regions increased appreciably after
heat treatment at 175 ◦C for 6 h. Figures 6a–c display
the energy-dispersive X-ray spectroscopy (EDX) spectra from the points marked with A’, B’ on the separated fracture surface image of Cu plate in Fig. 5c
and those from the point marked with C’ on the separated fracture surface image of Al plate in Fig. 5d.
The EDX spectra from points marked with A, B, and
C in Figs. 5a,b are similar to those shown in Fig. 6
and will not be shown. It is interesting to note that
the EDX spectra in Fig 6a from region A’ (an island-shaped region in Fig. 5c) show the presence of mainly
Al (∼ 99 wt.%), suggesting the island-shaped region is
detached from Al plate and joined onto the Cu surface
[3]. The EDX spectra from region B’ (Fig. 5c) exhibited mainly Cu peak (100 wt.%), which may represent
the unbonded or weakly bonded region. On the other
hand, the EDX spectra from region Al plate (marked
with C’ in Fig. 5d) show the presence of only Al. The
comparison of the fracture surface and EDX spectra of
Cu side with those of Al side suggests that the islandshaped region on Cu fracture surface (Figs. 5a,b) was
formed during the ﬁnal detachment and separation of
island-shaped Al lump attached to the copper layer.
Kim and Hong [3] reported that the crack propagation and fracture would occur in softer Al matrix
away from the well-bonded interface between metallic Cu and Al, resulting in the Al lumps on Cu and
no Cu lumps on Al, supporting EDX spectra analysis
results in Fig. 6. The increase of island-shaped region
(detached Al lumps onto Cu) on the Cu side interfacial fracture surface in clad composite heat-treated
at 175 ◦C for 6 h strongly supports that the interface
bonding would also be enhanced during aging heat
treatment of Al-Mg-Si alloy layer in Cu/Al-Mg-Si/Cu
clad composite. Therefore, the increased ductility after aging in Fig. 4 can be attributed to the accumulation of dislocations in the presence of precipitates
in Al-Mg-Si layer and the enhanced interface bonding
[8].
Hong and his coworkers [8, 19, 20] suggested that
the ductility of clad composite could be enhanced if
the interface bonding strength were enhanced. They
[8, 19] suggested that the local necking of one metal
layer could be suppressed by the facing joined layer
if the interface bonding were strong, resulting in the
promotion of homogenous plastic deformation caused
by the interactive constraint imposed by the attached
facing layer. They [8, 19] reported that constraint and
interaction by the adjacent attached facing metal layer
could be made by the transfer of stress and strain
through the joined interface. It is not clear if the interface bonding is enhanced during aging heat treatment
at 175 ◦C, but the increased ductility of clad composite
after heat treatment may support the enhanced interfacial bonding as suggested by Kim and Hong [19].
Figure 7 showed the SEM images of the fractured ten-
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Fig. 7. An edge view of the tensile specimens after tensile
fracture.

sile specimens, (a) as-rolled and aged at 175 ◦C for 3 h
(b) and 6 h (c). Cu layers at the outer surfaces were
found to be well-bonded to the Al-Mg-Si plate even
after ﬁnal fracture, indicating an excellent bonding
between Al-Mg-Si and Cu in the as-rolled and aged
clad composites at 175 ◦C.
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4. Conclusions
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