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Abstract: Cu/Al composites are widely utilized across various industries due to their lightweight and excellent electrical
conductivity. However, the impact of different manufacturing methods on the interfacial structure and mechanical properties of these
composites remains significant. In this study, Cu/Al composite plates were fabricated using rolling and underwater explosive
welding techniques to systematically compare their interfacial microstructure and mechanical performance. Interface morphology,
grain orientation, grain boundary characteristics, and phase distribution were analyzed through optical microscopy, scanning electron
microscopy, and electron backscatter diffraction. Mechanical properties were assessed using tensile shear tests, 90 bending tests,
and hardness measurements, with Vickers hardness and nanoindentation tests providing further insight into hardness distributions.
The results indicate that the diffusion layer in rolled Cu/Al composites is relatively fragile, while those produced by underwater
explosive welding feature a diffusion layer approximately 18 um thick, metallurgically bonded through atomic diffusion. The tensile
shear strength of these composites ranges from 64.14 to 70.84 MPa, with superior flexural performance demonstrated in the 90°
three-point bending test by the underwater explosive welded samples. This study elucidates the effects of distinct manufacturing
methods on the interfacial properties and mechanical performance of Cu/Al composites, offering essential insights for selection of
manufacturing method and application.
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With the continuous development of manufacturing tech-
nology, Cu/Al composites have received widespread attention
due to their lightweight nature, electrical conductivity, thermal
conductivity, and corrosion resistance. They have a wide range
of applications, particularly in the automotive ¥, aerospace
M and marine fields [5¢1. Copper has a density three times that
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of aluminum, and. its melting temperature is approximately
60% lower than that of copper . Therefore, using Cu/Al com-
posites instead of pure copper can significantly reduce total
cost and quality while improving practicality. However,
achieving reliable Cu/Al bonding presents challenges, as the
differences in physical properties, such as density, melting
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temperature, and thermal expansion, can result in stress and
structural inconsistencies at the interface. Effective bonding
requires techniques to manage these disparities, enhancing
joint quality and durability. Currently, most Cu/Al composites
are fabricated using stirring friction [, rolling, electropulsing
891 Jaser welding "% and explosive welding %4, These di-

verse production methods create diverse interface distributions.

Payak et al.*¥ for Cu/Al concentrated on various parameters
of stir friction and the defects that develop, emphasizing the
role of interlayers in stir friction Cu/Al composites. Barekatain
et al.' used a typical dynamic shoulder welding technique to
fuse AA1050 and pure Cu, and discovered that the material
was significantly mixed in the stirring zone, with most joints
containing a combination of Al and Cu positions, as well as
voids and cracks. Lin-et al. I determined that the grain size
and thickness of the diffusion layer are the primary factors in-
fluencing the mechanical characteristics of Al/Cu laminated
composites. Chang et al. ¥ performed numerical simulations
of rolled bonded Cu/Al and discovered that the interfacial lay-
er formed in four stages: copper-aluminum surface contact,
contact surface activation, mutual diffusion of cop-
per-aluminium atoms, and reaction diffusion. Sas-Boca et al.
(29 attempted to analyze the bonding of an Al-Cu bimetallic
composite layer via hot rolling, but the bonding was inade-
quate, and the presence of some oxides inhibited bonding, re-
sulting in fissures. Wei et al. ! used explosion welding, cold
pressure welding, and solid-liquid casting to create Cu/Al
composites and determined that explosive welding is the most
advantageous approach. Jiang et al. Y investigated the influ-
ence of stand-off on the thickness of a localised molten layer
in explosively welded Cu/Al.

Rolling over the interface at the solid solution and mechan-
ical occlusion in the thickness direction produces high com-
pressive stress, which binds the metal composite together. Its
main problem lies in the incomplete metallurgy due to insuffi-
cient diffusion layer. Explosive welding involves the use of
explosives to cause two or more layers of the same or dissim-
ilar metals to collide obliquely at the interface, resulting in lo-
cal high temperature, high pressure, and substantial plastic
deformation, thereby welding the metals together %24, The
control of the thickness of the melted layer in Cu/Al explosive
composites is crucial. Moreover, for thin metal plates ®, it is
essential to avoid excessive melting of the interface, breaking
of the parent material, and other impacts on the quality of the
combination. Underwater explosive welding % is advanta-
geous in this regard; the explosive welding composite device
is placed underwater, and water is used to replace air as the
propagation medium of the blast energy. This reduces contact
with oxygen and allows the completion of the composite metal
plate, which cannot be achieved in air. Underwater explosive
welding has indicated advantages in composite thin materials,
brittle, and hard materials, and difficult-to-process materials
throughout extensive studies 2739,

In this study, Cu/Al composite samples were prepared uti-
lizing rolling and underwater explosive welding respectively,
with an emphasis on analyzing the interfacial microstructure
and mechanical properties and comparing the interfacial char-
acteristics of various composite processes.The morphological
properties of the interface, and the grain orientation, grain
boundary features, and phase distribution of the materials
were investigated using an optical microscope (OM), a scan-
ning electron microscope (SEM), and electron backscattering
diffraction (EBSD). Tensile shear, 90<=bending, and hardness
tests were utilized to assess mechanical qualities, with Vickers
hardness and nanoindentation tests employed to thoroughly
analyze the samples' hardness characteristics. The findings
will help to better understand the preparation process, interfa-
cial characteristics, and mechanical properties of Cu/Al com-
posites, serving as a valuable reference for optimizing the
preparation process and enhancing material qualities.

1 Experimental procedure

1.1 Experimental materials and methods

This study used two composite methods: rolling and explo-
sive welding. The materials used for rolling and explosive
welding are identical, with specific parameters outlined in Table
1. Notably, the surface density of T2 copper is 8.92 g ¢m?,
while the density of A1060 aluminum is 2.71 g €m?, indicating
a significant difference in their physical properties. The rolled
Cu/Al composite plates are commercially available transition
plates sourced from LUOYANG COPPER (GROUP) CO., LTD.
A schematic diagram of the underwater explosive welding ap-
paratus for the Cu/Al composite plates is presented in Fig. 1. To
enable effective energy transfer in the water tank, a 15 mm thick
explosive layer with a density of 1.2 ge€m? and an explosion
velocity of 3500 m s was affixed beneath a supporting bracket,
positioned at a distance of 15 mm from the flyer plate. The
stand-off distance between the flyer plate and the base plate was
maintained at 0.2 mm. Prior to welding, the contact surfaces of
the Cu and Al plates were prepared through sanding and polish-
ing to improve surface finish and flatness, enhancing contact
performance and welding quality.

Table 1 Process parameters

Sample Materials Process Medium
T2 copper (0.5 mm) + Rolling "
ir
A1060 (4.5 mm)
T2 copper (2 mm) + Explosive
) Water
A1060 (8 mm) welding
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Fig. 1 Schematic diagram of an underwater explosive welding device.

1.2 Microstructure analysis and mechanical property
analysis

Microstructure and mechanical property examination
of experimental samples involved an in-depth investigation
and analysis of the samples' microstructure and properties
from multiple dimensions and angles. Initially, the speci-
mens were cut by wire-cut and then processed metallo-
graphically with resin inlay. The two-dimensional micro-
scopic morphology of the samples was examined using an
OM (ZEISS Axiolab5) and an SEM (ZEISS Sigma 300) to
gain insight into the microstructural and morphological
properties of the sample surfaces. The OM provided
high-resolution images to observe the external morphology
and surface details of the samples. Additionally, the SEM
provided higher magnification and more detailed surface
information, revealing more details of the sample's micro-
structure. Electron dispersive spectroscopy was a widely
used technique for elemental analysis. It could detect the
distribution of different elements in the samples and com-
prehend the content and distribution status of various ele-
ments in the sample, thereby providing a reference basis
for future analysis. Furthermore, EBSD scanning electron
microscopy (QUANTA FEG 450 edax) with Orientation
Imaging Microscopy (OIM) analysis-(version 6.2) software
was used to study the grain orientation, grain boundary
characteristics, and phase distribution of the samples with a
step size of 0.3 wm. This analysis revealed vital infor-
mation, such as the crystal structure of the material and the
direction of grain growth, providing robust support for un-
derstanding and optimizing the material.

Second, mechanical property tests were conducted,
including tensile shear, 90 <three-point bending, and hard-
ness tests, to thoroughly analyze the samples' mechanical
characteristics and changes. The tensile shear test evaluated
the composite samples' interfacial shear condition and
strength. Contrarily, the 90 three-point bending test evalu-
ated the material's flexural performance, deformation be-
havior under bending load, and bending strength. Vickers
hardness and nanoindentation tests were performed- to

completely examine the hardness characteristics of samples.

The Vickers hardness test reflected the material's hardness
at the macroscopic level, providing an overall hardness
evaluation. Meanwhile, the nanoindentation test allowed
for in-depth observation and analysis of the material's mi-

croscopic hardness changes, revealing the hardness of the
material's weld interface and other subtle characteristics.

2 Results and Discussion

2.1 OM and SEM results

The composite structure was evaluated through OM and
SEM. Rolling was aided by solid solution and mechanical oc-
clusion at the interface, resulting in a relatively thin diffusion
layer. The presence of the diffusion layer in rolling was nearly
imperceptible under an OM, and the interface appeared
smooth and straight. And explosive welding composite is cre-
ated by applying high energy from the explosion to the flyer
plate collision base plate, resulting in rapid composite for-
mation. Under an OM, the oblique collision causes the bond-
ing interface of explosive welding samples to form a micro-
wave-like shape, and the wave-like interface enhances the
contact area of Cu and Al while also improving the mechani-
cal locking strength of the interface.The impact of the flyer
plate on the base plate converts. its kinetic energy into thermal
energy, resulting in a strong plastic flow of metal and a local-
ized melting layer up to 30 um.

The SEM revealed a diffusion layer in the rolled sample
(Figs. 3b-c). Cu element diffusion was measured at approxi-
mately 1 pm inline scanning, while Al element diffusion was
measured at approximately 2 um, indicating a significant dif-
fusion of Al compared to Cu. Vertical cracks perpendicular to
the direction of explosive welding were detected in the molten
layer of the underwater explosive welded samples, caused by
thermal strains generated at the interface during rapid solidi-
fication at high temperatures BY. Cracks in the molten layer of
explosive welds were a common event 2% and they tend to
form in the thicker part of the molten layer without propagat-
ing into the base material. According to the mapping scan re-
sults, the melting layer primarily consisted of Al, with Al
components also diffused on the Cu side. Line scan findings
indicated Cu element diffusion of approximately 18 pum and
Al element diffusion of approximately 16 pm. The higher dif-
fusion of Al elements compared to Cu elements within the
melted layer suggested a significant diffusion capacity for Al.
Numerical simulations in Li's study B34 revealed the tempera-
ture dependence of interfacial diffusion between the Al and Cu.
The interface temperature in the explosive welding method
could exceed 1,500 K B as indicated by numerical explo-
sively welded samples was substantially more extensive than
that of the rolled samples. The presence of a certain diffusion
layer can effectively enhance the bond strength of the inter-
face 6371, The diffusion capacity of Al elements is greater
than that of Cu, both in rolling and in underwater explosive
welding.

Explosive welding
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Fig. 2 Optical microscope results: (a, ¢, and e) rolling; (b, d, and f)
explosive welding.
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Fig. 3 SEM-BSE results of the interface: (a—c) sample 1; (d—f) sample
2; (g) line scan of sample 1; (h) line scan of sample 2.

2.2 EBSD analysis results

Grain and structural studies were conducted using EBSD to
gain a better understanding of grain size, grain boundary
changes, phases, interfacial stress distribution, and recrystalli-
zation of the samples, comparing interfacial distributions un-
der different conditions. The Kernel average misorientation
(KAM) plots in Fig. 4e-f) show that rolling composite samples
had lower KAM values than explosive welding samples.It is

well understood that the KAM value can reflect the degree of
variation in local orientation inside a grain, suggesting that the
higher the KAM value, the greater the orientation variance
within the grain, which is typically linked with more plastic
deformation or dislocation density. Although the rolling pro-
cess can produce persistent compressive stress and plastic de-
formation, the explosive welding shock wave can produce
greater transient compressive stress and local plastic defor-
mation, resulting in more intense compression and plastic de-
formation in explosive composite samples. In contrast, the
lower nuclear mean orientation of the melted layer in explo-
sive welding (Fig. 4f) indicates that large pressure and plastic
deformation occurred on both sides of the interface, and that
the nuclear mean orientation was greater on the Al side than
on the Cu side, owing to the high strain caused by the greater
compressive stress and plastic deformation on the Al sidel*839,
Enrichment of large-angle grain boundaries at the explosive
welding interface (Fig. 4b) did not occur in the rolled samples.
The increase in large-angle grain boundaries indicates a rise in
crystal energy and an increase in recrystallisation fraction. In
Fig. 4d, this statement is verified by the large number of fully
recrystallised grains distributed at the explosive welding in-
terface, implying that it has a uniform strain distribution. The
Cu side of explosive welding has largely recrystallized grains,
while the Al side experiences strong plastic deformation about
10 pm away from the contact, resulting in deformed grains.
Comparing Cu to Al, low stacking fault energy materials are
available® 43, Cu is prone to dynamic recrystallization and
the development of equiaxed fine crystals near the explosive
welding interface due to the high temperature effect, as a re-
sult of the wide extended dislocations that make dislocation
climbing unfavorable; Conversely, Al, being the side with the
highest stacking fault energy(SFE), is more vulnerable to de-
formed grains and dynamic restitution because of the restrict-
ed width of the extended dislocations, which can climb and
cross-slip.

Fig. 5 depicts the grain distribution between Cu and Cu-Al
complexes. Grain refinement occurred along the interface in
both rolled and explosively welded samples. The grain re-
finement observed in the explosive welding samples was more
extreme. After being heated at high temperatures by explosive
welding, the atoms' diffusion ability increases, and the grains
form fine isometric crystals via re-nucleation. The grain size
of the rolled samples was significantly larger than that of the
explosion welded samples, which was due to a difference in
the base material as well as grain refinement caused by the in-
creased compressive stress and plastic deformation produced
by explosive welding. The grain size statistics were performed
on the equivalent circular diameter of the grains. The average
grain size in rolling samples was 5.65 pm for Cu, 0.65 pum for
Cu-Al, and 2.11 um for Al, whereas in explosive welding
samples it was 0.95 um for Cu, 0.94 um for Cu-Al, and 2.25
um for Al Ultrafine grain (UFG) is defined as a grain size of
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less than 1 pm and has been shown to improve mechanical
qualities like tensile strength @ and creep behavior [*3,

Fig. 6 depicts the texture distribution of Cu/Al composite
plates, which aids in further analyzing its preferred direction.
The Cu/Al composite plates interface has five types of tex-
tures: deformation textures (S texture {123} < 634 >, Copper
texture {112} < 111 >, and Brass texture {011} < 112 >), and
recrystallization textures (Goss texture {011} < 100 >, Cube
texture {001} < 100 >). In the rolling samples, the S-and Cube
textures are largely spread on the Cu side, whereas the Brass
texture is predominantly distributed on the Al side. In explo-
sive welding samples, on the other hand, texture irregularity is
always seen along the interface, with the recrystallization tex-
ture Goss texture and Brass texture having the greatest overall
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dispersion. Compared to the recrystallization distribution map
in Fig. 4c, the Goss texture was distributed on the recrystal-
lized grains, while the Brass texture was scattered on the de-
formed grains. Deformation texture generally causes material
anisotropy, which is detrimental to mechanical stability*,
The rolled samples showed a higher deformation texture. An-
alysing the polar plots of the samples, both in the rolled and in
the explosive welding samples, the strength of the weave on
the Al side ( Rolling,max= 10.9; Explosive welding, max=
9.84) is higher than that on the Cu side ( Rolling,max= 6.51;
Explosive welding, max= 3.26). Dynamic recrystallization
limits weave transformation®, weakening the texture,

whereas the Cu side was more prone to dynamic recrystalliza-
tion, resulting in a low-intensity texture.

. Deformed

Fig. 4 EBSD results of Cu/Al composite plates interface: (a-b) grain boundary map; (c-d) recrystallization distribution map; (e-f) KAM map.
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Fig. 7 Polar diagram distribution of Cu/Al composite plates.

2.3.Mechanical property analysis

Mechanical testing results further substantiate the impact of
processing techniques. The tensile shear test was used to
evaluate the interfacial shear strength of the composite, re-
flecting the bond strength at the interface.Only the underwater
explosive welding samples ( Fig. 8a) were studied because the
upper layer of the rolled samples was excessively thin (0.5
mm), which made sampling difficult. All samples were frac-
tured at the weld contact, with shear strengths ranging from
64.14 to 70.84 MPa, indicating consistent findings. The sam-
ple fracture did not exhibit a plateau phase, as observed in the
curve graph, indicating a brittle fracture. Cu and Al are both
FCC crystal structures, and in general the FCC crystal struc-
ture usually remains in a ductile fracture mode, but after being
subjected to cold working by explosive welding which in-
creases the dislocation density, the fracture mode is converted
from ductile fracture to brittle fracture. The fracture after ten-
sile shear was analyzed using XRD, and only Cu elements
were detected on the Cu side, while Al elements and the com-
pound AlCus were detected on the Al side. This implies that
the fracture occurred at the interface between Cu and the
melted layer, where the melted layer contained AlCu;z and Al
elements.

The bending performance of the samples was evaluated by
performing 90° bending experiments, and no significant de-
lamination or cracking was observed in either group of sam-
ples, which successfully withstood 90° bending from both the
Cu and Al sides. However, the measured bending strength of
the explosive welding samples (227.64~343.18 MPa) was sig-
nificantly better than that of the rolled (234.85~257.17 MPa).

The state of interfacial deformation influences the hardness.
The hardness of the samples was analyzed using Vickers
hardness and nanoindentation hardness tests, and it was dis-
covered that the hardness variance between rolling and un-
derwater explosive welding samples was significantly differ-
ent. Vickers hardness was measured with a test force of 0.2 kg.
The hardness of the underwater explosive welding samples
increased as they approached the contact on the Cu side and

decreased as they approached the interface on the Al side.
I BRI T 350

Measured bending strength/MPa
S 100 — 1-A 27764
- - 1-B 34318
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Contrarily, the rolling samples had the opposite tendency.
Grain refinement also occurred in the rolled samples on the Al
side near the interface in grain Fig. 5 in the EBSD assay, and
grain refinement contributes significantly to hardness
strengthening™®l. Work hardening and grain refining also con-
tributed to increased hardness at the Cu side of the underwater
explosive welding samples at the contact. However, strain
softening occurred on the Al side during EBSD testing due to
high SFE and dynamic recovery during explosive welding,
counteracting work hardening. Therefore, the closer to the in-
terface, the harder the Al side became. To examine the hard-
ness of the melted layer in explosive welding samples,
nanoindentation experiments were performed with a test force
of 1000 uN. Each point was indented at 5 um intervals, total-
ing 30 spots for reference. Near the interface, both rolling and
explosive welding indicated a slight increase in hardness, con-
sistent with the grain refinement observed in the IPF of EBSD.
The melted layer exhibited much higher hardness than the
parent material, with a maximum nano-hardness of 16.44 Gpa,
attributed to the presence of intermetallic compounds and
grain refinement. These metal compounds tend to behave hard
and brittle. Simultaneously, Cu particles entered the melting
layer, while hardness remained unaffected near the fissures.
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samples; (b) 90<°bending test curve.

100

Rolling Explosive welding
— 90 >120 Al
z z
% 80 %100
g g
5 70 k<
3 s 80 ]
I 6010y » . —— Linel
g ] t i —— Line2
> 40 = 4] Cu
30 = 4
.0.4-020.0 0.2 04 0.6 0.8 1.0 1.2 12606 0660360.060.1 05 11 16 21
Distance(mm) Distance(mm)
Rolling VoV (C) Explo'sivc, VVV (d)
s welding vV VYV
: VvV
SNV
vVvVvv
v,

layer 14,60 12,90 16.52
TROFTSTT 14.67

. i 1
o s S )
Melting ﬂ: 132

Fig. 10 Results of hardness: (a) Vickers hardness of sample 1; (b)
Vickers hardness of sample 2; (c) Nano-hardness of sample 1;(d)
Nano-hardness of sample 2.

3 Conclusions

1) The rolling-produced samples were compounded at the
interface by solid solution and mechanical occlusion; the in-
terface was straight and flat, with a thin diffusion layer about 2
um thick. The underwater explosive welding samples exhibit-
ed a microwave-like interface with a diffusion layer of ap-
proximately 18 pm, including AICu3 and Al elements. The
diffusion capacity of Al was stronger in both sets of samples
compared to Cu. Both explosive welding and rolling produced
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