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5A02 aluminum alloy and pure copper were joined by friction stir welding (FSW). A defect-free joint was
obtained when one of process parameters, i.e. the traverse speed was lowered from 40 mm/min to
20 mm/min. A good mixing of Al and Cu was observed in the weld nugget zone (WNZ). A large amount
of fine Cu particles were dispersed in the upper part of the WNZ producing a composite-like structure. In
the lower part, nano-scaled intercalations were observed and identified by transmission electron micros-
copy (TEM). These layered structures were subsequently confirmed as Al4Cug (7), Al,Cus (&), Al,Cu (0),
respectively. Formation of these microstructures caused an inhomogeneous hardness profile. Particularly,
a distinct rise in hardness was noticed at the Al/Cu interface. Excellent metallurgical bonding between Al
and Cu gave rise to good behaviors in the tensile and bending strength.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Products made of dissimilar material combinations have been
becoming increasingly significant in industrial applications be-
cause of their technical and economic benefits [1-3]. Aluminum
(Al) and copper (Cu) are two common engineering materials
widely used in the aerospace, transportation and electric power
industries. Al/Cu bimetallic dissimilar joint, is of great interest in
electrical connections since it can reduce materials costs and
weight while prolonging the service life [4-6]. Welding technique
has been considered as a top priority for fabricating this dissimilar
joint. Sound joining technique is indispensable for obtaining reli-
able Al/Cu joint. Conventional fusion welding is, however, not
applicable for joining Al to Cu due to their huge differences in
physical and chemical properties [7,8]. Moreover, easy formation
of cracking and brittle intermetallic compounds (IMCs) is expected
in fusion welded joint because of high affinity between Al and Cu,
which seriously deteriorates the mechanical properties. Therefore,
many kinds of welding techniques such as cold roll welding [9,10],
diffusion bonding [11,12], explosive welding [13,14] and friction
welding [15-18] have been developed as alternative joining pro-
cesses for joining Al to Cu. However, disadvantages of the afore-
mentioned processes such as large limitations in joint design, the
need to maintain welding condition and cost of procedure have re-
stricted their application in industry.

Friction stir welding (FSW) is a relatively novel solid-state tech-
nique patented by the welding institute (TWI) in 1991 [19]. Com-
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pared with conventional fusion welding processes, it shows many
advantages such as high quality and flexibility. Additionally, FSW
has great potential for joining dissimilar materials such as Al to
Cu since it allows dissimilar combination under the condition of
a lower temperature and a lower heat input. It could mix them to-
gether without any melting, which eliminates many defects ex-
isted in the fusion welding. Therefore, many recent studies have
investigated dissimilar joining Al to Cu by FSW. To the best of
our current knowledge, Murr et al. [20] first reported sound welds
without any defect were difficult to obtain using FSW. Afterwards,
Ouyang et al. [21] investigated the microstructural evolution dur-
ing FSW of Al to Cu and concluded complex microstructure with
several IMCs such as Al,Cu, AlCu and Al4Cug was observed. In addi-
tion, they claimed that direct FSW of Al to Cu was difficult due to
the brittle nature of IMCs. Abdollah-Zadeh et al. [22,23], however,
studied the feasibility of FSW of Al and Cu in lap configuration
rather than butt configuration. Similar to the aforementioned stud-
ies, IMCs such as Al,Cu, AlCu and Al4Cug were also observed. Xue
et al. [24,25] studied the effect of process parameters such as tool
offsetting, rotation rate and traverse speed on microstructure and
mechanical properties of dissimilar 1060 aluminum-pure copper
joints. They reported defect-free joints with good mechanical prop-
erties were achieved, which was attributed to excellent metallurgi-
cal bonding caused by formation of thin IMC layer and IMC
particles. That was to say, IMCs was not necessarily detrimental
to the mechanical strength provided the thickness was controlled
to micro scale. Similar phenomenon was observed by Galvio
et al. [26-30], Liu et al. [31] and Genevois et al. [32].

The previous studies have mainly addressed the microstructure
and mechanical properties of Al-Cu dissimilar joint. Nevertheless,
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limited literature has focused on the formation mechanism of the
microstructure. In particular, the relationship between microstruc-
ture and mechanical properties has not been well established. The
objective of the present study is, therefore, to focus on the micro-
structure and their formation mechanism. The relationship be-
tween microstructure and mechanical properties is investigated
as well.

2. Experimental details

The materials used in this study were 5A02 aluminum alloy and
pure copper (T2), both with thickness of 3 mm. The chemical com-
positions of the base metals are listed in Tables 1 and 2, respec-
tively. Both plates were machined into rectangle with 20 cm in
length and 5 cm in width. The surfaces of both plates were cleaned
by acetone prior to welding. After that, the plates were butt-
welded together using load-controlled FSW equipment (FSW-
3LM-003). The schematic of friction stir welding process and con-
figuration of used tool is shown in Fig. 1. The rotating tool made of
tool steel consisted of a flat edge concave shoulder with diameter
of 12 mm and a conical pin with diameter of 3 mm.

The tool rotation speed, traverse speed and tool offset are main
process parameters in determining the appearance and mechanical
properties of FSWed joint. In the previous studies, various FSWed
Al-Cu joints have already been obtained under different welding
conditions. Therefore, the purpose of this study is not to optimize
different process parameters. For obtaining defect-free joint, low
welding speed and high rotation speed are usually required [32].
Based on previous studies and the literature review [33], the fol-
lowing process parameters were selected. Rotation speed and tool
offset were kept constant, while the traverse speed was varied to
obtain an acceptable joint with good weld appearance. After preli-
minary trials, the rotation rate was kept constant at 1100 rpm and
the traverse speed was varied from 20 mm/min to 40 mm/min.
During FSW, the tool tilted to the Al side of the weld and the tilt
angle was kept 3° with respect to the vertical direction (i.e. Z-axis
of FSW machine). The tool offset was 0.2 mm to the Al side, relative
to the butt line. The plunge depth of rotational shoulder was
0.8 mm. The Cu was positioned on the retreating side (RS) and Al
on the advancing side (AS), respectively.

After the FSW process, test specimens were sectioned trans-
verse to the weldment. Standard metallographic preparation pro-
cedures were utilized. Macrostructures of the joints were
examined by an optical microscope. Microstructure and fracture
surface were observed using a scanning electron microscopy
(SEM) equipped with an energy dispersive spectroscopy (EDS).
The phase component at the WNZ was identified using a transmis-
sion electron microscopy (TEM). The focused ion beam (FIB) tech-
nique was used for preparing TEM foil of the bonded region. FIB-
TEM specimen was prepared using an in situ lift out method.
TEM with a Tecnai-G2 F30 operating at a nominal voltage of
300 kV was used to characterize the microstructure in detail. Phase
identification was performed by selected-area electron diffraction
(SAED). Images with a high atom number contrast (Z-contrast)
were obtained using a high angle annular dark field (HAADF)
detector in scanning transmission electron microscopy (STEM)
mode. Vickers hardness measurement was performed at the top,
middle and bottom portions of the cross-section with a load of

Table 1
Chemical compositions of 5A02 aluminum alloy (wt.%).

Elements Si Fe Cu Mn Mg Ti Al
040 040 0.10 0.15-040 2.0-2.8 0.15 Bal

5A02 aluminum
alloy

Table 2
Chemical compositions of copper (T2) (wt.%).

Elements Cu+Ag Fe Bi Sb As Pb S

Copper 99.90 0.005  0.001 0.002 0.002 0.005 0.005

Advancing Side “‘@W

Right-hand
thread

Fig. 1. Schematic of friction stir welding process and configuration of used tool.

100 g for 10 s. Tensile tests were performed at room temperature
using INSTRON 5569 testing machine at a crosshead speed of
1 mm/min, according to GB/T 2651-2008 standard (equivalent to
ISO 9016: 2001) [34]. Three-point bending tests were conducted
in accordance with the standard of GB/T 2653-2008 (equivalent
to ISO 5173: 2000) [35].

3. Results and discussion
3.1. Joint appearance

Fig. 2 shows surface appearances and cross sections of Al/Cu
joints produced at different traverse speeds. At traverse speed of
40 mm/min, the boundary of Al and Cu plates could be discernable
from the surface appearance shown in Fig. 2a. Cavity defect was
observed in the cross-sectional macrograph indicating incomplete
mixing between Al and Cu. This defect was usually associated with
insufficient material flow caused by insufficient heat input [36].
While at the lower welding speed of 20 mm/min, a good appear-
ance with few flash was observed in Fig. 2¢c. The proper mixing oc-
curred and void-free joint was obtained shown from cross section
in Fig. 2d. The weld quality worsened instead with a further in-
crease in traverse speed (Results not shown here). Unlike FSW of
similar materials, typical cross section of FSW dissimilar joint
was difficult to be divided into different regions such as thermo-
mechanically affected zone (TMAZ), heat affected zone (HAZ) and
weld nugget zone (WNZ). Moreover, the WNZ did not exhibit the
classical onion ring structure due to different materials flow pat-
terns [25,31]. According to the above results, a traverse speed of
20 mm/min was adopted thereafter as the optimal traverse speed
for the welding experiments.

The weld quality was greatly influenced by the fixed location of
tool pin besides process parameters (tool rotational speed, traverse
speed and offset). Sound joints were obtained when hard plate, i.e.,
Cu was fixed at the retreating side (RS) under the welding condi-
tions used in the present study. This finding was in consistent with
the previous reports [36,37]. However, some researchers reported
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Fig. 2. Weld appearances and cross sections of friction stir welded joints at different traverse speeds: (a, b) 40 mm/min, (c, d) 20 mm/min.

that sound joints were achieved when Cu was fixed at the advanc-
ing side (AS) [25,31,32].

3.2. Microstructure and formation mechanism

Fig. 3 shows the microstructure of Al/Cu joint produced at tra-
verse speed of 20 mm/min. All the micrographs were taken at
the back-scattered electron (BSE) mode. Different phases were evi-
denced and corresponding EDS analysis were carried out. The EDS
results were presented in Table 3. Fig. 3a shows an overview of
SEM morphology at the stir zone of the Al/Cu joint. In the upper
part of the weld, Cu bulk remained unbroken. The Al/Cu interface
could be easily identified as shown in rectangle c. In comparison,
violent stirring action was clearly observed in the lower part of
the weld, indicated by rectangle d. The dispersion of the fine Cu
fragments and particles was noticed at the nugget zone close to
the Al matrix, as shown in Fig. 3b. These scattered fragments with
irregular shapes and different sizes produced a composite-like
structure. Similar phenomenon was observed by Xue et al. [24]. In-
set of Fig. 3b shows the particles existed in the whole nugget zone.
The nugget zone was thus strengthened by this kind of structure,
which would be discussed later. High magnification of rectangle

Table 3
EDS analysis results of reaction layer pointed in Fig. 3 (at.%).

Positions Al Cu Possible phases

P1 27.47 72.53 AlyCug

P2 8.40 91.60 Solid solution Cu (Al)
P3 70.54 29.46 AlCu

P4 67.64 32.36 AlCu

P5 51.13 48.87 AlCu

P6 52.90 47.10 AlCu

P7 85.08 14.92 Al + Al,Cu

P8 35.52 64.48 AlyCus

P9 68.09 31.91 AlyCu

c shown in Fig. 3c indicated some structures (P1-P3) differing from
base metals were generated close to Cu matrix. According to the
EDS results of P1-P3, these structures were identified as Al,Cug,
Cu based Solid solution Cu (Al) and Al,Cu, respectively. The newly
formed isolated structures and solid solution may be related to the
local diffusion induced by the mechanical effect of the tool pin. It
could be seen from Fig. 3d that complex structure formed in the
lower part of the weld, in which some different morphology could
be distinguished. A large amount of finer and denser particles were
dispersed in the Al matrix indicated in Fig 3e. Some Cu pieces

Fig. 3. Interfacial microstructure of Al/Cu joint produced at traverse speed of 20 mm/min: (a) overview of cross-section, (b—d) magnified views of regions b-d marked in (a),

and (e-i) magnified views of regions e-i marked in (d).
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Fig. 5. TEM investigation of the Al/Cu interface: (a) bright field micrograph taken at the interface, (b) high magnification of (a), (c) HAADF micrographs corresponding to (a),

(d) high magnification of (c¢), and (e-g) SAED patterns of interfacial reaction phases.

detached from the Cu bulk were stirred into the Al matrix giving
rise to alternate lamella shown in Fig. 3f. The thickness of each la-
mella was not more than 30 pm. Besides, several different swirl
and vortex-like patterns of layered structure could be evidenced,
as shown from Fig. 3g to Fig. 3i. Based on the EDS analysis results,
typical IMCs were observed in the lower part of the weld, including
AlCu (P5 and P6), Al,Cus (P8) and Al,Cu (P4, P7 and P9). Plastic stir
action and friction heat generation were considered as the main

reasons for the heterogeneous characteristics in the WNZ
[22,24,31,36].

These swirl and vortex-like patterns have also been reported by
Liu et al. [31]. But in some cases, only plastic deformation without
any IMCs was observed in the Al/Cu joint [37]. This difference
could be primarily associated with the heat input. With low heat
input such as high traverse speed, the insufficient heat input could
not induce interfacial reaction between Al and Cu. In contrast, the
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Nano-scaled
IMCs

y o\
) o @3
Composite-like
microstructure

Fig. 6. Formation mechanism of composite-like structure and nano-scaled IMCs
during FSW: (a) tool was plunged into workpiece, (b) material flowed when tool
rotated, (c) fragments and particles were transported into each side and (d)
formation of composite-like structure and nano-scaled microstructure.

IMCs were observed with the decreasing traverse speed in the
aforementioned studies.

The element distribution of the WNZ is shown in Fig. 4. Good
mixing of Al and Cu was noticed. According to the element distri-
bution of Al and Cu, the bright particles in Fig. 4a mainly consisted
of Cu element indicated by arrow in Fig. 4c. The refined Cu particles
were involved into the Al matrix producing a composite-like struc-
ture, corresponding to the observation in Fig. 3. In addition, the
slight variation of color contrast in Fig. 4b and c revealed the occur-
rence of interfacial reaction between Al and Cu due to the strong
stirring action.

TEM analysis was performed to further identify the composition
and structure of the reaction layers formed at the interface of Al/
Cu. Fig. 5 shows TEM bright field (BF) micrographs and HAADF
images with corresponding SAED patterns taken at the Al/Cu inter-
face. As shown in Fig. 53, an ultra-thin and continuous layer with
thickness of approximately 1 pm was clearly observed from the
BF image. The fine grains were visible at higher magnification in
Fig. 5b. It was difficult to distinguish the reaction phases in BF
mode. Z-contrast images of these newly formed reaction phases
were thus observed, as shown in Fig. 5c. For the HAADF STEM
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Fig. 7. Binary diagram of Al-Cu.

micrograph, higher magnification in Fig. 5d showed three different
nano-scaled reaction layers. Based on the SAED pattern calibration
result, the reaction layers from Cu side to Al side were indexed as
AlyCug (), AlxCus (€), Al,Cu (0), respectively. Al,Cug () and Al,Cu
(0) were two most common phases reported in previous studies
[10,21-24,31,32]. However, limited literature mentioned the for-
mation of Al,Cus. Xia et al. [11] reported this phase formed at
the interface when vacuum brazing of Al and Cu using Al-Si filler
metal. Another phase AlCu (#) detected in SEM was not found in
the TEM specimen since the range of observation was restricted
to a very small region. It was worth noticing that these nano-scaled
structures were not observed in the case of higher traverse speed.

Based on the microstructural analysis above, the formation
mechanism was expected to be elucidated with the assistance of
Fig. 6. First, when the pin was plunged into the workpiece, the me-
tal adjacent to the threaded pin flowed downward due to the
external pressure (arrow A) while the surrounding metal was ex-
truded upwards (arrow B) as shown in Fig. 6a [38]. The metal flow-
ing upward was extruded downward when the pin was completely
inserted into the workpiece and the shoulder was in direct contact
with the surface of the deformed metals. When the tool traversed
along the joint line, the material flow was closely associated with
the pin thread orientation and tool rotational direction [39]. Two
forces was applied to the plasticized material around the pin.
One was pressure P acting in the direction perpendicular to the
thread surface because of the rotation of the pin tool, the other
was traction force T which was parallel to the thread surface
resulting from the friction between the thread surface and the
plasticized material [40]. In this case (right-hand thread), under
the combined action of those two forces, the plasticized material
was transported upward from the bottom of the RS following a
direction of resultant force R, indicated in Fig. 6b. Cu detached from
bulk was thus cracked into smaller fragments with different sizes.
The metals were then deposited at the trailing side of the pin tool
(Fig. 6¢). As the tool rotated, Al and Cu were transported into each
side. Al and Cu bulk were thus trapped and kneaded acting like an
extrusion die. The Temperature of the local weld rose rapidly at the
combined action of frictional heat and plastic deformation. In such
a case, the Al and Cu atoms were activated inducing interdiffusion
at the interface [32]. The smaller Cu particles were dispersed into
the Al matrix giving rise to the composite-like structure. Some
large fragments subsequently reacted with Al pieces and matrix
producing layered structure and intercalation structure, as shown

1 o |
ey 2mm
200 + —=—Top Weld centerline
180 | —*—Middle 1-195.3HV
160 1 —a— Bottom
S 2-172.4HV
T 140}
7]
ﬁ 420 Cu side (RS)
5 100 |
S 8
60 | Al side (AS)
40+ "\
20 I 1 1 1 1 1 1 1 l 1 1 1

-12-10 -8 6 4 -2 0 2 4 6 8 10 12
Distance from weld center (mm)

Fig. 8. Hardness profiles along top, middle and bottom lines of transverse cross-
section.
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Fig. 9. Tensile shear strength of FSWed Al/Cu joints.

in Fig. 6d. According to the ratio of elements Al and Cu, the nano-
scaled stoichiometric IMCs Al4Cug (7)), AlCuz (&) and Al,Cu (0)
formed along the direction moving from Cu side to Al side. In some
occasion, the phase AlCu (#) formed as well. The formation mech-
anism of newly formed structure in FSW was quite different from
that in fusion welding, which could be seen from Al-Cu binary dia-
gram [41] shown in Fig. 7. Temperature history measured by Liu
et al. [31] suggested that the peak temperature the weld experi-
enced was much lower than the melting point of Al and Cu. In
other words, the interfacial reaction of Al and Cu was realized dur-
ing FSW with heat input far lower than that needed in fusion weld-

ing. Therefore, the thickness of IMCs could be controlled to nano
scale while achieving metallurgical bonding. This composite-like
structure and nano-scaled layered structure would have significant
influence on mechanical properties of the Al/Cu dissimilar joint.

3.3. Mechanical properties

3.3.1. Microhardness distribution

The micro Vickers hardness distribution profile on the trans-
verse cross-section of the joint welded at traverse speed of
20 mm/min is shown in Fig. 8. The average hardness values of base
metals Al and Cu were 46 HV and 94 HV, respectively. The hard-
ness of HAZ in Al side was lower than that of base metal due to
HAZ softening. The occurrence could be probably attributed to
the grain coarsening and dissolution of strengthening precipitates
induced by the thermal cycle of the FSW process [42]. An inhomo-
geneous distribution of hardness values was observed in the WNZ.
The higher hardness value in the WNZ relative to Al base metal was
primarily associated with the formation of very fine recrystallized
grains and the Cu-rich dispersed particles, corresponding to the
observation in Fig. 3b. It is worth noticing that an abrupt change
in hardness value occurred adjacent to the interface. The values
at the interface of top and bottom reached 172.4HV and
195.3 HV, which were far higher than that of Al and Cu base met-
als. The distinct rise in hardness at the interface was attributed to
the presence of nano-scaled IMCs, which was in good consistent
with the observation in Fig. 5.

Fig. 11. Fracture surface morphologies of joints produced at 40 mm/min (a-c) and 20 mm/min (d-f): (a and d) overview of fracture surface; (b, c) high magnification of

regions b and ¢ marked in (a); (e, f) high magnification of regions e and f marked in (d).
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Fig. 12. Bending strength of Al/Cu joint produced at traverse speed of 20 mm/min.

3.3.2. Tensile strength and fracture behavior

Fig. 9 shows the tensile strength of joints welded at different
traverse speed corresponding to Fig. 2. The tensile strength of joint
produced at relatively fast traverse speed of 40 mm/min was rather
weak with average value of 11 MPa. However, the average strength
of joint fabricated at traverse speed of 20 mm/min reached
130 MPa, representing joint efficiency of 75.6% of the Al alloy base
metal.

Fig. 10 shows fracture locations in both cases indicated in Fig. 9.
Some differences could be distinguished from their fracture loca-
tions, although both joints fractured at the stir zones as shown in
Fig. 10a and c. For joint welded at traverse speed of 40 mm/min,
the voids acted as fracture initiation sites during tensile testing
shown in Fig. 10b. The crack initiated from the cavity defect and
propagated to the joining zones in the upper part of the plate. In
the case of joint produced at 20 mm/min, the zigzag feature was
observed. From Fig. 9d, the crack propagation was found along
the Al/Cu border in the upper weld but extended into the stir zone
close to Al side in the lower part. This fracture behavior showed the
reaction phases at the lower weld exhibited high resistance to
crack propagation.

Fig. 11 shows the SEM morphologies of fracture surfaces corre-
sponding to Fig. 10. It could be observed from Fig. 11a that the fea-
ture of fracture surface was characterized by smooth surface
without severe deformation indicated in Fig. 11b and c. The cavity
defect coupled with no metallurgical bonding resulted in the low
strength shown in Fig. 9. However, in Fig. 11e and f the fracture
morphology of joint with lower traverse speed was characterized
by dimples in different sizes. Dispersed Cu particles were observed
in the dimples indicating the occurrence of tearing in the stir zone.
Compared with Fig. 11c, Fig. 11f showed the larger dimples indi-
cating these strengthening particles played a significant role in
preventing crack propagation.

3.3.3. Bending strength

Bending properties was tested to determine the ductility of the
defect-free Al/Cu joints which are always required in electric
power industry. Fig. 12 shows the bending load versus displace-
ment as well as the appearance of the sample after the bending
test. The bending load was applied in the weld center viewed from
the back surface. No crack was observed on the outer surface after
the bending test, indicating the joint had a good ductility.

In sum, bonding strength of Al-Cu joint was greatly enhanced
by two strengthening mechanisms. The WNZ was reinforced by
the dispersion of fine Cu-rich particles in the Al matrix. Excellent
metallurgical bonding of the Al-Cu interface was improved by for-
mation of the nano-scaled, continuous and uniform IMCs layers. As
a result, good mechanical behaviors were achieved.

4. Conclusions

In this study, the microstructure of FSWed Al/Cu joint and its
formation mechanism were identified and discussed. In addition,
the relationship between microstructure and mechanical proper-
ties was investigated. The following conclusions were made:

(1) 5A02 aluminum alloy and pure copper were successfully
joined by FSW under the condition of rotation speed
1100 rpm, traverse speed 20 mm/min, the tool offset
0.2 mm relative to the weld centerline and Al sheet at the
advancing side. High rotation speed and low traverse speed
were required. If not, the cavity defect was easily produced.

(2) Heterogeneous structure was observed in the WNZ. Cu
detached from bulk was cracked into fine particles. In the
upper part of the WNZ, the dispersion of these particles
and fragments in the Al matrix produced a composite-like
structure. In the lower part, the intercalation and swirl-like
pattern were evidenced due to strong stir action.

(3) Thin, continuous and uniform layers were observed at the
Al/Cu interface, which were identified by TEM-HAADF anal-
ysis. Nanoscaled phase Al,Cug (y), Al,Cus (¢), Al,Cu (0) were
characterized, respectively. The presence of IMCs gave rise to
the distinct rise in hardness at the Al/Cu interface.

(4) Composite-like structure and nano-scaled reaction layers
caused an excellent metallurgical bonding and increased
mechanical strength. Tensile strength could reach 130 MPa,
representing joint efficiency of 75.6% of the Al alloy base
metal. No crack was observed on the appearance after the
bending test.
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