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Abstract

A novel double side friction stir Z shape lap-butt welding (DS-FSZW) process was proposed to achieve excellent
mechanical properties of Al/Cu medium-thick dissimilar joints. The influence of welding parameters on weld micro-
structure and properties of DS-FSZW joint were systematically investigated. It indicated that defect-free medium-thick
Al/Cu DS-FSZW joint could be achieved under an optimal welding parameter. DS-FSZW joint was prone to form void
defects in the bottom of the second-pass weld. The recrystallization mechanisms at the top and middle of the weld
nugget zone (WNZ) were continuous dynamic recrystallization (CDRX) and geometric dynamic recrystallization
(GDRX). While the major recrystallization mechanism at the bottom of the WNZ was GDRX. DS-FSZW joint of the opti-
mal welding condition with 850 r/min-400 mm/min was produced with a continuous thin and crack-free IMCs layer
at the Al/Cu interface, and the maximum tensile strength of this joint is 160.57 MPa, which is equivalent to 65.54%

of pure Cu base material. Moreover, the corrosion resistance of Al/Cu DS-FSZW joints also achieved its maximum value
at the optimal welding parameter of 850 r/min-400 mm/min. It demonstrates that the DS-FSZW process can simulta-
neously produce medium-thick Al/Cu joints with excellent mechanical performance and corrosion resistance.

Keywords DS-FSZW, Al/Cu dissimilar joint, Corrosion behaviour, Intermetallic compounds, Microstructure,
Mechanical properties

1 Introduction

Copper (Cu) is extensively employed in the power indus-
try for its excellent electrical conductivity but is scarce
and expensive. Aluminium (Al) also has good electrical
conductivity but it is cheaper than Cu. Application of Al/
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Cu side with less than 5 pm and the other layer having an
irregular nonlinear and zigzag shape. The joint’s strength
was low due to the thick IMCs layer and pores. Zhou
et al. [2] used the DE-GMAW-brazing method to join
5052 Al alloy and pure Cu, the maximum shear strength
was 17.66 MPa. Cai et al. [3] obtained butt joints using
BA188Si filler metal by brazing 3003 Al alloy and T2 Cu,
they found that interface mainly consisted of Al,Cu,,
a-Al and (Si phases+ a-Al+ Al,Cu) eutectic phases, and
the maximum tensile strength was 56 MPa. Feng et al. [4]
employed some filler metals to join 1060 Al and pure Cu,
the joint’s maximum shear strength was 88 MPa when
using Zn-15Al filler metal. According to the above analy-
sis, it is clear that the high temperatures of fusion weld-
ing easily form numerous IMCs and other defects, which
significantly reduces the joint’s mechanical properties.
Friction stir welding (FSW) has low heat input and
welding temperature, which is favorable for joining dis-
similar materials, such as Al and Cu [5], Al and Mg [6],
Al and Ti [7], Al and steel [8]. Zhang et al. [9] analyzed
the influence of the tool offset on the mechanical prop-
erties of Al/Cu joints, the results showed that the IMCs
was significantly reduced when the tool was shifted 2 mm
to the Al side, and the maximum tensile strength of the
joint was approximately 222 MPa. Khajeh et al. [10] cre-
ated the AA2024/pure Cu joint by FSW, they found that
when the tool’s welding speed and rotational speed were
948 r/min and 85 mm/min respectively, the joint’s opti-
mum tensile strength was 142 MPa and the elongation
was approximately 5%. In the stirring zone, IMCs was
formed between the Cu strip and Al, which was identi-
fied as Al,Cu and Al,Cu,. Muhammad et al. [11] stud-
ied the effect of ultrasound and plate offset on 6061-T6
Al/pure Cu joint’s surface appearance, electrical and
mechanical properties, indicating that the weld surface
roughness was reduced by ultrasound, and the maxi-
mum tensile strength of the joint was 199.57 MPa under
the ultrasound application and Cu plate on the retreating
side. You et al. [12] used ultrasonic dynamic-stationary
shoulder FSW to join 2219-T6 Al alloy and pure Cu, they
demonstrated that ultrasonic not only eliminates micro-
cracks and reduces the interfacial IMCs layer thickness,
but also reduces the residual stresses. The joint’s maxi-
mum tensile strength was 247 MPa, which was 91.5%
of pure Cu base material and the fracture located at the
non-interface. However, the above-mentioned investiga-
tions on Al/Cu FSW were mainly focused on thin plates
below 4 mm thick, while there was relatively little inves-
tigation on Al/Cu medium-thick plate FSW above 4 mm
thick. Since Al/Cu medium-thick plates have a wide vari-
ety of applications in the power industry, such as transi-
tion terminal connector, switchgear, bimetallic busbar
[13-15], it is necessary to study Al/Cu medium-thick

Page 2 of 16

plates. Safi et al. [16] utilized the warm friction stir
welding to join 5 mm thick 7075 Al alloy and pure Cu,
it revealed that the joint’s maximum tensile strength was
84 MPa under moderate preheating temperature condi-
tions due to the precipitation hardening and grain refine-
ment. Avettand-Fenoél et al. [17] fabricated the 5 mm
thick 6082-T6 Al alloy/pure Cu FSW joint, an about 4 pm
thick IMCs layer appeared at the interface, which identi-
fied as the Al,Cu, and Al,Cu. Muthu et al. [18] obtained
a 6 mm thick AA1100-H14 Al/Cu FSW joint, the joint’s
maximum tensile strength and joint efficiency were 113
MPa and 70.62%, respectively. The IMCs layer thickness
of the interface was about 1.9 pm with the compose of
Al,Cu, AlCu and Al,Cu, phases. Mehta et al. [19] stud-
ied the effect of tilt angle on the mechanical proper-
ties of 6.3 mm thick AA6061-T6 Al/Cu FSW joints, the
joint’s maximum tensile strength was 117 MPa at the tilt
angle of 4°, which probably attributed to large tilt angle
producing the defect-free joints and good metallurgi-
cal bond between Al and Cu. Ouyang et al. [20] utilized
ESW to join the 6061-T6 Al and pure Cu with a thick-
ness of 12.7 mm, which demonstrated that the peak tem-
perature reaching 580 °C in the weld zone near the Al
side, causing abundant IMCs to appear in the joint, thus
it was hard to achieve a high-quality Al/Cu connection.
For the joining of medium-thick plates, conventional
ESW requires a tool with a large shoulder, which prob-
ably causes the thick IMCs in the top of the workpiece
and insufficient heat input to form voids and unwelded
joints in the bottom of the workpiece. Thus, it is dif-
ficult to obtain high-strength joints. Therefore, double
side FSW (DS-FSW) was employed for joining Al/Cu
medium-thick plate, although using a tool with a small
shoulder can successfully minimize welding heat input
and inhibit the thickening of IMCs layer, thereby contrib-
uting to the improvement of the joint’s mechanical prop-
erties. However, both welds were located along the same
vertical line, when welding the second-pass weld, the
first-pass weld was easily cracked, and the joint’s optimal
tensile strength was only 135.11 MPa [21]. To overcome
this problem, a novel DS-FSZW process was introduced,
which made both welds not located in the same line,
and it could effectively prevent the first-pass weld from
being cracked. Furthermore, the contact area of dissimi-
lar materials was increased to avoid the weak parts of
both welds being located in the same position and a butt-
joint composite joint was obtained, which was beneficial
for obtaining medium-thick Al/Cu joints with excellent
mechanical properties [22]. However, the microstructure,
corrosion behaviour and mechanical properties of Al/Cu
DS-FSZW joints have not been systematically studied.

In this paper, DS-FSZW experiments were performed
using the 6061-T6 Al alloy/T2 pure copper with a
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Figure 1 Schematic diagram of Al/Cu medium-thick joint produced by DS-FSZW

thickness of 12 mm, the influence of welding parameters
on the microstructure and properties of Al/Cu medium-
thick DS-FSZW joints were systematically investigated. It
provides solid theoretical guidance and technical support
for high-quality joining of Al/Cu composite structures.

2 Experimental Procedures
The selected experiment materials were 6061-T6 Al
alloy and T2 pure Cu plates with a thickness of 12 mm.
In order to avoid a large number of material adhesions
in the tool during the welding process and achieve high-
quality Al/Cu joints, the H13 steel cylindrical tool with-
out threads was selected, the dimensions of the tool were
shown in Figure 1. Tool’s tilt angle was 2.5° and plunge
depth remained constant at 0.2 mm. The Cu plate was
positioned on the advancing side, the tool was shifted 2.7
mm toward Al side. In this paper, the welding parame-
ters were aliased as rotational speed and welding speed.
For example, the welds were achieved at 700 r/min-100
mm/min or 700-100, which indicated the welds were
produced at the rotational speed of 700 r/min with the
welding speed of 100 mm/min for both side welds. The
schematic diagram of the DS-FSZW process was illus-
trated in Figure 1, the Al and Cu were used milling
machine to process into a Z shape. Before welding, the
sandpaper was utilized to polish the oxide layer on the
base material surface. The front side of the workpiece
was firstly welded to obtain a butt joint and the flash of
the first-pass weld was polished, then flip the workpiece
over and join the second-pass weld on the back side of
the workpiece to obtain a butt joint.

After welding was completed, using the electrical dis-
charge machining to cut the tensile specimens, OM
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Figure 2 (a) Location of tensile specimens, OM sample and EBSD
sample, (b) Size of the tensile specimen, (c) Location of EBSD samples

samples and EBSD samples, which were shown in Fig-
ure 2(a). The tensile sample adopted the GB/T 228.1-
2010 standard, the specific dimension was shown in
Figure 2(b). At least three specimens for each welding
parameter were taken for tensile testing with the CMT-
50 machine under a tensile rate of 1 mm/min. The final
tensile strength of each welding parameter was calcu-
lated from the average tensile strength of all test samples.
When the metallographic specimen has been ground
and polished, a JSM-7800 F SEM equipped with EDS
was utilized to analyze the interface microstructure and
fracture morphologies of the joint. As for EBSD samples,
after mechanical polishing, the polishing was continued
by using a silica solution. When the EBSD sample was



Tang et al. Chinese Journal of Mechanical Engineering (2024) 37:40

# C350 Electrochemical
Electrochemical Workstation

testing system

Reference electrode\E ter electrod
» ounter electrode

Sample
Front %7&
fon ucting wire
Back

\—— ]
ilicone rubber

Nacl solution

‘Working electrode

Figure 3 Electrochemical corrosion test systems

prepared, the different locations of the weld nugget zone
of the first-pass weld were examined using a JSM-7800F
SEM equipped with a NordlysMax3 EBSD system (Fig-
ure 2(c)) and finally the data was processed by Channel
5 software. Microhardness was tested using DHV-1000
instrument with a loading of 300 g and dwell time of 10 s.

In the electrochemical corrosion test, the saturated
calomel electrode (SCE) was the reference electrode, the
platinum electrode was the counter electrode, and the 3.5
wt.% NaCl solution was selected as the corrosive solu-
tion. The test surface was polished with sandpaper, then
Cu wires were attached to the back of the specimen and
fixed with conductive adhesive, and using silicone rub-
ber to seal the other sides of the specimen, which means
only the polished side of joint was reacted with the cor-
rosive medium. The potentiodynamic polarization curves
were tested with a scanning speed of 1 mV/s, the range
of scanning potential was —0.6 to 0.6 V and the sampling
frequency remained at 2 Hz during the testing. The cor-
rosion potential and corrosion current density were fit-
ted using Tafel to compare the electrochemical corrosion
properties of the different samples. The electrochemical
corrosion test system is shown in Figure 3.

3 Results and Discussion

3.1 Weld Formation

Figure 4 displays the Al/Cu weld surface at different
welding parameters. When the welding heat input is
high, such as 700 r/min-100 mm/min, some voids and
groove defects, as well as large flashes, are formed on
the weld surface. This is due to the relatively high heat
input resulting in the plastic material sticking heavily to
the tool, so the material cannot flow and mix well and
eventually forms grooves or void defects in both welds.
When a medium welding heat input is used, such as 700
r/min-400 mm/min, the weld surface is well formed with
less flash because the lower heat input makes the tool
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Figure 5 Transverse cross-section of Al/Cu dissimilar joints
under different welding parameters: (@) 700-100, (b) 700-200,
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essentially free of plastic material sticking in the welding
process, which causes better material flow and mixing,
resulting in a defect-free and smooth welding surface.
Figure 5 displays the cross-sectional appearances of
Al/Cu joints under different welding parameters, the
rotational speed on both sides of Figure 5(a-e) is fixed at
700 r/min. When the welding speed is 100 mm/min, the
extensive welding heat input causes many Cu blocks and
Cu particles to enter the weld nugget zone (WNZ) and
violently mix with Al. As the welding speed increases, the
amount of Cu entering the stir zone begins to decrease
gradually, Muthu et al. [18] also observed the same phe-
nomenon. However, only a small amount of Cu is formed
in the stir zone at 500 mm/min, which is mainly due to
low welding heat input making the Cu near the Al/Cu
interface difficult to detach from the Cu substrate. Fur-
thermore, when the welding speed ranges from 100 to
300 mm/min, the joints are free of defects. And when
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the welding speed is between 400 and 500 mm/min, the
first-pass weld is defect-free, while void defects appear at
the bottom of the second-pass weld. This is mainly due to
the workpiece deformation caused by the first-pass weld,
which leads to insufficient downforce during the second-
pass welding process on the back of the workpiece. Tak-
ing the welding load of 700 r/min-400 mm/min as an
example, the axial force and tool torque of both welds
are illustrated in Figure 6. It is evident that the welding
loads of the first-pass weld are higher than that of the
second-pass weld during the tool travelling stage, this is
because the workpiece appears to the slightly deforma-
tion after the joining of the first-pass weld on the front
side of the workpiece, causing the tool shoulder is hard
to tightly contact the surface of second-pass weld on the
backside of the workpiece under the same plunge depth,
thus the decrease occurs in the axial force and torque of
the second-pass weld in comparison of first-pass weld.
Figure 5 also depicts that the first-pass weld is defect-
free, while void defects form at the bottom of the second-
pass weld when the welding speed of both sides is fixed
at 400 mm/min for different rotational speeds, which is
also due to the insufficient downforce during the joining
of second-pass weld. Moreover, with the increase of the
rotational speed, the void defects of the second-pass weld
become smaller and smaller. This is due to the fact that
the increase of rotational speed improves welding heat
input and material fluidity, which progressively reduces
void defects of the second-pass weld.

3.2 Interface Microstructure
For Al/Cu dissimilar materials, the generation of IMCs
is inevitable, and the welding parameters primarily affect
the IMCs layer thickness [23, 24]. Numerous studies
have shown that a thicker IMCs layer will dramatically
decrease joint’s mechanical properties, while a thin IMCs
layer is helpful to improve them [25-28].

Figure 7 shows the SEM morphology of the joint at
seven typical positions (F1-F7) and the line scan results
for the corresponding positions at the welding parameter
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Figure 6 (a) Axial force and (b) tool torque of the joint at 700 r/
min-400 mm/min
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of 700 r/min-100 mm/min. Generally speaking, in the
photograph of the SEM with the backscattered electron
(BSE) mode, the colors of Al and Cu are represented as
black and white, respectively. While the IMCs layer at the
Al/Cu interface exhibits a grey color. According to the
color difference, the Image ] software is used to measure
the thickness of IMCs at the Al/Cu interface. It illustrates
that the weld is crack-free and forms a continuous IMCs
layer. Figure 7(b-g) depicts that IMCs thickness gradu-
ally decreases from approximately 1.08 pm to 0.37 pm
along the depth of the first-pass weld. According to the
EDS point scan results of the first-pass weld (Table 1),
the ratios of Al and Cu elements at points 2, 4 and 6 are
approximately 2:1, which corresponds to possible IMCs
of Al,Cu. In addition, the content of Al and Cu elements
at point 3 is approximately 4:9, which corresponds to
possible IMCs of Al,Cu,y. And the content of Al and Cu
elements at points 1 and 5 are approximately equal to 2:3,
and the corresponding IMCs are probably Al,Cu,. Fig-
ure 7(h) shows the microstructure in the middle of the
lap surface, where some Cu blocks distributed in the stir
zone. Owing to the low heat production of the pin during
the DS-FSZW process, the IMCs layer at the lap surface
is only approximately 0.23 pm, and the phase composi-
tion is probably Al,Cu. Figure 7(j-p) corresponds to SEM
images of the bottom, middle and top microstructures
of the second-pass weld and the corresponding line scan
images, respectively. According to Figure 7(j), a continu-
ous and uniform IMCs layer of approximately 0.25 pm
thick is formed at the bottom of the second-pass weld,
where the phase composition is probably presumed as
the Al,Cuy and Al,Cu based on the point scan result. The
IMC:s layer of Figure 7(m) is approximately 0.33 pm thick,
the phase composition shows that the IMCs layer close to
the Cu side (point 10) has an Al and Cu atom percentage
of 36.9% and 63.1% respectively, indicating that Al,Cu,
may have been generated here. The IMCs layer close
to the Al side (point 11) is probably Al,Cu. Figure 7(o)
depicts the IMC layer here is continuous but not uni-
form, with variations ranging from about 0.34 to 1.01 pm.
This may be attributed to the fact that this area is close
to the shoulder, where high welding heat input and vio-
lent material mixing contribute to a huge variation of the
IMC:s layer thickness. The point scan results indicate that
the IMCs layer may consist of AICu and Al,Cu.

In summary, for the DS-FSZW joint at the welding
parameter of 700 r/min-100 mm/min, a continuous IMCs
layer without cracks is formed at the Al/Cu interface. At
the same time, the IMCs layer at the top of the first-pass
weld and the second-pass weld are not uniformly distrib-
uted, which may be caused by the intense mixing in this
area due to excessive welding heat input and significant
plastic deformation near the shoulder. What’s more, it is
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Figure 7 Microstructures and EDS lines at the Al/Cu interface of 700-100 joint: (a) The typical test positions for interfacial microstructure, (b)-(p)
Corresponding SEM and EDS line scan results at locations F1-F7, respectively

Table 1 EDS point scan results and corresponding phase
analysis for points marked in Figure 7

Point number Al (at.%) Cu (at.%) Possible phases
1 443 55.7 Al,Cus
2 659 34.1 Al2Cu
3 27.8 72.2 Al,Cuqy
4 69.1 309 Al,Cu
5 452 548 Al,Cu,
6 67.3 327 Al,Cu
7 683 317 AlL,Cu
8 452 54.8 Al,Cus
9 67.3 327 Al,Cu
10 369 63.1 AlLCu,
11 699 30.1 AlLCu
12 518 48.2 AlCu
13 65.7 343 Al,Cu

found that IMCs thickness decreases gradually from top
to bottom for both welds.

Figure 8 shows the SEM morphology of the joint at
seven typical positions (F1-F7) and the line scan results
for the corresponding positions at 700 r/min-400 mm/
min. Figure 8(b) shows that microcracks are found at the
Al/Cu interface, the corresponding line scan also shows
that the presence of cracks makes the oxygen content
rise sharply at 6 pm from the start of the line scan (Fig-
ure 8(c)). Figure 8(d) depicts a continuous and uniform
IMCs layer of approximately 0.36 pm thick is formed.
Analysis of the EDS spot scan results indicates that the
phase composition is Al,Cu phase and a-Al+Al,Cu. Fig-
ure 8(f) shows that the IMCs thickness formed ranges
from approximately 0.15 to 0.32 um. The composition
analysis also indicates that the phases at this location are
probably the Al,Cu phase and a-Al+Al,Cu. Figure 8(h)
shows a large number of long Cu blocks and fine Cu
particles, and the formation of IMCs layer is relatively
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Figure 8 Microstructures and EDS lines at the Al/Cu interface of 700-400 joint: (a) The typical test positions for interfacial microstructure, (b)-(p)
Corresponding SEM and EDS line scan results at locations F1-F7, respectively

flat. Based on the point scan results in Table 2, it is pre-
sumed that the phase composition in this area may be
a-Al and Al,Cu. Figure 8(j-p) shows SEM images and
corresponding line scan images at different locations of
the second-pass weld. Figure 8(j) shows that a continu-
ous and uniform IMCs layer of approximately 0.27 pm
thick is produced at the bottom of the second-pass weld,
and the phase composition is presumed to be Al,Cu and
a-Al+AlL,Cu. Figure 8(m) illustrates that the IMCs layer is
not uniformly distributed here and the thickness ranges
from about 0.22 to 0.42 um, the EDS spot scan identi-
fied that Al,Cu and a-Al4+Al,Cu may have been gener-
ated here. Figure 8(o) also shows that the IMCs layer in
this area is still continuous but not uniform, varying from
approximately 0.25 to 0.60 pm, and Table 2 shows that
the IMCs layer may consist of a-Al+Al,Cu and AlCu.
Figure 9 shows the SEM morphology of the joint
at seven typical positions (F1-F7) and the line scan
results for the corresponding positions at 850 r/min-
400 mm/min. Figure 9(b-g) shows the SEM images and

Table2 EDS point scan results and corresponding phase
analysis for points marked in Figure 8

Point number Al (at.%) Cu (at.%) Possible phases
1 674 326 AlLCu

2 79.8 20.2 a-Al+AlLCu
3 853 14.7 a-Al+ALCu
4 63.6 364 AlLCu

5 739 26.1 a-Al+ALCu
6 69.2 30.8 Al,Cu

7 82.8 172 a-Al+AlLCu
8 80.7 19.3 a-Al+ALCu
9 69.8 30.2 AlCu

10 799 20.1 a-Al+ALCu
11 503 49.7 AlCu

1 674 326 Al,Cu

2 79.8 20.2 a-Al+ALCu
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Figure 9 Microstructures and EDS lines at the Al/Cu interface of 850-400 joint: (a) The typical test positions for interfacial microstructure, (b)—(p)
Corresponding SEM and EDS line scan results at locations F1-F7, respectively

corresponding line scan images of microstructure at dif-
ferent locations of the first-pass weld, as for Al/Cu inter-
face, the thickest IMCs layer is approximately 0.63 pm
and the smallest IMCs layer thickness is approximately
0.18 pm. Figure 9(d) depicts a continuous and uniform
IMCs layer of approximately 0.54 pm thick is produced,
the spot scan results in Table 3 suggest that the IMCs in
the first-pass weld may consist of Al,Cu and a-Al+Al,Cu.
Figure 9(h) shows microstructure in the middle of the
lap surface, where the Al and Cu form a kind of curved
interface, which is mainly attributed to the insertion
of the pin into the Cu plate and its extrusion, the IMCs
layer in this region is thin and no cracks are found. Fig-
ure 9(j-p) shows the SEM images and corresponding line
scan images at different locations of second-pass weld.
Figure 9(j) shows that a continuous and uniform IMCs
layer of approximately 0.29 pm thick is produced, and
the point scan results indicate that a-Al+Al,Cu may have
been generated at this location. Figure 9(m) shows that

Table 3 EDS point scan results and corresponding phase
analysis for points marked in Figure 9

Point number Al (at.%) Cu (at.%) Possible phases
1 79 21 Al,Cu

2 85.7 143 a-Al+ALCu
3 72.1 279 Al,Cu

4 82.2 17.8 a-Al+ALCu
5 68 32 AlLCu

6 81.2 188 a-Al+AlLCu
7 80.3 19.7 a-Al+ALCu
8 844 15.6 a-Al+AlLCu
9 89.6 104 a-Al+ALCu
10 73.8 26.2 Al,Cu

11 89.2 10.8 a-Al+ALCu
12 66.4 336 Al,Cu

13 75.7 243 a-Al+ALCu
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the IMCs layer is approximately 0.45 pm thick here, and
phase composition indicates that a-Al4+Al,Cu and Al,Cu
may have existed. Figure 9(o) depicts the IMCs layer here
is non-uniform but continuous with variations ranging
from approximately 0.41 to 0.99 um and the IMCs layer
probably consists of a-Al+Al,Cu and Al,Cu.

In summary, for the DS-FSZW joint under the weld-
ing parameter of 850 r/min-400 mm/min, a continuous
IMC:s layer with a thin thickness is formed on both sides.
In addition, no cracks are found at the Al/Cu interface.
Therefore, it is beneficial for the joint to obtain superior
mechanical properties.

3.3 Microstructure in the Weld Nugget Zone

Dynamic recovery (DRV) and dynamic recrystallization
(DRX) occur in the WNZ during the FSW process lead-
ing to grain refinement [29]. For the thermal-mechanical
process, continuous dynamic recrystallization (CDRX)
and geometric dynamic recrystallization (GDRX) are
main dynamic recrystallization mechanisms of Al alloys.
The severe plastic deformation and high peak welding
temperatures during the DS-FSZW process create excel-
lent conditions for dynamic recrystallization of the grains
in WNZ.

Figure 10 shows the IPF map and grain size distribution
in the Al side of WNZ of the first-pass weld under the
welding condition of 850 r/min-400 mm/min, where the
black grain boundaries are high-angle grain boundaries

(HAGBsS, with the misorientation>15°) and the silver grey
are low-angle grain boundaries (LAGBs, misorientation
are in the range of 2° to 15°). Under the thermal-mechan-
ical conditions of the DS-FSZW, dynamic recovery and
dynamic recrystallization occur in the WNZ, so WNZ
has both equiaxed grains and elongated grains. Fig-
ure 10(a) and (d) show the IPF map and grain distribu-
tion at the top of WNZ respectively, where the average
grain size is approximately 3.35 pm, and the black arrows
represent CDRX and the white circles represent GDRX.
Furthermore, it can be seen from Figure 10(a) that the
recrystallization mechanism belongs to CDRX and
GDRX. Figure 10(b) and (e) show the IPF map and grain
distribution in the middle of WNZ respectively. It can be
found that the average grain size is about 2.99 um and the
recrystallization mechanism is also CDRX and GDRX.
Figure 10(c) and (f) show the IPF map and grain distri-
bution at the bottom of WNZ respectively, the statisti-
cal results reveal that the average grain size here is about
1.87 pm. It can be observed from the figure that most of
the grains have jagged grain boundaries and there are
many small grains inside the long strip of grains, which
consistents with GDRX characteristics. At the same time,
a small portion of the grains are surrounded by HAGBs
and LAGBs segments, which indicates the grain occur-
ring CDRX. Thus, the dominant mechanism for recrystal-
lisation at the bottom of the WNZ is GDRX with partial
CDRX. In terms of the statistical average grain size at
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Figure 11 Standard pole figures and pole figures at different
locations in the WNZ for the welding condition of 850 r/min-400
mm/min

different locations of the WNZ, the largest average grain
size value is obtained at the top of the WNZ, while the
smallest average grain size appears at the bottom of the
WNZ, which is mainly due to the gradual decrease of the
welding temperature from the top to bottom of WNZ.
Furthermore, it also can be found that the orientation
of the bottom of WNZ is mainly <111> direction, while
the orientation of the top and middle of WNZ is mainly
<101> orientation, and the grain orientation at the bot-
tom of WNZ is greatly changed compared with the grain
orientation of the top and middle of WNZ, which due to
material flow direction and strain rate at the bottom of
WNZ exists significant difference compared to the top
and middle of WNZ, as well as the thermal cycling of the
second-pass weld causing a large change in grain orienta-
tion at the bottom of WNZ.

As for the FSW process, the Al alloy is deformed by the
tool to form a shear texture, and seven types of textures
are formed during the deformation process, including
{111} <112 > A], {111} < 112 > A}, {111} < 110 > A,
{111} <110 >A, {112} < 110 > B{112} <110 >B, {001}

< 110 > C [30]. Figure 11 shows the standard polar map
for face-centered cubic metal on (111), (001) and (101)
crystallographic plane, as well as the polar map for the
WNZ at the welding condition of 850 r/min-400 mm/
min. It shows that the WNZ at the top is mainly com-
posed of B/B and C textures, which indicates there exists
a large shear strain at the top of the WNZ due to the
influence of the shoulder which results in the strong tex-
ture of B/B and C [30, 31]. The middle of WNZ is mainly
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composed of C and Aj/Aj textures, and the bottom of
WNZ is mainly composed of A}/A% and A/A type tex-
tures, which indicates that the bottom of WNZ experi-
ences a small shear strain [32]. This is due to the bottom
of WNZ being mainly affected by the pin, which expe-
riences a low shear strain. By comparing the texture at
different locations of WNZ, it depicted that the types of
texture are various. Furthermore, the texture strength at
the top, middle and bottom of WNZ of the first-pass weld
is 6.39 MRD, 14.89 MRD and 8.01 MRD respectively.
Since the preferential orientation of WNZ at the top is
not evident, the middle and bottom of WNZ have obvi-
ous preferential orientation. Thus, the texture strength at
the top of WNZ is lower than the texture strength in the
middle and bottom of WNZ.

3.4 Mechanical Properties

Figure 12 shows the microhardness distribution at the
typical positions of the joint under different welding
parameters, the microhardness is measured at differ-
ent depths of the joint, as shown the Figure 12(a) and (b)
shows a large number of microhardness values within
the WNZ under the 700 r/min-100 mm/min, which are
higher than the Cu and Al substrates, it may be associ-
ated with the production of hard and brittle IMC in
WNZ [33, 34]. The HAZ on both the Al side and Cu side
shows a certain degree of softening, which results in a
lower hardness value, especially on the Al side where the
softening effect is very obvious. Meanwhile, in the HAZ
of the Al alloy, the top of the joint has the lowest hard-
ness, while the middle of the joint has a higher hardness
than the top of the joint, which is mainly caused by the
coarsening of the grains due to the higher temperature at
the top of the joint. And the temperature of the middle
of the joint is lower compared to top of the joint, which
effectively inhibits the growth of the grains, and the hard-
ness of the middle of the joint is relatively high. Further-
more, it is clear that as the welding speed increases, the
high microhardness of the WNZ decreases. And the joint
produced at the welding condition of 850 r/min-400 mm/
min (Figure 12(d)) displays the most homogenous micro-
hardness distribution in the WNZ.

Figure 13(a) demonstrates the mechanical properties
of DS-FSZW joints under different welding speed condi-
tions (the rotational speed is fixed at 700 mm/min), when
the welding speed is 400 mm/min, the joint’s tensile
strength reaches a peak of 157.13 MPa, which is approxi-
mately 64.13% of Cu alloy and the elongation is 7.22%. As
for lower welding speeds, such as 100 mm/min, despite
the joint is free of void defects, the large welding heat
input generates many IMCs, which seriously decreases
the joint strength. Although tiny void defects exist at a
welding speed of 400 mm/min, a continuous and thin
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IMCs layer is generated at the Al/Cu interface caus-
ing a low internal stress and deformation, which effec-
tively improves the joint’s tensile properties. Larger void
defects are formed because of the high welding speed
and the insufficient downforce for the second-pass weld-
ing process at the welding speed of 500 mm/min, which
weakens the joint’s tensile strength. Figure 13(b) dem-
onstrates the tensile properties of DS-FSZW joint under
different rotational speed conditions (the welding speed
is fixed at 400 min). It demonstrates that the joint’s ten-
sile strength shows a tendency to initially increase and
then decrease with an increasing rotational speed. The
joint’s tensile strength reaches a peak of 160.57 MPa at

850 r/min, which is approximately 65.54% of the Cu sub-
strate, and the elongation of the joint is 7.25%. The low
rotational speed of 550 r/min produces a small welding
heat input, which cannot soften the Al and Cu substrate
in time, resulting in the pin being exposed to a large for-
ward resistance during the welding process. Thus, the
pin made of H13 steel is broken at the low rotational
speed. In the range of 600-850 r/min, the joint’s tensile
strength tends to increase with an increasing speed and
the increase in strength is not significant and fluctu-
ates within 10 MPa, the optimum tensile strength of the
joint is obtained at 850 r/min. However, the mechanical
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properties of the joint decrease dramatically at 1000 r/
min due to the formation of the thick IMCs layer.

3.5 Corrosion Behaviour

Figure 14 shows the polarization curve of base materi-
als (i.e., Al alloy and T2 Cu), as well as the polarization
curve of the joints achieved at different welding condi-
tions. The Tafel extrapolation method can be obtained
from the electrochemical corrosion of two important
parameters, namely corrosion potential and corrosion
current density. A higher corrosion potential indicates
a lower corrosion tendency, while the corrosion poten-
tial cannot be applied to fully identify the material’s
corrosion resistance [35]. Corrosion current density is
used to evaluate the material’s corrosion rate. When
the corrosion current density is higher, the material’s
corrosion resistance is worse, and corrosion resistance
can be better reflected by the corrosion current density
[36]. Table 4 gives the specific corrosion potential and
corrosion current density values of the base metal and
welded joints, the corrosion current density is ranked
from small to large in order: Cu-base metal < Al-base
metal < 850-400 joint < 700-400 joint < 700-100 joint <
1000-400 joint.

Since the corrosion current density of the Al/Cu base
material is much lower than that of the welded joints,
the corrosion resistance of the welded joints is worse
than that of the base material. It indicates that the met-
allurgical reactions occur in the Al/Cu interface, which
weakens the material’s corrosion resistance. This is
mainly because of the potential difference between Al
and Cu. Specifically, the low-potential Al alloy will act
as the cathode and the high-potential Cu as the anode,
forming a galvanic corrosion primary battery in the 3.5
wt% NaCl electrolyte solution. Moreover, the potential
of IMCs such as Al,Cu and Al,Cu, is also not consistent
with Al and Cu, so there is still a potential difference
between different phases forming micro-area primary
batteries between IMCs and Cu, or IMCs and Al It will
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Table 4 Corrosion potential and corrosion current density of
base metal and welded joints

Parameter Ecorr (Vsce) icorr
(A-cm™3)

Al-base metal -0.707 6.73x107°
Cu-base metal -0216 4.842%x1078
700-100 —-0676 6.457x107°
700-400 - 0687 3.793x107°
850-400 - 0686 3.741x107°
1000-400 - 0675 8.185x107°

accelerate the corrosion of welded joints when IMCs
are excessive.

For all the welded joints, the joint at the welding
parameter of 850 r/min-400 mm/min has the high-
est corrosion resistance. The reason can probably be
attributed to two sides. On the one hand, according to
the investigation of Ma et al. [37], the un-welded defect
in the Al/steel dissimilar joint enlarged contact areas
between the Al/Cu matrix and corrosive solution when
the joint was immersed into the solution, contributing to
a faster dissolution of Al at the interface, thus the corro-
sion resistance of joint became poor. Since Al/Cu joints
under the parameter of 850-400 have small void defects,
it can effectively inhibit the deterioration of the corrosion
performance of the joints. On the other hand, the thick-
ness of the IMCs layer also plays an important role in the
joint’s corrosion property. Pan et al. [38] studied the cor-
rosion property of Al/steel resistant spot welding (RSW)
joint, the results revealed that the IMC phases produced
the local potential differences contributing to localized
galvanic corrosion between the Al and IMCs. The forma-
tion of the thicker IMCs at the Al/steel interface accel-
erated the corrosion of Al Thus the corrosion resistance
of the Al/Steel joint was reduced. Sravanthi [39] reported
that the thickness of the IMCs layer increases as the
welding speed decreases. A thicker IMC layer caused
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Figure 14 (a) Polarization curve, (b) An enlarged view of region marked in (a)
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Figure 15 Fracture locations of Al/Cu DS-FSZW joints at different welding parameters: (a) 700-100, (b) 700-400, (c) 850-400

more severe corrosion at the interface of the joint. And
the Al/Cu dissimilar joint on the condition of 850-400
has a thinner IMCs layer, thus it is beneficial to improve
the corrosion property of the joint. Therefore, Al/Cu
dissimilar joint at the parameter of 850-400 achieved a
superior corrosion performance in this paper which may
attributed to the the smaller void defects and the forma-
tion of a thinner IMCs layer. And by combining the afore-
mentioned test results of the joint’s tensile properties, the
maximum tensile strength is also obtained with the 850
r/min-400 mm/min parameter, which indicates that the
welded joint can maintain a high level of corrosion per-
formance as well as maintaining a high tensile strength,
the phenomenon also observed in Al/steel joints by Ma
et al. [37].

3.6 Failure Mechanism

Figure 15 shows the fracture locations of Al/Cu joints at
different welding parameters. From Figure 15(a), it can
be observed that some Al alloy sticks to the top of both
welds for the welding condition of 700 r/min-100 mm/
min, but the joint’s majority fracture occurs at the Al/
Cu interface. Figure 15(b) shows the fracture location at
700 r/min-400 mm/min, where most of the Al alloy still
adheres at the top of both welds and the fracture occurs
in the WNZ, indicating that the Al/Cu interface at the
top of both welds is not the weakest zone. In contrast,
beyond the top of both welds, fracture occurs essentially
at the Al/Cu interface, which is mainly due to the exist-
ence of hard and brittle IMCs in this area, and cracks
tend to initiate and propagate at the location of IMCs
layer. Eventually the joint fractures at the Al/Cu interface.
Figure 15(c) shows the joint’s fracture location at 850 r/
min-400 mm/min, the fracture location at this condition
is along the Al/Cu interface, which indicates that the Al/
Cu interface is still the weakest zone of the joint, this is
also because the IMCs are produced at interface, cracks
will easily initiate and propagate at interface during the

First-pass Lap surface

s

Second-pass

Figure 16 SEM images of fracture morphologies of the Al side
at the welding condition of 700 r/min-100 mm/min: (@—c) First-pass
weld, (d-f) Second-pass weld, (g-i) Lap surface

First-pass Second-pass Lap surface

Figure 17 SEM images of fracture morphologies of the Al side
at the welding condition of 700 r/min-400 mm/min: (@a-c) First-pass
weld, (d-f) Second-pass weld, (g-i) Lap surface
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tensile test, and the joint finally fractures at the Al/Cu
interface.

Figures 16, 17 and 18 show the fracture morphology
of the Al side of the DS-FSZW joint at 700 r/min-100
mm/min, 700 r/min-400 mm/min and 850 r/min-400
mm/min respectively. Figure 16 shows that cleavage
planes and tearing ridges exist on the fracture surface
for both welds, which implies the joint undergoes brit-
tle fracture, this is mainly due to the lower welding speed
under this parameter causing a large welding heat input,
so the crack is easily initiated and propagated from the
thick IMCs layer of the Al/Cu interface, finally the joint
exhibits a brittle fracture mode. Figure 17 shows cleav-
age planes and tearing ridge characteristics because top
interface of the first-pass weld has microcracks, so cracks
tend to expand from this area during the tensile test and
the first-pass weld is quickly fractured under the tensile
force. In terms of the second-pass weld, it reveals that
the tensile fracture of the second-pass weld is distrib-
uted with cleavage planes and dimples with various sizes,
owing to the formation of a continuous and thin IMCs
layer at the Al/Cu interface of the second-pass weld,
which effectively suppresses crack initiation and propa-
gation, thus the joint represents a mixed ductile-brittle
fracture under the welding condition of 700 r/min-400
mm/min. Figure 18 shows the fracture morphology of
the DS-FSZW joint at 850 r/min-400 mm/min. There are
very dense and small dimples distributed on the fracture
surface of the first-pass weld as well as tearing ridges and
cleavage planes. Therefore, the first-pass weld is fractured
in a mixed ductile-brittle fracture. The second-pass weld
is also a mixed ductile-brittle fracture because of the

First-pass Second-pass Lap surface

Figure 18 SEM images of fracture morphologies of the Al side
at the welding condition of 850 r/min-400 mm/min: (a—c) First-pass
weld, (d-f) Second-pass weld, (g-i) Lap surface
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presence of large dimples and cleavage planes. For the lap
surface, the fracture morphology shows a river pattern
with no obvious dimple structure. Thus, the joint shows
a mixed ductile-brittle fracture under the welding condi-
tion of 850 r/min-400 mm/min.

4 Conclusions

A novel DS-FSZW method has been employed to join
medium-thick 6061-T6 Al alloy and T2 pure Cu. The
influence of welding parameters on microstructure, cor-
rosion behaviour and mechanical properties has been
systematically studied and the conclusions can be sum-
marised as follows:

(1) In the DS-FSZW, the void defects are easily pro-
duced in the second-pass weld. This is due to the
weld distortion that occurs after the completion of
the first-pass weld, which causes a lower downforce
at the welding process of the second-pass weld
under the same plunge depth, and the first-pass
weld may crack if improper welding parameters are
applied in the DS-FSZW.

(2) The recrystallisation mechanisms for the top and
middle grains of the WNZ for the DS-FSZW joints
are CDRX and GDRX, while the dominant recrys-
tallization mechanism at the bottom of the WNZ
of the first-pass weld is GDRX with partial CDRX.
The average grain size decreases from the top to the
bottom of the WNZ due to the gradual decrease in
welding temperature.

(3) The top of the WNZ for DS-FSZW joints experi-
ences a larger shear strain which results in a tex-
ture of B/B and C textures. While the bottom of the
WNZ experiences a smaller strain, this leads to for-
mation of AJ/A} type textures.

(4) A continuous thin layer of IMCs was achieved in
the Al/Cu DS-FSZW joint at 850 r/min-400 mm/
min. The joint has a maximum tensile strength of
160.57 MPa, reaching 65.54% of the pure Cu sub-
strate. The fracture of the joint occurs at the Al/Cu
interface with a mixed ductile-brittle fracture.

(5) The corrosion resistance of the Al/Cu DS-FSZW
joint is lower than that of the base materials. The
corrosion resistance of the joint is optimal under
the welding condition of 850 r/min-400 mm/min.
It indicates that the DS-FSZW process can achieve
reliable Al/Cu joints with excellent mechanical
properties and corrosion resistance.
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