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Friction stir welding (FSW) was used to weld dissimilar joints between Al 6013-T4 and Al7003 alloys in this
work. The effect of exchanging advancing (AS) and retreating (RS) side material on microstructure,
mechanical behaviors and electrochemical corrosion resistance was discussed. Results showed that different
joint cross sections were obtained when exchanging AS and RS materials. The material on the AS would be
more deformed during the welding process. When the Al6013 placed on the AS, the plastic flow of weld is
more sufficient. Whether on the AS or RS, the Al6013-T4 side is the weak region for both tensile specimens
and hardness samples. The fracture position corresponds to the minimum hardness position. Also, more
strengthening phase can be retained in the joint, and the joint of A6R7 has better corrosion resistance.
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1. Introduction

Because of its advantages of low density, high strength and
good corrosion resistance, aluminum alloy has been widely
used in modern industry (Ref 1, 2). However, there are many
problems in the use of traditional fusion welding of aluminum
alloys, such as the formation of the two brittle phase, the
solidification cracking, high deformation, and residual stress
(Ref 3).

Friction stir welding (FSW) is a kind of solid state-welding
technology, which was invented by the British Welding
Research Institute (TWI). In the process of FSW aluminum
alloy, the joint does not produce hot cracks, porosity and other
fusion welding defects. Therefore, FSW is widely used in
aluminum alloy welding (Ref 4-6). Among aluminum alloys,
6xxx and 7xxx aluminum alloys are two of the most widely
used aluminum alloys (Ref 7-9).

In recent years, friction stir welding of dissimilar aluminum
alloy has been widely studied. Guo et al. (Ref 10) studied the
influence of parameters on material flow, microstructure,
distribution of micro-hardness and tensile properties of dissim-
ilar aluminum alloy friction stir welding by exchanging
materials� location. The researchers studied the distribution of
the temperature field, and the effect of the position of the
material on the properties had been studied from the macro-
scopic point of view, but they did not study the mechanism.

Ravikumar et al. (Ref 11) put 6xxx aluminum alloy on the
advancing side, and FSW of dissimilar aluminum alloys was
carried out at different parameters. The effect of fluidity of
materials on the properties of joints was mainly studied. Aval
studied the influence of heat input and the natural aging on the
residual stress and microstructure of the dissimilar aluminum
alloy FSW joint when the 6xxx aluminum alloy was placed on
the advancing side (Ref 12), which was mainly focused on the
research of micro-components and organizations. Rodriguez
et al. (Ref 13) compared the properties of dissimilar aluminum
alloys FSW joints and same aluminum alloy FSW joints, and
the microstructure and mechanical properties of joints were
studied by means of simulation and experiment. Silva et al.
(Ref 14) studied the flow and mechanical behavior of the
material during the friction stir welding of the dissimilar
aluminum alloy and found that the friction stir welding is an
asymmetrical welding. Moreover, Giraud et al. (Ref 15) studied
microstructure and mechanical properties of dissimilar joint of
7020/6060 aluminum alloys. It found that the position of
materials has a significant effect on the microstructure and
mechanical properties of joints, but it does not research on the
mechanism. According to the literature, influences of sheet
configuration on microstructure and mechanical properties of
the joints were mainly discussed (Ref 16) and do not involve
specific element changes and microscopic mechanisms.

Although there are a lot of researches on friction stir welding
of dissimilar aluminum alloys, few people focus on the research
of the material on the AS and RS. Friction stir welding is an
asymmetrical welding process. The position of the material has
a significant influence on the microstructure and properties of
the joint when the dissimilar material is welded. Because of the
difference of element content, the corrosion resistance of
dissimilar aluminum alloy materials will be different. The
change of element content at the welded joint of dissimilar
aluminum alloy will inevitably lead to potential difference
between different regions of the joint, which will affect the
corrosion resistance of the joint. In this work, the 6013-T4
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aluminum alloy and 7003 aluminum alloy are, respectively,
arranged on the AS for FSW. The effect of exchanging AS and
RS material on microstructure, mechanical properties and
electrochemical corrosion resistance was discussed.

2. Material and Experimental Procedures

The base material (BM) used for the experiment was 6013-
T4 aluminum alloy and 7003 aluminum alloy. The dimension
of base material is 2.8 mm9 270 mm9 100 mm. The butt
joint was adopted. For convenience, the joint which the
Al6013-T4 was placed at the advancing side (AS) is called the
A6R7 joint. Accordingly, the A7R6 refers to the joint of which
the Al7003 was placed at the AS. Before the welding
experiment, the surfaces of the sheets were grinded with
abrasive paper to remove oxidation films and cleaned with
alcohol. FSW tool was made of 9341 tool steel. The shoulder
diameter of the tool was 16 mm. The pin of the tool consists of
a conic shape (with the maximum diameter of 4.9 mm and the
minimum diameter of 3.84 mm) and a length of 2.5 mm.
During FSW, rotation speed of tool was 800 rpm and welding
speed was 400 mm/min. Tile angle of the tool axis was 2.5�
during the experiment.

After welding, the metallographic specimens were etched
with Keller�s reagent (2 ml HF + 3 ml HCl + 5 ml HNO3 +
190 ml distilled water) and observed by optical microscopy
(OM). ASME BPVC Section IX-2015 was followed in
preparing the tensile specimens. Tensile test was carried out
by CMT5205 tensile testing machine. Scanning electron

microscope and energy-dispersive spectrometer (SEM–EDS)
were used to observe the fracture morphology, and x-ray
diffraction (XRD) was used in determining strengthening
precipitates in joints. The XRD test samples are parallel to
the weld direction and cut out at the nugget region. The
sampling position is shown in Fig. 1. The micro-hardness
measurement was applied to cross section of joint by MH-5D
hardness tester (load 200 g, time 5 s). The location of the test
points is 1 mm from the distance surface. Electrochemical
corrosion test was conducted in electrochemical work station
with EG&G PARV M283 potentiostat and 1025 lock-in
amplifier. Saturated calomel electrode (SCE) worked as
reference electrode, and platinum was auxiliary electrode. The
electrochemical corrosion test samples are parallel to the weld
direction which cut out at the nugget region. The all the
electrodes were dipped in 3.5% NaCl solution for 30 min when
the circuit was connected.

3. Results and Discussion

3.1 Morphology of Joints

Figure 2 shows the macrographs of joints welded by FSW
when the Al7003 and Al6013 were placed on AS, respectively.
The dividing line between two kinds of aluminum alloy can be
seen from the macroscopic view. The Al6013-T4 alloy features
as darker colors, while Al7003 alloy features as light color
which is because of their different etching response to the
Keller�s reagent.

Fig. 1 The location of the XRD test sample

Fig. 2 Macroscopic morphology and fluidity observation of the joints cross section: (a) A6R7 joint. (b) A7R6 joint
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From these macrographs, it can be seen that the stir zones
(SZ) of the joints present tapered morphologies due to the pin
shape. Interfaces between the thermal-mechanically affected
zone (TMAZ) and the SZ can be clearly recognized. It is
evident that sound joints of 6013-T4-7003 Al alloys were
achieved under all the investigated welding conditions. The two
aluminum alloys in the weld are not fully blended even after
severe agitation, especially on the RS. When changing the
materials location, very different material flow behaviors can be
formed. It seems that the material mixed more fully in the
A7R6 joint (Fig. 2b). But the bonding interface is very sharp.
For the A6R7 joint (Fig. 2a), relative smooth bonding interface
can be observed. This difference is more evident which mainly
reflects the internal weld metal fluidity. During welding, basic
materials properties have an important effect on material flow
behavior. It is obvious that the Al6013-T4 alloy has better
plastic flow properties than Al7003 alloy. For the A7R6 joint,

the material flow resistance at the RS is relatively small. More
violent material flow can be obtained, and hence, part of the
Al6013-T4 alloy flows into the AS. For the A6R7 joint, big
material flow resistance at the RS causes the material at RS
more difficult to flowing to the AS. Hence, no Al7003 alloy can
be observed at the AS.

3.2 Microstructure of Joints

Figure 3 shows the microstructure of the joints. Figure 3(a),
(b), and (c) shows the microstructure of the A6R7 joint.
Figure 3(d), (e), and (f) shows the microstructure of the A7R6
joint. The grain size in Fig. 3(d) is obviously larger than that in
Fig. 3(a), and the size in Fig. 3(c) is larger than that in Fig. 3(f).
At the same time, the material on the AS has a severe
deformation in the TMAZ, compared to the material located in
the RS. In the process of FSW, the heat at the AS is higher,

Fig. 3 Microstructures in each region of the joints: (a) TMAZ on the AS, (b) SZ and (c) TMAZ on the RS of A6R7 joint; (d) TMAZ on the
AS, (e) SZ and (f) TMAZ on the RS of A7R6 joint

Fig. 4 Micro-hardness test results of the joints cross section Fig. 5 Stress–strain curves of tensile specimens
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which makes the grain size become coarse. It indicates that the
heat produced at the AS is more than that produced at the RS in
the FSW process. It can be seen that many black spots appear in
the microstructure of the A7R6 joint, especially the TMAZ on
the RS of A7R6 joint. This black spot rarely occurs at A6R7
joint. This shows that when the Al6013-T4 placed on the AS of
the welding, the joints are not easy to precipitate strengthening
phase.

3.3 Micro-hardness

Figure 4 shows the result of micro-hardness test, and it
reveals the soften zone in both joints. It can be seen no
softening occurred on side of the Al7003. On the both joints,
the minimum hardness locates at the HAZ region at the
Al6013-T4 side. The A7R6 joint minimum hardness is
84.5 HV. The hardness on the HAZ is higher at 6013-T4 side
when it put on the AS.

In the HAZ, finely strengthening phase aggregates when the
temperature is low which leads to over aging in this area.
Corresponding to Fig. 3, a lot of precipitated phases are
precipitated in the HAZ on the Al6013 side. This is the reason
for the reduction of joint strength and micro-hardness. Al7003
is rolling state, and the phase precipitated in the HAZ during
the welding process. The hardness of the Al7003 is lower than
that of the BM, but the hardness is higher than the Al6013 side
because of the rolling state before the welding.

3.4 Mechanical Properties

Figure 5 illustrates the stress–strain curves of joints. Based on
the stress–strain curves, the tensile strength and elongation were
calculated and presented as shown in Fig. 6. The tensile strength
of joint A6R7 is 308 MPa, which is approximately 93% of base
metal strength. The joint A7R6 had an ultimate tensile strength of

Fig. 6 Results of tensile test: tensile strength and elongation of
joint

Fig. 7 (a) Fracture position of the A6R7 joint, (b) the fracture macroscopic morphology of the A6R7 joint, (c) micromorphology of fracture
(amplification of the A position), (d) fracture position of the A7R6 joint, (e) the fracture macroscopic morphology of the A7R6 joint, (f) micro-
morphology of fracture (amplification of the B position)

Fig. 8 Tafel curves of samples
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Fig. 9 Results of SEM and EDS at SZ center of the joints: (a) line scan of joint A6R7, (b) line scan of joint A7R6, (c) component analysis at
SN of A6R7 joint, (d) component analysis at SN of A7R6 joint
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287 MPa, equivalent to 87% of base metal strength. The A6R7
joint had better plastic, elongation of which is 9.9%.

Figure 7 is the schematic diagram of tensile fracture position
of welded joint. It can be seen that the joints fractured at 45
degrees angle. All of these fracture positions are the HAZ at the
side of Al6013-T4. Nomatter the joint A6R7or A7R6, the side of
Al6013-T4 is weak zone. The fracture position corresponds to
the minimum hardness position. Observing by the electron
microscope, it can be seen that there are dimples in the fracture of
the two joints. The fracture surfaces of A6R7 hadmany small and
dense dimples, while the dimples on the A7R6 fracture surfaces
are relatively small and shallow. These characteristics show that
the fracture forms of the two joints are ductile fracture, and the
strength and plasticity of the A6R7 joint are higher. This result
agrees with the result of the tensile test.

3.5 Corrosion Resistance

Tafel curves are shown in Fig. 8. Corrosion rate is in
proportion to corrosion current (Icorr) (Ref 17). As can be seen
from the Fig. 6, the corrosion current of A7R6 joint
(Icorr = �5.8 A/cm2) is larger, so the corrosion rate of A7R6
joint is faster. Corrosion potential (Ecorr) reveals corrosion
tendency, and the more positive it is the harder corrosion initiates
(Ref 18). The corrosion potential of A6R7 joint (Ecorr =� 0.93V)
is larger than the corrosion potential of A7R6 joint (Ecorr =
0.99 V), so it is difficult for A7R6 to corrode. Under the same
welding parameters, the corrosion point is lower and the corrosion
current density is lower when the Al6013 alloy is placed on AS.
As a consequence, the weld has better corrosion resistance when
Al6013 alloy is placed on the advancing side of the weld.

3.6 Phase and Element Analysis

SEM–EDS analysis andXRD spectra of A6R7 joint andA7R6
joins are displayed in Fig. 9 and 10, respectively. Figure 9(a) and
10 show the results of line scan of joint A6R7 and A7R6,
respectively. Cu, Mg, Mn and Fe element distribution shows little
difference at two sides of the bonding interface. For the Zn and Si
elements, especially Zn, obvious gradient can be seen at the
bonding interface. The uneven elements distribution may affect

the joint mechanical properties and electrochemical corrosion
resistance. Figure 9(c) and (d) shows the results of the element
scan of the joints A6R7 and A7R6, respectively. Some special
points could be seen in the SEMmap of samples, and these points
were supposed to be the strengthening precipitation. The content
analysis of component shows that the content of Zn element
decreases at the bonding interface of A7R6 joint and Si element
has precipitation. The Cu element was obviously affected, and
precipitation occurred. The distribution of elements in the joint and
the amount of precipitation will affect the phase transformation in
the joint, which further influences the properties of the joint.
According to the analysis of SEM–EDS, the elements in the joint
A6R7 gradually changed at the bonding interface. And the Cu
element in the joint A6R7 has less melting off. The strengthening
phase can be preserved more in the joint A6R7.

The strengthening phase in base metal of Al6013-T4 is
Mg2Si, and the strengthening phase in Al7003 alloy is MgZn2.
XRD analysis indicated that strengthening phases in both joints
were Mg2Si, MgZn2 and CuMg2. Al7003 is affected by
excessive heat on AS, so the Zn and Cu elements are more
precipitated. And the number of MgZn2 and CuMg2 peaks in
the XRD spectrum of the joint A7R6 decreased. The MgSi2
phase remains a lot although it is over aging. The number of
peaks decreasing affects the tensile properties of the joint. This
is the reason that the tensile strength and elongation of the joint
A7R6 are less than the joint A6R7.

The variation in strengthening phases resulted in complex
corrosion behavior of joints. Former study (Ref 19, 20) shows
that the potential of MgZn2 in the grain is � 0.87 V and the
potential of Mg2Si particles is about � 1.54 V in NaCl
solution. The potential of Mg2Si is lower than the matrix and
the other zone without precipitation, so Mg2Si works as anode
and it was easy to be corroded. The corrosion potential of the
sample A6R7 is the highest. According to the XRD spectra,
when the Al6013-T4 puts on AS, Mg2Si is relatively small,
which is because the heat generated at AS is relatively high,
resulting in Mg2Si dissolution. When Al7003 is placed on the
AS, the corrosion resistance of the weld is poor, the reason is
that the Mg2Si phase is less, while the MgZn2 dissolves more.

4. Conclusions

In the present study, FSW was used to fabricate Al6013-T4
and Al7003 aluminum alloys joint. The effect of exchanging
forward and backward side materials on microstructure,
mechanical behaviors and electrochemical corrosion resistance
was mainly discussed. The main conclusions can be summa-
rized as follows:

1. Both joints, A6R7 or A7R6, can be welded without de-
fects. When exchange the AS and RS materials, different
cross sections can be obtained. More fully mixed joint
can be obtained when Al6013-T4 put at AS. A6R7 joint
retained much precipitate strengthening.

2. The Al6013-T4 side is the weak region for tensile speci-
mens. The tensile specimens were broken on the Al6013-
T4 side, both of which were ductile fracture. Whether on
the AS or RS, the Al6013-T4 side is the weak region for
hardness samples.

Fig. 10 Analysis of XRD spectra

1782—Volume 27(4) April 2018 Journal of Materials Engineering and Performance



3. Strengthening phase retained in the A6R7 joint, which
has better corrosion resistance. The joint A7R6 is not
only easy to corrosion, but once the corrosion began, the
rate of corrosion is still faster.
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