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a b s t r a c t

Butt joints of 1060 aluminum alloy and commercially pure copper were produced by friction stir weld-
ing (FSW) and the effect of welding parameters on surface morphology, interface microstructure and
mechanical properties was investigated. The experimental results revealed that sound defect-free joints
could be obtained under larger pin offsets when the hard Cu plate was fixed at the advancing side. Good
eywords:
riction stir welding
issimilar joint

ntermetallic compounds
icrostructure

tensile properties were achieved at higher rotation rates and proper pin offsets of 2 and 2.5 mm; fur-
ther, the joint produced at 600 rpm with a pin offset of 2 mm could be bended to 180◦ without fracture.
The mechanical properties of the FSW Al–Cu joints were related closely to the interface microstructure
between the Al matrix and Cu bulk. A thin, uniform and continuous intermetallic compound (IMC) layer
at the Al–Cu butted interface was necessary for achieving sound FSW Al–Cu joints. Stacking layered struc-
ture developed at the Al–Cu interface under higher rotation rates, and crack initiated easily in this case,

hanic
echanical properties resulting in the poor mec

. Introduction

The joints of dissimilar materials are widely used in indus-
rial applications due to their technical and beneficial advantages
1]. Aluminum and copper are two common metals in the electric
ower industry, and the Al–Cu transition pieces are widely used to
ransmit the electricity. Due to the difficulties in making an electri-
ally stable bolted joint between these two dissimilar metals, much
ffort has been focused on welding aluminum to copper in the last
ecades [2]. However, the dissimilar combination of aluminum and
opper is generally difficult for fusion welding. This is because of the
ide difference in their physical, chemical and mechanical prop-

rties, and the tendency to form brittle intermetallic compounds
IMCs). Therefore, the solid-state joining methods, such as friction
elding, roll welding, and explosive welding have received much

ttention [2–7]. These methods, however, have a few drawbacks.
ox example, friction welding and roll welding lack versatility, and
xplosive welding involves in the safety problems.

In the past decade, much attention has been directed towards
riction stir welding (FSW) [8]. Recently, attempts have been made

o join dissimilar materials through FSW, such as aluminum to steel,
luminum to magnesium, and aluminum to copper [9–20]. It was
eported that sound dissimilar FSW Al–Cu joints were difficult to
chieve, and the joints usually failed at the nugget zone or along

∗ Corresponding author. Tel.: +86 24 83978908; fax: +86 24 83978908.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).
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al properties.
© 2011 Elsevier B.V. All rights reserved.

the interface between the two materials during the mechanical
tests [13–15]. Ouyang et al. [14] attributed the poor weld ability
to the various brittle IMCs formed in the nugget zone. Lee and Jung
[15] suggested that the formation of Al2O3 and CuO layers resulted
in lower tensile strength besides the brittle IMCs. In our previous
study [17], sound FSW Al–Cu joint was obtained by offsetting the
tool to the aluminum side under a lower heat input condition. The
formation of a thin, continuous and uniform IMC layer produced
the excellent metallurgical bonding on the Al–Cu interface, and no
oxide layer was found.

It is well documented that many parameters, such as tool
offsetting, rotation rate and traverse speed, influenced the weld
properties of the dissimilar FSW joints [18–22]. Limited stud-
ies have been performed on the FSW dissimilar Al–Cu joints till
now, and systematic research on the FSW parameters is still lack-
ing. Therefore, it is worthwhile to study the effect of the FSW
parameters on the microstructure and mechanical properties of the
dissimilar FSW Al–Cu joints. In this paper, various FSW butt Al–Cu
joints were produced under different fixed locations, pin offsets,
and rotation rates, and the microstructure and mechanical proper-
ties were studied in detail. The purpose of this study is to elucidate
the correlation between the FSW parameters and bonding strength
in dissimilar FSW joints.
2. Experimental procedures

1060 aluminum and commercially pure copper (∼99.9% purity)
plates 5 mm in thickness, 300 mm in length, and 70 mm in width

dx.doi.org/10.1016/j.msea.2011.02.067
http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.msea.2011.02.067
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chosen for FSW Al to Fe, and the two welding manners used in

F
s
p

ig. 1. Schematic illustration to show the relationship between the pin position and
he coordinate.

ere butt-welded using a gantry FSW machine (China FSW Cen-
er). The welding tool used in this study was made of heat-treated
ool steel and had a shoulder 20 mm in diameter and a pin 6 mm in
iameter and 4.8 mm in length. Welds were made with a counter
lock-wisely rotating pin at rotation rates of 400–1000 rpm and a
onstant traverse speed of 100 mm/min. During the welding pro-
esses, several pin offsets from 0 mm to 3 mm were used. For
onvenience, in this study, an offset of 0 mm denotes the position
here the pin just located at the butt line, and 3 mm is at the posi-

ion where the pin side face is located at the faying surface of Cu,
s schematically shown in Fig. 1.

Microstructural characterization and analyses were carried out
y optical microscopy (OM), X-ray diffraction (XRD), and scanning
lectron microscopy (SEM), complemented by energy-dispersive
pectroscopy (EDS). Large transverse tensile specimens with a
auge length of 40 mm and a width of 10 mm were machined per-
endicular to the FSW direction. Tensile tests were carried out at
n initial strain rate of 1 × 10−3 s−1. Three-point bending tests were
erformed over a 40 mm span using a universal testing machine
ith a crosshead speed of 0.5 mm min−1.

. Results and discussion

.1. The effect of fixed location on the weldability of the joints

Different from the conventional FSW joints, fixed location of the
elded plates is also an important parameter for the FSW dissimilar

oints. Fig. 2 shows the surface morphologies and cross-sectional
acrostructures of the FSW Al–Cu joints for the different fixed

ocations at a welding parameter of 800 rpm – 100 mm/min with

pin offset of 3 mm. It is clear that when the Cu plate was fixed

t the advancing side, sound weld surface was achieved, as shown
n Fig. 2(a). However, when the Cu plate was fixed at the retreat-
ng side, the weld surface was very poor and a certain amount of Al

ig. 2. Surface morphologies of the FSW Al–Cu joints under a welding parameter of 800
ide (AS), (b) retreating side (RS), (c) magnified morphology of the tunnel defect as shown
late fixed at (d) AS and (e) RS.
Fig. 3. Schematic illustration of the fixed location of the hard material (a) at the
AS with clock-wise rotation of a pin, (b) at the RS, and (c) at the AS with a counter
clock-wise rotation of a pin.

material was extruded out from the nugget zone (Fig. 2(b)). Further-
more, connected tunnel defect was observed on the weld surface
(Fig. 2(c)). From the cross-sectional macrograph shown in Fig. 2(d),
it is clear that no defects could be observed when the Cu plate was
fixed at the advancing side. However, when the Cu plate was fixed at
the retreating side, an obvious volume defect which was the cross
section of the tunnel was observed at the top side of the nugget
zone (Fig. 2(e)).

When a hard material and a soft material were friction-stir-
welded, previous studies indicated that the weld quality was clearly
influenced by the fixed location [19–22]. From the above observa-
tion in this study, sound weld surface could be obtained when the
hard Cu plate was fixed at the advancing side. In a study of FSW
Al–Fe joints, Watanabe et al. [19] reported that a long crack line was
observed on the weld surface when the pin rotation direction was
counter clock-wise, and sound weld surface could be obtained in a
reversed rotating direction. Actually, the counter clock-wise rotat-
ing direction is not the essential reason of the poor surface quality.
The key factor is where the hard plates (Cu plate in this study) fixed
during the FSW process. Though the hard plates were fixed at the
retreating sides in some studies, sound joints were usually obtained
when the hard plates were fixed at the advancing sides [19,20].

Fig. 3 shows the schematic illustration explaining the effect
of the fixed location on the weldability of FSW dissimilar welds.
Fig. 3(a and b) shows the welding manners Watanabe et al. [19]
this study are shown in Fig. 3(b and c). Among these three weld-
ing manners, defect-free joints could be obtained by the manners
shown in Fig. 3(a and c). Though the rotating directions are dif-
ferent in Fig. 3(a and c), the hard plates (Fe and Cu, respectively)

rpm – 100 mm/min and a pin offset of 3 mm for the Cu plate fixed at (a) advancing
by the rectangle in (b), and cross-sectional macrostructures of the joints for the Cu
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rotation rate of 400 rpm. However, the weld surface became poorer
as the rotation rates increased (Figs. 4(b) and 5(b and c)). The poor
weld surface should be attributed to the excessive IMCs formation
under the enhanced reaction between Al and Cu at higher rota-
ig. 4. Surface morphologies of the FSW Al–Cu joints under a welding parameter o
ross-sectional macrostructure of the joints for pin offset of (e) 2.5 mm and (f) 1 mm

re all fixed at the advancing side. During the FSW process, the
aterials were transported from the retreating side to the advanc-

ng side behind the pin where the weld was formed [23,24]. The
ardness of the Cu and Fe were larger than that of the Al, and the
in stirred mainly in the Al base during FSW, so the material flow
ccurred mainly in the soft Al base. If the hard material was fixed
t the retreating side (Fig. 3(b)), the hard material was difficult to
ransfer to the advancing side because the hard material hardly
ew. In this case, a large volume defect would form as shown in
ig. 2(e), and the excessive soft material would be extruded out
rom the nugget zone (Fig. 2(b)). However, when the softer mate-
ial was fixed at the retreating side (Fig. 3(a and c)), the soft material
as transported to the advancing side easily, and the material flow

ycle in the nugget zone was performed normally. Furthermore,
s discussed by Watanabe et al. [19], the materials were mixed at
he activated and un-activated regions when the hard material was
xed at the advancing and retreating sides, respectively. Therefore,
he dissimilar materials were mixed easily when the hard material
as fixed at the advancing side, resulting in the sound weld quality.

.2. The effect of pin offset on the weldability of the joints

FSW is ordinarily conducted through inserting the rotating pin
n the weld line of butted plates. Previous studies proved that for
SW dissimilar materials, poor joints were obtained using this tra-
itional procedure, and the pin offset to the softer materials was
sually adopted to achieve the defect-free joints [13,14]. There-
ore, we chose various pin offsets in this study to investigate
he optimum value of the pin offset under a welding parameter
f 800 rpm – 100 mm/min. The surface morphologies and cross-
ectional macrostructures of the FSW Al–Cu joints for different pin
ffsets are shown in Fig. 4. When the pin offset was equal to or
arger than 2 mm, good surface morphologies could be obtained,
s shown in Figs. 2(a) and 4(a and b). However, the surface qual-
ty became poorer under the smaller pin offsets. Many cracks were
bserved obviously on the weld surface for a pin offset of 0 mm
hich was the traditional FSW manner (Fig. 4(d)). From the cross-

ectional macrograph shown in Fig. 4(e), sound defect-free joints
ould be obtained at a larger pin offset of 2.5 mm, and the nugget
one consisted of a mixture of the Al matrix and Cu pieces. How-
ver, at a smaller pin offset of 1 mm, several large Cu pieces were
ixed with the Al matrix in the nugget zone, and many voids could
e observed (Fig. 4(f)). Therefore, sound defect-free welds could be
chieved only at larger offsets, no less than 2 mm in this study.

In FSW of dissimilar materials, the pin offset was an important
arameter influencing the weld quality [15,17,19,21]. The results

n this study and most previous studies [15,19] proved that sound
pm – 100 mm/min for pin offsets of (a) 2.5 mm, (b) 2 mm, (c) 1 mm, (d) 0 mm, and

dissimilar welds would be produced under a larger pin offset to the
softer material. This should be related to the huge differences in
physical, chemical and mechanical properties between the dissim-
ilar materials. When the pin offset was larger, only few Cu pieces
with relatively small size were scratched from the Cu bulk. It was
easy for the small Cu pieces to mix into the Al base and react with
the Al base in the nugget zone, and therefore sound metallurgical
bonding would be obtained at the Al–Cu interface as discussed in
our previous paper [17]. On the other hand, many large Cu pieces
were stirred into the nugget zone at a smaller pin offset. The Cu
pieces were harder than the Al matrix, therefore, the large Cu pieces
were hard to deform and flow in the Al matrix, and the mixing
between the large Cu pieces and the Al matrix would be very dif-
ficult. This led to the poor surface bonding and the formation of
many voids as shown in Fig. 4(d and f). Moreover, when the pin
offset was smaller, more Al–Cu IMCs would be formed because the
more Cu pieces were stirred into the nugget zone. Thus the joining
between the Al and Cu became poor due to the brittle nature of the
IMCs [14].

3.3. The effect of rotation rate on the weldability and
microstructure of the joints

Fig. 5 shows the surface morphologies of the FSW Al–Cu joints
under different rotation rates at a constant pin offset of 2 mm. As
shown in Fig. 5(a), the sound weld surface was obtained at a lower
Fig. 5. Surface morphologies of the FSW Al–Cu joints under a pin offset of 2 mm for
rotation rates of (a) 400 rpm, (b) 600 rpm, (c) 1000 rpm.
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Table 1
Tensile properties and fracture locations of the FSW Al–Cu joints at various rotation
rates and pin offsets.

Rotation
rate (rpm)

Offset
(mm)

UTS
(MPa)

Fracture
location

400 2 95 Nugget
2.5 70 Interface
3 70 Interface

600 2 110 Al HAZ
2.5 98 Interface
3 87 Interface

800 2 103 Al HAZ
2.5 99 Al HAZ
3 62 Interface
ig. 6. X-ray diffraction patterns of the nugget zone welded at rotation rates of 400
nd 1000 rpm.

ion rates. This can be observed from the XRD results in the nugget
one, as shown in Fig. 6. At the lower rotation rate of 400 rpm, the
haracteristic diffraction peaks of the Al–Cu IMCs were not obvi-
us, indicating that only a few Al–Cu IMCs formed in this case.
owever, at the higher rotation rate of 1000 rpm, obvious char-
cteristic peaks of Al2Cu and Al4Cu9 IMCs were observed. Previous
EM observations indicated that a few AlCu IMCs formed in the
ugget zone at 600 rpm [17], so a small amount of AlCu phases
ould also form at a higher heat input condition of 1000 rpm,

hough no obvious diffraction peaks of the AlCu phase were
etected.

Fig. 7 shows the cross-sectional macrostructure of the FSW
l–Cu joints at various rotation rates. At the lower rotation rates
f 400 and 600 rpm, the Cu pieces detached from the Cu bulk were
ainly distributed at the bottom and retreating side of the nugget

one, which was the result of material flow under the effect of the
hreaded pin [23]. Moreover, only few fine Cu pieces were found
ear the Al–Cu interface at lower rotation rates. Many voids could
e observed in the nugget zone at the rotation rate of 400 rpm
Fig. 7(a)); however, sound defect-free joint was obtained at the
otation rate of 600 rpm (Fig. 7(b)). The formation of the voids
hould be related to the insufficient reaction at the lower rotation
ate. When the rotation rates were higher, the stirring action of the
in became stronger, so more Cu pieces were scratched from the
u bulk and distributed in the whole nugget zone. While a lot of Cu
ieces were distributed at the bottom of the nugget zone, many Cu
ieces were observed near the Al–Cu interface at the higher rotation
ates of 800 and 1000 rpm (Fig. 7(c and d)).

Fig. 8 shows the magnified SEM microstructure of the Cu pieces
n the nugget zone at various rotation rates. At the lower rotation
ate of 400 rpm, many voids and cracks were observed in the Al
atrix (Fig. 8(a)). No obvious IMC layer which was an indication

f good metallurgical bonding [17] formed around the Cu pieces.
nstead, cracks could be found around them, as shown in Fig. 8(b).
his indicates that the Cu pieces were hard to react and mix with
he Al matrix at the low rotation rate of 400 rpm. At the higher
otation rate of 1000 rpm, strongly stirring and enhanced friction
etween the shoulder and the welded materials made the temper-
ture in the nugget zone very high compared to that at the lower
otation rates. Sufficient reaction between Al and Cu pieces was
chieved in this case, and no defects were observed in the nugget
one, as shown in Fig. 8(c). Around the Cu pieces, obvious interfa-

ial layers associated with the Al–Cu IMCs [17] could be observed,
nd many Cu particles with stacking layered structures were dis-
ributed in the Al matrix (Fig. 8(c and d)). EDS results indicated that
he chemical compositions at locations a, b, and c in Fig. 8(d) were
pproximately equal to those of Al2Cu, Al4Cu9 and Cu, respectively.
1000 2 103 Al HAZ
2.5 105 Al HAZ
3 87 Interface

Therefore, these stacking layered structures consisted of Cu pieces
and Al–Cu IMCs. Of course, many small Cu pieces had already been
transformed into the IMCs according to our previous study [17]. It
is clear that enhanced reaction between Al and Cu pieces took place
at higher rotation rates.

The microstructures of the Al–Cu butted interfaces at various
rotation rates are shown in Fig. 9. At the lower rotation rates of 400
and 600 rpm, the interfaces were characterized by the thin, uniform
and continuous IMC layers, and the thickness were estimated to be
0.3 �m and 0.8 �m, respectively (Fig. 9(a and b)). When the rotation
rates increased to 800 and 1000 rpm, the IMC layer was not uniform
in thickness at the whole interface. The minimum thickness of the
IMC layers was estimated to be 1.1 �m and 1.4 �m, respectively,
and the maximum thickness could reach 3 �m at 1000 rpm (Fig. 9(c
and d)). It should be emphasized that many stacking layered struc-
tures were also observed at the interfaces at the higher rotation
rates of 800 and 1000 rpm, as shown in Fig. 9(d). This was more
obvious when a large Cu piece existed near the interface (Fig. 10).
It is clear from Fig. 10 that a very thick stacking layered structure
of ∼30 �m could be observed at the interface. The stacking layered
structure was similar to that in the nugget zone, and also consisted
of Cu and IMCs.

Ouyang et al. [14] claimed that the direct FSW of 6061 Al alloy to
copper was difficult due to the brittle nature of the IMCs formed in
the nugget zone. The formation of the IMCs was related closely to
the reaction temperature in the nugget zone which was decided by
the rotation rate in this study. Therefore, poor weld surface were
obtained when excessive IMCs formed at the higher rotation rates,
as shown in Fig. 5. However, at the lower rotation rate of 400 rpm,
the reaction between Al and Cu was insufficient because of the
low reaction temperature. Then, the defects formed easily in the
nugget zone due to the difficulty in mixing the hard Cu pieces and
Al matrix [18,19]. It is clear from Figs. 9 and 10 that the bonding
conditions of the interface between the Cu bulk and Al matrix were
influenced by the rotation rates greatly. The thickness of the IMC
layer became larger as the rotation rates increased. This was due to
that the enhanced reaction between Al and Cu occurred at higher
rotation rates. Moreover, the stacking layered structures developed
at the higher rotation rates of 800 and 1000 rpm especially with the
existence of large Cu pieces near the interface. At higher rotation
rates, the Cu bulk became softer under higher temperature; fur-
ther, the stirring action was intensified. In this case, the Cu pieces
with even large sizes could be scratched easily from the Cu bulk. It

was likely that several Cu pieces were scratched from the Cu bulk
together, and then mixed and reacted with the Al matrix at the
interface, resulting in the formation of the stacking layered struc-
tures. The detached Cu pieces were hard to flow when a large Cu
piece existed near the interface, could only be stacked at the inter-
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Fig. 7. Cross-sectional macrostructure of the joints at rotatio

ace. Therefore, the thick stacking layered structures formed easily
n this case.

.4. The effect of rotation rate and pin offset on the mechanical
roperties of the joints

As discussed above, poor weld surfaces were obtained under a
mall pin offset and when the Al plate was fixed at the advancing

ide. In these two cases, poor mechanical properties were obtained
oo. The joints fractured at the nugget zone and the UTS were usu-
lly less than 50 MPa. Sound defect-free joints were achieved only
hen the Cu plate was fixed at the advancing side and under a

arge pin offset. Table 1 summarizes the tensile properties of the

ig. 8. SEM backscattered electron images (BEI) of the nugget zone for rotation rates of
000 rpm, and (d) magnified view of the area as shown by the rectangle in (c).
s of (a) 400 rpm, (b) 600 rpm, (c) 800 rpm, and (d) 1000 rpm.

FSW Al–Cu joints under various pin offsets (no less than 2 mm)
and rotation rates. Table 1 reveals following observations. First,
the joints produced with a pin offset of 3 mm exhibited lower
UTS with the fracture occurring at the Al–Cu butted interface for
all the investigated rotation rates of 400–1000 rpm. Furthermore,
poor tensile properties were also obtained at lower rotation rates
of 400–600 rpm when the pin offset was 2.5 mm. This indicates
that insufficient reaction occurred between the Cu bulk/pieces and

Al matrix in these conditions. Second, at an optimum pin offset
of 2 mm, good tensile properties were obtained at various rotation
rates except the very low rotation rate of 400 rpm where a relatively
low tensile strength was observed due to the insufficient reaction
at lower heat input.

(a) 400 rpm, (b) magnified view of the area as shown by the rectangle in (a), (c)
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Fig. 9. SEM BEI of the interfaces for various rotation rates of (a) 400 rpm, (b) 600 rpm, (c) 800 rpm, and (d) 1000 rpm.
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Fig. 10. (a) SEM BEI of the interface at rotation rate of 800 rpm, (b)

Bending properties are especially important for the Al–Cu joints
sed in electric power industry, and are closely related to the bond-

ng conditions on the Al–Cu interface. Pietras [25] indicated that
hough good tensile properties were achieved in the FSW Al–Cu
oints produced in a wide range of welding parameters, bending
roperties were not all gratified with the largest bending angle
eing 130◦. In this study, the joints produced at a rotation rate of
00 rpm and a pin offset of 2 mm could be bended to 180◦ without

ailure (Fig. 11a). However, other joints with good tensile proper-
ies usually failed at the interface with the bend angle less than
0◦. Crack initiated quickly at the interface after only 20◦ bend for
he joints produced at the rotation rate of 1000 rpm where a large

ig. 11. (a) Macrograph of the joints after bending test for rotation rates of 400 and 1000
ified view of the layered structure as shown by the rectangle in (a).

Cu piece existed near the interface, as shown in Fig. 11(a). From the
magnified SEM microstructure of the fractured sample, it was found
that crack propagated in the stacking layered structures (Fig. 11(b)).
Therefore, the thick stacking layered structure was harmful to the
mechanical properties of the FSW Al–Cu joints.

Obviously, the mechanical properties of the FSW dissimilar
joints were influenced by the bonding conditions of the interface
between the Cu bulk and the Al matrix. It is well accepted that the

presence of the IMCs between the dissimilar metals is an indica-
tion of good metallurgical bonding. A thin, continuous and uniform
IMC layer is an essential requirement for good bonding [17,20].
Moreover, Tanaka et al. [20] showed that the bonding strength

rpm and (b) magnified SEM BEI of the fractured zone for the welds of 1000 rpm.
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f the Al–Fe FSW dissimilar joint was related to the thickness of
he IMC layer. Therefore, metallurgical reaction between Al and Cu
s necessary, and this requires proper pin offset and rotation rate
o obtain the excellent metallurgical bonding. However, when the
MC layer was too thick, the mechanical properties would become
oor according to previous studies [20]. Clearly, excessive IMCs
enerated in the stacking layered structures at the Al–Cu inter-
ace (Figs. 8–10) are the reason for the poor bending properties
f the joints produced at higher rotation rates. Then, the excellent
etallurgical bonding should generate at the relatively low rota-

ion rate to inhibit the formation of the stacking layered structures.
nyway, controlling the FSW parameters to obtain a thin, uniform,
nd continuous IMC layer at the interface is the key for producing
igh-property FSW dissimilar joints.

. Conclusions

In summary, 1060 aluminum alloy and commercially pure cop-
er were friction stir welded at various welding parameters, and
he effect of the fixed location, pin offset and rotation rate on the

icrostructure and mechanical properties was investigated. The
ollowing conclusions are reached:

. Sound defect-free joint could be obtained only when the hard
Cu plate was fixed at the advancing side. A large volume defect
was observed when the soft Al plate was fixed at the advancing
side. This is attributed that the hard Cu bulk material was hard
to transport to the advancing side during FSW.

. Sound defect-free joints were obtained under the larger pin
offsets of no less than 2 mm to the Al matrix, and a good metal-
lurgical bonding between the Cu bulk/pieces and Al matrix was
achieved. However, defects formed easily at smaller pin offsets
due to the hard mixing between the large Cu pieces and Al matrix.

. The joint surface became poorer as the rotation rate increased.
Many defects were formed in the nugget zone at the lower rota-
tion rate of 400 rpm; whereas at higher rotation rates, good
metallurgical bonding between the Cu pieces and Al matrix was
achieved. The Al–Cu butted interface was thin, uniform and con-

tinuous at lower rotation rates of 400, 600 rpm; however, the
thick stacking layered structures developed on the interface at
higher rotation rates of 800, 1000 rpm.

. Poor tensile properties were obtained at the very large pin off-
sets and/or low rotation rates due to the insufficient reaction

[
[

[
[
[

neering A 528 (2011) 4683–4689 4689

between the Cu bulk/pieces and Al matrix. Sufficient reaction
were achieved in the FSW Al–Cu joints produced at higher rota-
tion rates and proper pin offsets of 2 and 2.5 mm, resulting in the
good tensile properties.

5. The joints produced at 600 rpm under a pin offset of 2 mm
showed sound bending properties. However, poor bending prop-
erties were obtained at the rotation rates higher than 600 rpm,
which was related closely to the stacking layered structures at
the interface.
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