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Eﬀect of Intermetallic Compound Layer on Tensile Strength
of Dissimilar Friction-Stir Weld of a High Strength Mg Alloy and Al Alloy*
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The friction stir weldability of a ﬁne-grained high strength AZ31B magnesium alloy to A5083 Al alloy was evaluated at various welding
conditions, by using a tool with shoulder diameter of 15 mm, pin diameter of 5 mm and pin length of 3.9 mm. A square butt dissimilar joint
without any defect was obtained at the condition of welding speed 100 mm/min, tool rotating speed 500 rpm and oﬀset 0 mm. Higher or lower
welding speeds or rotating speeds led to either the formation of defect or lack of bonding in the joint. Defects occurred also in the case that the
oﬀset was not 0 mm, i.e. the insertion position of the probe was on either Mg side or Al side, when tool rotating speed was 500 rpm and welding
speed was 100 mm/min. The maximum tensile strength of the dissimilar joints in the present study was about 115 MPa, lower than that of Al
alloy base metal (about 308 MPa). Transmission electron microscopy showed that an intermetallic compound (IMC) layer, which consisted of
Al12 Mg17 and Al3 Mg2 , formed at the bonding interface of the joints, and it was found that the formation and growth of the IMC were controlled
by the react diﬀusion of Mg and Al atoms, instead of the eutectic reaction. The present study demonstrated that the tensile strength of the
dissimilar joints was mainly aﬀected by the thickness of IMC layer and the mechanical interlock between magnesium and aluminum alloys. The
tensile strength decreased remarkably with the increase in the thickness of IMC layer, which made the mechanical interlock weaker.
[doi:10.2320/matertrans.M2009289]
(Received August 17, 2009; Accepted October 1, 2009; Published November 25, 2009)
Keywords: friction stir welding, dissimilar metal joint, high strength magnesium alloy, aluminum alloy, intermetallic compound

1.

Introduction

Magnesium (Mg) alloys have gained an increasing
attention in transportation industries, because they can
achieve considerable weight reduction of automobiles.1)
However, the poor mechanical properties of Mg alloys, such
as low tensile strength and poor formability, limit their
application area.2) Grain reﬁnement is an eﬀective method to
enhance the mechanical properties of Mg alloys.3,4) Fine
grained structures have been successfully achieved by
applying various techniques, e.g. ECAP (Equal-channel
angular pressing)5,6) and RCP (Roll Compaction process).7)
By using RCP, high strength Mg alloys with ﬁne-grained
structures have been produced, and their weldability has been
investigated.8,9)
In order to broaden the application of Mg alloys in
transportation industries, the joining of Mg alloys to
aluminum (Al) alloys becomes important and necessary. In
the dissimilar joint of Mg and Al alloys, intermetallic
compound (IMC) is always generated. When a conventional
fusion welding process is used, abundant IMC forms in the
joint, leading to a remarkable decrease in the tensile strength
of the joint.10) In the joint of a solid-state joining process,
however, the formation of the IMC can be limited by
selecting suitable joining parameters to control the temperature and time in the joint.11) Therefore, various solid-state
joining processes such as diﬀusion bonding and friction
welding have been applied to join the dissimilar metals.
Among the solid-state joining processes, friction stir (FS)
welding is a new solid-state joining technique, which was
invented by The Welding Institute (TWI) in 1991. A few
studies have been reported about the FS welding of Mg alloys
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to Al alloys,12–16) but the information on the details (e.g.
the type and distribution) of the IMC layer at the bonding
interface is scanty,17) because it is hard to observe the IMC
layer of less than 1 mm in thickness with an optical microscope or a scanning electron microscope. Besides, the
relation between the IMC layer and tensile strength of the
joint has not been clariﬁed. In order to understand the factors
controlling tensile strength of the joint as well as the formation mechanism of the IMC, it is very important to examine
the IMC in detail. In the present study, the FS weldability of
a high strength Mg alloy to A5083 Al alloy was evaluated,
and the interfacial microstructures and strength of the
dissimilar FS welded joints were systematically investigated.
The principal purpose of the present study is to obtain a
deeper insight into the factors controlling the strength of
the dissimilar FS welded joint of Mg alloys and Al alloys.
2.

Experimental Procedure

The materials used in the present study were RCPed Mg
alloy AZ31B (abbreviated as RCPAZ31 hereafter) and AlMg alloy A5083, and their chemical compositions are given
in Tables 1 and 2, respectively. The specimens for FS
welding were 250 mm in length, 74 mm in width and 4 mm in
thickness. The specimens of RCPAZ31 and A5083 were buttwelded along the extrusion direction, with the A5083 plate
on the advancing side (AS) and the RCPAZ31 plate on the
retreating side (RS). The FSW tool was made from JIS
SKD61 tool steel, and the tool dimensions are shown in
Table 3. FS welding parameters in the present study are
given in Table 4. The oﬀset position in the Table 4
represents the distance from the insertion position of probe
to the center-line of the joint (i.e. the boundary of two plates
for FS welding). It should be noted that the insertion position
of probe was shifted only to Al alloy side in the present study,
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Table 1

Chemical compositions of Mg alloy.

Alloy

Si

Mn

Cu

Zn

Al

Fe

Ca

Mg

RCPAZ31

<0:01

0.35

0.01

0.99

2.96

0.007

0.001

Bal.

Table 2

Chemical compositions of Al alloy.

Alloy

Si

Fe

Cu

Mn

Mg

Cr

Zn

Al

A5083

0.15

0.19

0.03

0.65

4.76

0.11

0.01

Bal.

Table 3 Dimensions of FS welding tool.
Diameter of shoulder (mm)
Diameter of probe (mm)

Eﬀects of welding speed and tool rotating speed on FS weldability.

FS welding conditions.

Tool rotating speed (s )

300–600

Welding speed (mm/min)

40–120

Oﬀset position (mm)
Down force (kN)


Angle of tool ( )

0,0.5,1.0,1.5
7.35
3

Fig. 1 Dimensions of test pieces for tensile test.

because the pre-experiments revealed that it was very hard to
obtain a sound FS welded joint if the insertion position of
probe was shifted to Mg alloy side. After FS welding, the
tensile strength of the FS welded joints was evaluated, and
the microstructures at the joints were characterized. The
dimensions of the specimen for tensile test are illustrated in
Fig. 1. The tensile test was carried out at room temperature
using an Instron type testing machine with a crosshead speed
of 8:33  103 mms1 . The fracture surface of the tensile
specimen after test was observed by using a scanning electron
microscope (SEM). The IMC layer at the bonding interface
was examined in detail with a transmission electron microscope (TEM). TEM observations were performed using a
JEM-2010 microscope operated at 160–200 kV, and the
specimens for TEM observations were prepared with a
focused ion beam system.

3.1

Fig. 3

15

3.9

1

3.

General appearances and cross-section microstructure of FS welds.

5

Length of probe (mm)

Table 4

Fig. 2

Experimental Results and Discussion

FS weldability of high strength Mg alloy RCPAZ31
to Al alloy A5083
The surface appearance and cross-section macrostructure
of FS welded joints at the various welding conditions are
shown in Fig. 2, in which the oﬀset position is 0 mm, i.e. the

probe is inserted into the center-line of the joint. Two kinds
of defects can be observed from the surface appearance. One
is the surface tearing, which exists on the surface of the joint
at the welding speed of 80 mm/min and the tool rotating
speed of 500 rpm. This defect is attributed to the excessive
heat input during FS welding, and in this case, the
solidiﬁcation cracking probably has happened because the
temperature at the joint interface is higher than 710 K, the
eutectic reaction temperature of Mg and Al alloys. Another
defect is the groove-like defect, which occurs at the welding
speed of 80 mm/min and the tool rotating speed of 300 rpm.
This defect is due to the short of heat input, and consequently the insuﬃcient plastic deformation of the materials
during FS welding. A joint without any defect has been
obtained at the welding speed of 100 mm/min and the
tool rotating speed of 500 rpm. The inﬂuence of welding
conditions on the weldability can be summarized in Fig. 3,
in which the marks , ,
and
represent the diﬀerent
kind of defects, i.e. : small cavity, : cavity, : surface
tearing, and : groove-like defect. The mark
means no
defect in the FS welded joint. It can be seen that the range
of the optimum FS welding condition for the dissimilar
joining of RCPAZ31 and A5083 is very narrow, so that the
accurate control of heat input is necessary to the FS welding
of RCPAZ31 Mg alloy and A5083 Al alloy.
The surface appearance and cross-section macrostructure
of FS welded joints at various oﬀset positions are revealed
in Fig. 4, in which the welding speed is kept constant at
100 mm/min and the tool rotating speed at 450 rpm. A very
small cavity has partially been observed, when the oﬀset
position is 0.5 and 1.0 mm. When the oﬀset position is
increased above 1.5 mm, the defects become larger and more.
In the case that the oﬀset position is shifted to Al alloy side,
more heat input is introduced into the FS welded joint even
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Fig. 4 General appearances and cross-section microstructure of friction
stir welds at various probe oﬀsets.

Fig. 6 Fracture surface of the RCPAZ31/A5083 joint (oﬀset = 0 mm):
(a) appearance of RCPAZ31 side, (b) appearance of A5083 side, (c)
magniﬁed image of the RCPAZ31 side, (d) magniﬁed image of the A5083
side, (e) XRD result of RCPAZ31 side and (f) XRD result of A5083 side.

Fig. 5

Tensile strength of joint vs. oﬀset position.

at the same welding conditions, because the heat generated
from the friction of Al alloy is larger than that of Mg
alloy,13,14) probably due to the higher friction coeﬃcient
between Al alloy and welding tool. For this, more ﬂash is
produced and expelled out from the FS welded joint, and
thus the defects occur easily. When the tool rotating speed
is decreased from 450 to 400 rpm, the ﬂash and the defects
are reduced at the welding speed of 100 mm/min and the
insertion position of 1.5 mm.
3.2

Microstructures and mechanical properties of dissimilar joints
The tensile test results of FS welded joints are given in
Fig. 5, with each value being the average of three joints. The
tensile strength of the joint decreases with the increase in the
oﬀset position. All joints in the present study are broken at
the bonding interface. Figure 6 shows the fractography and
X-ray diﬀraction (XRD) patterns of the fracture surface of
the joint at the welding speed of 100 mm/min, the tool
rotating speed of 500 rpm and the oﬀset position of 0 mm,
which has the maximum tensile strength in the present study.
The images of the fracture surface at a low magniﬁcation
show that the fracture surfaces are rugged on both RCPAZ31
and A5083 sides (Fig. 6(a) and (b)). The fractography at a
higher magniﬁcation reveals that the fracture surface is
comparatively smooth in local (Fig. 6(c) and (d)). In the
EDX qualitative analysis of chemical compositions on these
fracture surfaces, Al element is detected on the fracture
surface of the RCPAZ31 side, and Mg element is detected on
the fracture surface of the A5083 side. From the XRD pattern
obtained from these fracture surfaces, it can be seen that

Fig. 7 Fracture surface of the RCPAZ31/A5083 joint (oﬀset = 1.5 mm):
(a) appearance of RCPAZ31 side, (b) appearance of A5083 side, (c)
magniﬁed image of the RCPAZ31 side, (d) magniﬁed image of the A5083
side, (e) XRD result of RCPAZ31 side and (f) XRD result of A5083 side.

Al3 Mg2 and Al12 Mg17 compounds exist on these fracture
surfaces (Fig. 6(e) and (f)). The above results suggest that a
brittle IMC layer forms at the bonding interface, and fracture
occurs along the brittle IMC layer. It should be pointed out
that the fracture surfaces of all joints at the oﬀset position
below 1 mm in the present study are similar to those shown in
Fig. 6.
Figure 7 shows the fractography and XRD patterns
performed on the fracture surfaces of the joint at the welding
speed of 100 mm/min, the tool rotating speed of 450 rpm
and the oﬀset position of 1.5 mm, which has the minimum
tensile strength in the present study. It can be seen from the
fractography at both low and high magniﬁcations that almost
whole fracture surface is smooth on both RCPAZ31 and
A5083 sides (Fig. 7(a) and (b), (c) and (d)). Similar to the
joint with the maximum tensile strength, Al element has been
detected on the fracture surface of the RCPAZ31 side, and
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Table 5

Chemical compositions at points 1 to 6 indicated in Fig. 8 (at%).
Position

Element

1

2

3

4

5

6

Mg

60

55

61

37

40

40

Al

40

43

39

62

60

60

Fig. 8 Interfacial layer observed in the RCPAZ31/A5083 joint (oﬀset =
0 mm).

Fig. 11 Interfacial layer observed in the RCPAZ31/A5083 joint (oﬀset =
1.5 mm).
Fig. 9

TEM image and SAD pattern of Al3 Mg2 .

Fig. 10 TEM image and SAD pattern of Al12 Mg17 .

Mg element has been detected on the fracture surface of the
A5083 side. XRD results demonstrate that an IMC layer,
which consists of Al3 Mg2 and Al12 Mg17 , forms at the
bonding interface (Fig. 7(e) and (f)). Like other FS welded
joints, the fracture propagates along the IMC layer during
tensile test.
In order to make a closer observation of the IMC layer, the
interfacial regions of the joints were examined with TEM.
Figure 8 shows the TEM image of the IMC layer at the
bonding interface in the joint at the welding speed of
100 mm/min, the tool rotating speed of 500 rpm and the
oﬀset position of 0 mm. The IMC layer, whose thickness is
about 800 nm, consists of two phases. According to SAD
patterns, these phases within the IMC layer are Al3 Mg2
(Fig. 9) and Al12 Mg17 (Fig. 10). The thickness of Al3 Mg2
phase is more than that of Al12 Mg17 phase (Fig. 8). It can be
clearly seen from Fig. 8 that these phases are distributed
regularly within the IMC layer. The chemical compositions
of these phases have also been analyzed with EDX, and the
concentrations of Al and Mg elements at the points of 1 to 6
in Fig. 8 are given in Table 5. As compared to the point of 6,
the point of 3, which is close to the RCPAZ31, has a much
lower Al concentration. This result suggests that the growth
of the IMC layer is controlled by the diﬀusion of Al and
Mg atoms. Figure 11 reveals the TEM image of IMC layer

Fig. 12 IMC thickness vs. oﬀset position.

at the bonding interface in the joint at the welding speed
of 100 mm/min, the tool rotating speed of 450 rpm and
the oﬀset position of 1.5 mm. At this welding condition,
the amounts of both Al3 Mg2 and Al12 Mg17 phases increase
remarkably, and consequently the thickness of IMC layer
becomes much larger. The correlation of thickness of the
IMC layer with oﬀset position is shown in Fig. 12. It is clear
that the thickness of the IMC layer increases with the oﬀset
position. As mentioned previously, the heat input introduced
into FS welded joints increases with the oﬀset position; for
this reason, the thickness of IMC layer becomes larger.
Because cracking propagated along the IMC layer during
tensile test, the tensile strength of the FS welded joints can
be correlated to the thickness. Figure 13 shows the relation
between the tensile strength of FS welded joints and the
thickness of IMC layer. When the thickness of the IMC layer
is above 1800 nm, tensile strength decreases considerably.
In this case (i.e. the oﬀset position is 1.5 mm or above),
the ruggedness is hardly observed on the fracture surface.
Therefore, it can be considered that the tensile strength
decreases remarkably when the mechanical interlock17)
becomes weak due to the increase of the thickness of IMC
layer.
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Fig. 13 Tensile strength vs. IMC thickness.
Fig. 14 IMC thickness vs. diﬀusion time.

3.3 Formation mechanism of IMC layer
The formation mechanism of the IMC layer is discussed as
follows. The IMC layer observed at the RCPAZ31/A5083
interface consists of Al3 Mg2 and Al12 Mg17 . These compounds are steady according to Mg-Al binary phase diagram.
If we consider that the formation and growth of these
compounds are induced by the react diﬀusion of Mg and
Al atoms, the thickness of the IMC layer should increase
with diﬀusion time. In this case, the relationship between
the thickness of IMC layer and the diﬀusion time can be
expressed by following equations.18)
d2 ¼ K  t

ð1Þ

K ¼ K0  expðQ=RTÞ

ð2Þ

where K0 is the proportion constant, Q is the activation
energy, R is the gas constant and T is the absolute
temperature.
Liu et al.19,20) have calculated K0 and Q of Al3 Mg2 and
Al12 Mg17 that form in the joint of Mg and Al, and reported
that the K0 and Q of Al3 Mg2 are 1:5  104 cm2 /s and
53.3 kJ/mol, respectively; and the K0 and Q of Al12 Mg17 are
2:2  10 cm2 /s and 125.7 kJ/mol, respectively. In addition,
the temperature measurement result shows that the temperature at the interfacial region during the cooling process of
FS welding is approximately 573 K, when the welding speed
is 100 mm/min, the tool rotating speed is 500 rpm, and the
oﬀset position is 0 mm. By substituting the above data in
eqs. (1) and (2), the thickness of IMC layer at various
diﬀusion times can be calculated. Figure 14 shows the
relationship between the thickness of IMC layer and
diﬀusion time. It can be easily understood from Fig. 14 that
the growth speed of Al3 Mg2 is faster than that of Al12 Mg17 .
This is also conﬁrmed by the TEM observation of the IMC
layer as shown in Fig. 8, where the thickness of Al3 Mg2
is 480 nm and that of Al12 Mg17 is 280 nm. The calculation
and measurement results of the thickness of the IMC layer
are consistent, which, in turn, demonstrates that the growth
of the IMC layer is controlled by the react diﬀusion of
Mg and Al atoms. If the IMC layer forms due to eutectic
reaction at higher temperatures, there should have been
more Al12 Mg17 phase, because the eutectic temperature of
Al12 Mg17 is lower than that of Al3 Mg2 . Chen et al.16) have
reported that a conversion zone containing eutectic
Al12 Mg17 and Mg matrix forms at the friction stir lap joint

interface of AC4C Al alloy and AZ31 Mg alloy when the
peak temperature exceeds 710 K, the liquid-phase formation
temperature.
From the above discussion, it can be concluded that the
formation and the growth of the IMC layer in the dissimilar
FS welded joint of RCPedAZ31 and A5083 are controlled
by the react diﬀusion. The temperature at the interfacial
region in the present research is about 573 K as mentioned
previously, and at this temperature the IMC layer grows so
quickly that the thickness of the IMC layer becomes larger
than 1 mm in several seconds (see Fig. 14). Therefore, it is
diﬃcult to decrease the thickness of the IMC layer further by
selecting the welding parameters. In order to obtain a joint
with a higher strength, it seems to be necessary to change
the shape of tool so that mechanical interlock between Al
and Mg alloys becomes stronger in the FS welded joints.
4.

Conclusion

The microstructures at the bonding interface in the FS
welded joints of high strength Mg alloy RCPAZ31 and
Al alloy A5083 were investigated intensively with TEM.
The formation mechanism of the IMC layer and its eﬀect
on the tensile strength of the dissimilar FS welded joints
were discussed. The results obtained can be summarized
as follows:
(1) The suitable FS welding condition range for joining
RCPAZ31 Mg alloy to A5083 Al alloy is very narrow.
A square butt dissimilar joint without any defect
is obtained at the condition of the welding speed
100 mm/min, the tool rotating speed 500 rpm and the
oﬀset 0 mm. Higher or lower welding speeds or rotating
speeds lead to either the formation of defect or lack
of bonding in the joint. Defects occur also when the
insertion position of the probe is on Al side.
(2) The thickness of the IMC layer increases with the
oﬀset position on Al side. The tensile strength of the
dissimilar joint is principally aﬀected by the thickness
of IMC layer, which consists of Al12 Mg17 and Al3 Mg2 ,
and the mechanical interlock between Mg and Al
alloys. The tensile strength decreases remarkably when
the mechanical interlock becomes weak due to the
increase in the thickness of IMC layer.
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(3) Al3 Mg2 and Al12 Mg17 phases are regularly distributed
within the IMC layer. The thickness of Al3 Mg2 is more
than that of Al12 Mg17 . It is found that the formation and
growth of the IMC layer are controlled by the react
diﬀusion.
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