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Abstract: Inertia friction welding (IFW) method is a potentially ideal technique to weld dissimilar materials. Aluminum and
stainless steel were welded by inertia friction, and the morphology, microstructure, interfacial composition and mechanical
properties of Al/steel joints were investigated. Results show that a thin intermetallic compound (IMC) reaction layer is found
at the welding interface in the joint, and the IMC consists of Al, Fe and high concentration of Si. The microstructure of joint
contains weld nugget zone, fully dynamic recrystallized zone (FDRZ), thermal mechanically affected zone and heat affected
zone. The grain size of FDRZ is below 0.1 µm, and the average width of FDRZ in the joint is about 5 µm. The part with
maximum hardness (HV) lies in FDRZ, and the maximum value is 3958 MPa in the joint. The tensile strength of joint is
influenced by the rotational speed. When the rotational speed is 1100 r/min, the joint reaches to the maximum tensile strength
of 323 MPa, which is related to the thickness of IMC at the weld interface.
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Dissimilar joints as aluminum alloy/stainless steel can
combine the advantages of both materials and are widely
used in many industries. However, the welding of aluminum and steel is difficult due to the differences in the
chemical, mechanical and thermal properties of base metals[1-3]. Many welding methods are applied, but the joint
results are still subject to some restrictions. Low solubility
of Fe in Al results in the formation of thick and brittle intermetallic, which causes the degradation of mechanical
properties.
Friction welding is a kind of solid-state welding method
with low heat input[4-6]. Oxide films can be eliminated by
the rubbing effect, and fresh aluminum alloy can be welded
with steel by the frictional heat to obtain the good contact[7-9]. Heat generation in friction welding mainly depends
on the process parameters of rotational speed and time[10].
According to the energy supply, the friction welding contains two methods: continuous drive friction welding

(CDFW) and inertia friction welding (IFW) [11]. In CDFW,
one part is attached to a rotating spindle reaching a constant
rotation speed. In IFW, the rotating part is connected to a
flywheel, and the rotating flywheel supplies the welding
energy[12]. Previous studies achieved the joining between
various metals, such as superalloy[13-15], titanium alloy[16],
Al-Mg[17], Cu-Steel[18], and Al-steel[19,20]. The intermetallic
compound (IMC) layer is controlled to be as thin as possible by adjusting the process parameters, and its critical
thickness is 1~2 µm for the strong bond strength[21].
Dong et al[22] found that the IMC layer of rotary friction
welded 5052 aluminum alloy/304 stainless steel dissimilar
joints consists of Fe2Al5 and Fe4Al13, and the entire joint
fractures through the interface and cracks mainly along the
IMCs/5052 interface. The friction interface sequentially
experiences three kinds of friction behavior before the initial peak torque: abrasion, slide and stick[23]. During the
friction welding of Al and steel, Al experiences a large de-
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formation and forms the softened region in the heat affected
zone (HAZ), and the large microstructural evaluation occurs[24,25]. There are four microstructural change zones at
the Al side: base metal, heat-and-deformation-affected zone,
interfacial zone, and solid solution zone[6].
In order to obtain high strength and good ductility of the
joint, Fukumoto et al[26] found that enough heat cannot be
generated within a short friction time, but the longer friction time causes the excess formation of IMC layers. The
pure metal interlayer was applied to design the bimetallic
structure for improving the metallurgical compatibility[27].
Mechanical properties of friction-welded dissimilar
Al-steel joints are influenced by process parameters and
working conditions[21]. Acceptable tensile strength and ductility can be obtained through the optimum process parameters[28-31]. To obtain the joint efficiency of 100%, joints
should be made with the friction time of 1.5 s and the forge
pressure of 240 MPa[10]. Sebastian et al[32] found that the
bond strength shows a linear decrease with the increase of
IMC thickness, but the variation in bond strength does not
display a clear correlation.
IFW is a potentially ideal technique to weld the dissimilar materials of Al and steel. Microstructural evaluation and
the control of IMC are the key issues for industrial application. The aim of this study is to develop a better understanding of the characteristics of Al/steel joints welded by
IFW technique. The morphology, interface composition,
microstructure and microhardness distribution of Al/steel
joints were investigated.

1

Experiment

Base metals were 6061-T6 aluminum alloy (Al 6061) and
304 stainless steel (SS 304) in rod shape with diameter of
15 mm. A modified HSMZ-4 inertia friction welding was
used to join the aluminum alloy and stainless steel. Before
welding, rod surfaces were polished by SiC paper and then
cleaned by acetone. Stainless steel rod was fixed on the rotary jaw, and the aluminum alloy rod was fixed on the stationary jaw. After the spindle was accelerated to the predetermined rotational speed, the motor was cut off automatically. Then the stainless steel rod rotated at a high speed
with the spindle and the aluminum alloy rod moved axially
under the constant axial pressure. Moment of inertia was
0.16 kg·m2. The axial friction pressure was 180 MPa, and
the rotational speed was 1100 r/min.
Specimen for microstructural observation was cut along
the direction perpendicular to the welding interface by the
electrical discharge machine. The SS 304 side was etched
by the solution (2.5 mL HNO3 and 97.5 mL ethanol), and
the Al 6061 side was etched by the Keller’s reagent (1.0 mL
HF, 1.5 mL HCl, 2.5 mL HNO3 and 95 mL H2O). Microstructural characterization and elements distributions was
carried out by optical microscope (OM), scanning electron

microscope (SEM) and energy dispersive spectrum (EDS),
transmission electron microscope (TEM) and electron
backscattered diffraction (EBSD). Micro Vickers hardness
test was carried out. The indentation load was 200 g and the
dwell time was 10 s. Tensile property was measured by a
universal testing machine at room temperature.

2

Results and Discussion

2.1 Morphology and interface of the welded joint
Fig.1 shows the morphology of the IFWed joint. After
welding, the Al metal is extruded and causes asymmetrical
deformation. The weld flash forms only at the Al side due
to the decrease of the tensile yield of Al 6061 with increasing the temperature during welding, and the shape of flash
depends on the friction welding parameters.
Al and Fe barely have mutual solubility leading to the
formation of intermetallic compounds of FexAlx. The heat
distribution is non-uniform in all directions of the interface,
resulting in the formation of a non-uniform IMC layer. A
very thin reaction layer is found between the stainless steel
and aluminum alloy in the IFWed joint (Fig.1b). The thickness of the IMC layer of Al/steel joints majorly depends on
the rotational speed and friction time[33]. This IMC layer is
required to be as thin as possible[26,32].
Metallurgical bonds form as a result of the atomic diffusion across the joint interface. The IMC layer of Al/steel
joint forms when the enough energy is provided at the weld
interface. IFW can release the stored kinetic energy in a
short time, which provides an instantaneous frictional heat
for the diffusion of Al and Fe at the interface[34]. Fig.2
shows the elemental mapping of the Al/steel joint. It can be
seen that Al, Fe and Si elements are diffused at the weld
interface and form the IMC layer. Microstructural and elemental analysis of the joint interface shows the formation of
a relatively non-continuous IMC layer in the IFWed joint.
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Fig.1

OM (a) and SEM (b) images of the welded Al/steel joint
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The formation of the IMC layer at the weld interface is
controlled by two major mechanisms of nucleation and
growth[35]. Nucleation and growth of IMCs are both affected
by the temperature and plastic deformation at the interface.
In both methods, variation of the rotation speed influences
the plastic deformation and the nucleation, which causes
different thicknesses of IMC layer.
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Fig.2

Microstructures of steel side in the Al/steel joint: (a) the
Al/steel joint and (b) the steel side of joint
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2.2 Microstructure of the welded joint
A clear weld interface is observed in the cross-section
image, and the interface is relatively flat. Typical friction
welded joint consists of four distinct zones: (1) weld nugget
zone; (2) fully dynamic recrystallized zone (FDRZ); (3)
thermal mechanically affected zone (TMAZ); (4) HAZ.
Different temperatures and strains of these zones affect the
final microstructures[11].
2.2.1 SS 304 side of Al/steel joint
Fig.2 shows the metallographic structure of the steel side
in the Al/steel joint (Fig.2a). Few elongated grains are observed at the steel side (Fig.2b). During the friction welding,
the interface temperature rises rapidly due to the thermal-mechanical coupling effect, which promotes aluminum
alloy to experience recovery and dynamic recrystallization
near the interface[22].
FDRZ is close to the interface. Fig.3 shows the EBSD
image and grain size of the IFWed joint at the steel side. It
can be seen that the microstructure in FDRZ changes into
fine equiaxed grains compared to the base metal, and the
formation of fine equiaxed grains, as a result of the frictional heat at the joint interface, is clearly observed. The
grain size of FDRZ is below 0.1 µm (Fig.3b).
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EBSD image (a) and grain size (b) of joint at the steel side

2.2.2 6061 Al side of Al/steel joint
Fig.4 shows the OM images of 6061 Al. In TMAZ, grains
are elongated and bended. Matrix grains deform in TMAZ
due to the plastic flow. The direction of plastic flow is clear.
A large number of streamlines form, resulting in the rearrangement of strengthened particles. Because the amount of
the second phase is high, the streamlines at the Al side are
more obvious than those at the steel side.
Compared to the HAZ, the microstructure of the TMAZ
suffers acute plastic deformation, inducing the appearance
of deformed and elongated recrystallized grains. The grain
size is 1~3 µm, and the width of FDRZ in the Al side is almost zero (Fig.5).

2.3 Microstructure and composition of IMC
Fig.6 shows the EDS element mapping of the Al/steel
joint. It can be seen that Al, Fe and Si elements are diffused at the weld interface. IMC layer forms with a
non-continuous morphology at the joint interface. Formation of the continuous or non-continuous IMC layer at the
weld interface is controlled by two major mechanisms of
nucleation and growth. Nucleation and growth of IMCs
are both affected by the temperature and plastic deformation at the interface. The variation of rotation speed influences the plastic deformation and the nucleation during
welding.
Fe and Al can form many kinds of IMCs. The Al-rich
phases are mostly Fe2Al5 and FeAl3, and the atomic ratios
of Al to Fe are always larger than 3. In order to confirm the
formation and composition of IMC, TEM observation was
used to observe the detailed morphology and structure.
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Microstructures of Al side in the Al/steel joint: (a) welding interface, (b) TMAZ, and (c) HAZ
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Fig.5

EBSD image (a) and gain size (b) of TMAZ and HAZ at the Al side
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Fig.6

SEM image and EDS element mapping of the Al/steel joint

Fig.7a shows the bright field image of interface between
304 steel and 60601 Al alloy. During the friction welding,
the interface temperature rises rapidly due to thermal-mechanical coupling effect, which promotes aluminum
alloy to experience recovery and dynamic recrystallization
near the interface. The metallurgical bonding is achieved in
the welded Al/steel joint (Fig.7b). However, the continuous

IMC is not found in the joint (Fig.7c).
Fig.8a shows the sparse IMC in the 6061 Al alloy side.
The element composition results show that the atom ratio of
Al to Fe is 3.07 (Point 5 of Table 1), which indicate that the
IMC is FeAl3. Fig.8b shows the selected area electron diffraction pattern of IMC, and the results confirm the formation of FeAl3.
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Interfacial microstructure of the Al/steel joint (a); microstructure close to the steel side (b); microstructure close to Al side (c)
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Table 1

Sparse IMC in the 6061Al alloy side (a) and the SAED pattern of IMC (b)

EDS analysis results of different points in Fig.7b and
Al

Fig.8a (at%)
Al

Fe

Mg

Si

Cr

Mn

Ni

P1

1.14

69.79

-

1.25

17.99

1.15

8.69

P2

1.20

70.83

0.02

-

18.20

1.17

8.58

P3

0.93

69.43

-

1.38

18.31

1.21

8.75

P4

96.10

1.56

0.90

0.74

0.63

-

0.07

P5

67.91

22.10

0.10

6.14

1.44

1.80

0.52

P6

95.91

1.87

1.02

0.37

0.59

0.16

0.08

Fig.9 shows the element mapping results of the sparse
IMC. The interfacial structure consists of an IMC with Si
enrichment (Table 2). The local Si enrichment layer forms
along the interface, and the high concentrated Si can promote the formation of non-uniform IMC layer[36]. According to Fig.8 and 9, and EDS analyses (Table 1 and Table 2),
the IMC should be FeAl3 with Si enrichment.

2.4 Hardness of the welded joint
Fig.10 shows the microhardness distribution of the joint.
Because physical and chemical properties of base metals
are different, the hardness of SS 304 is about 3 times higher
than that of the Al 6061 base metal. The hardness reaches to
the maximum value in the FDRZ at the steel side. The
maximum hardness (HV) is 3958 MPa in the IFWed joint.
The microhardness of joints may be affected by the combination of the following factors: modification of microstructure, dissolution of strengthening phases, and grain
size. The main reason should be related to the eutectics and
recrystallized fine grains as an effect of heat input and rotational speed during different friction welding processes. In
addition, the microhardness is hard to measure in the narrow FDRZ in the IFWed joint, which is also a reason for the
relatively low maximum hardness in the IFWed joint. In the
Al base metal, the average hardness is 1015 MPa, while the
average hardness in HAZ is 760 MPa. This reduction in
hardness is due to the eutectics and recrystallized fine
grains as an effect of heat input and rotational speed during
friction welding.
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EDS element mapping of the sparse IMC in the Al/steel
joint

Table 2

EDS analysis results of different points in Fig.9a
(at%)

Point

Al

Fe

Mg

Si

Cr

Mn

Ni

P1

64.57

24.22

0.07

5.97

2.19

2.21
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P2
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1.40
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2.5 Tensile strength of the welded joint
In the IFWed joint, the tensile strength gradually increases due to the increase of rotational speed, and reaches
to the maximum tensile strength of 323 MPa, which is
about 92% of the tensile strength of Al 6061 base metal
(Fig.11). When the rotational speed continues to increase,
the joint strength starts to decrease. The high tensile
strength is due to the thickness of IMC at the weld interface.
The thick, continuous and hard IMC layer provides the potential initiation of crack. The thick layer of IMCs deteriorates the tensile strength and ductility of the joint. The
analysis of the Al-steel interface is critical due to the formation of brittle IMCs at this location.
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3 Conclusions
1) Al 6061 and SS 304 exhibit good axial symmetry and
consistent flying edge at the interface in the joint. A thin
reaction layer is found between stainless steel and
aluminum alloy in the joint.
2) In the SS 304 side of Al/steel joint, few elongated
grains are observed and the fully dynamic recrystallized
zone (FDRZ) is close to the interface. The average width of
FDRZ at steel side in the joint is about 5 µm. The grain size
of FDRZ is below 0.1 µm. At the Al 6061 side of Al/steel
joint, grains are elongated and bended, and the streamlines
at the Al side are more obvious than those at the steel side
in thermal mechanically affected zone (TMAZ). The
non-uniform IMC layer forms at the joint interface. The
IMC should be FeAl3 with Si enrichment. The high concentrated Si can promote the formation of IMC layer.
3) The hardness (HV) reaches to the maximum value in
the FDRZ at the steel side, which is 3958 MPa. The maximum tensile strength of joint is 323 MPa, which is about
92% of the tensile strength of Al 6061 base metal. The reason is related to the thin IMC at the weld interface.
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