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Abstract
Mechanical properties of aluminum alloy/stainless steel joint including tensile strength, bending angle, impact toughness,
and fatigue property were evaluated, and the effects of friction pressure and rotational speed were also discussed in this
work. Results showed that the intermetallic compound (IMC) layer was formed at the bonding interface of the joint, and a
thicker IMC layer was observed in the outer region of the joint, and the thickness decreased slightly in the edge region. The
thickness of the IMC layer increased with increasing rotational speed. As friction pressure increased, the tensile strength of
the joint gradually increased. Joint strength reached to the maximum tensile strength of 323 MPa when the rotational speed
and friction pressure were 1100 rpm and 180 MPa, respectively. With the increase of friction pressure, the bending angle of
the joint first increased and then decreased. The bending angle reached to 94°, and the welded joint had the excellent
bending ductility. The average impact-absorbing energy of joints was 14.47 J, and the maximum fatigue cycle number of
joints could reach to 1.25 × 105.
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1 Introduction

Hybrid structures of aluminum/stainless steel are of great in-
terest for purposes of lightweight and corrosion protection,
and have attracted much attention in industries including aero-
space, electrical, automotive, agricultural, defense, and marine
[1–7].

High welding quality of aluminum/steel joints is vital to
ensure their applications. Many processes have been tried to
weld aluminum alloy and stainless steel, such as fusion
welding and solid-state welding [8–14]. The dissimilar metal
of fusion welding has many difficulties: metallurgical incom-
patibility, formation of brittle phases, large residual stresses,
and segregation of high- and low-melting phase [15]. Friction
welding is a solid-state joining method and has extensively
been used because of the advantages such as high material
saving and low production time [16, 17]. Inertia friction
welding, one of the friction welding, is a unique method of
joining materials achieved by a hot-heavy working process.
During welding, friction and plastic deformation generate heat
at the interface and collapse surface asperities. The softened
material is expelled from the interface to create nascent sur-
faces in close contact, and a high-quality bond between the
two workpieces is formed consequently [18, 19]. In addition,
inertia friction welding could limit the formation of interme-
tallic compound (IMC), which is suitable for the dissimilar
joint due to lower heat input, short welding cycle, and less
welding parameters [20].

Some researches on friction welding between aluminum
alloy and stainless steel have been studied [21–23]. Kimura
et al. clarified the joining mechanism during the friction
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welding process between commercially pure aluminum and
304 austenitic stainless steel, and the welded joint had the
excellent bend ductility [24]. Luo et al. analyzed the micro-
structure and mechanical properties of steel/copper bimetallic
joint, and the results showed that there was a friction
interface–transferring phenomenon during welding [25].
Switzner et al. achieved joining between 304L stainless steel
and AISI 1018 steel by inertia friction welding. They found
that rotation speed and axial pressure were varied to determine
the morphology, microstructure, and mechanical properties of
the joint [26]. Dong et al. investigated the effect of post-weld
heat treatment on the mechanical properties and microstruc-
ture of joints, and found that solid steel/titanium joint could be
obtained without adding interlayer [27]. B. Grant et al. per-
formed a numerical analysis of inertia friction welding of a
sequentially coupled thermal-mechanical finite element
model.

Frictionwelding is a complicated metallurgical process that
is accompanied by frictional heat generation and plastic de-
formation. N. Rajesh et al. developed a finite element-based
numerical model to understand the thermo-mechanical phe-
nomenon involved in the process of friction welding [28].
However, previous studies have rarely used inertia friction
welding technology to produce aluminum alloy/stainless steel
joints, and there are few reports on the comprehensively me-
chanical properties of inertia friction welded joints. In this
study, we focused on the evaluation of mechanical properties
of welded joints including tensile strength, bending property,
impact toughness, and fatigue property. The effects of friction
pressure and rotational speed on the microstructure and me-
chanical properties of joints were studied.

2 Experimental procedure

2.1 Materials

Base metals were 6061-T6 aluminum alloy (Al 6061) and 304
stainless steel (SS 304) rods, and the rod diameter was 15mm.
The chemical composition of Al 6061 and SS 304 are listed in
Table 1.

2.2 Inertia friction welding process

A modified HSMZ-4 inertia friction welding was used to join
aluminum alloy and stainless steel. Before welding, the rod

surface was polished by sandpapers and then cleaned by ace-
tone. A stainless steel rod was fixed on the rotary jaw, and an
aluminum alloy rod was fixed on the stationary jaw. When the
spindle was accelerated to the predetermined rotational speed,
the motor was cut off automatically. The stainless steel rod
rotated at high revolutions with the spindle, and the aluminum
alloy rod moved axially under the constant axial pressure. The
connected surfaces rubbed together when base metals reached
the plastic state. The rotational speed of the component with
spindle slowed down gradually until the welding procedure
was finished [20]. Experiments were performed three times
for each set of parameters. Moment of inertia was 0.16 kg m2.
The axial friction pressure (Pf) was 140–220 MPa, and the
rotational speed (n) was 900–1500 rpm.

The thermal cycle acquisition system was used to record
the welding temperature in real time. This system was mainly
composed of thermocouple module, temperature acquisition
control software, shielding chassis, and special cable [29]. A
K-type thermocouple (≤ 1300 °C) was used to collect the
welding temperature data, and the temperature acquisition fre-
quency was 1000 Hz, and its measurement accuracy was
about ± 2.5 °C. In order to place thermocouples, small holes
were drilled vertically at a distance of 0.5 mm from the Al
6061 side, and the drilling depth was 2.5 mm, 5 mm, and
7.5 mm from the surface, respectively, as shown in Fig. 1.

2.3 Characterization

Welding joints were cut by an electrical discharge machine,
and then gradually ground and polished to observe micro-
structure. SS 304 (side) was etched by a solution (2.5 mL
HNO3 and 97.5 mL ethanol), and Al 6061 (side) was etched
by Keller’s reagent (1.0 mL HF, 1.5 mL HCl, 2.5 mL HNO3,
and 95 mL H2O). The microstructure was observed by optical
microscopy (OM) and field emission scanning electronmicro-
scope (SEM).

Tensile specimens were prepared based on GB/T228.1-
2010. The tensile properties of joints were measured by a
universal testing machine at a constant displacement rate of

Table 1 The chemical compositions of Al 6061 and SS 304 (wt%)

Metal Fe Mg Si Mn Cu Cr Zn Ni Al

Al 6061 0.73 1.02 0.69 0.13 0.20 0.10 0.28 0.05 Balance

SS 304 71.7 – 0.62 1.44 0.30 17.15 1.10 8.15 0.01
Fig. 1 Arrangement of thermocouples during inertia friction welding
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1 mm/min at room temperature. Tensile strength was calculat-
ed by dividing the ultimate shear tensile load by an area of 15-
mm diameter. The average tensile strength was obtained from
the three tensile specimens. Bending specimens were prepared
based on the JIIS Z2248:2006. The bending properties were
measured by a universal testing machine at a constant bending
speed of 2 mm/min at room temperature, as shown in Fig. 2.

In order to evaluate the plastic toughness of joint, standard
specimens were prepared according to the GB/T 2650-2008.
The position of the notch was located at the bonding interface.
The dimension of impact specimen is shown in Fig. 3a.
Fatigue specimens were prepared according to the metal fa-
tigue test standard GB/T 3075-2008. The dimension of the
fatigue specimen is shown in Fig. 3b. The specimen surface

Fig. 2 Bending properties of the
welded joint: (a) test machine; (b)
bending specimen

Fig. 3 a The dimension of impact specimens. b The dimension of tensile fatigue specimens (mm)

Fig. 4 SEM images of welding
interface at different positions
(Pf = 180 MPa, n = 1100 rpm). a
The center. b The 1/2 radius. c
The edge. The composition of
measured points (at%)
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was ground to eliminate the effect of stress concentration.
These fracture surface after the test was characterized by the
SEM and X-ray diffractometer (XRD).

3 Results and discussion

3.1 Microstructure of joint

The stored kinetic energy could be released in a short time
during inertia friction welding and promoted the diffusion of
Al and Fe atoms at the interface [30]. Diffusion eventually

achieved the atom-atom metallurgical bonding and formed
the IMC layer. The formation of IMC at the bonding interface
was inevitable due to the limited solubility of Fe and Al [31].
The thickness of the IMC layer was measured by SEM im-
ages. The Al/Fe joint was welded at 180 MPa and 1100 rpm,
and the distribution and thickness of the IMC layer at the
interface are shown in Fig. 4. Based on the EDS results, the
IMC layer should contain Fe2Al5 phase, which has a very high
hardness and low fracture toughness [32–34].

The thickness of the IMC layer was not the same at differ-
ent positions. A thicker IMC layer was usually observed in the
outer region, and the thickness decreased slightly in the

Fig. 5 a Macrographs of the cross-section of joints, and distribution of IMC thickness at the interface of joint. b Pf = 180 MPa, n = 1100 rpm. c Pf =
180 MPa, n = 1300 rpm

Fig. 6 a Optical image of the
cross-section of the joint. b
Microhardness distribution (n =
1100 rpm, Pf = 180 MPa)

Fig. 7 Influence of process
parameters on the tensile strength
of the joint. a Friction pressure
(n = 1100 rpm). b Rotational
speed (Pf = 180 MPa)
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outermost region (edge region), as shown in Fig. 5. The reason
should be that the outer region experienced a stronger thermo-

mechanical effect than the center region. The decrease in
thickness in the outermost region was a result of the expulsion
of the flash. The average thickness of the IMC layer was about
600 nm. A thick IMC layer was the primary source for pro-
ducing weak joining and the control of IMC thickness was the
key to success in producing reliable joints [35].

The thickness of the IMC layer increased with the rotation-
al speed, as shown in Fig. 5b, c. The IMC layer thickness and
distribution corresponded to the temperature distribution. It
was important to determine the critical thickness regarding
whether the joint fractured at the bonding interface, and S.
Fukumoto thought that the critical thickness was about
700 nm [36].

Figure 6 shows the microhardness distribution across the
joint. Hardening was observed on the SS 304 side of the in-
terface, and the maximum hardness level was about 370 Hv.
The reason should be that high plastic deformation caused a
strong decrease in grain size and the formation of a hard IMC

Fig. 8 Temperament profile during friction welding (Pf = 180 MPa)

Fig. 9 Fracture morphology of
joint after the tensile test. a Al
6061 side. b SS 304 side (Pf =
180 MPa, n = 1100 rpm)

Fig. 10 Fracture surface on the
stainless steel side. a The center
region. b The 1/2 radius region. c
The edge region (Pf = 180 MPa,
n = 1100 rpm)
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layer, which led to hardening in the region of the interface.
The increase in the hardness of the stainless steel near the
interface could be related directly to the high deformation
hardening in austenitic steels in general [37].

3.2 Tensile property of joint

3.2.1 Tensile strength

Figure 7 a shows the tensile strength of dissimilar joint as a
function of friction pressure. As the friction pressure in-
creased, tensile strength gradually increased. When the rota-
tional speed was 1100 rpm and friction pressure was 180MPa,
the tensile strength of joint reached to the maximum tensile
strength of 323 MPa, which was about 94% of Al 6061. If
friction pressure continued to increase, joint strength started to
decrease gradually.

Table 2 The
composition of position
in Fig. 9 (at%)

Position Al Fe

1 68.32 31.68

2 71.40 28.60

3 99.12 0.88

Fig. 11 XRD patterns of the fracture surface. a Al 6061 side. b SS 304 side

Fig. 12 Effect of friction pressure
on the bending angle and
morphology (n = 1100 rpm)
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Compared with the friction pressure, rotational speed had a
more significant influence on the tensile strength, as shown in
Fig. 7b, because welding heat input was mainly determined by
the rotational speed of a flywheel. When the rotational speed
increased from 900 to 1300 rpm, the frictional heat generated
at the aluminum/steel interface also increased rapidly, as
shown in Fig. 8. The rapid rise of temperature resulted to
plastic deformation on the aluminum side, and the fluidity of
plastic metal also enhanced. Friction interface would be ex-
truded along the radial direction of a joint under a certain axial
pressure, and the deformed metal would transition into the
flash. The tensile strength changed with the rotational speed.
When the rotational speed was 1100 rpm, the joint reached to
the maximum tensile strength of 323 MPa.

3.2.2 Fracture surface

Figure 9 shows the fracture surface of the joint after the tensile
test. The fracture surface was rough and its color was silver-gray.
The stainless steel side was almost covered by the aluminum
matrix, and the aluminum alloy side occurred to the obvious

plastic deformation. These results indicated that the fracture ini-
tiated the heat affect zone, not the bonding interface.

Figure 10 shows the SEM images of the fracture surface on
the stainless steel side. Based on the EDS results (Table 2), the
center of the fracture surface had many tearing ridges, which
were mainly related to the formation of IMC, as shown in Fig.
8a. A large number of dimples distributed the entire fracture
surface, indicating that the welded joint achieved metallurgi-
cal bonding (Fig. 10b, c).

The phase composition of the fracture surface was mea-
sured by XRD (Fig. 11). Al, Fe2Al5, Fe4Al13, and Fe phases

Fig. 13 Effect of rotational speed
on the bending angle (Pf =
180 MPa)

Table 3 Results of impact test for the joint and base metals

Specimens Impact-absorbing energy (J)

The welded joint 16.14

14.73

15.56

6061Al base metal 19.64

SS 304 base metal 100.69
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were detected on both the fracture surfaces. The presence of
IMC confirmed the joint had formed the metallurgical bond-
ing. However, many brittle and hard phases would also weak-
en the strength of the joint.

3.3 Bending property of joint

Figure 12 shows the effect of process parameter on the bend-
ing angle of the joint. With the increase of friction pressure,
the bending angle first increased and then decreased. When
friction pressure was 140 MPa, the bending angle was only
64°. When the friction pressure was 180 MPa, the bending

angle reached to the maximum value of 94°. When the bend-
ing angle was beyond 90°, the joint had the sound bonding
interface and excellent bending ductility. After bending, the
aluminum alloy side of joint had obvious plastic deformation,
while the stainless steel side did not occur to the deformation.

The inner side of the joint was affected by the tensile stress,
and a large number of dislocations moved along the slip sur-
face. The bonding interface was the stress concentration re-
gion, and the outside of the joint was elongated due to the
large tensile stress and cracked.

With the increase of rotational speed, the bending angle
first increased and then decreased, as shown in Fig. 13.
When joints were made with a friction pressure of 180 MPa
and rotational speed of 1100 rpm, the bending angle reached
to the maximum value and joints had the bend ductility of 90°
with no crack at the bonding interface. Therefore, the sound
joints were achieved and satisfied with the superlative grade of

Fig. 15 SEM images of fracture
surface after impact test. a The
center of the fracture surface. b 1/
2 radius position. c The edge of
fracture surface

Table 4 The
composition of position
in Fig. 14 (at%)

Position Al Fe

1 65.49 34.51

2 3.22 96.78

3 97.32 2.68

Fig. 14 Fracture morphology of
joint after impact test (Pf =
180 MPa, n = 1100 rpm). a Al
6061 side. b SS 304 side
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the classification of quality for friction welded joints on dis-
similar metallic materials in JIS Z3175a. In addition, it was
worth noting that the bend ductility of the joint was related to
the bending force and bonding interface.

3.4 Impact property of joint

Impact strength of the joint was evaluated by the impact test.
Based on the impact strength results (Table 3), the average
impact absorbing the energy of joint was 14.47 J, which was

about 82% of Al 6061. The impact property of the dissimilar
joint was determined by both metal properties. During friction
welding, metal surfaces underwent both heat and force, and
formed the metallurgical bonding. However, the brittle and
hard IMC led to a decrease of impact toughness. Sufficiently
metallurgical bonding could guarantee the good static tensile
strength, while the IMC reduced the plastic toughness, making
it difficult to obtain higher impact strength than base metals.

Figure 14 shows the fracture surface of the specimen after
the impact test. The fracture surface consisted of two obvious
regions (marked region I and II). Region I was the center of a
fracture surface and relatively flat. Only a small number of
IMC were detected, indicating that the metallurgical bonding
in this region was limited (Fig. 14a). Region II contained
many dimples and lamellar structure, and EDS results indicat-
ed that the local failure position was base metal (Fig. 15b–c,
Table 4). Under the dynamic load condition, cracks were easy
to initiate from the region I and expand.

Fig. 16 Fracture morphology of
joint after tensile fatigue test (Pf =
180 MPa, n = 1100 rpm). a Al
6061 side. b SS 304 side

Table 5 Axial tensile fatigue test results of joint

Samples Fatigue cycles Failure position

1 8.8797 × 104 Welding interface

2 1.1671 × 105 Welding interface

3 1.25078 × 105 Welding interface

Fig. 17 SEM images of fracture
surface after tensile fatigue test. a
The center of fracture surface. b 1/
2 radius position. c The edge of
fracture surface
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3.5 Fatigue property of joint

Combined with the actual force of the welded joint, the stress
level was 0.6σb=192 MPa and the stress ratio was 0.1. The
applied direction of the load was perpendicular to the welded
joint, and the alternating load frequency was 10 Hz. Table 5
shows the results of the low-frequency fatigue results of the
joint. The maximum number of fatigue cycle reached 1.25 ×
105, which could satisfy the practical application of joint.

Under the continuous load, the welded joint would first
generate cracks at the high-stress position, and then cracks
expanded. All specimens failed at the bonding interfaces.
There was a ring-shaped tear mark on the fracture surface,
and the crack initiation portion was perpendicular to the cen-
tral region of the tear ring, as shown in Fig. 16. By observing
SEM images of the fracture surface on the stainless steel side,
there were sheet-like IMC on the fracture surface, which
should be related to the fracture position (Fig. 17; Table 6).

4 Conclusions

1. The IMC layer was formed at the bonding interface of the
joint. The thicker IMC layer was observed in the outer
region, and the thickness decreased slightly in the edge
region. The thickness of an IMC layer increased with
rotational speed.

2. As friction pressure increased, the tensile strength of the
joint gradually increased. Compared with the friction
pressure, rotational speed had a more significant influence
on the tensile strength. When the rotational speed was
1100 rpm and the friction pressure was 180 MPa, joint
strength reached to the maximum tensile strength of
323 MPa.

3. With the increase of friction pressure, the bending angle
first increased and then decreased. When the friction pres-
sure was 180 MPa, the bending angle reached to the max-
imum value of 94°, and the welded joint had the excellent
bending ductility.

4. The average impact absorbing the energy of joint was
14.47 J, and the maximum fatigue cycle of joint could
reach to 1.25 × 105.
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