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Abstract
Aluminum alloy and stainless steel were joined by a continuous-drive axial friction welding machine in this study. The effects of
welding parameters on the morphology, microstructure, microhardness, tensile strength, and fracture surface of dissimilar joints
were analyzed. The distribution, thickness, and composition of intermetallic compound (IMC) were also discussed. Results
showed that the formation of flash only was on the aluminum side because 6061 Al underwent extensive deformation during
welding. Al and Fe elements diffused at the bonding interface and formed the IMC layer. The IMC thickness near the 1/2 radius
was the smallest, and the thinnest at the center region. With the increase of friction pressure, the tensile strength of joint first
increased and then decreased. When forge pressure was below 220 MPa, joint strength was approximately linearly related to the
forge pressure. Edge regions of joints had achieved metallurgical bonding. The central region was the weak joining, and the
fracture surface contained some cracks, IMCs, and a small amount of dimples.
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1 Introduction

The joining of dissimilar metals has wide industrial applica-
tions, particularly in the aerospace and nuclear industries.
Development of dissimilar metal weldments represents major
challenge in modern manufacturing process, and this is very
crucial in developing sound dissimilar weldments in the future
[1, 2]. Nevertheless, it is sufficiently difficult to attain good-
quality dissimilar joints of these two kinds of alloys because of
their physical, mechanical, and thermal properties [3–5].

Hybrid structures of aluminum alloy and steel have
attracted much attention for combining fine mechanical prop-
erties of steel with low density and good corrosion resistance
of aluminum alloy [6, 7]. Research conducted on welding of
aluminum alloy to steel ranges from fusion to solid-state
welding processes [8, 9]. Friction welding is a solid-state join-
ing method and has extensively been used because of the
advantages such as high material saving and low production
time [10, 11]. This method is very useful for the joining of
dissimilar combination, and welding process is easily auto-
mated [12]. Continuous-drive friction welding is the most
common form in friction welding due to the high energy effi-
ciency, narrower heat-affected zone (HAZ), and low welding
cost [13, 14]. Friction time, friction pressure, forge pressure,
and rotation speed are the most important parameters in fric-
tionwelding. These process parameters directly affect welding
quality [15].

Although feasibility of friction welded Al/steel joints has
already been confirmed, the challenge of dissimilar metal fric-
tion welding is associated not only with their individual prop-
erties, but also with the reactions taking place at the interface.
These reactions will lead to the occurrence of brittle interme-
tallic phases or other undesired components. The low solubil-
ity of Fe in Al results in the formation of thick and brittle Al-
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rich intermetallic compound (IMC) due to high heat input,
which will lead to the degradation of mechanical property
[16].

Several studies about the joining of aluminum alloys to
steels by friction welding have been reported [12, 17–19].
Lee et al. studied the effect of friction welding parameters on
mechanical and metallurgical properties of Al/Fe joint [20]. In
order to obtain the high joint efficiency and bend ductility,
Kimura et al. found that the aluminum/stainless steel friction
welded joint should be made with such a high forge pressure
as 150 MPa, and with the opportune friction time that the
temperature on the weld interface reached to about 573 K or
higher [21]. Kobayashi et al. have investigated the possibility
of joining conventional steel and aluminum alloy using fric-
tion welding, and found that the good strength of the
aluminum/steel welded joint could be obtained. The IMC
was not found at the cross-sectional interface, but observed
at the fracture interface after tensile test [22]. Fukumoto et al.
found that sufficient heat to obtain a sound joint could not be
generated with a shorter friction time, but the longer friction
time caused the excess formation of an intermetallic layer
[23].

The thickness distribution and formation of IMC, the anal-
ysis of heat-affected zone softening, and their relationships
with mechanical properties need to be further research. In this
study, the joining capability of 6061 aluminum alloy and 304
stainless steel was studied by the continuous-drive friction
welding. After welding, tensile and hardness experiments of
joints were carried out. Microstructural features and fracture
surface were investigated by the optical microscope and scan-
ning electron microscopy (SEM). Energy-dispersive spectros-
copy (EDS) and XRD analysis were carried out for chemical
composition and phase investigation on welding and fracture
surface.

2 Experimental procedure

2.1 Base metals

Base metals were 6061-T6 aluminum alloy (6061 Al) and 304
stainless steel (304 SS) in 15-mm-diameter rods. Chemical
compositions of base metals are listed in Table 1.

2.2 Friction welding process

A continuous-drive friction welding machine was used to join
base metals. The welding process includes four stages: initial
friction, stable friction, braking, and forging. During welding
process, the main motor kept 6061 aluminum alloy rods to
maintain a constant rotation speed, and 304 SS rods moved
slowly and was close to the rotating 6061 Al rod under the
friction pressure. The friction heat was generated when two
rods connected, and then reached the stable friction stage.
After the friction, the forging pressure was applied to stop the
rotation, and two base metals realized welding. The spindle
speed of 2200 rpm and upsetting time of 8 s were the fixed
process parameters. The adjustable process parameters included
friction pressure (P1), friction time (t), and forge pressure (P2).
It should be noted that friction time was the sum of stable
friction time and braking time in this experiment. Because the
rotation of rod was not instantly stopping when joints were
made by a continuous-drive friction welding machine, the joint
had the deformation at the braking during rotation stop [24].

The aluminum/steel dissimilar material continuous-drive
friction welding test is shown in Fig. 1. The butt joint is used.
The 6061 Al is the rotating axis side, and the 304 SS is the
fixing axis side. To collect the steel-side temperature of joint, a
blind hole having a diameter of 1.5 mm was vertically ma-
chined through a drill press at a distance of 0.5 mm from the
end face of the moving side steel-side bar. The thermocouple
wire was passed through the ceramic tube and inserted into the
blind hole. The high-temperature glue was used to fix the
contact part. The welding temperature is collected as shown
in Fig. 1.

2.3 Characterization

The microstructural observation of specimen was cut perpen-
dicular to the welding interface by the electrical discharge

Table 1 Chemical compositions of 6061-T6 aluminum alloy and 304
stainless steel (wt%)

Metal Fe Mg Si Mn Cu Cr Zn Ni Al

6061-T6 0.73 1.02 0.69 0.13 0.20 0.10 0.28 0.05 Balance

304 SS 71.7 – 0.62 1.44 0.30 17.15 1.10 8.15 0.01
Fig. 1 The process profile of continuous-drive friction welding
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machine. The 304 SS side was etched by the solution (2.5 mL
HNO3 and 97.5 mL ethanol), and the 6061 Al 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 SEM machine. The Vickers hardness
distribution of joints was measured using a microhardness
tester. The indentation load was 200 g and dwell time was
10 s. The interval between the adjacent indentations was 0.5
mm.

Three tensile specimens were prepared based on GB/
T228.1-2010, and the ultimate tensile load of welded joint
was measured by the universal material testing machine.
Tensile tests were performed at ambient temperature under a
crosshead speed of 0.5 mm/min. The tensile strengths of the
welded joints were calculated by dividing the ultimate tensile
load by an area of 15 mm diameter. The fracture surface of the
tensile specimens was characterized by SEM and XRD
methods.

3 Results and discussion

3.1 Morphology of the welded joint

Figure 2 shows the morphology of joint under different
process parameters. A welding flash was formed when

metal was being pushed along the direction of the weld
edges. The 304 SS has a lower thermal conductivity and
greater hardness at high temperatures compared with 6061
Al. Thus, 304 SS did not undergo extensive deformation
while 6061 Al underwent extensive deformation during
welding. The formation of flash was only on the aluminum
side, and the flash distributed symmetrically on the alumi-
num side and surrounded gradually the joining interface.
As forge pressure increased, much plastically deformation
was extruded, which resulted to the growth of flash, as
shown in Fig. 2b. In particular, due to the excessive friction
time, a large amount of deformation metal was generated,
and a wrap-like flash was formed and the flash edge mor-
phology was also significantly different from the other
welded joints, as shown in Fig. 2c. The macrostructure of
the friction welded joint showed that the friction welded
joint had the clear interface and no obvious voids and
cracks.

The process parameters not only determined the morphol-
ogy, but also influenced the axial shortening, as shown in
Fig. 3. Figure 4 shows the axial shortening of joints under
different process parameters. The axial shortening of joints
increased with the forge pressure, friction time, and pressure.
The friction time had the largest impact on the axial shortening
(Fig. 4b). The aluminum side of joint formed the uniform flash
under different process parameters.

Fig. 2 Influence of process parameters on the joint morphology: (a) P1 = 40MPa, P2 = 120MPa, t = 4 s; (b) P1 = 40MPa, P2 = 220MPa, t = 4 s; (c) P1 =
40 MPa, P2 = 220 MPa, t = 6 s

Fig. 3 Influence of process
parameters on joint morphology:
(a) forge pressure (P1 = 40MPa; t
= 4 s); (b) friction time (P1 = 40
MPa; P2 = 220 MPa); (c) friction
pressure (t = 4 s; P2 = 220 MPa)
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Fig. 4 Influence of process parameters on the axial shortening: (a) forge pressure (P1 = 40MPa; t = 4 s); (b) friction time (P1 = 40MPa; P2 = 220MPa);
(c) friction pressure (t = 4 s; P2 = 220 MPa)

Fig. 5 The SEM images of bonding interface and the EDS line scanning results at different measured positons (P1 = 40MPa, t = 4 s , P2 = 220MPa): (a)
the edge of the welded joint; (b) the R/2 position; (c) the center of welded joint
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3.2 Microstructure of the welded joint

Al and Fe elements generated diffusion at the bonding inter-
face and formed the IMC layer. The IMC layer was relatively
flat on the 304 SS side, while uneven on the 6061 Al side.
Because atom diffusion rate in the compound was not the
same due to the different atomic radii of Al and Fe, the self-
diffusion coefficient of Al atom was relatively larger and dif-
fused faster than Fe atom [25]. The microstructure of joint at
different regions is shown in Fig. 5.

The interfacial reaction and composition of Al/Fe dissimilar
joints were complicated. The main IMC formed in the reaction
layer were Al5Fe2 and Al13Fe4 phases with local silicon enrich-
ment. The formation process of IMC was as follows [26]: iron
dissolved into the aluminum melt when the iron concentration
reached to its maximum solubility, and the dissolved iron crys-
tallized to form All3Fe4 during solidification. All3Fe4 phase
initially formed at the liquid interface and then decomposed to
form Al5Fe2 in the layer of All3Fe4/Fe. Huang et al. [27] found
that fine steel fragments in IMC layer dissolve in the Al and

Fig. 6 Distribution of IMC thickness at the interface of joint: (a) P1 = 40MPa, P2 = 220MPa, t = 4 s; (b) P1 = 40MPa, P2 = 120MPa, t = 4 s; (c) P1 = 40
MPa, P2 = 220 MPa, t = 6 s

Fig. 7 Effect of process
parameters on microhardness
(R/2 measured position, friction
pressure 40 MPa): (a) friction
time; (b) forge pressure
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then lead to the nucleation of nano Al13Fe4 crystals due to
severe shear force and Fe outward diffusion. However,
Camille et al. [28] found that the intermetallic reaction layer
was formed at the interface with the steel sheet due to the
reactivity between the molten Al and the solid steel, and the
IMC layer contained Al3Fe and Al5Fe2. Al3Fe layer had local
silicon enrichment according to compositional information, and
its structure was polycrystalline, not amorphous [29].

In order to analyze the formation of IMC layer and
the degree of metallurgical bonding, the interfacial mi-
crostructure of joints under different process parameters
and the thickness of the IMC layer at different positions
were measured according to the SEM images, as shown
in Fig. 6. The results showed that the thickness of IMC
layer was not uniform. The IMC thickness near the 1/2
radius was the thickest, and the thinnest at the center

region. The reason should be that the edge region ex-
perienced the stronger thermomechanical effect and
more complete metallurgical reaction due to the higher
linear velocity than the center region of joint.

The distribution of IMC layer at the bonding inter-
face and its formation behavior changed with the posi-
tions. By comparing the IMC thickness under different
forge pressures, the high-temperature shaping metal was
easily tended to flow outward and squeezed into the
flash when forge pressure increased, which finally re-
duced the IMC thickness, as shown in Fig. 6a and b.
When the friction time increased, the metal involved in
plastic deformation increased, and the diffusion of Al
and Fe atoms was more sufficient to promote the met-
allurgical reaction. Finally, the thickness of IMC layer
became thick, as shown in Fig. 6c.

Fig. 9 Influence of process
parameters on the tensile strength:
(a) friction pressure (t = 4 s; P2 =
220 MPa); (b) forge pressure (P1
= 40 MPa; t = 4 s); (c) friction
time (P1 = 40 MPa; P2 = 220
MPa)

Fig. 8 Microhardness of different
measured positions of the welded
joints (P1 = 40 MPa, P2 = 220
MPa, t = 4 s): (a) measured
position; (b) microhardness
distribution
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3.3 Microhardness of the welded joint

Figure 7 shows the effects of friction time and forge pressure
on the microhardness. Because the aluminum base metal
underwent both the welding thermal cycle and the axial pres-
sure during the friction process, some strengthening phase
would dissolve into the aluminum matrix at high temperature,
which resulted to the formation of softening zone. With the
extent of friction time, the width of softening zone increased
relatively due to the formation of large plastic deformation
(Fig. 7a). Because more plastic deformation layer was
squeezed into the flash edge, the width of softening zone be-
came narrow with the increase of forge pressure, as shown in
Fig. 7b. Post-weld heat treatment was able to prevent loss of
joint strength through ensuring softened zone hardness recov-
ery. However, this technique does not apply to non-heat-
treatable alloys [30].

For the dissimilar metal welded joint, their physical and
chemical properties were different. The hardness of 304 SS
was about 3 times that of the 6061 Al. The 304 SS steel hardly
underwent plastic deformation, and its microhardness almost

did not influence, while the microhardness of 6061 Al base
metal was slightly changed at different measured positions, as
shown in Fig. 8. The reason should be that the central region
of joint experienced less plastic deformation and the width of
the softened region was narrow.

3.4 Tensile strength of the welded joint

Figure 9a shows the correlation between friction pressure and
tensile strength of joint. With the increase of friction pressure,
the tensile strength of joint first increased and then decreased.
When the friction pressure was 40 MPa, the joint average
strength could reach the maximum value of 304 MPa. The
high friction pressure could break the oxide film on the surface
of the aluminum base material, which the metallurgical reac-
tions occurred sufficiently. However, the excessive frictional
pressure would generate much heat input, and cause severe
softening of the heat-affected zone on the aluminum alloy side
and decrease the tensile strength of joint.

Figure 9b shows the influence of forge pressure on the
tensile strength of welded joints. When forge pressure was

Fig. 10 Fracture surface of the
welded joint after tensile testing
(P1 = 40 MPa; t = 4 s; P2 = 220
MPa): (a) the failure location; (b)
6061 Al side; (c) 304 SS side

Fig. 11 The XRD patterns of the
fracture surface of the welded
joint: (a) 6061Al side; (b) 304 SS
side
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below 220 MPa, the strength of joint was approximately lin-
early related to the forge pressure. Since the thickness of IMC
layer was greatly affected by the forge pressure, the influence
of forge pressure on the tensile strength of the welded joint

was more significant than that of the frictional pressure.
Figure 9c shows the correlation between friction time and
tensile strength of the welded joint. The tensile strength in-
creased gradually with the increase of friction time. While the
friction time increased, the width of softening zone on the
aluminum side increased and the joint strength decreased.

3.5 Fracture surface of the welded joint after tensile
test

Although high-quality welded joints can be obtained by opti-
mizing friction welding parameters, all friction welded speci-
mens break at the friction interface during tensile test, as
shown in Fig. 10. The central area of fracture surface on the
steel side was smooth and had almost no sign of ductile frac-
ture. Some trace of IMCs could be observed on the fracture
surface, which would affect the mechanical properties of fric-
tion welded joint. Apparent tear was observed in the edge of
the aluminum side fracture.

Fig. 12 SEM images of fracture surface of the welded joint with different process parameters: (a–c) P1 = 40 MPa, P2 = 120 MPa, t = 4 s; (d–f) P1 = 40
MPa, P2 = 220 MPa, t = 4 s; (g–i) P1 = 40 MPa, P2 = 220 MPa, t = 6 s

Table 2 The composition of position in Fig. 12 (at.%)

Point Al Fe

1 1.19 98.81

2 71.78 28.22

3 9.24 90.76

4 4.83 95.17

5 90.22 9.78

6 73.25 26.75

7 93.16 6.84

8 74.37 25.63

9 67.75 32.25

10 70.53 29.47
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In order to determine the phase composition of fracture
surface, fracture surface was measured by XRD, as showed
in Fig. 11. XRD results showed that the obvious diffraction
peaks of Al, Fe2Al5, Fe, and Fe4Al13 phases were detected on
both the fracture surfaces. The presence of Fe2Al5 IMCs indi-
cated joint had formed the metallurgical frictional interface.
However, too much brittle and hard phase would also reduce
the tensile strength of joint.

Figure 12 shows the SEM images of the steel-side fracture
surface, and Table 2 shows the EDS elemental analysis results.
In the center of joint, there were a certain number of cracks
and annular tear marks (Fig. 12a). The chemical composition
of point 1 was 98.81% Fe and 1.19% Al, indicating that this
region was mainly steel matrix and almost not metallurgical
bonding under this parameter. The fracture morphology of the
1/2 radius region consisted of a small number of dimples and
lamellar structures, and the composition of point 2 was
28.22% Fe and 71.78% Al. In the edge region of joint
(Fig. 12c), the fracture surface was mainly composed of Fe,
indicating that the edge region did not form the metallurgical
bonding. Because the thermal conductivity of base metals
varied greatly, a large amount of heat was transferred through
the Al side during welding. The energy used to form joints on
the friction welding interface was relatively small, resulting in
the interface does not fully form metallurgical bonding under
these process parameters. Metallurgical bonding required suf-
ficient heat conditions for the full diffusion of metal atoms.

Figure 12d–f show the fracture SEM images of joint under
the process parameter (P1 = 40 MPa, P2 = 220 MPa, t = 4 s).
Compared with the forge pressure of 120 MPa, the central
region was tightly bonded, and some dimples were attached
on the steel substrate. The 1/2 radius region was composed of
a series of dimples and lamellar structure. EDS results show
that there were many Fe/Al intermetallic compounds in the
region. The edge region had a large number of aluminum
matrix tear dimples.

When the process parameters were P1 = 40 MPa, P2 = 220
MPa, t = 6 s, the steel-side fracture surfaces of the welded joint
are shown in Fig. 12h and i. There were many interlaminar
IMCs in the joint. EDS results showed that the chemical com-
position at these regions was Fe2Al5, indicating that joint
achieved metallurgical bonding. However, due to the long
friction time, many brittle hard phases were formed and joint
fracture was related to the existence of brittle phase at the
friction interface.

Based on the above results, joints had achieved metallurgi-
cal bonding due to thermal coupling. The majority of thermal
energy was caused by the relative movement and material
plastic deformation between basemetals. However, the energy
density was not uniform, and roughly proportional to the ra-
dial distance [31]. For welded joints of dissimilar aluminum
alloys and steels, one common feature is the formation of IMC
at the interface between Al and steel alloys and one of the most

important thing is how to control the amount of reactant [32,
33]. The thickness of IMC layer increases with the increase of
heat and it is also a fundamental prerequisite to obtain welded
joints with good performance [34, 35].

4 Conclusions

(1) 304 SS did not undergo extensive deformation while
6061 Al underwent extensive deformation during
welding. The flash was only on the aluminum side, and
the flash distributed symmetrically.

(2) Al and Fe elements diffused at the bonding interface and
formed the IMC layer. The IMC thickness near the 1/2
radius was the smallest, and the thinnest at the center
region. The distribution of IMC layer at the bonding
interface and its formation behavior changed with the
positions.

(3) With the extent of friction time, the width of softening
zone increased relatively due to the formation of large
plastic deformation. The width of softening zone became
narrow with the increase of forge pressure. As the in-
crease of friction pressure, tensile strength of joint first
increased and then decreased. When forge pressure was
below 220 MPa, joint strength was approximately line-
arly related to the forge pressure.

(4) Edge regions of joints had achieved metallurgical bond-
ing. The central region was the weak joining, and the
fracture surface contained some cracks, IMCs, and a
small amount of dimples.
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