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Abstract

Microstructure and mechanical properties of 6061-T6 aluminum alloy/304 stainless steel (Al/steel) joints welded by inertia
friction (IFW) and continuous drive friction (CDFW) were studied comparatively. Morphology, microstructure, interfacial
composition, and mechanical properties of Al/steel joints were investigated. Results showed that an intermetallic compound
(IMC) reaction layer was formed at the welding interface in the CDFWed joint, and wider and clearer than that of the [FWed joint.
The high concentration Si was observed at the welding interface. The grain of fully dynamic recrystallized zone (FDRZ) was
below 0.1 pum in both joints, and the average width of FDRZ in the IFWed joint and CDFWed joint was about 5 pm and 2 pum,
respectively. FDRZ had the high hardness, and the hardness value of IFWed joint was higher than that of CDFWed joint. The
maximum tensile strength of [IFWed joint was higher than that of CDFWed joint, and the reason should be related to the thickness

of IMC at the welding interface.
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1 Introduction

Aluminum alloy/stainless steel dissimilar joints can combine
the advantage of both materials, and have been attracted by
many industries. However, the welding of aluminum and steel
is difficult due to the differences in chemical, mechanical, and
thermal properties of base metals [1-3]. Many welding
methods are applied, but still subject to some restrictions:
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the formation of thick and brittle intermetallic causes the deg-
radation of mechanical properties.

Friction welding is a kind of solid-state welding method
with low heat input [4, 5]. Oxide films can be eliminated by
the rubbing effect, and aluminum alloy will be welded with
steel by the frictional heat to obtain good contact [6—8]. Heat
generation in friction welding mainly depends on rotational
speed and time. According to the energy supply, there are two
methods: continuous drive friction welding (CDFW) and in-
ertia friction welding (IFW) [9]. In CDFW, one part is at-
tached to a rotating spindle and reaches to a constant rotation
speed. In IFW, the rotating part is connected to a flywheel, and
the rotating flywheel supplies the welding energy [10].
Previous studies have achieved joining between various
metals, such as superalloy [11-13], titanium alloy [14], Al-
Mg [15], Cu-Steel [16], and Al-steel [17]. The intermetallic
compound (IMC) layer is controlled as thin as possible by
process parameters, and its critical thickness is 1-2 um for
strong bond strength [18].

During Al and steel friction welding, Al experiences the
large deformation and forms the softened region in the HAZ,
and occurs the large microstructural evaluation [19, 20]. There
are four microstructural change zones at the Al side: base
metal, heat- and deformation-affected zone, interfacial zone,
solid solution zone [21]. The friction interface sequentially
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experienced three friction behaviors before the initial peak
torque: abrasion, slide, and stick [22].

Mechanical properties of dissimilar Al-steel friction joints
are influenced by process parameters and working conditions
[18]. Acceptable tensile strength and ductility could obtain
through optimum process parameters [23-25]. Sebastian
et al. [26] found that the bond strength showed a linear de-
crease with increasing the IMC thickness, but the variation in
bond strength did not display a clear correlation. Dong et al.
[27] found that the IMC layer of rotary friction welded 5052
aluminum alloy/304 stainless steel dissimilar joints consisted
of Fe,Als and FeyAl,3, and cracks mainly propagated along
the IMCs/5052 interface.

CDFW and IFW have the potential to weld the dissimilar
materials of Al and steel. Microstructural evaluation and the
control of IMC are 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 both methods. This
research will help make a better choice to weld the dissimilar
materials. The morphology, interface composition, micro-
structure, and hardness distribution of Al/steel joints welded
by both methods were investigated.

2 Experimental procedure
2.1 Materials

Base metals were 6061-T6 aluminum alloy (Al 6061) and 304
stainless steel (SS 304) in 15-mm diameter rods. Chemical
compositions of aluminum alloy and stainless steel are listed
in Tables 1 and 2.

2.2 Welding process
2.2.1 Inertia friction welding (IFW)

A modified HSMZ-4 inertia friction welding was used to join
aluminum alloy and stainless steel. Before welding, rod sur-
faces were polished by SiC papers with 800 and 1500 grit and
then cleaned by acetone. Stainless steel rod was fixed in a
collet which was rotating at a given angular velocity; its length
was 60 mm, and the fixed length was 30 mm. Aluminum alloy
rod was made immobile in a stationary jaw; its length was
75 mm, and the fixed length was 40 mm. After the spindle
being accelerated to a predetermined rotational speed, the

Table 1 Chemical compositions of aluminum alloy (wt.%)

Metals Fe Mg Si Mn Cu Cr Zn Ni Al

6061-T6 0.73 1.02 0.69 0.13 020 0.10 028 0.05 Bal
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Table 2 Chemical compositions of stainless steel (wt.%)

Metals  Fe Mn Si Ni Cr C S P

SS304 Bal. 151 044 821 1814 0.05 0.02 0.03

motor cut off automatically. Then stainless steel rod rotated
at high revolutions with the spindle and aluminum alloy rod
moved axially under the constant axial pressure. The rotation-
al speed of the component with spindle slowed down gradu-
ally until the welding procedure was finished. Moment of
inertia was 0.16 kg m*. The welding process parameters were
optimized as follows: the axial friction pressure (Pf) was
180 MPa, and the rotational speed () was 1100 rpm.

2.2.2 Continuous drive friction welding (CDFW)

The welding process includes four stages: initial friction, sta-
ble friction, parking, and forging. During the welding process,
the main motor kept Al 6061 rods to maintain a constant
rotation speed, and SS 304 rods moved slowly and was close
to the rotating Al rod under the friction pressure. The friction
heat was generated when two rods connected, and then
reached the initial and stable friction stages. After the friction,
the forging pressure was applied to stop the rotation, and base
metals achieved welding. The welding process parameters
were optimized as follows: the spindle speed was 2200 rpm,
and friction pressure was 40 MPa, and friction and upset time
was 12 s. The adjustable process parameter was forge pres-
sure. The Al 6061 was the rotating axis side, and the SS 304
was the fixing axis side.

2.3 Characterization

The microstructural observation of specimen was cut perpen-
dicular to the welding interface by the electrical discharge
machine. SS 304 side was etched by a solution (2.5 mL
HNO; and 97.5 mL ethanol), and Al 6061 side was etched
by Keller’s reagent (1.0 mL HF, 1.5 mL HCI, 2.5 mL HNO;
and 95 mL H,0). Microstructural characterization was carried
out by optical microscopy (OM), scanning electron microsco-
py (SEM), and electron backscattered diffraction (EBSD).
Micro Vickers hardness test was carried out, and the hardness
measurement was done in accordance with ASTM E384-01.
The indentation load was 200 g and dwell time was 10 s.

3 Results and discussion

3.1 Morphology and interface of the welded joint

Figure 1 shows the morphology of joint welded by both
methods. After welding, the Al metal was extruded and
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Fig. 1 Morphology and microstructure of the Al/steel joint: a the IFWed joint, b OM, and ¢ SEM images of the [IFWed joint, d the CDFWed joint, e OM

and f SEM images of the CDFWed joint

caused asymmetrical deformation (Fig. 1a, d). The weld flash
was formed only at the Al side. The reason should be the
decrease of the tensile yield of Al 6061 with temperature dur-
ing welding, and the shape of flash depended on friction
welding parameters.

Al and Fe are having nearly zero mutual solubility that
subsequently leads to form IMC of Fe Al,. The heat distribu-
tion was non-uniform in all the directions of the interface that
in turn formed a non-uniform layer of IMC. For the CDFWed
joint, IMC thickness was 0.07 um in the center of the inter-
face; the thickness was 0.65 um in the 1/2R area from the
center of the interface; the thickness was 0.3 um in the outside
of the interface, as shown in Fig. 2. The reason should be that
the temperature field of weld interface was not evenly distrib-
uted during welding. Compared with [FWed joint, the
CDFWed joint had wider and clearer IMC layer (Fig. 1c, f).
The thickness of the IMC layer of Al/steel joints was majorly
depended on rotational speed and friction time [28]. This IMC
layer was required as thin as possible [26, 29].

Metallurgical bonds were formed as a result of the atomic
diffusion across the joint interface. The IMC layer of Al/steel
joint would be formed if enough energy was provided at the
weld interface. Figures 3 and 4 show elemental mapping of
the Al/steel joint. It could be seen that Al, Fe, and Si elements
occurred the diffusion at the weld interface and formed the
IMC layer. Microstructural and elemental analysis of the joint
interface showed the formation of a relatively continuous IMC
layer in the CDFW joint. For the IFW joint, IMC was formed
as a non-continuous morphology at the joint interface.

Nucleation and growth of IMCs were both affected by the
temperature and plastic deformation at the interface. In the

both methods, variation of the rotation speeds influenced the
plastic deformation and consequently the nucleation, which
caused the different thickness of IMC layer.

Figures 5 and 6 are the EDS line scanning of the weld
interface. The red and blue curves show the distribution of
Al and Fe, respectively. The purple curve shows the distribu-
tion of Si at the interface. The high concentration level of Si
was observed at the interface in both joints. The interfacial
structure consisted of an IMC with Si enrichment (Figs. Sc
and 6c¢). The local Si enrichment layer formed along the

Al 6061

Interface

The thickness of IMC/ nm

0 1 2 3 4 5 6 7
Distance from the edge/ mm
g. 2 The thickness of IMC in the CDFWed joint

Fi
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Fig. 3 a, b SEM image of the welding interface and c-h elemental mapping of Al/steel joint welded by IFW
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Fig. 4 a, b SEM images of the welding interface and c—h elemental mapping of Al/steel joint welded by CDFW
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Fig. 5 a Welding interface and b, ¢ EDS analysis of Al/steel joint welded by [FW

@ Springer



Weld World (2020) 64:1799-1809

1803

Al 6061

(b)

16000 =

12000 =

o
Q

8000 =

4000

Fig. 6 a Welding interface and b, ¢ EDS analysis of Al/steel joint welded by CDFW

interface. According to the Fig. 7 and chemical compositions
(Table 3), the IMC should be Al7Fe2Si.

3.2 Microstructure of the welded joint

A clear weld interface was observed in the cross-section im-
age, and the interface was relatively flat (Fig. 8). Typical fric-
tion welded joint consists of three distinct zones: (i) fully
dynamic recrystallized zone (FDRZ), (ii) thermal

Fig. 7 a TEM images and b—d
EDS analysis of Al/steel joint
welded by IFW

Point 1

mechanically affected zone (TMAZ), and (iii) HAZ. The dif-
ferent temperature and strain histories of these zones affect the
final microstructures.

3.2.1 The SS 304 side of Al/steel joint
Figure 8 shows the metallographic structure of the steel side in

the Al/steel joint welded two methods. Few elongated grains
are observed at the steel side. During friction welding, the
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Table 3 The composition of position in Fig. 7 (wt.%)

Point Al Fe Mg Si Cr Mn Ni
64.57 2422 0.07 5.97 2.19 221 0.77
2 96.18 1.40 1.21 0.52 0.53 0.08 0.08

interface temperature rose rapidly due to thermal-mechanical
coupling effect, which promoted aluminum alloy to experi-
ence recovery and dynamic recrystallization near the interface
[27]. FDRZ was located close to the interface. It could be seen
that the average width of FDRZ at steel side in the IFW joint
was about 5 um, while the average width of FDRZ in the
CDFW joint was only 2 pm. FDRZ had changed the micro-
structure of fine equiaxed grains compared to the base metal,
and the formation of fine equiaxed grains was clearly ob-
served as a result of the frictional heat at the joint interface.
The grain size of FDRZ was below 0.1 um in both joints
welded by two methods (Figs. 9 and 10).

3.2.2 The Al 6061 side of Al/steel joint

Figure 11 shows the metallographic structure of Al 6061. In
TMAZ, grains were elongated and bended. Matrix grains de-
formed along TMAZ due to plastic flow. The direction of
plastic flow was clear. A large number of streamlines were
formed, resulting in the strengthened particle rearrangement.

Because the amount of second phase was high, the streamlines
at the Al side were more dramatically than that at the steel
side. Compared to the HAZ, the microstructure of the TMAZ
underwent acute plastic deformation, inducing the appearance
of deformed and elongated recrystallized grains. The grain
sizes of both joints were found in the order of 1-3 pm, and
the width of FDRZ in the Al side was almost zero (Figs. 12
and 13).

3.3 Hardness of the welded joint

Figure 14 shows the microhardness distribution of joints
welded by two methods. Because physical and chemical prop-
erties of base metals were different, the hardness of SS 304
was about 3 times that of the Al 6061 base metal. The hard-
ness reached to the maximum value in the FDRZ at the steel
side. The high hardness located to the welding interface at the
steel side in the CDFW joint. Microhardness of joints may be
affected by a combination of some or all of the following
factors: modification of microstructure, dissolution of
strengthening phases, grain size, and IMC formation.
Reasons should be related to the eutectics and recrystallized
fine grains as an effect of heat input, rotational speed, the
plastic deformation, and relative movement during upsetting/
forging.

In addition, the narrow FDRZ in the IFW joint was hard to
allow the microhardness measurement, which was also anoth-
er reason for the relatively low maximum value in the [FW

(2) BRAR !

Al/Fe joint welded by continuous drive friction |

Al/Fe joint welded by inertia friction |

Al 6061

(h)

Fig. 8 Microstructure characteristic of the steel side in the Al/steel joint welded by two methods: a—d microstructure of the CDFWed joint and e-h

microstructure of the IFWed joint
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Fig. 9 a, b EBSD images and ¢
grain size of TMAZ and HAZ at
the steel side in the IFW joint
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Al/Fe joint welded by continuous drive friction
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| Al/Fe joint welded by inertia friction |

Fig. 11 Microstructure characteristic of the Al side in the Al/steel joint welded by two methods: a—d microstructure of the CDFWed joint and e-h

microstructure of the IFWed joint

maximum tensile strength of 323 MPa, which was about 94%
of Al 6061 base metal (Fig. 15a). If friction pressure was
continued to increase, joint strength started to decrease. In
the CDFWed joint, the tensile strength of joint first increased
and then decreased with the increase of friction pressure
(Fig. 15b). The joint average strength reached the maximum

value of 304 MPa. The maximum tensile strength of [FWed
joint was higher than the maximum tensile strength of
CDFWed joint, and the reason should be related to the thick-
ness of IMC at the weld interface. The thick, continuous, and
hard IMC layer would provide the potential initiation of crack,
as shown in Fig. 15¢. The thick layer of IMCs deteriorated the

E ]
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£ B 8§ § §

E

05 1.0

sy 78

=8 30 um Grain size (um)

. AR
2.0 2.5 0.5 1.0 1.5 2.0 25
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Fig. 12 a Measure position, b—d EBSD images, and e—f grain size of TMAZ and HAZ at the Al side in the IFW joint
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Fig. 13 a Measure position, b—d EBSD images, and e—f grain size of TMAZ and HAZ at the Al side in the CDFW joint
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Fig. 14 Hardness of the welded joints. a, b Measured position and hardness distribution of CDFWed joint. b—¢ Measured position and hardness
distribution of IFWed joint
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Fig. 15 a Influence of rotational speed on the tensile strength of the [FWed joint. b Influence of friction pressure on the tensile strength of the CDFWed

joint. ¢ The continuous IMC layer of the CDFWed joint

tensile strength and ductility of the joint. The analysis of the
Al-steel interface was considered as critical due to the forma-
tion of brittle IMCs at this location.

4 Conclusions

(1) A16061 and SS 304 exhibited consistent flying edges at
the interface in both joints. An average 600-nm thick
reaction layer was found between stainless steel and alu-
minum alloy in the CDFWed joint, which was wider and
clearer than the IMC layer of the IFWed joint. The high
concentration level of Si was observed at the interface in
both joints, and the presence of Si at a high concentration
level could have promoted the formation of non-uniform
IMC layer.

(2) Atthe SS 304 side of Al/steel joint, few elongated grains
are observed and FDRZ was located close to the inter-
face. The average width of FDRZ at steel side in the IFW
joint was about 5 um, while the average width of FDRZ
in the CDFW joint was only 2 pm. The grain size of
FDRZ was below 0.1 um in both joints welded by two
methods. At the Al 6061 side of Al/steel joint, grains
were elongated and bended, and the streamlines at the
Al side were more dramatically than that at the steel side

@ Springer

(€)

in TMAZ. The grain size of both joints was almost the
same and the width of FDRZ in the Al side was almost
Zero.

The high hardness located in the FDRZ at the steel side.
The maximum tensile strength of IFWed joint was higher
than that of CDFWed joint because of the different thick-
ness of IMC at the weld interface. The thick, continuous,
and hard IMC layer would provide the potential initiation
of crack.
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