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Abstract: Friction stir spot welding (FSSW) of dissimilar S45C steel and 6061-T6 aluminum alloy in a
butt configuration is experimentally investigated. Butt spot welding is performed using a convex
scrolled shoulder tool at different tool rotational speeds. FSSW butt joints are successfully fabricated
by offsetting the tool to the steel side. The microstructures of the joints fabricated at three different
tool rotational speeds are characterized using scanning electron microscopy and energy dispersive
spectrometry. Microstructural analysis shows the presence of intermetallic compounds (IMCs) along
the steel /aluminum interface. The thickness of the IMC layer and the tensile strength of the joint
increase with increasing the tool rotational speed. The results of tensile tests and microstructural
analysis show that the joint performance is closely related to the IMCs at the joint interface.
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1. Introduction

Incorporation of lightweight materials for manufacturing various automotive compo-
nents has been increasing to meet regulations of lower emissions and better fuel efficiency,
while simultaneously resolving safety issues [1]. Among various lightweight materials,
aluminum alloys are widely used for their formability and cost-effectiveness [2]. Although
aluminum alloys provide various advantages, they are not able to replace steels completely.
In many industrial applications, it is very difficult or nearly impossible for lightweight
aluminum alloys alone to fulfill imposed structural or mechanical requirements. As a re-
sult, steels, which have superior mechanical properties and cheaper prices than aluminum
alloys, still have wide applications in the automobile, aerospace, and railway industries.
Therefore, to achieve weight reduction while satisfying the structural or mechanical re-
quirements, the joining of dissimilar steel and aluminum alloys is unavoidable in many
industrial applications [3].

However, the joining of these two alloys imposes complications due to the vast differ-
ences in their thermomechanical properties and their tendency to form brittle intermetallic
compounds (IMCs) [4]. Researchers have attempted to join steels and aluminum alloys
using two different joining methods: conventional fusion welding and solid-state joining.
Conventional fusion welding methods, such as resistance spot welding [5], tungsten inert
gas brazing [6], and laser welding [7], have been utilized to join steels and aluminum alloys.
However, technical difficulties, including the formation of complex weld pool structures,
inhomogeneous solidification microstructures, and segregation, hinder their practical ap-
plications. Moreover, most conventional fusing welding techniques involve relatively high
heat input, resulting in the formation of a thick layer of brittle IMCs [4,8,9]. Since fatigue
cracks generally originate inside the brittle IMC layer, researchers have recommended
limiting the thickness of the IMC layer to less than 10 pm to achieve mechanically sound
joints [10-12].
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In contrast, solid-state joining methods, such as explosion welding, friction welding,
riveted—adhesive hybrid joining technique, and electrically assisted pressure joining, avoid
melting of the alloys and thereby avert most solidification defects [13-18]. Nevertheless,
due to the need for high pressure to induce large deformation of materials and also
to comply with safety restrictions, explosion welding [17] and friction welding [15] are
generally limited to welding components made of highly ductile materials with simple
shapes. Electrically assisted pressure joining produces joints by establishing diffusion
bonding under the joining conditions of plastic deformation and elevated temperature,
which is generally necessary to extend the longer diffusion time to enhance the bonding
strength [16]. Riveted-adhesive hybrid joining technique includes two joining methods of
adhesive and riveting to enhance the reliability of joint, but it undoubtedly increases the
process and causes the rise of cost [18].

Friction stir welding (FSW), which is a solid-state joining technology [19], uses a
rotating tool that contacts the workpiece and generates frictional heat to plasticize the
material. The rotating tool establishes material flow to accomplish the joining [20]. FSW
is generally used to produce butt or lap joints along the length of the workpieces [21-25].
However, depending on the geometry of a complex target structure, spot welding (friction
stir spot welding (FSSW)) in a butt configuration can be more effectively used since traverse
motion of the tool is not required in spot welding.

In FSW or FSSW of aluminum alloy and steel in a butt configuration, due to the
drastically different mechanical and thermomechanical properties of the joining materials,
the joining process is usually conducted with an offset to the aluminum alloy side or the
steel side. In other words, the initial contact point of the pin of the rotation tool is not at
the joining line of the butt configuration. Therefore, in addition to conventional process
parameters such as tool rotational speed, welding speed, plunge depth, and tilt angle, the
tool offset can also profoundly affect the quality of aluminum/steel joints in FSW or FSSW
butt joining [21]. Watanabe et al. [22] studied the influence of tool offset on joint strength
of 55400 mild steel and 5083 aluminum alloy and obtained the highest joining strength
by offsetting the tool by 0.2 mm toward the steel sheet side. In a study by Kimapong and
Watanabe [23], increasing the temperature of the steel by offsetting the tool to the steel side
increased the atomic diffusion in the aluminum/steel interface to form the IMC layer.

In FSW or FSSW butt joining, the formation of the IMC layer can significantly affect
the performance of the joint. Fereiduni et al. [24] reported that the tool rotational speed
and dwell time influenced the formation of IMCs during the FSSW of 5083 aluminum and
St-12 alloy sheets, and they obtained the maximum tensile strength with the formation of a
2.3 um thick IMC layer. Coelho et al. [25] studied the joining of 6181-T4 aluminum alloy to
DP600 and HC260LA high-strength steels; they found that heat input and high shear strain
played a crucial role in the formation of IMCs. Bozzi et al. [26] reported that the critical
thickness of the IMC layer at the friction stir spot welded joint interface of 6016 aluminum
alloy and interstitial free steel influenced the shear strength of the joint. Pourali et al. [27]
studied IMCs in FSW of 1100 aluminum alloy and St-37 steel plates. They concluded that
Fe-rich IMCs with a certain thickness, such as FeAl and Fe3Al, were not detrimental to the
shear strength of the joint. Kaushik et al. [28] studied the effect of tool geometry on the
IMC layer evolution during FSW of 5052 aluminum alloy and low-carbon steel.

Previous works related to the FSW of aluminum alloy and steel generally reported
on linear welding at the butt or lap position and spot welding (FSSW) at the overlapped
position. To our knowledge, research works to date have rarely reported on FSSW of
aluminum alloy and steel in a butt configuration. Therefore, based on the specific need for
the manufacture of bimaterial automotive components, the FSSW of aluminum alloy and
steel in a butt configuration is studied here.

2. Experimental Set-Up

Commercially available S45C steel and 6061-T6 aluminum alloy (AA6061-T6) sheets were
selected as the subject materials of the present study (chemical compositions in Table 1). These
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materials were cut to a cuboid shape with dimensions (in mm) of 100 (length) x 40 (width)
x 2 (thickness) and were used as base materials (BMs) for the proposed butt FSSW.

Table 1. Chemical compositions and mechanical properties of AA6061-T6 and S45C steel.

Chemical Composition (wt%)

Materials C P S Al Si Mn Fe Mg Cu Cr Zn
545C 0.04 0.01 0.003 0.02 0.002 0.15 Bal. - - - -
AA6061-T6 - - - Bal. 06 011 04 0.9 023 017 0.04
Mechanical properties
Materials Yield stress (MPa) Tensile strength (MPa) Elongation at fracture (%)
545C 343 569 16
AA6061-T6 276 310 17

Prior to joining, the BMs were carefully ground with 320-girt sandpaper to remove
the oxide layer and thoroughly degreased with ethanol and acetone. A custom-made FSW
machine (RM1A; Bond Technologies, Elkhart, IN, USA) was used to perform FSSW using a
spark plasma sintered tungsten carbide (WC) tool (tool geometry in Table 2) on the desig-
nated materials in a butt configuration, as depicted in Figure 1a,b. As described in [29,30],
alterations of the tool rotational speed and the tool offset significantly influence the material
flow and formation of IMCs between the steel and aluminum alloy by varying the heat
input and straining of materials during joining. Therefore, the FSSW was performed here
by varying these two process parameters (in Table 3), while other parameters, including
tool plunging rate, depth of penetration, and dwell time, were kept constant.

Table 2. Geometry of the FSW tool.

Tool Geometry Dimension
Shoulder diameter (mm) 14.3 mm
Pin height (mm) 0.6 mm
Pin diameter (mm) 2.0 mm
Shoulder type Convex scrolled shoulder

Table 3. Process parameters for FSSW of AA6061-T6 and S45C steel.

Penetration = Dwell Temperature  Tool Plunging Tool Rotational

No. Depth Time Condition Rate Offset Speed
(mm) (s) °Q) (mm/min) (rpm)
1 1400
2 —1.5mm 1550
3 1700
4 Room 1400
5 1.7 3 temperature 10 0 1550
6 (~25) 1700
7 1400
8 1550
9 +1.5 mm 1700
10 1850
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D=15 mm

Figure 1. Schematics of specimen configuration: (a) side and (b) top views; (c) FSSW machine.

After FSSW, the quality of the joints was first visually inspected. Subsequently, the
weld spots were cut through the joint center (red dotted line in Figure 1b) and were
ground and polished for microstructural observation by optical microscopy (OM) (A1IM
Axio Imager; Carl Zeiss, Gottingen, Germany). The cross-sections of the joints were also
examined using a field emission scanning electron microscope (FE-SEM) (SU-70; Hitachi,
Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS) (X-Max50; Horiba,
Kyoto, Japan).

The friction stir spot welded specimens were commonly notched at both sides, as
the welding was performed at the butt position. To avoid the stress concentration by the
notch effect during quasistatic tensile testing to evaluate the mechanical properties of the
joints, the friction stir spot welded joints were machined to the dimensions of (in mm)
120 (length) x 10 (width) x 2 (thickness) before tensile testing, as shown in Figure 2. The
tensile strength of each joint was evaluated by using a universal testing machine with a
constant displacement rate of 0.5 mm/min. Fracture surfaces of the tensile-tested joint
specimens were investigated by SEM and were also detailed with EDS elemental analysis.

AA6061-T6

Ve o W

Figure 2. Dimensions for a tensile specimen from a butt FSSW joint.

3. Results and Discussion

The appearance (top view) of the friction stir spot welded dissimilar joints of S45C steel
and AA6061-T6 with different process parameters is shown in Figure 3. As summarized in
Table 4, visual inspection of the joints confirmed that the tool position and tool rotational
speed affected the shape and appearance of the weld surfaces.

When the tool was offset by 1.5 mm toward the AA6061-T6 side, evident defects,
including surface cracks and partial fusion, were observed, as shown in Figure 3a—c. At
relatively low tool rotational speeds (1400 and 1550 rpm), the AA6061-T6 was fused, which
suggests that excessive heat was applied to the aluminum alloy during FSSW. Naturally,
when increasing the tool rotational speed to 1700 rpm (Figure 3b), partial melting of the
AA6061-T6 was aggravated.
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Figure 3. FSSW joints: (a—c) tool offset 1.5 mm toward the AA6061-T6 side, (d—f) no offset, and (g—j) tool offset 1.5 mm
toward the S45C steel side.

Table 4. Observations of the weld surfaces under different parameter combinations.

No. Tool Offset Tool Rotational Speed (rpm) Weld Quality
1 15 1400 Defective and melted
2 : d‘i‘;‘ . 1550 Melted
3 toward Al side 1700 Melted
4 1400 Defective and melted
5 0 1550 Defective and melted
6 1700 Melted
7 1400 Defective
8 +1.5 mm 1550 Good
9 toward steel side 1700 Good
10 1850 Good

Next, the tool position was shifted to the center of the weld between the 545C steel
and the AA6061-T6 to diminish the excessive heating of the aluminum alloy. Unfortunately,
the final results (Figure 3d—f) were similar to those obtained when the tool was offset to the
AA6061-T6 side. Crack defects were still observed near the AA6061-T6/545C joint interface.
However, reducing the heat input to the aluminum alloy by shifting the tool position to the
center of the weld certainly diminished the tendency of the AA6061-T6 to partially melt, as
clearly shown in comparison to the results obtained with the relatively low tool rotational
speed of 1400 rpm (Figure 3a,d). This suggests that properly distributing the heat input
to the AA6061-T6 and the 545C steel by adjusting the tool offset can be helpful to prevent
fusion defects in the joint.

Based on the trends observed in the experimental results shown in Figure 3a—f, the
tool position was further offset (1.5 mm) to the S45C steel side. At the relatively low tool
rotational speed of 1400 rpm (Figure 3g), obvious crack defects occurred at the interface
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between the S45C steel and the AA6061-T6 due to the insufficient heat input. However,
with this tool offset position, it was encouraging that the quality of the surface morphology
was improved (i.e., the crack defects disappeared) by increasing the tool rotational speeds
to 1550, 1700, and 1850 rpm without the occurrence of fusion defects, as presented in
Figure 3h—j. This shows that for the given material combination of S45C steel and the
AA6061-T6, offsetting the tool to the steel side was beneficial to produce a defect-free joint
as it did not exhibit surface cracks and flaws related to solidification. By offsetting the tool
to the steel side, more heat input could be applied to the steel without inducing fusion
defects in the aluminum side.

The friction stir spot welded joints without cracks or fusion defects on the surface
(Figure 3h—j) were further subjected to microstructural analysis. No significant difference
in the OM results (Figure 4) was observed among the cross-sections of the joints made with
three different FSSW parameter combinations except that the FSSW joint developed crack
defects during welding at 1550 rpm (Figure 5a), but no significant defects were observed at
the rotational speeds of 1700 and 1850 rpm, as shown in Figure 5b,c, respectively.

All units in mm

Figure 4. Optical macrographs of the weld cross-sections at three different tool rotational speeds (tool offset 1.5 mm toward
the S45C steel side).

1 500 pm | AAG061-T6 gammae 500 pm |

‘AA6061—T6

Figure 5. Magnified views of the regions marked by a white rectangle in Figure 4: (a) 1550 rpm, (b) 1700 rpm, and

(c) 1850 rpm.

The regions marked with the red triangles (M zones = mixed zones) in Figure 5a—c
exhibit a slightly different color compared with the S45C steel and AA6061-T6. The typical
SEM image (Figure 6a) and the results of the EDS area scan (Figure 6b,c) suggest that the
M zones were a mixture of aluminum alloy (green color) and steel particles (blue color).
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(a)

This suggests that the plasticized aluminum alloy and numerous steel fragments peeled
from the base metal were mechanically mixed into the M zone by the rotating tool. Further
detailed characterization was carried out to observe the interdiffusion of Al and Fe between
the AA6061-T6 and the S45C steel at the joint interface.

(b) (©)

Figure 6. From Figure 5¢: (a) SEM image of M zone, (b) Al distribution, and (c) Fe distribution.

As shown in Figures 4 and 5, an obvious boundary between the AA6061-T6 and the
545C steel was observed (except for the M zone at the top of the joint) for all three of the
FSSW parameter combinations. The SEM results at the interface of the joints revealed a
distinct layer with different colors between the S45C steel (bright region) and the AA6061-
T6 (dark region) that was produced during welding at 1550 rpm (Figure 7a,b), 1700 rpm
(Figure 8a,b), and 1850 rpm (Figure 9a,b).

()

—Al— Fe—Mg|

(b)

EDS line scan

0 5 10
X Distance (um)
#5030

Figure 7. (a) SEM image of the region marked by a red rectangle in Figure 5a, (b) magnified
SEM image of the joint interface (a white rectangle in (a)), and (c) elemental line scan across the
joint interface.
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Figure 8. (a) SEM image of the region marked by a red rectangle in Figure 5b, (b) magnified
SEM image of the joint interface (a white rectangle in (a)), and (c) elemental line scan across the
joint interface.

(a)

——Al— Fe— Mg

Steel particle

Intensity

(b)

0 S 10
Distance (pum)

Steel particle

AT s

Figure 9. (a) SEM image of the region marked by a red rectangle in Figure 5c, (b) magnified
SEM image of the joint interface (a white rectangle in (a)), and (c) elemental line scan across the
joint interface.

The results of the EDS elemental line scan (Figures 7c, 8c and 9c) confirmed that
the layers were composed of Al and Fe elements, which can be regarded as Al/Fe IMCs.
Previous studies have suggested that atomic diffusion across the joint interface causes
the formation of Al/Fe IMCs [16,24]. Further, in the present study, steel particles were
observed on the Al side, as clearly shown in Figures 8b and 9b. Those steel particles could
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have been the result of the detachment of steel fragments from the steel edges by high
shear stress caused by the severe stirring motion of the tool at higher rotational speeds [31].

According to the Al-Fe phase diagram [32] and analysis of the EDS elemental com-
positions (in Table 5), the possible IMCs at the three different welding conditions can
be deduced. As summarized in Table 5, the IMC layers in Figures 8b and 9b may have
consisted of FeAl (Fe-rich IMCs) and FeAls (Al-rich IMCs). In contrast, at the relatively
lower rotational speed of 1550 rpm (Figure 7b), the IMC layer mainly included FeAl; and
Fey Als (Al-rich IMCs). With the increase in tool rotational speed, more Fe-rich IMCs (FeAl)
were formed at the joint interface, which is not detrimental to the joint strength compared
with Al-rich IMCs [27].

Table 5. Chemical compositions of IMC and possible phases in Figures 7-9.

Tool Rotational Locati Composition (at.%) Possible IMC Layer
Speed bpm) OO A Fe  Al/FeRatic  Phases  Thickness (um)*
P1 7446 2554 3.11 FeAl;
1550 2.7 (+0.8)
P2 69.68  29.46 2.36 FepAls
P1 72.75  27.25 2.70 FeAl;
1700 P2 50.28 49.72 ~1 FeAl 3.3 (+ 1.0
P3 4843 51.57 ~1 FeAl
P1 7290 27.10 2.70 FeAl;
1850 P2 4975 50.25 ~1 FeAl 41 (£ 1.1)
P3 4625 53.75 ~1 FeAl

* Average value at three different locations.

The thickness of the IMC layer was approximated by the distribution of the major alloying
elements across the interface through the EDS line scan, as shown in Figures 7c, 8c and 9c.
When increasing the rotational speed from 1550 to 1850 rpm, a significant increase in the
IMC layer thickness (from 2.7 to 4.6 um) was observed. This indicates that a sufficient
energy input or higher temperature can promote the diffusion of elements to the formation
and growth of an Al/Fe IMC at the joint interface [24,33,34]. Still, in all of the FSSW
conditions, the IMC layers formed at the joint interfaces were very thin.

Studies have shown that a thin IMC layer (less than 10 pm [10,12,35]) might not
be detrimental to the mechanical properties of joints [11,24]. Here, the fractures in all
of the friction stir spot welded joints occurred at the joining interface between the S45C
steel and the AA6061-T6 after the tensile test (Figure 10b). As shown in the results of
tensile tests (Figure 11), the maximum tensile strength of the friction stir spot welded joints
(2830 £ 150 N) was obtained under the welding conditions of 1850 rpm. Note that the
IMC layer of the friction stir spot welded joint created at the rotational speed of 1850 rpm
was extremely thin (approximately 4.4 pm maximum thickness) compared with that of
conventional fusion welding.
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S45C

Figure 10. (a) Machined joint specimens and (b) tensile fractured specimens.
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Figure 11. Thickness of IMC and joint failure load as functions of tool rotational speed.

The IMC layer and the failure load simultaneously increased with the increase in the
tool rotational speed, as presented in Figure 11. The correlation of the tensile strength
of the joint and the thickness of the IMC layer in Figure 11 confirms that in a certain
range of thickness, a thicker IMC layer seems to improve the strength of the joint [24,36].
Bozzi et al. [26] agreed with this view that an IMC layer may be necessary to improve the
friction stir spot welded weld strength of aluminum alloy and steel joints. Here, fracture
during tensile tests occurred along the interface of the S45C steel and the AA6061-T6 and
crossed over the M zone of the steel and the aluminum for all the FSSW joints (Figure 12a).
Figure 12b shows that the thickness of the remaining IMC layer on the AA6061-T6 side was
approximately 2 pm; in contrast, the fracture surface on the S45C steel side showed almost
no remaining IMC, as shown in Figure 12c. To summarize, the tensile fracture failure of
friction stir spot welded joints mainly occurred in the top Al/Fe mixing zone and in the
interface between the S45C steel and the IMC layer.
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Figure 12. (a) A cross-sectional image of FSSW joints after tensile test (tool rotational speed of
1550 rpm); SEM images and elemental line scans on (b) the AA6061-T6 side and (c) the 545C side.

4. Conclusions

In the present work, FSSW of S545C steel and 6061-T6 aluminum alloy was conducted
with different tool rotational speeds and tool positions. The experimental results showed
that the friction stir spot welded butt joints of the dissimilar steel and the aluminum
alloy were successfully fabricated by offsetting the tool by 1.5 mm toward the steel side.
Microstructure analysis using SEM-EDS showed that an IMC layer was formed, and three
possible IMCs (FeAl, FeAls, and Fe, Als) were identified at the joint interface. Increasing
the tool rotational speed increased the thickness of the IMC layer. The results of point and
line analysis suggested that a thicker IMC layer and Fe-rich IMCs seemed to be beneficial to
improve the strength of the FSSW joints. The quasistatic tensile tests showed that fractures
occurred along the joint interface and in the top Al/Fe mixing zone.
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