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Abstract: Lap joining of an aluminum AA6082-T6 plate and a UHSS steel plate coated with an
Al-Si layer was performed using Probeless Friction Stir Spot Welding (P-FSSW). The dwell time and
rotational speed were controlled in the range of 10-15 s and 1000-1500 rpm, respectively. For all
the samples, thermo-mechanical deformation occurred solely within the upper AA6082 plate. A
refined grain structure was formed in the aluminum plate close to the surface. The dwell time was
responsible for the intensity of the material flow, resulting in stirring between the Al-Si layer and the
aluminum plate at 15 s. The microhardness distribution corresponded to the microstructure features.
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1. Introduction

In the automotive industry, engineers are constantly exploring new ways to promote
environmental sustainability. Ultra-High-Strength Steels (UHSS), together with aluminum
alloys, hold significant potential for a substantial reduction in the overall vehicle weight,
thereby improving fuel efficiency and reducing emissions [1]. However, joining automotive
components made of steel and aluminum using traditional fusion welding is known to
be challenging due to the formation of intermetallic FexAl, compounds (IMCs), porosity,
cracking, and softening of the aluminum side [2-5]. Since the formation of IMCs is related
to the chemical reaction and interdiffusion between Fe and Al, its thickness is largely
determined by the temperature and duration of the welding process [6]. Therefore, it
remains difficult to obtain a reliable joint in resistance spot welding (RSW), even with
the use of special filler materials, due to the high temperature of the process [7]. Further,
blanks made of UHSS are often coated with a protective aluminum-silicon (Al-5Si) coating
to prevent oxidization and decarburization during primary hot stamping. This coating
mixes up in the weld pool and partially precipitates as intermetallic phases at the fusion
line, weakening the final bead [8]. Therefore, a low heat input is strongly recommended for
both dissimilar couples (Al-steel) and coated steel in particular.

Friction stir welding (FSW) and its single-point modification, Friction Stir Spot Welding
(FSSW), offer an alternative to conventional fusion welding for joining dissimilar materials.
By employing friction heat and plastic deformation between the workpiece and tool, where
a classical tool consists of a cylindrical shoulder and probe (pin), these methods eliminate
the drawbacks associated with the melting of materials [9]. The final microstructure after
FSW or FSSW is presented in a stir zone (SZ) with a recrystallized grain structure, a thermo-
mechanically effected zone (TMAZ) with deformed grains, and a heat-affected zone (HAZ)
with limited heat exposure.
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It is well known that tool wear is a crucial issue for any solid-state process [10].
Its impact has a significant effect on both the production cost and the quality of the
joints. Numerical and experimental studies have shown that significant amount of tool
wear in the FSSW process occurs closer to the probe tip [11]. Therefore, UHSS steel
requires relatively harder and subsequently more expensive tools [12]. Furthermore, one of
the main drawbacks of the FSSW process is the keyhole defect resulting from the probe
retraction [9]. To repair the keyhole, researchers of Helmholtz-Zentrum Geesthacht have
recently developed Refill Friction Stir Spot Welding (RFSSW) [13]. However, this process
demands a complex machine with regular cleaning of the tool holder system [14]. Another
cost-effective adoption of FSSW is Probeless Friction Stir Spot Welding (P-FSSW), where the
primary distinction is the absence of a probe, with the subsequent elimination of keyhole
defects and negligible tool wear [15,16].

While, in theory, solid-state welding based on friction effectively eliminates the chal-
lenges related to IMCs, numerous studies state that a thin FexAly IMC layer is still formed
at the dissimilar interface [17]. Furthermore, an Al-Si coating may serve as a filler material
to promote better interfacial bonding between the aluminum and steel [18-20]. For instance,
da Silva et al. [18] reported the possibility of welding an AA1050 aluminum alloy and
22MnBS5 steel using FSSW. Based on the results of tensile tests, the authors concluded
that the Al-Si coating could play an important role in the weldability of these materials
since it could positively enhance the diffusion ability of Al into the coating. However, no
explanations regarding the behavior of this layer and the interaction between the plates
during welding were presented. Ishak I. et al. [21] showed the feasibility of using a scroll
grooved probeless tool to form quality joints between thin plates of galvanized steel and
A6022-T4 aluminum. However, no studies on P-FSSW using flat tools for joining aluminum
alloys and steel coated with an Al-Si layer have been published.

The present study aims to investigate lap welds of thin plates made of an AA6082-
T6 aluminum alloy and Al-Si coated press hardened steel USTBOR®1500-AS using the
Probeless Friction Stir Spot Welding (P-FSSW) process with a flat shoulder. The focus of the
paper is to examine the influence of rotational speed and dwell time during P-FSSW on the
resultant joint microstructure.

2. Materials and Methods

To fabricate dissimilar welds in a lap configuration, plates of an AA6082-T6 aluminum
alloy with a 1.5 mm thickness and USIBOR®1500-AS steel with a 1.3 mm thickness were
used in this study. The chemical compositions of the base materials are summarized in
Table 1. The initial microstructure of the AA6082-T6 aluminum alloy contained equiaxed
grains of the aluminum solid solution with an average grain size of 6.9 um and typical
coarse intermetallic phases (Figure 1a). The initial microstructure of the USIBOR®1500-AS
steel was, under hot rolled conditions, a ferritic—pearlitic structure (Figure 1b). The initial
hot dipped Al-Si coating consisted of a primary x-Al phase with an Al-Si eutectic (~25 um
thick), followed by a transition intermetallic (IMC) layer of FexAlySi, (~7 pum thick). Hence,
the complete coating thickness measured about 32 um.

Figure 1. Initial microstructure of AA6082-T6 (a) and USIBOR®1500-AS steel (b).
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Table 1. Chemical composition of base materials, wt.%.
Alloy Al Cu Mg Mn Si Fe Cr Zn Ti C
AA 6082-T6 Bal. <0.1 0.6-1.2 0.4-1.0 0.7-1.3 <05 <0.25 <0.2 <0.1 -
USIBOR®1500-AS <0.1 <0.2 - <14 <04 Bal. <0.35 - <0.05 <0.25
Al-Si coating Bal. - - - 10 - - - - -

Figure 2b schematically represents the P-FSSW steps. The diameter of the shoulder
of the probeless tool made of H13 tool steel was 30 mm (Figure 2a) and was fixed with a
tilt angle of 0 deg. to the workpiece. Force-control mode was used to perform the P-FSSW
process. The down force was determined based on a prior experimental study and kept
constant as 7350 N [22]. The process parameters are listed in Table 2.
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Figure 2. Probeless tool (a) and scheme of P-FSSW process (b).

— Tool plunging and stirring . NS, Tool removal S

Table 2. Process parameters of P-FSSW.

Sample Rotational Speed, rpm Down Force, N Dwell Time, s
S1 1000 10
S2 1000 15
s3 1500 730 10
S4 1500 15

A cross-section of the final microstructure of the joining interfaces was examined
using optical microscopy. The polished surface after standard metallographic preparation
was chemically etched with Keller’s reagent: 2.5 mL HNO;3; + 1.5 mL HCl + 1 mL HF
+ 95 mL distilled water. Its microhardness was measured with a load of 980 mN, steps
of 100 um, and a 3 s loading time using Vickers testing. The resulted curves represent
10 measurements from each side taken perpendicular to the joining line at the center of the
cross-section of the samples. Elemental map distribution was performed using a scanning
electron microscope equipped with an energy-dispersive spectroscopy detector.

The commercial finite element analysis (FEA) software MSC Simufact Forming 2022
was used to simulate both the temperature fields and material flow during P-FSSW. The
present software couples both thermal and mechanical computations for each time step of
the simulation. The temperature field is calculated according to transient heat conduction
and finite difference analysis, while incremental finite element analysis is employed for the
material flow within the whole workpiece. The near-contact tolerance and a specific formula
inform the thermal heat transfer [23]. Previous studies have shown an axisymmetric
material flow [22]; therefore, 2D axisymmetric mode was utilized for the simulation in
the present study. A mesh of the real-size geometry was built using an integral meshing
tool. The elements” hexahedral length of the edge was varied from 0.1 mm (workpiece) to
0.4 mm (backing plate) with subsequent refinement during the simulation. All the plates
in the workpiece were simulated as deformable bodies, while the tool, blank holder, and
substrate were set as rigid bodies. The press stroke depth was set to the same as the final
depth of the tool’s penetration into the top plate during the real experiment. After a distinct
dwell time, the tool was moved back to the starting position. The initial temperature was
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20 °C in accordance with the real process. The material data was provided by the integrated
material library of MSC Simufact Forming.

3. Results and Discission
3.1. Weld Appearance and Macrostructure

Figure 3 depicts macro-images of the upper spot-welded surface. An increase in the
rotational speed and dwell time resulted in a stronger indirect extrusion effect and a higher
volume of burrs for the aluminum plate. (Figure 3c,d). Q. Chu et al. [24] also mentioned a
significant increase in burr volume with an increasing dwell time and rotational speed due
to an increasing intensity of material plasticization [25].

| CE=mm
Figure 3. Spot-welded surface: sample 51 (a); sample S2 (b); sample S3 (c); sample 54 (d).

Figure 4 represents the joining cross-sections at the center and close to both sides of
the outer diameter of the tool (red square in Figure 3). The joining interface was straight for
all the samples, indicating that thermo-mechanical deformation occurred solely within the
upper AA6082 plate. Cracks were formed in the upper AA6082 plate in both samples made
with a rotational speed of 1000 rpm and in sample S3, obtained under the combination of
1500 rpm and a 10 s dwell time. The location of the cracks in relation to the dwell time was
the following: the cracks found close to the joining interface corresponded to 10 s, while
sample 52 made with a 15 s dwell time contained cracks in the upper and middle parts of
the aluminum plate.

Figure 4. Cross-sections on the left (1), at the center (2), and on the right (3) side of sample S1 (a),
sample S3 (b), sample S2 (c), and sample 54 (d).

3.2. Microstructure of the Upper Plate

A previous study has shown that the material flow within the stir zone (SZ) of an
aluminum plate is axisymmetric under all the parameters used [26]. Identical behavior was
found in the present study. Figure 5 represents the microstructure of the upper AA6082
plate. None of the samples contained any vortexes. A thermo-mechanically affected zone
(TMAZ) with slightly elongated grains typically formed next to the stir zone (SZ) of highly
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dispersed grains. It is evident that the heat input increased significantly in sample S4
(Figure 5d), which contained a more extensive material flow due to a combination of a
longer dwell time of 15 s and a higher rotational speed of 1500 rpm compared to sample S1,
made at 1000 rpm and 10 s (Figure 5a).

Figure 5. Optical microstructure of AA6082 plate of samples S1 (a), S2 (b), S3 (c), and S4 (d). The
dashed lines delineate the distinct microstructural zones.

An increase in dwell time under a rotational speed of 1000 rpm has an effect on
the extension of TMAZ due to provoking sustained material heating and plasticization
(Figure 5a,b). In accordance with Reilly et al. [27], samples S3 and 54 initially had more
plasticized material due to a higher rotational speed of 1500 rpm. Thus, an increase in the
dwell time slightly enhanced the intensity of the material flow in the SZ due to sustained
plasticization, while did not change the depth of TMAZ between samples S3 and S4.
The intensity of the material flow in the SZ is characterized by a deeper area of highly
refined grains (Figure 5c,d). This outcome also aligned with the formation and location of
cracks, where sample S4 with the highest material flow does not contain visible cracks (see
Figure 4).

T6 heat-treating condition, which describe the initial state of the aluminum plate, are
characterized by coarse strengthening precipitates of 3-Mg,Si. In the literature, there are
many discussions regarding the phase changes during FSW/FSSW in 6XXX series. The
results of transmission electron microscopy (TEM) indicate the dissolution of needle-like
precipitation phases and reprecipitation of dispersed spherical GP-1in the SZ, while the
TMAZ contains the coarser 3-phase [28]. BSE SEM images of the present study also noted
a significant decrease of precipitation phases in the fine-grained region of the SZ obtained
in sample 54 (Figure 6a—d). Such variation probably indicated a linear relationship between
the varying process parameters and heat input, where the combination of a high rotational
speed and a longer dwell time resulted in an increase in heat input. However, this needs
further investigation.
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Figure 6. BSE SEM of upper SZ in samples S1 (a), S2 (b), S3 (c), and 54 (d).

3.3. Microstructure of the Joining Interface
3.3.1. Al-Si Matrix

The detailed interfaces between the two plates over areas 1, 2, and 3 seen in Figure 4
are presented in Figure 6. The initial Al-Si eutectic structure was observed throughout
the joining interface of all the samples without any cracks. The morphology of Al-Si layer
remained constant across the whole shoulder diameter in samples S1 and S3 (Figure 7a,c),
while it was stirring with the aluminum plate in samples S2 and S4 (Figure 7b,d).

a]S1]1]

AA6082

Figure 7. Joining interface on the left (1), at the center (2), and on the right (3) side of sample S1 (a),
sample S2 (b), sample S3 (c), and sample 54 (d).
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3.3.2. Joining Interface between the Aluminum and the Al-Si Coating

It is well known that the surface oxides of aluminum alloy plates prevent atomic
diffusion and adhesion between plates, thereby resulting in partial bonding [29]. These
oxide films may be destroyed during plastic deformation [29]. Therefore, the interface
between the AA6082 plate and Al-Si coating changed depending on the applied rotational
speed and corresponding plastic deformation.

Samples S1 and S2 hardly displayed diffusion across the joining interface produced
under 1000 rpm of rotational speed and both dwell time regimes due to insufficient heat
generation. As a result, slight wear in the Al-Si coating was observed due to the retained
surface oxides (Figure 7a,b). In contrast, a higher heat input and plastic deformation in
samples S3 and 54 induced good bonding between the aluminum and Al-Si coating.

3.3.3. Interface between the Steel and the Al-Si Coating

Watanabe M. et al. [19] noted an increase in the IMC layer thickness with a longer
dwell time for an interface of aluminum/low-carbon steel joined using FSSW. A lower
heat input, formed according to a combination of both dwell time and 1000 rpm, kept the
thickness of FexAlySi, in samples S1 and S2 at its initial state of 7 um. The higher heat
input in samples S3 and 54, achieved using 1500 rpm, promoted the growth of the IMC
thickness by 3 pym. Therefore, the intensity of the solid diffusion, forming an IMC layer
adjacent to the steel side, depended mainly on the rotational speed (Figure 8). It should be
noted that the thickness of the FeyAlySi, layer was rather larger at the center compared to
the outer diameter of the tool. This probably is due to the heat generation during the dwell
stage, when the highest local temperature was concentrated at the center of the spot weld
due to the combined effects frictional heat and plastic deformation (upward material flow
close to the center), both of which are influenced by the rotational shoulder.

FexAlySiz FexAlySiz FexAlySiz
Steel il Steel Steel Si

Figure 8. EDS elemental distribution map across layer of FexAlySi, IMC phase in sample S4.

3.4. Elemental Distribution across the Joining Line

Figure 9 represents the distribution of the main elements such as Al, Fe, Si, and Mg.
The elemental mapping clearly indicates regions enriched in Si, which are the needle-like
particles of Al-Si eutectic, and the continuous layer of the initial FexAlySi, IMC phase at
the interface between the coating and the steel. For all the samples, the distribution of Al
and Fe was strongly correlated with the aluminum and steel plates, respectively, while
the distribution of Mg, which belongs only to the aluminum plate, had differences. In
Figure 9¢,d, it is seen that samples S3 and 54 with a higher rotational speed experienced
greater diffusion, resulting in a more uniform distribution of Mg through the joining line
between the aluminum plate and coating. Such a Mg distribution also confirmed a higher
heat input in the samples made under 1500 rpm.
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Figure 9. EDS elemental distribution maps across the joining interface in samples S1 (a), S2 (c), S3 (b),
and 5S4 (d). The dashed lines delineate Al-Si layer.

3.5. Microhardness of the Joining Interface

The microhardness distribution is presented in Figure 10. It is seen that the microhard-
ness behavior essentially correlated with the microstructure features. A distinct similarity
was presented between samples S1 and 52 and samples S3 and 54 obtained at 1000 rpm
and 1500 rpm, respectively. Samples S1 and S2 exhibited an increase in the microhardness
within the SZ, which was mainly attributed to the grain refinement (Figure 10a).
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2 2 0l x
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Points measurement Points measurement

Figure 10. Microhardness distribution in samples S1 (a), S2 (c), S3 (b), and 54 (d).

In contrast, samples S3 and S4 experienced an almost uniform microhardness distribu-
tion from the SZ to the joining line. Such behavior was attributed to the wider region of
both the SZ and the TMAZ due to a higher heat input at 1500 rpm. Comparing samples
51 and 54, an increase in the microhardness of the TMAZ may be attributed to the higher
plastic deformation of the grains (i.e., increased dislocation density).
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3.6. Temperature Field and Material Flow Simulation

Figure 11 shows the temperature distribution in samples S1 and S4, obtained under
limited process parameters. In both cases, a rise in temperature occurred rapidly during
the start of the plunge stage, with its location close to the outer edge of the shoulder
(Figure 11a,b at 0.5 s). Sample S4 had a greater temperature due to the higher rotational
speed. With the progression of the process, a decrease in temperature was expressed due
to its transition from the periphery to the center of the spot weld. Sample S1, made under
1000 rpm, exhibited a gradual temperature transition to the center of the shoulder within
5 s (Figure 11a at 5 s). However, such a combination of process parameters did not reach
a decrease in temperature during the whole process, while the temperature distribution
in sample S2, made with a longer dwelling time, had a decrease in temperature after 12 s,
with its slight partial concentration along the joining line (Figure 11c).

T.C : afs1] =r b{s4
—Axisymmetry 7mm  05s i

600 - - ool e i :
425 Col “

370
31 O i— i ! 5 S i ; i : 5 s
250 -
> i ANy gy 95
135 P_ il L = =

80 .

13s : : = :;'('"*-,‘ - 13 Sr 7
20 Y - = ;_ > 5

Figure 11. Temperature distribution within 13 s of P-FSSW in samples S1 (a), S4 (b), and S2 (c).

Sample 54, obtained at 1500 rpm, revealed a quick temperature transition to the center
of the shoulder for 2 s without stabilization, as was presented in sample S1 under 1000 rpm
(Figure 11b at 2 s). Together with this, the higher rotational speed allowed to achieve
a decrease in temperature after 9 s of P-FSSW (Figure 11b at 9 s). The transition of the
temperature to the center occurred with its partial concentration along the joining line
(Figure 11b at 2 and 5 s). Going back to the results on the microstructure in samples S2 and
54 (see Figure 7b,d), this partial concentration of temperature (Figure 11b,c) may represent
the formation of a mixed area between the aluminum plate and the Al-Si coating.

Such temperature behavior corresponded to a distinctive material flow. Namely,
sample S1 exhibited a gradual and mostly uniform material flow in the outward direction
of the shoulder for the whole processing time (Figure 12a), while the longer dwelling
in sample S2 resulted in a slight increase of the material flow close to the center at 13 s
(Figure 12c). The rotational speed of 1500 rpm resulted in a more intensive material flow
for the first few seconds (Figure 12b). At 5 s, the material flow was slightly concentrated
close to the center along the joining line between the aluminum plate and Al-Si coating
(Figure 12b at 5 s), which correlates with fast shifting of the temperature to the center in the
samples made at 1500 rpm (see Figure 11b). This behavior might result in cracking during
the real experiment for sample S3 when the welding cycle is finished at 10 s (see Figure 6¢).
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In contrast, increasing the dwell time in sample S4 caused an intensive material flow close
to the center of the shoulder (Figure 12b at 11 s).

4.31x1073
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3.45x10°

3.02x103

2.59x1073

2.16x102

1.72x1072

1.29x103

B.62x10

4.31x104

1.81x107

mm/s

-—Axisymmetry T ;

1

Figure 12. Material flow within 13 s of P-FSSW in samples S1 (a), S4 (b), and S2 (c).

4. Conclusions

Dissimilar thin plates of AA6082-T6 and USIBOR®1500-AS coated with an Al-Si

layer were lap-joined using Probeless Friction Stir Spot Welding (P-FSSW) under various
process parameters. The microstructure and the joining interface were characterized. The
experimental results indicated the following;:

1.

The adoption of an Al-Si coating on the UHSS steel promoted the interfacial bonding
between the aluminum plate and the coated steel under a higher rotational speed of
1500 rpm, preventing oxidative coating wear. In the samples obtained at 1000 rpm,
interfacial bonding was barely observed due to the presence of surface oxides.
Thermo-mechanical deformation occurred solely within the upper aluminum plate.
The amount of heat input was mostly influenced by the rotational speed, resulting in
a wider grain refinement area within the aluminum plate.

A dwell time of 15 s at rotational speeds of both 1000 rpm and 1500 rpm was responsi-
ble for a partial temperature concentration, which represents the formation of a mixed
area between the aluminum plate and Al-Si coating.

Coupling the numerical results on the temperature and material flow, employing both
dwell times of 10 s and 15 s and a rotational speed of 1000 rpm created cracks in the
upper aluminum plate due to insufficient material plastitization. The formation of
cracks also occurred at a rotational speed of 1500 rpm with a shorter dwell time of 10 s
owing to less intensity of the material flow being concentrated at the center of the weld
spot at 5 s of P-FSSW process. In contrast, an extended dwell time under 1500 rpm
promoted a more vigorous material flow at 11 s through the process, effectively
eliminating the incidence of cracking.
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