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A resistance spot welding process of aluminum-steel dissimilar metals
is proposed and its feasibility is evaluated
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Abstract

This study proposed a novel welding strategy
called active-expulsion-assisted resistance spot
welding (RSW), which was used to address the
limitations of RSW of aluminum to steel. The method
primarily comprised an intentionally set expulsion
stage and a locking stage. In the expulsion stage, a
short-duration expulsion pulse with a relatively large
welding current was applied to melt the aluminum
and induce liquid aluminum expulsion. Then, in the
locking stage, a welding current pulse was used
to join the locking sheet and the steel workpiece.

A combination of quenched and partitioned 1180
steel and AA6016 aluminum alloy with and without
adhesive was used for welding. Experimental results
showed that the expulsion pulse efficiently removed
the aluminum alloy in the weld, creating the
conditions for fundamentally avoiding the formation
of brittle intermetallic compounds in the nugget
during the subsequent welding stage. After the
welding pulse, a strong joint was generated between
the locking sheet and the steel, thus realizing a

firm connection for the combination of welding

and riveting between an aluminum alloy and steel
substrate.
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Introduction

To reduce vehicle weight and energy consumption and
improve the safety performance of vehicles, advanced high-
strength steel, ultra-high-strength steel (UHSS), and aluminum
alloy (Al) areincreasingly being used in the automotive industry
(Ref.1). Connecting aluminum to steel is an inevitable issue
to be solved for automotive manufacturing, and there are sig-
nificant challenges in using traditional welding methods (Ref.
2). The low weldability of aluminum to steel can be mainly
attributed to the following aspects. The poor mutual solubility
of Aland Fe leads to the formation of a large volume fraction
of brittle intermetallic compounds (IMCs), such as Fe Al and
FeAl,, in the weld (Ref. 3), which deteriorates the mechanical
properties of the joint when the thickness of the IMC layer
grows greater than1.5 um (Ref. 4). The thermophysical prop-
erties of the two metals, such as the melting point, thermal
conductivity, and expansion coefficient, differ considerably,
which leads to a large residual stress, resulting in weld cracks
(Ref. 5). The surface state of the workpiece, such as coating
or oxide films, considerably influences the formation of weld
discontinuities, such as porosities and cracks. Hu et al. (Ref. 6)
determined that oxide films on the surfaces of aluminum alloys
are incorporated into the weld, which lead to the formation
of microcracks in the weld under the thermal stress induced
by postpaint baking processes.

Various welding processes, such as solid-state welding,
fusion welding, and brazing, have been used to produce
high-quality aluminum-steel welds. To control or avoid the
excessive formation of brittle IMCs in welds, welding param-
eters have been optimized, along with other metallurgic
remedies such as the addition of, for example, Ge, Cr, Si, Zn,
and Ti, inserting metal foils, prefabricating special coatings,
and using designed welding wires (Ref. 7). However, it remains
challenging to develop a universal welding process that can
be used tojoin different combinations of aluminum and steel.
Recently, some hybrid welding methods have been proposed
to deal with these welding problems. Shah and Liu (Ref. 8)
used ultrasonic-assisted resistance spot welding (RSW) tojoin
aluminum and steel and found that the ultrasonic treatment
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Table 1 — Chemical Compositions of the Materials (wt-%)

Material Fe Mn Si (o3 S
Q&P980 Balanced 2.270 1.730 0.190 0.001
Q&P1180 Balanced 2.720 1.700 0.189 0.001
AA6016-T4  0.200 0150 1100 = =

0.01

0.006 = = = = =

P Cu Mg Zn Cr Ni Al

0.03

0.029

= 04100 0.400 0,00 0400 0.005 Balanced

Table 2 — Mechanical Properties of Q&P980, Q&P1180, and AAG016-T4

Material Yield Strength (MPa)

Q&P980 743

Q&P1180 1031
AAG016-T4 127

Ultimate Tensile Elongation (%)

Strength (MPa)
1108 18
1235 15
240 29

Table 3 — Welding Parameters Corresponding to Different Experiments

Test Clamping Force
AE-RSW 5 kN
AE-RSWB 5 kN

RSW 5 kN

could break the oxide film, enhance the wettability of liquid
aluminum, and change nucleation crystallization behavior. The
magnetic field influenced the melt flow, temperature field, and
element diffusion of the weld pool. Therefore, the formation
of the IMC layer could be effectively controlled, and crack
sensitivity in the weld was decreased when electromagnet-
ic-assisted welding was used during aluminum-steel welding
(Refs. 9,10). These methods have improved weld formation
and joint performance to some extent. However, the formation
of IMCs in the weld under complex manufacturing techniques
cannot be completely avoided.

Due to the poor weldability of aluminum to steel, the auto-
motive industry strongly relies on adhesive bonding (AB) and
mechanical joining processes for joining aluminum to steel.
However, the adhesive layer during AB is influenced by service
temperature and humidity, which changes the stress gradient
in the adhesive layer and reduces the glass transition tem-
perature and mechanical properties (Ref. 11). Furthermore,
AB joints have poor cross tension and peel performance and
are prone to large deformation, which can lead to debonding
during high-temperature curing. Thus, the AB joint is seldom
used in load-bearing components (Refs. 12, 13). However, a
combination of AB and RSW is widely used in the automobile
industry to join steel to steel and aluminum to aluminum. This
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Preheat Stage
5 kA-100 ms-1 pulse
3.5 A-200 ms-1 pulse

3 kA-150 ms-1 pulse -

Expulsion Stage Welding Stage

16.4 kA-65 ms-3 pulse 13 kA-350 ms-1 pulse

16 kA-47 ms-3 pulse 13 kA-350 ms-1 pulse

17 kA-160 ms-4 pulse

combination can achieve better static strength, fatigue prop-
erties, and sealing performance of the joints (Ref. 14).

In the presence of an adhesive layer, however, it becomes
more difficult for RSW to join aluminum to steel. According to
Chenetal. (Ref.15), there are several challenges in the use of
the adhesive layer. First, the increased contact resistance at the
interface resultsin higher heat resistance, which leads to the
excessive growth of IMCs. Further, the deteriorated contact
state causes molten aluminum to splash into the adhesive layer
and damage it. Finally, inclusions and porosities are introduced
in the weld because of the carbonization and vaporization of
the residual adhesive layer at high temperatures.

Among mechanical joining processes, self-piercing riveting
(SPR) is widely used to join dissimilar metals, such as aluminum
and steel, because it does not involve acomplex metallurgical
reaction. However, when joining stackups with different gauges
and thickness, SPR requires different rivets, dies, and rivet
guns, which decreases manufacturing flexibility and increases
manufacturing complexity (Ref. 16). Furthermore, it is chal-
lenging to join aluminum alloys to UHSS, which has an ultimate
strength of > 700 MPa (Ref. 17). During SPR of aluminum and
UHSS, the rivet tends to buckle and fracture and cracks form
in the steel workpiece (Ref. 18).
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Fig. 1 — Schematic diagram and welding sequence of the AE-RSW process: A — The detailed AE-RSW welding

process; B — the detailed welding schedule.

There is a need in the automotive industry to develop a
reliable welding process that can help produce high-strength
joints for dissimilar metals, such as aluminum steel. RSW is
advantageous because of low cost, high efficiency, and a
high degree of automation, and itis the mainstream joining
technology in steel body-in-white (BIW) manufacturing (Ref.
19). During RSW of dissimilar metals, an excessively thick
and uneven IMC layer and various weld defects are formed
in the weld, which results in poor mechanical properties.
Researchers have proposed several methods to address
these challenges, such as optimizing the process parameters,
redesigning electrode structures, and inserting intermediate
layers (Refs. 20-22). However, these efforts can achieve very
limited suppression of the formation of the brittle IMC layer
in the weld. To avoid the effects of IMC formation, resistance
element welding (REW) has been developed for achieving
aluminum-steel joints. REW typically comprises two steps.
First, a hole is predrilled in the aluminum sheet, and then, a
steel rivet is inserted into this prehole, or an SPR process is
used toinsert a steel rivet in the aluminum sheet. Then, RSW
is carried out on the steel rivet with the steel workpiece (Ref.
23). Compared with traditional RSW, REW results in more-
reliable mechanical properties and, in theory, can join various
combinations of dissimilar metals (Ref. 24). However, REW
also has some limitations, such as long cycle time, complex
rivet structures, and the need for concentric positioning
between the welding electrode and the rivet during welding.

Inthisstudy,anovelwelding processcalledactive-expulsion-
assisted RSW (AE-RSW) was developed. It was used to effi-
ciently weld different dissimilar material combinations, such
as Al/Fe, Mg/Fe, and Al/Ti. First, the welding parameters of
AE-RSW were optimized and the microstructure character-
istics of the joint with and without an adhesive layer were
determined. Then, tensile shear tests were performed to
evaluate the mechanical properties of the joint. Finally, the
process of aluminum alloy expulsion during AE-RSW and the
further work to be carried out in AE-RSW were discussed.
The proposed method can effectively solve the longstanding
problem of the formation of brittle IMCs and inconsistent
weld quality and is a novel way for RSW of dissimilar materials.

Experimental Procedures

Materials and Welding Process

In this study, quenching-partitioning steel (Q&P1180) with
athickness of 1.2 mm (0.047 in.) and AA6016-T4 aluminum
alloy with a thickness of 1.6 mm (0.062 in.) were used. A
circular locking sheet was made using Q&P980 steel with a
thickness of 1.0 mm (0.039 in.) and a diameter of 12.5 mm
(0.492in.). Their chemical compositions and mechanical
properties are shown in Tables 1 and 2, respectively.
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Fig. 2 — Schematic diagram of the AE-RSWB process: A — Glass beads laid on the adhesive layer; B — controlled
thickness of the adhesive layer; C — AE-RSW; D — adhesive layer curing.

Figure 1A shows a schematic diagram of the AE-RSW
process. There are two main differences between AE-RSW
and traditional RSW. First, in AE-RSW, the locking sheet was
directly welded on the steel substrate to produce a joint like a
locking structure. This firmly locked the aluminum workpiece
between the locking sheet and the steel workpiece. Second,
an expulsion pulse was used before the welding pulse. The
designed welding process comprised the following stages
(Fig.1B) (Ref. 25):

1) Preheating stage: A preheating pulse was applied to
achieve better adherence between the workpieces, thus
ensuring more-uniform and stable contact resistance
between the metal sheets.

2) Expulsion stage: Several expulsion pulses with higher
currents and shorter durations were applied immediately
after the preheating stage. During this stage, the aluminum
alloy in the welding area melted rapidly, and the molten
metal was immediately ejected from the weld under the
clamping force and its expansion pressure. As a result, an
aluminum-free faying interface was produced between
the locking sheet and the steel workpiece. In this work, the
number of one to three different expulsion pulses was first
optimized, and then three expulsion pulses were selected for
the final joint preparation. The time interval of each expulsion
pulse was set to 20 ms.

3) Welding stage: The cooling time was setas 30 ms before
implementing the main welding process. The welding pulse
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with a smaller current and a long time melted the faying
interface to form a steel weld nugget, which, in turn, firmly
locked the aluminum alloy.

In this work, experiments were carried out using a medium-
frequency direct-current RSW system, and Cr-Zr-Cu dome-
shaped electrodes were used during welding. Before welding,
allwelding electrodes were refurbished using a commercial
dresser (Fig. 1A). Electrode tip size considerably influences
weld deformation, current density distribution, and resis-
tance heat transfer. To facilitate the concave deformation
of the locking sheet and steel workpiece during the expul-
sion stage in AE-RSW, a dome-shaped electrode with a tip
diameter of 6 mm (0.236in.) and spherical radius of 50 mm
(1.968 in.) was used. In traditional RSW of Al-steel, a dome-
shaped electrode with a tip diameter of 10 mm (0.393 in.)
and spherical radius of 100 mm (3.937in.) is typically used
to avoid rapid electrode degradation. In RSW, four welding
pulses were applied to the joint, which allowed the nugget to
undergo repeated melting and solidification and restrained
the formation of weld defects and excessive growth of IMCs.
The detailed welding parameters are given in Table 3.

Active-Expulsion-Assisted Resistance
Spot Welding-Bonding

Figure 2 shows the detailed schematic diagram of the
AE-RSW-bonding (AE-RSWB). First, a Betamate™ 1840C
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Fig. 3 — Sample specification for tensile shear tests.

Fig. 4 — Area change of the faying interface varying
with expulsion pulse amounts and current values
(hollow symbols correspond to the formation of a
steel nugget in the joint).

1 pulse

2 pulse

3 pulse

Al thinning zone

Fig. 5 — Cross section of the joints obtained using different expulsion pulses and current values: A-C — One
expulsion pulse; D-F — two expulsion pulses; G-I — three expulsion pulses.

adhesive layer was applied to the surface of the steel work-
piece using a hand-held injection gun, and then a commercial
glass bead with a diameter of 300 um was laid around the
periphery of the adhesive layer to control its final thickness
(Fig. 2A). After the aluminum plate was applied to cover the
adhesive layer, a binder clip was used to apply pressure on
the stacked workpiece and allowed to remain for > 40 min to
discharge the excess adhesive and obtain a uniform thickness
of the adhesive layer (Fig. 2B). Subsequently, the joints were
welded according to the welding schedule of the AE-RSWB
process (Fig. 2C). The detailed AE-RSWB parameters are
shownin Table 3. After welding, the samples were placed inan
oven to cure the adhesive layer at180°C (356°F) for 30 min.

Metallographic and Mechanical
Properties Testing

The macroscopic and microscopic structure of the cross
section of the joint was observed using an ultra-deep metal-
lurgical microscope (OM, Keyence VHX-6000) after etching
with 4% Nital and Keller’s reagent. The microstructure and
elemental distribution were determined by characteriz-
ing using field emission scanning electron microscopy
(SEM5000) integrated with energy dispersive spectros-
copy (EDS) and electron backscattered diffraction. The
hardness distribution of the welds was determined using
a microhardness tester (Vickers 402 MVD). The test loads
for the steel and aluminum sides were 200 and 100 gf (g
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Fig. 6 — Microstructure of the weld with one expulsion pulse: A — Weld center of Fig. 5A; B — enlarged view;
C and D — weld centers of Figs. 5B and C, respectively.

represents the acceleration of gravity and f represents the
abbreviation of force), respectively. Tensile shear tests of the
AE-RSW and RSW joints were carried out using a universal
testing machine (UTM5015) at crosshead speeds of 3and 1
mm/min (0.118 and 0.039 in./min), respectively, to evaluate
their static mechanical properties. The specifications of the
tensile shear sample are shown in Fig. 3. VIC-3D digital image
correlation (DIC) was used to capture the strain distribution
of the AE-RSW joint in real time during the tensile shear test.
Energy absorption of the joint was typically accompanied
by peak load to describe joint strength, which is the area
covered by the load-displacement curve before reaching
the peak load (Ref. 26).
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Results

Effects of Different Expulsion Pulses on
Weld Nuggets without Adhesive

To reveal the effect of different numbers of expulsion
pulses and current values on the removal of aluminum in
the joint, the area of the faying interface was measured after
different expulsion pulses, and the results are shown in Fig.
4. The faying interface in which the locking sheet was in
direct contact with the steel workpiece was easily obtained
by applying single or multiple expulsion pulses (Fig. 5). The
faying interface area increased, but it did not exhibit a linear
relationship with the increased current due to the inconsistent
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Fig. 7 — Microstructure and element distribution of the joint after the expulsion stage: A — Interface morphology
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Fig. 8 — Influence of the preheating pulse on the joint:
view of the joint center.

overallinitial contact resistance, which resulted in varied heat
generation and level of expulsion. These were attributed to
variations such as part surface finish and its fitup and elec-
trode conditions, which could not be strictly controlled during
RSW. When the current increased to a certain value, the area
of the faying interface was close to the area of the electrode
tip. In addition, the formation of the faying interface under the
action of a single expulsion pulse required alarger current. As
the number of expulsion pulses increased, a smaller current
value could induce the expulsion process to form the faying
interface, and the steel weld nuggets were more likely to form.

Figure 5 shows the cross-sectional structure of the joints
obtained using different expulsion pulses and current values.
Adeep electrode imprint was produced on the surface of the

A — Overall view of the adhesive layer; B — enlarged

weld due to the instantaneous loss of molten aluminum alloy
in the middle layer. When the resistance heat generated by
the expulsion pulse was too small to generate an expulsion
phenomenon or when the expulsion was insufficient, the alu-
minum alloy was not completely pushed out from the joint
areato formafayinginterface between the locking sheetand
the steel sheet, as shown in Fig. 5A. Once the resistance heat
reached a specific threshold, a perfect faying interface without
athickaluminum layer (>100 um) was obtained (Figs. 5B and
E) whether single or multiple expulsion pulses were applied.
Asshownin Figs. 5F, H,and |, acommon nugget between the
locking sheetand the steel workpiece was also formed in the
joint. Its formation was attributed to a larger expulsion pulse,
which removed aluminum and also promoted the melting of
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Fig. 9 — Joint after three expulsion pulses: A — Cross-sectional structure; B — achesive layer on the aluminum-
steel interface; C — expulsion metal in the adhesive layer.

the steel. The aluminum thinning zone had some voids because
of the excessive loss of aluminum, and these were distributed
circumferentially around the welding spot (Figs. 5E and 7A). In
comparison, the joint with three expulsion pulses produced
the least number of voids because of its smaller current value,
which decreased the magnitude of the drastic increase in resis-
tance heatand the area where the aluminum alloy was melted.

Figure 6 shows the microstructure at the central part of
the weld using one expulsion pulse. In case of incomplete
expulsion, an obvious boundary was observed in the joint (Fig.
6A). It divided the locking sheet and the aluminum and steel
workpieces. The respective steel weld nuggets were formed
inside the locking sheet and steel workpiece. There was an
unmelted zone between the steel nugget and the aluminum
alloyinthe intermediate layer. In the unmelted zone (Fig. 6B),
the martensite grains changed from coarse to fine closer to
the aluminum-steel interface. This was attributed to the steep
temperature gradient formed in this zone because of the con-
siderably different thermophysical properties of steel and
aluminum. In the case of joints where the aluminum alloy was
completely removed, unmelted zones were still observed on
both sides of the faying interface (Fig. 6C). However, when
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the current value of the expulsion pulse increased to 20 kA, a
large amount of liquid aluminum mixed with the liquid of the
steel nugget in the locking sheet (Fig. 6D).

Figures 7A-C show the element distribution of the faying
interface after two expulsion pulses of 17 kA. An approximately
circular faying interface was formed in the joint, and the EDS
line scanning results of Al (red line) showed that there was
onlyatrace amount of aluminum residue at the interface (Figs.
7A and B). The EDS spot scanning results of the cross section
further showed that the average Al content at the faying inter-
face was 4.39 wt-% (Fig. 7C). Thus, the molten aluminum was
efficiently and remarkably removed by the expulsion pulse.
When two expulsion pulses with large current values (18 kA)
were applied, a considerable amount of aluminum was accu-
mulated in the nugget formed (Fig. 7E). It was not as serious
as the nugget formed using one expulsion pulse of 20 kA (Fig.
7D). Furthermore, aluminum did not accumulate in the nugget
with three expulsion pulses (16.4 kA) (Fig. 7F). Based on the
above results, aluminum removal was most efficient when
three expulsion pulses were applied. Three expulsion pulses
required less current, which was beneficial for avoiding the
formation of voids in the aluminum thinning zone. Therefore,
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Fig. 10 — Cross-section views of the joint after the welding stage: A — RSW; B — AE-RSW.

Effect of Expulsion Pulse on the Joint
with Adhesive Layer

12

l:l e t Figure 8 shows the distribution of the adhesive layer in
10~ 2y I A nugoet 2 the joint after the preheating stage. Heating the adhesive
B pic = layer increased its fluidity, which was conducive to its dis-
E gt charge from the weld, thus allowing the workpiece to fit more
% T closely. As shown in Fig. 8A, an area with a diameter of 7.7
g 6L ,3 mm (0.303in.) was free from the adhesive layer, which was
S I slightly greater than the diameter of the electrode tip. How-
‘g al N ever, due to the local melting of the aluminum workpiece in
= the center of the weld, a small amount of the adhesive layer
z was carbonized at high temperature and remained in the

2 joint (Fig. 8B).
D1 | D2 D3 | D4 Figure 9 shows the joint after the expulsion pulse action.
0 The aluminum alloy in the weld was also completely expelled

RSW AE-RSW

from the joint by the induced expulsion process, thereby
forming a faying interface without residual aluminum alloy
and adhesive layer (Fig. 9A). During the expulsion stage, the
Fig. 11 — Nuggdet diameter. squeezing effect of the electrode was extended through the
locking sheet to the whole area of the aluminum sheet that
was in direct contact with the locking sheet. This caused the
adhesive layer to be fully squeezed beyond the area radiated
by the diameter of the locking sheet (12.6 mm [0.496 in.])
(Fig. 9B). Notably, expulsion in the joint with the adhesive
layer was not always discharged from the interface between
the locking sheetand aluminum. In some cases, molten alu-

three expulsion pulses were used to remove the aluminum alloy
during the expulsion stage for subsequent sample preparation.
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minum entered the adhesive layer under the action of the
expulsion pulse, as shown in Fig. 9C, which decreased the
AB area and its bonding ability.

Microstructure Characterization of Joints

Figure 10 shows the cross-sectional structures of the joints.
For the traditional Al-steel RSW joint, an isolated steel nugget
was formed inside the steel sheet, and the aluminum nugget
was attached to the faying interface, achieving Al-steel metal-
lurgical bonding (Fig.10A). As shown in Fig. 11, the diameters
of the steel and aluminum nuggets were 7.0 and 9.8 mm
(0.275 and 0.385 in.), respectively. In traditional Al-steel
RSW, the aluminum nugget can easily overgrow from the
faying interface to the surface of the joint, which deteriorates
the surface quality and accelerates the rapid degradation of
the welding electrode. The aluminum workpiece around the
joint was deformed severely, which produced a large gap
between aluminum and steel (Fig. 10A).

As shownin Fig.12A, there were some cracks and poresin
the aluminum nugget of the RSW joint. Cracks were formed
because of high residual stress, which was attributed to the
rapid solidification of the Al nugget (Ref. 8). These pores
were formed because of factors such as volume shrinkage
during solidification, evaporation of light elements (e.g., Mg
and Zn), and the evolution of hydrogen during solidification
from water trapped in the surface oxides (Refs. 22, 26). Due
to the high thermal conductivity of the aluminum alloy, the
temperature decreased rapidly from the steel side to the
aluminum side, which inhibited the expansion of the steel
nugget to the Al-steel interface, thus forming an unmelted
zone between the steel nugget and the faying interface (Fig.
12A). Aluminum nuggets formed metallurgical bonds by inter-
diffusion of elements after wetting to a solid steel surface.
Therefore, a continuous IMC layer with a thickness of ~ 2
pum was formed on the faying interface, as shown in Fig. 12B.
Several studies have confirmed that this layer comprised a
Fe,Al_sublayer adjacent to the steel side and a FeAl_ sublayer
adjacent to the aluminum side (Refs. 4, 6).

Forthe AE-RSW joint, the locking sheet and the steel work-
piece were welded together through a steel nugget with a
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diameter of 5.3 mm (0.208 in.), as shown in Fig. 10B. There
were no obvious aluminum alloy residues and macroscopic
pores and cracksin the steel nugget. The diameter of the alu-
minum nugget surrounding the peripheral area of the joint was
10.9 mm (0.429 in.) (Fig. 11). Finally, the aluminum sheet was
firmly locked into an X-shaped joint formed by the locking sheet
and the steel workpiece. Compared with the RSW joint, no large
gap was found between the contact surfaces of the aluminum
and steel workpieces, indicating that the AE-RSW process did
not cause severe warping of the workpiece around the joint
despite significant imprinting of the electrodes (Fig.10B).

Figure 13 shows the hardness mapping and local micro-
structure of the AE-RSW joint. The orange zone on the cross
section of the joint was the weld nugget and heat-affected
zone (HAZ), and its hardness (~ 500 Hv) was much higher than
that of the base metal (Q&P980: ~ 300 Hv; Q&P1180: ~ 375
Hv) (Fig.13A). Wang et al. (Ref. 27) pointed out that in addition
to 80.5% martensite, there was 7.8% soft ferrite and 11.7%
austenite in the Q&P1180 base metal (volume fraction) (Fig.
13E). However, the molten steel in the nugget was transformed
into austenite and then into full martensite during rapid cooling
(more than 2000°C/s [3632°F/s) (Fig. 13B), which increased
the hardness of the nugget (Ref. 28). Furthermore, aluminum
is a strong stabilizer for ferrite, and it promotes the forma-
tion of ferrite with low hardness when mixed with the weld
nugget (Ref. 29). The nugget with all martensite phases further
demonstrated that the trace amount of aluminum remaining
on the faying interface after expulsion pulse did not influence
the weld microstructure.

Several low-hardness points in the center of the weld
nugget were formed by the shrinkage voids caused by rapid
solidification and shrinkage of the nugget during cooling (Fig.
13B) (Ref. 30). The temperature of the HAZ near the nugget
was higher than A_,, which was conducive to the complete
austenite transformation and the growth of austenite grains
in this area. During the rapid cooling process, the austenite
transformed into high-hardness coarse martensite (Fig.13C).
In the orange-to-green transition zone (intercritical HAZ),
the temperature gradually decreased to near A_, resulting
in incomplete austenitization; as a result, some ferrite was
retained, leading to decreased hardness (Fig. 13D) (Ref. 31).
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The IMC layer was also formed at the interface between
the aluminum nugget and the steel because of the mutual
diffusion of aluminum and iron, as shown in Figs. 14A and
C.The microhardness distribution from the aluminum base
metal to the equiaxed grains region in the aluminum thinning
zone is shown in Fig. 14B. The hardness in the melting area
was slightly higher than that of the base metal. Because of
the high thermal conductivity of the aluminum alloy, a large
amount of resistance heat in the aluminum nugget was dis-
sipated by the aluminum workpiece, which promoted the
growth of columnar grains from the weld interface toward
the center of the weld (Fig. 14E). The heat dissipation then
decelerated near the notch root, which moderated the tem-
perature gradientand promoted the coarsening of equiaxed
grains (Fig. 14F). Kernel average misorientation (KAM) was
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Fig. 13 — Hardness and microstructure of the AE-RSW joint: A — Hardness mapping; B — nugget; C — coarse
grain HAZ; D — intercritical HAZ; E — base metal.

used to measure the concentration degree of geometrically
necessary dislocation density and local strain distribution
(Ref.32). The KAM in the nugget was slightly larger than that
of the base metal, and the KAM in the equiaxed grain zone
was the largest. This was because the locking sheet and the
steel workpiece had a more significant extrusion effect on
the tip of the aluminum nugget during the welding process.
This explains why the hardness of the nugget was slightly
higher than that of the base metal.

The cross-sectional structure of the AE-RSWB joint is shown
in Fig. 15A. The steel nugget was also successfully formed in
the joint. There were no large-scale voids caused by the resid-
ual adhesive layer and no traces of large amounts of residual
aluminum residues. The nugget structure was also full mar-
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tensite. The IMC layer was formed at the interface between
the aluminum nugget and steel substrate (Fig.15B), and only
asmall amount of residual adhesive layer was mixed into the
aluminum nugget (Fig. 15C). The adhesive-free area in the
joint further expanded to 14.3 mm (0.562 in.) because of the
further extrusion of the joint by the electrode during the action
of the welding pulse. The color of the adhesive layer changed
from red to gray on the side closest to the center of the joint,
as marked by the red ellipse in Fig. 15D. This was attributed
to the influence of high temperature on the properties of the
adhesive layer.

Mechanical Properties and Fracture Mode
of Joints

Figure 16 shows the load-displacement curves and joint
energy absorption of the RSW and AE-RSW joints. Although
the RSWjoint had alarge nugget, the joint underwentinter-
face failure mode, resulting in a small displacement (~ 0.4
mm [0.015in.]) (Fig.16A). The peak load of the RSW joint was
41444 N, butits energy absorption was only 1.1 J, which indi-
cated that the joint was brittle. Compared to the RSW joint,
the AE-RSW joint exhibited significantly improved ductility
and peakloads (up to 6071.7 N), and its energy absorption was
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as high as 9.9 J (Fig. 16B). Moreover, the load-displacement
curve of the AE-RSW joint slowly decreased after reaching the
peak load, which increased its displacement considerably.

Figure 17A shows the macroscopic fracture morphology of
the RSW joint. Most of the area was white, and the small area
was dark gray. Brittle fracture characteristics were observed
in the dark-gray microstructure, and many microcracks were
observed on the fractured surface, which were attributed
to the brittle nature of the IMC layer (Fig. 17B). On the white
fractured surface, pores extended radially from the center
of the weld to the edge, which negatively influenced bonding
strength (Fig.17C). These pores cannot be avoided, even with
optimized RSW welding parameters in this study. However,
they can be minimized by using the ultrasonic-RSW tech-
nique (Ref. 8). There were a large number of shear dimples
onthe fractures around the pores, which were attributed to
the ductile fracture of the aluminum side under the action
of shear stress (Fig. 17D).

Figure 18 shows the fracture morphology of the AE-RSW
joint. Interface failure of the AE-RSW joint was prevented
because aweld nugget with sufficient strength was formed
between the locking material and the steel. After the ten-
sile shear test, the aluminum alloy on the loading side was
separated from the weld, and the cracks propagating out-
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Fig. 15 — Structural characteristics of the AE-RSWB joint: A — Cross-sectional structure; B-D — enlarged views

of selected region.

ward on the aluminum alloy at both sides of the weld caused
complete joint fracture; meanwhile, the aluminum alloy at
the nonloading side underwent severe warping deformation
(Fig.18A). There were continuous cracks in the IMC layer at
the aluminum nugget-steel interface at the aluminum loading
side (Fig.18B), which were attributed to the large stress con-
centration at the edge of the weld. On the nonloaded side of
the aluminum, the locking sheet was driven to fracture along
the plate thickness direction from the nugget edge because
of the severe warping of the aluminum alloy (Fig.18C). There
were many dimples in the fracture of the steel nugget, but the
fracture also showed the brittle characteristics of a cleavage
fracture (Fig.18D). Alarge number of shear dimples appeared
at the fracture near the weld surface (Fig. 18E).

Figure 19A shows the load-displacement curves of the
Al-steel AB joints and the AE-RSWB joints. The average peak
load and energy absorption of the AB joint were as high as
17,383.7 N and 176.1 J, respectively (Fig. 19B). Because of
the strong static mechanical properties of the AB joint, the
aluminum workpiece outside the lap area underwent large
plastic deformation under the influence of tensile shear until
the joint was completely fractured, which resulted in con-
siderable displacement in the AB joint (Fig. 19A). As shown
in Fig. 19B, there were two types of fracture morphologies
of the adhesive layer in the AB joint. First, interface fracture

occurred between the adhesive layer and the aluminum inter-
face, and there were many small, flaky adhesive structures on
the fracture (Fig. 19b1). The other type of fracture exhibited
adiscontinuous adhesive layer, and large lamellar patches of
the adhesive were present on the aluminum as well as steel
fracture surfaces (Fig. 19b2).

The AE-RSWB joint had a peak load of 17,198.6 N, which
was similar to that of the AB joint. However, its displacement
was slightly lower than that of the AB joint, which resulted
in lower energy absorption of 157.5 J (Fig. 19C). The main
reason for the shorter displacement of AE-RSWB was that
the weld prevented full-scale fracture of the adhesive layer
in the overlap area. As a result, the joint ended up breaking
in only half of the lap area (Fig. 19D). The decreased energy
absorption of the AE-RSW joint was also attributed to the
reduced bonding area of the adhesive layer around the weld
damaged by the expulsion of aluminum in some joints. Simi-
larly, the adhesive layer was fractured under shear stress, and
many flaky structures were formed on the fracture surface
(Fig. 19d1). However, the aluminum alloy was necked and
eventually fractured under tensile stress. As a result, there
were many equiaxed dimples in the fracture (Fig.19d2).
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Discussion

Control of the Expulsion Process

Expulsionin traditional RSW (such as steel-steel and Al-Al)
is considered a defect that should be avoided. In particular,
expulsion from the nugget usually means loss of molten metal,
which decreases nugget size and hampers weld quality. The
welding process used in this study actively induced expulsion
of the weld, and the aluminum in the joint was completely
expelled during the expulsion processin a controlled manner,
thus avoiding the formation of brittle IMC that deteriorates
the welding of dissimilar metals aluminum and steel. Further,
this comprehensively improved the mechanical properties of
the joint. The mechanism of the expulsion process is complex
and influenced by several factors that vary with time, such
as contact resistance, current density, resistance heat, and
force generated in the weld. Therefore, it was challenging to
quantitatively analyze these factors during the actual expul-
sion process. It was thus qualitatively evaluated using the
force model proposed by Senkara (Ref. 33). The condition of
expulsion was that the force (FN) from the molten nugget was
greater than the force (FE) applied by the electrodes (Ref. 33).
In this study, both aluminum and steel nuggets were formed in
the weld, while the steel nugget was isolated inside the work-
piece (Fig. 6C). Therefore, the FN was approximately derived
from the liquid pressure (P) of the aluminum nugget (Fig. 20A).

‘ah Qe

Fig. 18 — Failure modes of AE-RSW joint: A — Overall fracture morphology; B and C — enlarged view; D and E —
fracture morphology at different positions marked in C.

In addition, there was a compressive stress F, (including F,
and F,) at the interface between the workpieces because of
the extrusion of the electrode, which had a limiting effect on
expulsion.

There are significant differences between the thermo-
physical properties of aluminum and steel. For example, the
melting point of aluminum (~ 660°C [~ 1220°F]) is much
lower than that of iron (~1536°C [~ 2797°F]), and the coef-
ficient of thermal expansion of aluminum (24 x 10¢ K") is
two times greater than that of iron (11 X 10-¢ K™") (Ref. 34).
Based on these differences, the heat input was controlled
so that expulsion only occurred for the aluminum alloy in the
weld. According to Joule’s law: Q = ?Rt (where Qis the total
resistance heat, /isthe current value, Ris the total resistance,
and tis the current holding time). By applying an expulsion
pulse with alarge current value and a short time to the joint,
large resistance heat was instantly generated, which caused
the aluminum alloy to melt rapidly and form high-pressure
molten aluminum, which in turn caused the force (FN) to rap-
idly increase and reach the expulsion condition. In addition,
under the combined action of heat and electrode clamping
force, slight warping occurred in the peripheral area of the
locking sheet, resulting in decreased contact interface with
compressive stress (F,), which was more conducive to the
molten aluminum breaking through the bondage of this area
and being expelled from the weld (Fig. 20B). The basic con-
dition for the aluminum alloy to be fully expelled from the

DECEMBER 2023

307-s



308-s

20000

16000

12000

Load (N)

8000

4000

Displacement (mm)

C 0000

200
1 — .
3 © 2

- [l . -

=, L o 3 160 £
2 = — e 2
— - QD. - i
o ~ © =
P - 5 120 O
S 10000} 2 {72
ﬁ [
o 80 B
o >
2
5000 =

40

0 0
AB AE-RSWB

Fig. 19 — Tensile-shear performance of AB and AE-RSWB joints: A — Load-displacement curves; B — fracture
morphology of AB joint; C — peak load and energy absorption; D — fracture morphology of the AE-RSWB joint.

weld was that the inner surface of the steel sheet was still
in the solid state when expulsion occurred (Figs. 6B and C).
Once the expulsion current was too large, excessive resis-
tance heat promoted the steel nugget to rapidly expand to
the inner surface before the expulsion of aluminum, which
meant that the barrier of the solid zone between the liquid
aluminum and the steel nugget was lost, causing the two
liquid metals to mix and form numerous brittle phases (Fig.
6D). When there were multiple expulsion pulses, a smaller
expulsion current triggered several aluminum expulsion pro-
cesses, which prevented the rapid expansion of the steel
nugget inside the workpiece toward the inner surface and,
thus, improved the aluminum expulsion effect in the weld
(Figs. 5E and H). However, the joint after the action of mul-
tiple expulsion pulses was more likely to form a common
steel nugget between the locking sheet and the steel (Figs.
4 and 5H). This was because one (or two) expulsion pulses
could fully remove the aluminum alloy, and the subsequent
expulsion pulses promoted the interface between the locking
sheet and the steel workpiece to melt and nucleate.

For the joint with the adhesive layer, the adhesive layer in the
jointwas pushed beyond a certain range due to the preheating
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effect (Fig. 8A); as a result, aluminum was completely removed
during the expulsion stage to obtain a contact faying interface
between the locking sheet and the steel substrate (Fig. 9A).
Therefore, the adhesive layer did not significantly influence
the welding process like in traditional aluminum-steel RSWB.
However, the liquid pressure introduced by the adhesive layer
predictably slowed the rate of engagement between the alu-
minum and steel workpieces (Fig. 20C). When the expulsion
pulse was further applied, the melting area of aluminum was
rapidly expanded, and molten aluminum had an expansion
speed larger than the speed of the expelled adhesive layer in
some specific direction. Under these conditions, the high-pres-
sure molten aluminum was instantly injected into the adhesive
layer in that direction (Figs. 9C and 20D).

Effect of Weld Structure on the Joint
Fracture Mechanism

The aluminum alloy in the joint was completely removed
by the expulsion process, creating the condition for direct
welding of the locking sheet and the steel workpiece. When



Warping

Steel FN

Fig. 20 — A — Forces acting on the weld during expulsion; B — expulsion process; C — preheating stage with

adhesive layer; D — expulsion stage with achesive layer

the welding pulse was applied, the faying interface between
the locking sheet and the steel was heated and melted, and
it formed a common steel nugget (Fig. 10B). Considering the
high melting point and low thermal conductivity of steel, a
smaller current and a longer welding time than the expulsion
pulse were used during the welding stage, thereby ensuring
that the faying interface was completely melted and a large-
sized nugget was formed (Fig. 11). Because of the absence of
aluminum in the joint, complete martensite was produced in
the nugget under rapid cooling (Fig. 13B), which was consis-
tentwith the nugget structure of the identical steel RSW weld
(Refs. 28, 31), thus ensuring excellent mechanical strength of
the joint. In contrast, the absence of aluminum also allowed
the joint to form a significant dent deformation, which made
the periphery of the locking sheet further tightly squeezed to
the joint, enhancing the clamping effect between the locking
sheet and the aluminum workpiece (Fig. 10B). However, the
severe dent deformation of the joint increased the contact
area between the electrode tip and the weld (Fig. 21), which
decreased the current density and increased the rate of heat
dissipation through the electrode during welding. Accordingly,
compared with the traditional RSW of Q&P1180 steel reported

Al nugget

Contact surfa
expansion

Fig. 21 — Schematic diagram of the welding process.
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by Chen et al. (Ref. 28), the welding pulse of this study should
be more than twice its welding current to promote the forma-
tion of large-sized steel nuggets. The beneficial aspect was
that more resistance heat also promoted the formation of a
wide HAZ around the weld, which increased the hardness and
strength around the weld (Fig.13A). In addition, the aluminum
nuggetaround the weld further expanded during the welding
stage and formed a metallurgical connection with the adjacent
steel (Figs. 14A and 15B), allowing the joint to provide both
mechanical and metallurgical connections.

Typically, higher hardness of a material increases its strength
despite a decrease in formability (Ref. 35). The large steel
nuggetinthe AE-RSW welds had a full martensite microstruc-
ture with high hardness, which enabled it to resist extremely
strong shear stresses (t) and avoid interface fractures like in
RSW joints (Fig. 22D). When the load gradually increased to
location-b during the tensile shear test, the curve approx-
imated the change rule of elastic deformation (Fig. 22A).
At this stage, the weld edge on the aluminum loading side
showed a strong tensile strain distribution due to high stress
concentration (Fig. 22B). As a result, the IMC layer between
the aluminum nugget and the steel broke under high tensile
stress (Fig.18B). Before the load increased to location-c, the
curve exhibited the characteristics of plastic deformation (Fig.
22A). The strain distribution diagram in Fig. 22B shows that
aluminum was gradually separated from the upper side of the
weld, and tensile strain was highly concentrated on the alumi-
num on both sides of the weld. This phenomenon explained
why the final aluminum fracture occurred on both sides of the
weld (Fig. 18A). However, the weld prevented the deforma-
tion process of the aluminum alloy on the lower side and then
showed significant compressive strain on this side (Fig. 22C);
as a result, the aluminum alloy gradually produced warping

WELDING JOURNAL

deformation. As the load decreased from the maximum, the
warpage of aluminum on the nonloaded side increased and
further enhanced the compression effect on the locking sheet,
which finally led to the fracture of the locking sheet (Fig. 22D).

For AB joints shown in Fig. 22E, the adhesive layer with
interface fracture was mainly driven by shear stress (1). As the
loading progresses, however, the additional bending moment
(M) drives the joint to rotate. As a result, the adhesive layer on
the nonloaded side fractured due to the tensile stress (o), which
resulted in discontinuous fracture of the adhesive layer (Fig.
19b2). Due to the presence of high-strength welds in AE-RSWB,
the shear resistance of the joints was improved, and compre-
hensive interface fractures were prevented (Fig. 19D).

Advantages and Future Work of AE-RSW

AE-RSW effectively removed the light metal with a low
melting point in the welding area and also enabled the flat
locking sheet to achieve in situ rapid deformation and directly
contact the steel workpiece to form a locking structure (Fig.
5). Furthermore, the expulsion pulse had a large adjustment
range (~ 3 kA), which was conducive to the flexible design of
the welding parameters and expanded the dissimilar material
combination ranges, avoiding the need for a specific welding
schedule for different combinations of aluminum steel. After
the welding pulse was applied, a reliable joint was produced
because of the formation of a locking structure between the
locking sheet and the steel sheet, which tightly locked the
aluminum alloy. This approach resulted in higher reliable weld
strength than in the case of traditional RSW joints because
in this case, brittle IMC layers were not produced in the weld
nugget (Fig. 13). In addition, the unique welding schedule of
AE-RSW can be easily applied using a typical RSW controller,



and itwould require only regular welding cycle time and normal
weld electrodes. Thus, the proposed method is beneficial for
maintaining production efficiency similar to a normal RSW
process. The advantages of AE-RSW are summarized below.

A) Itis not necessary to predrill a hole (like in REW) before
welding. AE-RSW can directly weld workpieces widely used
in BIW, leading to lower cycle time and better manufacturing
flexibility. It also avoids the welding problems caused by factors
such as assembly errors, which can result in misalignment of
the electrode axis with a predrilling hole center.

B) Compared with the rivets for REW and SPR techniques,
the locking sheet has a more concise structure, which facili-
tates production and reduces manufacturing costs. Moreover,
the locking sheet prevents poor weld quality induced by the
REW rivet inclination.

C) AE-RSW is not influenced by the surface state of the
workpiece, such as oxide films, coatings, and adhesive layers,
which are key factors affecting weld performance and its
stability for traditional RSW of aluminum to steel.

D) In AE-RSW, direct contact between the electrode and the
surface of the aluminum alloy is avoided to prevent the rapid
deterioration of the electrode like in traditional aluminum-
steel RSW, thereby ensuring the stability of the weld and the
long service life of the welding electrode.

An obvious limitation of AE-RSW is that the intentionally
induced expulsion sprays into the surrounding space, which
may potentially damage the component and the equipment
around the weld joint. In addition, a small amount of expul-
sion metal may adhere to the edge of the locking sheet (Fig.
1A). This can lead to costs for painting and surface quality
maintenance. Further studies are needed to overcome this
shortcoming. One of our concepts is to optimize the locking
sheet design, such as designating an annular cavity around the
locking sheet to accommodate the expulsion metal escaping
from the joint. Moreover, equipment for continuous feeding
of the locking sheet is also crucial for realizing the industrial
application of AE-RSW.

Conclusions

In this study, an innovative AE-RSW process was proposed
to join aluminum and steel. The effect of the number and
intensity of expulsion pulses on the removal of aluminum alloy
and the adhesive layer from the aluminum-steel interface was
systematically investigated. The microstructure characteris-
tics, mechanical properties, and failure modes of the joints
were analyzed. The main results are summarized as follows.

1) The designated expulsion process caninstantly and almost
completely remove molten aluminum alloy from the faying
interface and clean the interface, which essentially avoids
the formation of brittle compounds, resulting in improved
mechanical properties of the joint. The application of three
expulsion pulses was determined as optimal for efficiently
removing the aluminum alloy from the interface.

2) When the adhesive layer was present at the faying
interface, the expulsion pulse could also quickly remove the
adhesive layer along with the molten aluminum alloy, resulting
inaclean faying interface. The presence of the adhesive layer
slowed the tight fitting speed of the aluminum alloy and steel

workpieces; thus, it can lead to the injection of molten alumi-
num into the adhesive layer, thus damaging some portion of
the adhesive layer.

3) Aweld nugget with a large diameter was achieved by the
welding pulse between the steel workpiece and the locking
sheet, which strongly locked the aluminum alloy in the joint.
The aluminum-steel AE-RSW joint and the AE-RSWB joint both
exhibited excellent mechanical properties.

4) Thus, AE-RSW can successfully weld aluminum to steel.
By optimizing the geometry, structure, and materials of the
locking sheet, the proposed process can be used as a highly
efficient and reliable joining solution for multiple dissimilar
materials.
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