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Abstract

Among recently developed joining technologies, resistance element welding (REW) is an effective process for joining hybrid
materials. In this study, Al alloy/Q235 steel joints were produced via a flat REW (FREW) technique. The FREW joint was
lighter than the traditional REW joint, and no bulges existed on the surface of the specimen. The process was performed
using two methods with different positions of sheets and rivets: upward FREW (UFREW) and downward FREW (DFREW).
The microstructure and tensile shear performance of the joints obtained via FREW were investigated. The maximum peak
tensile shear loads of the UFREW and DFREW joints were 5537 N and 5656 N, respectively; and their maximum energy
absorption values were 20.98 J and 16.55 J, respectively. The failure mode of the FREW joints changed from interface failure,
to pull-out, and then to base material pull-out modes with an increase in welding current.

Keywords Flat resistance element welding - Hybrid material joining - Microstructure - Tensile shear performance - Failure

mode transition

1 Introduction

With the environmental issues brought about by global
warming, the greening and lightweighting of automobiles
have become a major trend. To meet the cost and perfor-
mance requirements of body manufacturing while maintain-
ing lightweight, the choice of hybrid materials such as Al
and steel has become mainstream [1].

Various material weld bonding processes have been
developed, including ultrasonic spot welding [2], tungsten
inert gas spot welding [3], and friction stir welding [4].
Among these processes, resistance welding is widely used in
the manufacture of steel vehicle bodies due to its low price,
high efficiency, and high automation level [5]. Pouranvari
and Marashi [6] that approximately 2000-5000 spot welds
exist in a modern vehicle. However we cannot obtain reli-
able Al and steel joints via resistance welding, due to the
high thermal conductivity, high coefficient of linear expan-
sion of Al and low solid solution between Al and steel [7].
The resistance spot welding of Al and steel results in brazed
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joints at the interface, producing brittle Al-Fe intermetallic
compounds at the joints [8].

For the cold forming method of joining, current prom-
ising processes include clinching and self-pierce rivet-
ing (SPR). SPR has been widely used because of its high
fatigue strength; moreover, it does not require predrilling,
and does not produce fumes. Xu [9] investigated the effects
of die type, plate thickness combination, and rivet length
on joint strength. They reported that longer rivets enable
higher interlocking of joints but reduce bottom thickness;
moreover, different plate thickness combinations also affect
the interlocking of plates and bottom thickness. Ma et al.
[10] investigated the effects of rivet hardness, rivet length,
and die shape on the SPR performance and joint strength of
Al alloy AA6061-T6 and mild steel CR4. They concluded
that softer rivets can achieve a wider rivetable range, while
longer rivets can achieve better tensile shear performance.
However, SPR also exhibits disadvantages, such as bulges
on one side of the joint, the possibility of galvanic corrosion
between the steel rivet and the Al base material (BM), and
the need for high forming forces.

In response to the difficulty of welding dissimilar mate-
rials, Meschut et al. [11] proposed a new welding method
called resistance element welding (REW), which is a two-
step process: (1) a hole is punched onto the Al plate, and (2)
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Nominal chemical compositions (wt.%)

6338
Table 1 Chemical composition Material
Q235 steel Si Mn
0.4 1.0
Al6061 Si Mn
0.06 0.01

C P S Fe

0.14 0.04 0.02 Balance

Cr Cu Mg Ti Fe Al

0.18 0.25 0.9 0.02 0.5 Balance

a steel rivet is placed into the hole on the Al plate to weld
the rivet and the steel plate. They analyzed friction element
welding, SPR and REW, and concluded that friction ele-
ment welding and REW have small forming forces, and good
application prospects. Ling et al. [12] used RSW and REW
to join 6061 Al alloy/uncoated 22MnMoB. The sheet thick-
ness of Al and steel was 2 mm and 1.8 mm, respectively.
REW obtained considerably greater tensile shear load than
RSW. Manladan et al. [13] joined 1.5 mm AZ31 Mg alloy
and 0.7 mm 316L austenitic stainless steel by using REW,
and the peak load of the joint was 3.71 kN. Schmal and Mes-
chut [14] joined LITECOR hybrid materials (with metallic
cover layers and polymer-based cores) with press-hardened
steel. The determined welding current range was small and
largely due to sensitivity to thermal damage of the LITE-
COR material. The maximum tensile shear load of the REW
joints was between SPR and resistance spot shunt welded
joints, which was 1.4 kN in combination with the 0.8 mm
hybrid material cover sheet and 2.9 kN in combination with
the 1.6 mm hybrid material cover sheet. Troschitz et al. [15]
presented an approach for embedding an auxiliary unit into
thermoplastic composites and joined thermoplastic compos-
ites to steel sheet by using REW. The maximum tensile shear
load of the joints was 3.7 kN. Wang et al. [16] performed
REW to produce Al/Ti joints. A metallurgical bond was
formed between the Ti rivet and sheet, and the maximum
tensile shear load was approximately 1.3-2.3 times higher
than that of riveted joints.

REW can provide a strong connection for hybrid materi-
als. However, the rivets used in this study always leave a
rivet cap on the outside of the plate to secure the joints,
increasing general weight and limiting the applicability
of REW to a certain extent. To resolve these problems,
this study analyzes and compares the microstructure and
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Bottom plate Top plate

Fig. 1 Diagram of the REW and FREW processes
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mechanical properties of joints welded using flat REW
(FREW) with circular table rivets.

2 Materials and methods

The BMs used in this study were AA6061 Al alloy (2 mm)
and Q235 steel (1.5 mm). The auxiliary unit used in FREW
was a round table-shaped hot dip galvanized (HDG) Q235
rivets with a diameter of 5 mm at the bottom and 9 mm at
the top. The chemical compositions of the materials used in
this study are provided in Table 1. The traditional REW and
FREW processes are illustrated in Fig. 1. FREW removes
the rivet caps and reduces the weight of the Al plates, result-
ing in a weight reduction of 0.16 g per joint.

The joining process is performed using two different
methods: upward FREW (UFREW) and downward FREW
(DFREW), as illustrated in Figs. 2 and 3, respectively. The
AA6061 and Q235 sheets used in this study for both pro-
cesses were 100 mm long and 25 mm wide, and 2 mm and 1.5
mm thick, respectively. The sheets were ground with abrasive
paper to remove surface oxides and cleaned with alcohol prior
to welding. For UFREW and DFREW, holes were drilled
into the center of the 25 mm overlapping area of the Al alloy
sheets. Thereafter, rivets were placed into the corresponding
holes, followed by the welding of steel sheets and rivets.

UFREW and DFREW were performed on an alternating
current resistance welder, which was capable of generating a
welding current of 2-22 kA. The electrode force used in this
study was 3.6 kN. The electrodes were made of CuZrCr alloy.

(a) ‘“3?' AAGO6T : Q235 . =
25 25 Gripped zone
(b) n] Weld zone | @) N
a 100 -

Fig.2 Diagram of UFREW: (a) UFREW process and (b) tensile
shear test specimen
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Fig.3 Diagram of DFREW: (a) DFREW process and (b) tensile
shear test specimen

For UFREW, a spherical electrode and a flat electrode were
used on the steel and the Al sides, respectively. For DFREW,
the arrangement was the opposite. The process parameters
used for this study were established through preliminary
experiments, as indicated in Table 2.

Samples for metallographic investigation were cut from the
center of the joints, mounted, ground, and polished in accord-
ance with the standard metallographic preparation procedures.
The steel and Al sides of the joints obtained by via UFREW
and DFREW were etched with a 4% alcohol nitrate solution
and Keller reagent, respectively.

The macrostructure of the joints was observed with a
Nikon SMZ745 stereomicroscope, while the microstructure
was observed using a Nikon MA200 metallographic micro-
scope. Carl Zeiss EVO 10 and Hitachi SU3500 tungsten fila-
ment scanning electron microscopes equipped with energy-
dispersive spectrometers were used to examine microstructure
and interfacial properties. Hardness testing was performed
using a Huayin HVT-100A Vickers microhardness tester (100
g load, 15s dwell time). Tensile shear test was performed on
an Instron 5982 material testing system at a speed of 1 mm/
min.

3 Results and discussion

3.1 Macrostructures and microstructures

Figure 4a, ¢ show the typical macroscopic morphology of a
joint produced via UFREW and DFREW. Both joints have

an asymmetrical nugget, with the rivet side having a larger

Table 2 Welding parameters for the study

Methond Welding current (kA) Welding
time (ms)

UFREW 9-15 (in 1 kA increment) 300

DFREW 11-15 (in 1 kA increment) 300

part because the thickness of the Q235 rivet (2 mm) is higher
than that of the bottom plate (1.5 mm). A higher body resist-
ance leads to higher heat generation at the rivet side.

At the locations indicated by the dashed line in Fig. 4a, c,
Al alloys are brazed around the rivet and the steel plate. They
are melted and coated onto the steel. A similar phenomenon
was observed by Wan et al. [17] when performing RSW on
Al6062 alloy/ HDG mild steel. They reported that due to the
extremely high thermal conductivity of Al alloys, most of
the heat generated at the Al/steel interface was transferred
into the Al plate and the steel remained solid. As depicted
in Fig. 5a, b, nuggets were only formed on the Al side with
the microstructure having columnar grains oriented toward
the heat diffusion direction.

The typical microstructures of the rivet/steel plate joints
obtained using both processes are highly similar. From
Fig. 4b, d, the microstructure of rivets can be divided into
three zones: the nugget, heat-affected zone (HAZ), and BM.
Figure 6a indicates that the microstructure of the nugget
contains lath martensite. From the Fe-C phase diagram [18],
the nugget solidifies to form 6 ferrite during the cooling pro-
cess. Then, part of the solid-state § ferrite is transformed into
y austenite due to inclusion crystal reaction and completely
transformed to austenite after cooling. Given to the presence
of cooling water, the extremely high cooling rate resulted in
the microstructure of the nugget being transformed into lath
martensite [19].

In Fig. 4b, the HAZ of the Q235 rivet of the UFREW joints
is divided into two different zones: the upper-critical HAZ
(UCHAZ) and the inter-critical HAZ (ICHAZ). UCHAZ can
be divided into the coarse-grained and fine-grained zones
(Fig. 6b, c). The peak temperature in the UCHAZ region is
higher than A, and the microstructure of the BM is fully
transformed into austenite and then into martensite after cool-
ing. Meanwhile, the coarse-grained zone forms a large grain-
sized austenite due to the higher temperature. The fine-grained
zone has a smaller austenite grain size, which forms larger
and smaller ferrite grains after cooling. The peak temperature
material in the ICHZA zone is between A, and A;, where
only part of the microstructure of the BM is transformed into
austenite, while the rest is transformed into allotriomorphic
ferrite. Beni et al. [20] reported that austenite will transform
into martensite, ferrite, and bainite upon cooling, and cooling
rate makes a significant contribution to the microstructure. In
this study, the microstructure of ICHAZ consists of martensite
and ferrite, as shown in Fig. 6d.

The microstructure of the BM of the Q235 steel rivet for
the FREW joints is shown in Fig. 7a, b, and it basically con-
sists of ferrite and pearlite. For the FREW joints, a certain
deformation of the grains is observed in the upper part of
the rivet, which may be produced by the cold working of the
rivet due to the electrode force. For DFREW, the relatively
small contact area between the electrode and the rivet leads
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Fig.4 Macrostructure and
microstructure of a FREW joint

(a) Macrostructure of the UFREW joints. (b) Higher magnification of Region A in

(¢) Macrostructure of the DFREW joints. (d) Higher magnification of Region E in

to higher current density and causes severe indentation. The
indentation suppresses the rivet. Thus, the widths of BM
and ICHAZ at the centerline are relatively smaller compared
with those of the UFREW joints. HAZ expands to the sides
of the rivet.

Figure 8 presents the scanning electron microscopy
(SEM) images of the weld microstructure near the bond
line. As shown in Fig. 8a, the steel plate is deformed
around the nugget and some gas ducts can be observed
due to the heat input and electrode indentation. Notches
between the rivet and steel plate can also be seen in

Fig.5 Microstructure of the Al
nugget of the FREW joints

@ Springer

(a) Al nugget of the UFREW joints.

Figure 4.a.

&

Figure 4.c.

Fig. 8a—c. In Fig. 8d, no gaps can be found between the
notches and the nugget because the corona bond is formed
to connect the edge of the nugget and the notch root. A
similar bond phenomenon of two steel plates was also
reported by Ma et al. [21]. Figure 8e shows the energy-
dispersive spectroscopy (EDS) map of Fig. 8a. The ferrite
(Fe = red) and the Al (red) are sharply separated from each
other. We can see Al melted and flow into the notches in
Fig. 8e.

Points 1 to 6 in Fig. 8f were examined via EDS to check
the chemical compositions of the notches. Table 3 lists

(b) Al nugget of the DFREW joints.
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Fig.6 Microstructure of the
nugget and HAZ of the rivet

(¢) Higher magnification

Figure 4.b.

Points 1 to 6 from the SEM images in Fig. 8f. The table
includes the weight and atomic percentages of Al and Fe.
Points 1 and 6 are on the rivet and steel plate, respectively.
Point 6 is closer to the notches, and its Al content of 0.72%
is higher than that of Point 1. Al atoms diffuse into steel
because Point 1 is closer to the notches. The atomic ratio
of Al to Fe of Points 2 to 4 is approximately 7:3, indicating
that Fe diffuses into Al melton. However, the proportion of
Fe in Point 5 is slightly increased. An assumption can be
made that more Fe is diffused because of the proximity of
the steel plate.

Fig.7 Microstructure of the
BM of the rivet

(a) BM of the rivet of the UFREW joints. (b) BM of the rivet of the DFREW joints.

(b) Higher magnification of Region B in
Figure 4.b.

of Region C in (d) Higher magnification of Region D in

Figure 4.b.

3.2 Hardness characteristics

Figure 9a presents the hardness profile of a typical UFREW
joint, which is divided into six zones depending on the hard-
ness value. The average hardness of the BM of the rivet is
223.8HV. The average hardness of the rivets ICHAZ and
UCHAZ is higher than that of the BM because of the mar-
tensitic transformation in HAZ. The material of UCHAZ
is exposed to more welding heat during welding. The
microstructure of UCHAZ basically consists of larger mar-
tensite grains, while the microstructure of ICHAZ consists

» . - B
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Fig.8 The SEM and EDS
analysis images of the bond area

Al plate @

Gas duct *\). X

SU3500 15.0kV 7.9mm x100 SE 500um SU3500 15.0kV 6.5mm x100 SE 500pum
(a) SEM image of the bond area between (b) SEM image of the etched bond area
the rivet and steel plate. between the rivet and steel plate.

SU3500 15.0kV 6.7mm x1.00k SE

(¢) Higher magnification of Region A in (d) Higher magnification of Region B in
Figure 8.b. Figure 8.b.

[ —
S30um. 25pm

(¢) EDS mapping image of Figure 8.a.  (f) Spots for EDS analysis of higher mag-
nification of Region C in Figure 8.e.

Table 3 Chemical composition at Spots 1 to 6 in Fig. 8f of martensite and ferrite. Therefore, the average hardness

Weight-% o of UCHAZ is .hi.ghc.:r than that of ICHAZ. The location of

ALK Fe-K ALK Fe-K pe-ak hardness is 1n51(.1e UQHAZ, close to thf-: nugget, and .the

microstructure in this region is coarse-grained martensite.

Point 1 0.00% 100.00% 0.00% 100.00% The average hardness of the nugget is 386.05HV. The aver-
Point 2 51.11% 48.89% 68.23% 31.77% age hardness of the BM of the Q235 plate is 156.65HV.

Point 3 53.06% 46.94% 70.06% 29.94% The hardness profile of the Al side is shown in Fig. 9b,

Point 4 52.14% 47.86% 69.27% 30.73% and it can be divided into three zones based on hardness.

Point 5 26.48% 73.52% 42.71% 57.29% HAZ has the lowest average hardness because of the influ-

Point 6 0.35% 99.65% 0.72% 99.28% ence of welding heat, resulting in the elimination of the

@ Springer
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(a) Hardness profile of the center line of
the UFREW joints.

Fig. 9 Hardness profile of a typical UFREW joint

work-hardening effect of the base material and larger grain
size. The average hardness of the nugget of the Al plate
is higher than that of HAZ, probably due to the formation
of fine columnar crystals, as shown in Fig. 5a, b. The BM
of aluminum is the hardest, with an average hardness of
70.53HV.

The hardness profile of a typical DFREW joint is shown
in Fig. 10. The widths of BM and ICHAZ are relatively
small because welding indentation happens on the rivet
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(a) Hardness profile of the center line of
the DFREW joints.

Fig. 10 Hardness profile of a typical DFREW joint
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(b) Hardness profile of Al side of the
UFREW joints.

side. Hardness is tested on equal space, and thus, the hard-
ness of the BM and ICHAZ of the DFREW joints is tested
on only one position, resulting in difficulty in identifying
the average hardness of these regions. As shown in Fig. 11,
the DFREW joints have higher average hardness in most
regions due to the higher welding current and the heat
input. The hardness of the plate’s HAZ of the UFREW
joints is higher because of the work hardening of the elec-
trode force on the plate side.
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(b) Hardness profile of the Al side of the
DFREW joints.
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Fig. 11 Comparison of the aver-
age hardness of the UFREW
and DFREW joints

PLATEBM

PLATEHAZ

PLATENUGGET

NUGGET

UCHAZ

ICHAZ

BM

B UFREW joints
Il DFREW joints

3.3 Tensile shear performance

The tensile shear performance of the FREW joints is closely
related to nugget size, and welding current exerts a signifi-
cant effect on nugget diameter. For the UFREW joints, as
shown in Fig. 12a, when the welding current increases
from 9 to 12 kA, the nugget diameter increases from 2.26
to 4.16 mm, and peak load and energy absorption value
increase from 2.45 kN and 1.01 J to 5.54 kN and 20.01 J,
respectively. More heat is produced in the welding zone as

6000 — -6 24
5000
4000
3000

2000 +

| L3 s
1000 . —=— Peak load(N) -6
| o / —e— Energy absorption(J) L4
o ./§ —0— Nugget diameter(mm) =2 [,
T T T T T T T =0
8 9 10 11 12 13 14 15 16

Welding Current (kA)

(a) UFREW joints.

100 200 300 400 500

Average Hardness (HV)

the current continues to increase. Although the diameter of
the nugget increases with increasing heat input, the HAZ
of the plate is also expanding, reducing the hardness of
the BM. When the current exceeds 15kA, severe electrode
indentation occurs around the joint, and a large amount of
melted Al is extruded. Therefore, as pointed out by Xia et al.
[22], expulsion and factors, such as porosity and excessive
electrode indentation, will cause the degradation of joint
strength and collision stability, decreasing the tensile shear
performance of the joint.

6000 —a&— Peak load(N) o

—e— Energy absorption(J) / F16
1—°— Nugget diameter(mm) .
5000

4000

3000

2000 /

1 4 r6
1000
V [ 4
0 T T T T T 3 b2
10 11 12 13 14 15 16
Welding Current (kA)

(b) DFREW joints.

Fig. 12 Peak load, energy absorption and nugget diameter of the UFREW and DFREW joints obtained at different welding currents
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Fig. 13 Comparison of the peak 1 r
load and energy absorption of - Peak load(N) .
the joints obtained using the 6000 - Energy absoprtlon(J ) - 22
two methods L
20
5000
| - 18
4000 L
i 16
3000 r
i 14
2000 - |
- 12
1000 — ~ 10
0 - -8

DFREW

For the DFREW joints, as shown in Fig. 12b, the nug-
get diameter increases from 3.37 to 4.73 mm when welding
current is increased from 11 to 14 kA. The peak load and
energy absorption value increase from 2.98 kN and 4.54 J
to 5.65 kN and 15.28 J, respectively. As current increases
to 16 kA, peak load and energy absorption drop to 5.08 kN

Fig. 14 Fracture appearance of
the FREW joints

(a) IF mode.

A TR

UFREW

and 12.68 J, respectively, due to electrode indentation and
expulsion.

Figure 13 compares the maximum peak load and energy
absorption of the two methods. The UFREW joints exhibit
superior tensile shear performance. The peak load of the
UFREW joints is close to that of the DFREW joints. However,

L

(b) PO mode.

(¢) BPF mode.
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(a) UFREW joints. (b) DFREW joints.
Fig. 15 Typical tensile shear load curves for joints under different failure mode

to obtain a relatively high peak load (above 4900N), the cur-  current and larger welding current range. Moreover, the maxi-
rent ranges required by UFREW and DFREW are 11-15 kA mum energy absorption value of the UFREW joints is 20.98
and 13-15 kA, respectively. The UFREW joints required less ~ J, while that of the DFREW joints is 16.55 J.

Fig. 16 Fracture surface mor-
phology of the FREW joints

: 0 e B v e .
- Dk 75 o e
WD = 10.3¢ mm Mag= 500X Time: 9:59:40 'RQ) ﬂ |

(a) Fracture surface morphology of the (b) Fracture surface morphology of the
palte side under IF mode(Region A in rivet side under IF mode(Region B in
Figure 14.a). Figure 14.a).

(¢) Fracture surface morphology under PO (d) Fracture surface morphology under
mode(Region C in Figure 14.b). BPO mode(Region D in Figure 14.c).
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3.4 Failure mode

Failure mode is a qualitative measurement of joint perfor-
mance. Welding current exerts a profound influence on fail-
ure mode. As shown in Fig. 14a, when the applied welding
current is 9KA and 11kA for UFREW and DFREW, respec-
tively, the nugget is not sufficiently strong to support the
tensile shear force, the crack propagates in the direction of
the rivet/steel sheet interface through the nugget, and fail-
ure mode is interface failure (IF) mode. When the welding
current is increased, the crack grows through the periph-
ery of the nugget, and the failure mode changes to pull-out
failure (PO) mode, as shown in Fig. 14b. The reason for
change in the failure mode is the increasing nugget diameter.
Pouranvari [23] reported that with increasing nugget diam-
eter, resistance to IF mode also increases. When the critical
nugget diameter is reached, the failure mode changes to PO.

With a further increase in welding current, weld inden-
tation becomes deeper with increasing heat input. For
UFREW, the area of the steel plate bearing area decreases,
and the rotation of the joint area under tensile shear load
becomes larger. After reaching the peak load, part of the
material in the steel plate’s BM are pulled out with the nug-
get and failure mode changes to BM pull-out failure (BPF)
mode, as shown in Fig. 14c. For DFREW joints, indentation

Fig. 17 EDS mapping of Al
and Fe on the fracture surface
of the plate side (Region A in
Fig. 14a) under IF mode

mostly occurs at the rivet side, and the failure mode remains
as PO with increasing current.

The tensile shear load curves of UFREW and DFREW
joints under different failure modes are shown in Fig. 15a, b.
As illustrated in Fig. 15, sudden failure occurs after reaching
the peak load under IF mode, indicating a brittle fracture
with low energy absorption. The curve of PO mode indi-
cates that the joint is plastically deformed while the nugget
is being stripped from the BM. For BPF mode, tensile shear
load drops slowly after reaching the peak load, and tensile
displacement is larger compared with that under PO mode,
indicating ductile failure.

The morphology of the fracture surface of the FREW
joints under IF mode is shown in Fig. 16a, b, where the
fracture surface is filled with smooth planes, indicating
brittle fracture. Figure 17 shows the EDS map of the frac-
ture surface of the plate side under IF mode, indicating
the presence of Al on the surface of the Q235 plates. This
finding further confirms the presence of the brazed joints
between Al and Q235. Figure 16¢ shows the presence of
dimples and smooth small planes at the fracture in PO
mode, signifying quasi-cleavage fracture. Figure 16d
shows the presence of distinctive tear ridges and dimples
at the fracture under the BPF mode, indicating ductile
fracture.

EHT= 1500
WD = 10.90 mm

Mag= 100X i

(a) Fracture surface characteristics under
IF mode.

I 250pm

(b) Distribution of Al.

f 250pm

(¢) Distribution of Fe.
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4 Conclusions

FREW was used to join a 2 mm thick 6061 Al alloy and a 1.5
mm thick Q235 steel plate. The process was performed using
two methods: UFREW and DFREW. The microstructure and
mechanical properties of the joints were analyzed, and the
following conclusions were obtained.

1. Nugget diameter increased with rising heat input. The
microstructure of the nugget was martensite. HAZ could
be divided into UCHAZ and ICHAZ. The microstruc-
ture of the former was martensite with a smaller grain
size than the nugget, and that of the latter was martensite
with ferrite.

2. The UFREW joints exhibited better tensile shear per-
formance than the DFREW joints. The joints obtained
using the two processes have similar maximum peak
loads, but the maximum energy absorption values of
UFREW and DFREW were 20.98 J and 16.55 J, respec-
tively. The UFREW joints achieved greater energy
absorption and required lower welding current and
larger welding current range.

3. The failure mode of the UFREW joints changed from
IF mode to PO, and finally, to BPF mode as current
increased. The highest tensile shear load was obtained
under PO mode. For DFREW, the failure mode changed
from IF mode to PO mode with increasing welding cur-
rent.

Abbreviations REW: Resistance element welding; FREW: Flat
resistance element welding; RSW: Resistance spot welding;
UFREW: Upward flat resistance element welding; UFREW: Down-
ward flat resistance element welding; IF: Interface failure; PO: Pull-out
failure; BPF: Base material pull-out failure; SPR: Self-pierce riveting;
BM: Base material; HAZ: Heat-affected zone; UCHAZ: Upper-critical
heat-affected zone; ICHAZ: Inter-critical heat-affected zone
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