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Abstract This paper presents a review on the resistance spot
welding (RSW) of Al/Al alloys, Al alloys/steel, Al/Mg alloys,
and Al/Ti alloys, with focus on structure, properties, and per-
formance relationships. It also includes weld bonding, effect
of welding parameters on joint quality, main metallurgical
defects in Al spot welds, and electrode degradation. The high
contact resistance, induced by the presence of oxide layer on
the surface of Al alloys, and the need for application of high

welding current during RSWof Al alloys result in rapid elec-
trode tip wear and inconsistency in weld quality. Studies have
shown that cleaning the oxide layer, sliding of a few microns
between sheets, enhancing the electrode force, and the appli-
cation of a low-current pre-heating can significantly reduce
the contact resistance and improve joint quality. For Al/steel
dissimilar RSW, the technique of resistance element welding,
the use of optimized electrode morphology, the technique of
RSW with cover plates, and the use of interlayers such as Al-
Mg, AlSi12, and AlCu28 alloys were found to suppress the
formation of brittle intermetallic compounds (IMC) and im-
prove the joint quality. The employment of pure Ni foil, Au-
coated Ni foil, Sn-coated steel, and Zn-coated steel interlayers
was also found to restrict the formation of brittle IMCs during
RSW of Al/Mg alloys. Furthermore, the techniques of RSW
with cover plates and RSWunder the influence of electromag-
netic stirring effect were found to improve the weldability of
Al/Ti dissimilar alloys.
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1 Introduction

Fossil fuel combustion is one of the largest sources of anthro-
pogenic greenhouse gas emission [1, 2]. Thus, the transporta-
tion industry, the largest consumer of fossil fuel, is continu-
ously exploring strategies to improve fuel efficiency and re-
duce greenhouse gas emission. These strategies include
weight reduction, improving conventional engine efficiency,
developing new and more energy efficient powertrains, such
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as electric and hybrid systems, and the use of low CO2 fuels,
such as biofuels [3, 4]. Of these strategies, weight reduction
has been identified as the most cost-effective. On the average,
for a vehicle, a weight reduction of 100 kg could lead to a fuel
saving of about 0.5 L per 100 km [5, 6] and a reduction of 9 g
of CO2 per km [7]. Generally, for every 10 % weight reduc-
tion, the specific fuel consumption could reduce by 3–7 %,
while maintaining the same functionality [1–3]. Thus, light-
weight materials are increasingly being developed and incor-
porated into automotive and aerospace structures [4, 8].

Owing to their low density, approximately one third that of
steel, and high strength and stiffness to weight ratio, Al alloys
have great potentials for weight reduction. In most applica-
tions, they allow a weight saving of up to 50 % over conven-
tional materials without compromising strength and safety. Al
alloys also possess excellent corrosion resistance, low-energy
formability, good crashworthiness, high thermal and electrical
conductivities, high reflectivity to both heat radiation and light,
good machinability, and mass production capabilities at a rea-
sonable price [7, 9–17]. Furthermore, they have excellent re-
cyclability, and low secondary energy cost, which enables the
Al industry to recycle all available scrap with only about 5 %
of the energy required to produce new Al alloys. Thus, Al
alloys attract tremendous attention in aerospace, naval, auto-
motive, and other industries, in a variety of product forms—
sheet, casting, and extrusion. Some applications of Al in vehi-
cles include in body panels, power trains, closures, chassis,
brake housings, air deflector parts, and seat slides [18–22]. In
the future, they are expected to replace steel as the primary
construction material in the automotive industry [7, 10,
23–27]. For a North American light duty vehicle, for instance,
there is a projected increase in net Al content from 394 lb per
vehicle in 2015 to about 547 lb per vehicle in 2025 [28].

RSW is the most widely used sheet joining process, espe-
cially in the automotive industry, because of advantages such
as low-cost, reliability, high speed, ease of operation and au-
tomation, and suitability for use in high-volume production
[26, 29–32]. There are approximately 5000 spot welds in a
single automobile [33–36]. The quality, structural perfor-
mance, lifespan, safety design, strength, stiffness, and integri-
ty of a vehicle depend not only on the mechanical properties
of the sheets but also on the quality of spot welds.

Furthermore, the vehicle crashworthiness, which is defined
as the capability of a car structure to provide adequate protec-
tion to its passengers against injuries in the event of a crash,
largely depends on the integrity and the mechanical perfor-
mance of spot welds [35, 37, 38].

Recently, there is an increased interest in high-volume
RSW of Al alloys [13, 14, 16, 25]. However, unlike the
RSW of steel, which readily produces high-quality and dura-
ble welds [39], the RSWof Al alloys present some difficulties.
Al alloys possess lower bulk resistance and higher thermal and
electrical conductivities than steel, necessitating the use of
high welding currents, typically two to three times higher than
that required for steel. Moreover, the presence of an oxide
layer on the surface of Al alloys induces high contact resis-
tance and heat development. These lead to rapid electrode tip
degradation and inconsistency in joint quality [16, 31, 40–44].
Furthermore, the RSWof Al alloys is more sensitive to abnor-
mal process conditions, such as axial misalignment, angular
misalignment, and poor fit-up, than that of steel [24, 45].
Therefore, the growing interest in high-volume RSW of Al
alloys is accompanied with a challenge to better understand
and improve the process, structure, properties, and perfor-
mance relationships. This paper reviews the RSW of Al/Al
alloys, Al alloys/steel, Al/Mg alloys, and Al/Ti alloys, with
emphasis on structure, properties, and performance relation-
ships, under quasi-static and dynamic loading conditions. The
aim of the paper is to provide an account of the state of un-
derstanding of RSW of Al alloys, with a view to providing a
basis for subsequent research.

2 Fundamentals of resistance spot welding

As illustrated in Fig. 1, RSW process typically involves plac-
ing two or more overlapping metal sheets between two water-
cooled electrodes and then applying pressure onto the elec-
trodes in order to clamp the workpieces together and also
produce close contact between them. Thereafter, electrical
current is supplied to the workpieces via the two electrodes
for a specific period of time. The resistance of the sheets to the
flow of a localized electrical current results in heat generation,
and consequently a molten nugget is formed at the faying

Fig. 1 Illustration of the
principles of RSW
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interface. The current is finally switched off while the elec-
trode pressure is maintained and thus the nugget begins to cool
and solidify. The cooling is facilitated by heat conduction
through the two water-cooled electrodes and radially outwards
through the sheets [46–49].

Heat generation in RSW is based on Joule’s law, which is
expressed as follows [50]:

Q ¼ I2Rt ð1Þ
whereQ is heat input in joules, I is the current in amperes, R is
the resistance in ohms, and t is the time in seconds. Thus, the
quantity of heat generated depends on the current, resistance,
and duration of application of welding current [35].

As depicted in Fig. 1, there are two kinds of resistances
in RSW process, i.e., contact resistance, which exists at
the electrode/sheet interfaces (R1 and R5) and at the
faying interface (R3), and bulk resistance (R2 and R4)
[51]. In addition to these, the resistances of the upper
electrode (RU) and that of the lower electrode (RL) also
contribute to the total resistance, which is the sum of all
the resistances (RU+R1+R2+R3+R4+R5+RL) [52]. Of
all these resistances, R3 is the most significant since the
nugget formation initiates here. If it is too low, there will
be insufficient heat generation to achieve nugget forma-
tion. On the other hand, if it is too high, there will be
excessive heat generation [52–54].

3 Surface characteristics and contact resistance

The surface characteristics of Al alloys strongly influence the
RSW process, weld quality, and electrode degradation. The
most influential surface characteristics are the presence of an
oxide layer, surface roughness, and the presence of a chemical
or lubricant [42, 55–57].

Due to its high affinity for oxygen, a tough, non-
conducting, adherent, and refractory Al oxide film (Al2O3)
forms on the surface of Al alloys. Although this oxide layer
gives corrosion protection, it induces high contact resistance at
both the electrode/workpiece and faying interfaces, leading to
severe electrode degradation and scatter in weld quality. The
extent of these problems depends on the thickness of the oxide
layer [25, 42, 55, 58–60]. Thus, to facilitate RSWof Al alloys,
the oxide layer needs to be cleaned or reduced [36, 56–58].
The cleaning can be done mechanically, using abrasive papers
[14, 27, 42, 58, 61–67] or chemically using, for example,
NaOH solution [68, 69]. Full cleaning of the oxide layer re-
sults in better weld quality than reduced cleaning (incomplete
removal) [56]. For example, under identical welding condi-
tions, samples of AA5754 Al alloy subjected to full cleaning
exhibited better weld quality, wider process window, and a
lower tendency to electrode sticking than those subjected to
reduced cleaning [56].

Apart from cleaning, enhanced electrode force was found
to be beneficial in squeezing and breaking down the oxide
film and thus reducing the contact resistance [25, 44, 54].
Furthermore, it has been reported that a small relative rotation
or sliding of a fewmicrons between sheets could result in large
reduction in contact resistance [53, 54]. For instance, a relative
rotation of only 1° under the axial force of 1 kN was sufficient
to reduce the contact resistance at the faying surface of coated
5754 Al alloy from 7000 to 110 μΩ [53]. However, this meth-
od is difficult to implement in high-volume production in
industrial setting due to the fixation of the assembled panels
in given positions [25]. Therefore, Luo et al. [25] proposed the
application of a low-current pre-heating treatment to suppress
the effect of oxide layer. As shown in Fig. 2, a pre-heating
current of 8 kA for a pre-heating time of 50 ms resulted in
significant reduction in contact resistance at the faying inter-
face of AA5052 Al alloys and also improved its distribution.
Consequently, the joint quality and consistency improved sig-
nificantly [25].

Furthermore, lubricants, which are applied in body panel
stamping process to improve formability, were also found to
significantly increase contact resistance and risk of expulsion
during RSWof Al alloys. However, it was observed that intro-
ducing a low-current pre-pulse into the welding schedule could
displace the lubricant and thus reduce the risk of expulsion [56].

4 Nugget formation during RSW of Al alloys

The nugget formation process in RSW of Al alloys has been
studied using experimental investigation and numerical simu-
lation [55, 70, 71]. The studies have shown that, in the elec-
trode squeezing process, several cracks form in the surface
oxide layer in the entire contact zone of the faying surfaces,
with more cracks forming at the periphery than at the center of

Fig. 2 The effect of pre-heating on the contact resistance at the faying
surface of AA5052 Al alloys (pre-heating current of 8 kA, pre-heating
time of 50 ms) [25]
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the contact zone due to sheet separation. The cracks from both
sheets tend to align with each other at the periphery to form
larger cracks and hence greater metal-to-metal contacts [55].
Thus, the periphery of the contact zone provides the preferred
current flow path. Consequently, at the beginning of nugget
formation, melting starts in a ring near the periphery, forming
two liquid nuggets, as shown in Fig. 3. With increased
welding time, the melting proceeds rapidly inwards from all
directions and the two nuggets merge to produce a complete
nugget [55, 70]. Faster growth rate was observed for the first
cycle after which the nugget expansion occurred gradually
due to the drop in electrical contact resistance [55]. A study
of the nugget formation during RSWof 5052Al alloy in three-
sheet configuration has shown that at the initial stage, two
small nuggets formed simultaneously at both the upper and
lower workpiece/workpiece interfaces. As the welding time
increased, the two small nuggets grew along the radial and
axial directions and then fused into one I-shaped nugget, as
shown in Fig. 4. The nugget grew larger and eventually be-
came elliptical in shape, with the maximum nugget diameter
located at the center of the middle sheet. The nugget diameter
at the upper interface was always larger than that at the lower
interface. This was attributed to Peltier effect between the
copper electrode and Al alloy. With the upper electrode as
positive, heat is generated at the upper electrode/workpiece
(i.e., Cu-Al) interface, while heat is absorbed at the lower
electrode/sheet interface (i.e., Al-Cu). This resulted in higher
heat generation and slightly larger nugget size at the upper
interface [71]

5 Microstructure

The microstructure of a weld is determined by the composi-
tion of the base alloy and its thermal history [51]. It is also
controlled by a combination of the prevailing thermal condi-
tion at the solid/liquid interface and the rate of growth of
crystals, which is directly related to the thermal gradient in
the weld [72].

Generally, the microstructure of Al alloy resistance spot
welds can be divided into three distinct zones: the base metal
(BM), the heat-affected zone (HAZ), and the fusion zone (FZ)
or nugget zone [19, 63, 73]. Furthermore, characterization of
the microstructure of resistance spot welds of AA 6061-T6
[73], AA6111-T4 [19], 6082-T6 [63], 5083-O [22], AA5052
[30, 71], and 7075 [21] Al alloys has shown that the FZ
contained two different microstructures, i.e., a columnar grain
structure at the edge of the nugget and an equiaxed grain
structure in the nugget center. The reason for the two different
microstructures could be associated with the variation in
cooling rate within the nugget zone [19, 73]. A study of the
microstructural evolution during RSWof three-sheet AA5052
Alloy has shown that, at a short welding time of 50 ms, when

two nuggets were observed (one at each interface), a very thin
columnar crystal zone was observed at the edge of each nug-
get (Fig. 5b) while an equiaxed crystal zone, consisting of
equiaxed α-Al grains and β-Al3Mg2 phases, was observed
at the interior of the nugget, as shown in Fig. 5d.
Furthermore, a partially melted zone (PMZ) was observed
between the two nuggets (Fig. 5c). At 200 ms, when the nug-
get formation was completed, a cellular dendritic zone was
also observed at the edge of the nugget due to higher peak
temperature [71]

The columnar-to-equiaxed transition (CET) occurs when
the movement of the columnar front is blocked by the
formation of enough equiaxed grains in the liquid ahead
of the columnar front. Compared to the columnar dendritic
structure, the equiaxed grains are finer, have more isotro-
pic structure and less segregation of alloying elements, and
have better mechanical properties. It is therefore important
to promote the formation of equiaxed grains [74–76]. Li
et al. [30, 68] found that RSW of Al alloys under the
influence of electromagnetic stirring (EMS) effect, pro-
duced by mounting two identical permanent magnets co-
axially on the electrode arms with opposite polarities,
leads to microstructure refinement and promotes CET.
The EMS would drive the high temperature molten metal,
in a centrifugal motion, from the center of the nugget to
its edge, thereby lowering the temperature gradient in the
liquid nugget. Moreover, the EMS would break the grow-
ing columnar dendrites during the primary crystallization
process. These would constrain the growth of columnar
dendrites and thus promote CET [30, 68].

Figure 6 compares the microstructure of 6061-T6 Al alloy
resistance spot welds produced with and without EMS [68].
As shown in the figure, for both cases, a partially melted zone
(PMZ) was observed at the edge of the nugget and a columnar
grain zone (CGZ) next to it. Furthermore, a transition zone
was found to connect the CGZ and the equiaxed grain zone

Fig. 3 Nugget formation model during RSWof AA5182 Al alloy. a Start
of heating at periphery; b heating grows more rapidly inwards than
outwards; c completion of nugget formation [55]
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(EGZ). Under the EMS, the microstructures in all the zones of
the joint are refined. The CGZ and transition zone are
narrower. However, the PMZ is larger with EMS. The

movement of the high temperature molten metal to the edge
of the nugget by EMS has led to more heating at the edge of
the nugget, and as a result, the size of the PMZ increased [68].

Fig. 5 Microstructure of three-sheet AA5052 Al alloy weld at a welding time of 50 ms a) morphology of regions magnified in b-d; microstructure of b)
region b in a, c) region c in a, d) region d in a

Fig. 4 Nugget formation in three-sheet A5052 Al alloy RSW at a 40 ms, b 50 ms, c 100 ms, d 150 ms, e 200 ms, and f 350 ms [71]

Int J Adv Manuf Technol (2017) 90:605–634 609



Fig. 6 Microstructure of 6061-T6 Al alloy resistance spot weld: a–d conventional RSW; e–h RSW with EMS [68]
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The HAZ is characterized by recrystallization and grain
growth [19, 27, 41, 73]. Figure 7 shows the electron backscat-
ter diffraction (EBSD) mapping of the grain size and orienta-
tion due to the recrystallization process for 6061-T6 Al alloy
resistance spot weld. The grain size in the FZ, HAZ, and BM
was found to be 10.63, 22.90, and 16.62 μm, respectively. The
reduction of grain size in the FZ is due to the high cooling rate
during solidification, as opposed to the residual heat experi-
enced in the HAZ, which has led to grain growth [27, 41]. In
another study, a thin zone, with large and coarse grains, was
observed in the area between nugget and HAZ of 6061-T6 Al
alloy due to the attainment of extremely high temperature.
However, beyond this zone, the HAZ consists of very small
and fine grains [73]. Furthermore, a small amount of grain
growth was observed in the HAZ, close to the nugget of
AA6111-T4 Al alloy. Minor amount of grain boundary melt-
ing and re-solidification occurred, leading to inter-grain den-
dritic growth. However, most grains in the HAZ had the same
size as those in the BM [19].

6 Mechanical properties

6.1 Hardness

Generally, a significant reduction in hardness has been ob-
served in the HAZ and FZ of resistance spot welds of heat
treatable, 6xxx series Al alloys [18, 19, 63, 73, 77]. This is
attributed to the dissolution of strengthening precipitates, es-
pecially in the T6 state [18, 63, 73] and to the destruction of
work hardening [19]. Figure 8 shows the hardness profile
across the BM, columnar crystal zone (CCZ), transition zone
(TZ), and equiaxed crystal zone (ECZ) of 6061-T6 Al alloy
resistance spot weld. As shown in the figure, the decrease in
hardness is concentrated mainly in the nugget, where the melt-
ing of the BM has led to the total dissolution of the

strengthening precipitates [18, 63, 78]. A similar observation
was made for 6082-T6 [63], AA6111-T4 [19], and AA6022-
T4 [77] Al alloys resistance spot welds. For 6061-T6 Al alloy,
the average microhardness value of the BM, CGZ, TZ, and
EGZ was found to be 96, 70, 64, and 59 HV, respectively. It
was found that under EMS, the average hardness of EGZ
increased from 59 HV to about 64 HV, due to microstructure
refinement [68]. For AA6111-T4 Al alloy, the nugget center
was found to be approximately 35 % softer than the sheet
surface [19].

Unlike in heat treatable, 6xxx series Al alloys, where there
is significant reduction in hardness of the FZ, minimal varia-
tion in hardness has been reported for non-heat treatable, 5xxx
series Al alloys spot welds [18]. Figure 9 compares the hard-
ness profile of AA5754 and AA6111-T4 Al alloy resistance
spot welds. As shown, the average hardness value of AA6111
Al alloy BM is significantly higher than that of AA5754 Al
alloy. However, the hardness value of the FZ of AA6111 Al
alloy experienced a significant reduction to a value below that

Fig. 7 EBSD mapping of the
grain size and orientation in 6061-
T6 Al alloy resistance spot weld
[41]

Fig. 8 Hardness profile of 6061-T6 Al alloy resistance spot weld [69]
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of AA5754 Al alloy because melting and re-solidification has
led to the removal of precipitation hardening which existed in
the BM [18]

A comparison of the microhardness values of
AA5052 Al alloy spot welds, produced with and with-
out EMS (Fig. 10), has shown that both welds had
similar hardness values at the center of the nugget.
However, the CGZ of the joint made with EMS exhib-
ited higher hardness value due to columnar refinement
(the grain size of the CGZ with and without EMS was
found to be 9.3 and 16 .7 μm, respec t ive ly) .
Furthermore, as shown in Fig. 10, the HAZ of the joint
with EMS was softer, implying improved ductility [30].

6.2 Strength and failure mode

The mechanical performance of spot welds is normally
studied under quasi-static and dynamic loading condi-
tions. The tests that are conducted under quasi-static
loading conditions include tensile shear (TS), cross-
tension (CT), and coach peel (CP) tests. Impact and
fatigue tests are some of the tests conducted under dy-
namic loading conditions [37]. Tensile shear is the most
widely used test because of the simplicity in samples
preparation [79]. The load-bearing capacity (peak load)
and energy absorption are extracted from the load-
displacement curve obtained from the test [37]. Failure
mode of spot welds is a qualitative measure of

mechanical performance and an indicator of their load-
bearing and energy absorption capacities [37]. Spot
welds commonly fail in three distinct modes, i.e., inter-
facial (IF), partial interfacial (PIF), and pullout failure
(PF) modes [37]. As schematically illustrated in Fig. 11,
in IF mode, the fracture propagates through the FZ
(path A), separating the two sheets apart. In PIF mode,
the fracture first propagates along the interface and then
redirects perpendicular to the centerline towards the
thickness direction (path B). PF mode involves the
withdrawal of one sheet from the nugget, and the frac-
ture may initiate in the BM (path C), HAZ (path D), or
HAZ/FZ (path E) [80]. IF is accompanied by little plas-
tic deformation and is therefore undesirable as it means
low-energy absorption capability. On the other hand, PF
is the most desirable mode because it involves more
plastic deformation and higher energy absorption and
peak load [37, 63, 71, 79, 81].

Generally, nugget size is considered as the main cri-
terion that determines the mechanical performance of
spot welds [14, 21, 30, 63, 71, 82]. It has also been
shown that for a stack of sheets of same base material,
the thinnest sheet thickness, known as governing metal
thickness (GMT), generally has the lowest tearing resis-
tance and thus dictates the joint strength [15, 16, 83].
Radakovic and Tumuluru [84] derived the following
equations to predict pullout and interfacial failure loads,
FPO and FIF, respectively [84]:

FPO ¼ kPO⋅σUT⋅d:t ð2Þ
F IF ¼ kIF⋅σUT⋅d2 ð3Þ
where kPO ∼2:2ð ÞandkIF ∼0:6ð Þareconstants ; σUT is the ulti-
mate tensile shear strength of the base material, d is nugget
diameter, and t is the sheet thickness.

Based on Eqs. (2) and (3), pullout failure load strongly
depends on the nugget diameter and sheet thickness, while
interfacial failure load depends primarily on the nugget
diameter.

During TS tests of Al and Mg spot welds, IF is the most
commonly observed failure mode [19, 27, 85, 86] because the
FZ hardness is comparable to or less than that of the BM [87].

Fig. 10 Typical hardness profile
of AA5052 spot weld a without
EMS and b with EMS [30]

Fig. 9 Comparison of the hardness profiles of AA5754 and AA6111 Al
alloys [18]
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For example, Florea et al. [27] have conducted TS tests
on samples of 2-mm-thick 6061-T6 Al alloy spot welds,
with nugget diameters of 4.5, 5.7, and 6.5 mm. All the
samples failed in IF mode, with an average failure load
of about 3.1, 4.8, and 6.2 kN, respectively. Observation
of the fracture surface revealed a distinctive granular
appearance over the entire weld area, with no visible
partial thickness fracture. Similarly, Wu et al.[19]
welded 2-mm AA6111-T4 Al alloy under different
welding conditions to produce two distinct target button
diameters of less than 4 t1/2 (5.7 mm) and equal to
5 t1/2 (7.9 mm), all of which failed in IF mode during
TS test, with an average failure load of 3.3 and 4.9 kN
[19]. IF, PIF, and PF modes were observed during TS
of 1-mm 6082-T6 Al alloy spot welds, depending on
the nugget diameter. IF mode occurred for nugget diam-
eters up to 5.1 mm while PF mode occurred for nugget
diameters above 5.6 mm. For nugget sizes between 5.1
and 5.6 mm, both failure modes occurred [63].
Furthermore, the authors derived the following equation
to predict the critical nugget diameter (dcrÞ required to
ensure pullout failure mode during TS test of heat-
treatable Al alloys spot welds [63]:

dcr ¼ 4t
HVBM

HVN
ð4Þ

where t is the sheet thickness; HVBM and HVN is the hardness
of the BM and nugget, respectively.

The TS strength of spot welds of 5xxx series Al alloys has
also been studied, in both similar and dissimilar combinations
with other alloys [22, 71, 85, 86, 88]. For example, Sun et al.
[86] evaluated the mechanical performance of 2-mm-thick
similar 5182-O/5182-O alloys and dissimilar 5182-O/6111-
T4 Al alloys resistance spot welds and obtained an average
peak load of 7.16 and 7.17 kN respectively, with all the
samples failing in IF mode [86]. However, Kang et al.
[88] reported nugget pullout failure mode, with a maximum
tensile shear load of 6.1 kN, when conducting TS test on
dissimilar resistance spot weld between 2-mm AA5754 Al
alloy and 3-mm Aural2 die casting alloy. The fracture ini-
tiated at the notch root and propagated around the nugget on
the Aural2 side of the weld [88]. Studies on the TS perfor-
mance of three-sheet Al resistance spot welds have shown
that the peak load increases with increased button diameter
and that the failure mode changes from IF to PIF to PF at
certain critical nugget diameters [71]. As shown in Fig. 12a,
for 2/2/2 mm AA5052 Al alloy spot welds, for the upper
interface, the critical button diameter for change in failure
mode from IF to PIF (MF) was 5.75 mm and fromMF to PF
was 6.60 mm. For the lower interface, the critical button
diameter for transition in failure mode from IF to MF was
5.35 mm and from MF to PF was 6.40 mm, which are
smaller than those of the upper interface, due to Peltier
effect [71]. For the 1.0/1.5 interface of 1.0/1.5/2.0 mm con-
figuration, as shown in Fig. 12b, the critical button diameter
for transition from IF to MF was found to be 4.45 mm and
from MF to PF was 4.90 mm. For the 1.5/2.0 interface, the
critical button size transition from IF to MF was found to be
5.00 mm and 7.00 mm from MF to PF. Therefore, to ensure
PF, the button size should be larger than 4.90 mm for 1.0/
1.5 interface and 7.00 mm for 1.5/2.0 interface [71]

Studies have also shown that the cross-tension strength
depends on nugget diameter and sheet thickness and can be
affected by defects, such as porosity, around the weld nugget
[83, 86]. For instance, the cross-tension failure load of 1.2-mm
A 5182-O Al alloy spot welds was found to be 1.69, 2.3, and

Fig. 12 Effect of button size on the peak load of three-sheet AA5052 Al alloy: a 2/2/2 mm configuration and b 1/1.5/2 mm configuration [71]

Fig. 11 Schematic representation of main fracture paths during tensile-
shear test [80]
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2.68 kN, for welds with nugget diameter of 4.63, 6.35, and
7.93 mm, respectively [85]. Furthermore, Sun et al. [86] con-
ducted cross-tension test on spot welds of 2–mm thick similar
5182-O/5182-O and dissimilar 5182-O/ 6111-T4 Al alloys
and obtained an average peak load of 6.05 and 5.95 kN, re-
spectively, with samples failing predominantly in pullout fail-
ure mode. It was found that the level of porosity in the nugget
influences the cross-tension failure load and that a critical
nugget diameter (Dcritical) exists at which pullout failure mode
occurs. An analytical failure model was proposed to determine
this diameter as follows:

Dcritical >
3:2t
f

ð5Þ

where t is the sheet thickness; f is the porosity factor, given by:

f ¼ Atotal−Aporosity

Atotal
ð6Þ

Atotal is the total area of the fusion zone; Aporosity is the area
of porosity in the fusion zone.

However, this model is only valid for situations where the
weld metal and HAZ hardness/strength are similar to that of
the BM. Therefore, it is invalid for spot welds of precipitation-
hardening alloys, especially in the T6 condition [86]

6.3 Fatigue

The natural notch that exists at the junction between sheets in
spot welds acts as a pre-existing crack or stress concentration
site, making them susceptible to fatigue failure. Thus, fatigue
is the most critical failure mode for spot-welded and weld-
bonded joints. It is therefore of paramount importance to un-
derstand the fatigue behavior of spot welds in order to ensure
the integrity, durability, and safety of welded structures [18,
65, 87, 89–91]. However, thus far, limited study has been
conducted on fatigue behavior of Al spot welds.

Studies have shown that the fatigue behavior of Al spot
welds depends on sheet thickness, nugget diameter, loading
type, and applied load levels [18, 22, 36]. For example, Shi
and Guo [18] studied the fatigue behavior of TS and CP spec-
imens of AA5754 and AA611-T4 Al alloys, at load ratios
between 0.1 and 0.3. The load ratio was found to have insig-
nificant effect on the fatigue strength. However, as shown in
Fig. 13, a significant improvement of fatigue strength was
observed with increase in sheet thickness from 1.0 to
2.5 mm. Furthermore, the fatigue strength of TS specimen
was found to be significantly higher than that of CP specimen
(Fig. 13), suggesting that the fatigue strength strongly depends
on the loading type.

Under cyclic loading conditions, TS specimens of Al alloys
spot welds commonly fail in IF mode in low cycle fatigue
(LCF) regime (high load levels) [18, 22, 92] and in coupon

failure mode in high cycle fatigue (HCF) regime (low load
levels) [22, 92]. Hassanifard et al. [22] found that the fatigue
behavior of 1.2-mm 5083-OAl alloy spot weld improvedwith
increase in electrode force, as shown in Fig. 14. Furthermore,
the specimens failed in IF mode at high load levels, e.g., 75 %
of load level. On the other hand, button PF occurred at low
and intermediate load levels, e.g., 20–50 % of load levels. In
both failure modes, cracks initiated from the discontinuity
areas near the notch roots and propagated in the HAZ. The
secondary crack would always initiate from the opposite side
of nugget in which the primary crack initiates [22]. Florea

Fig. 14 Fatigue behavior of 5083-O Al alloy spot welds at various
electrode force (open symbols represent button PF while filled symbols
represent IF) [22]

Fig. 13 Comparison of the fatigue behavior of AA5754 and AA6111-T4
Al alloys spot (TS and CP specimens): a 1-mm specimens and b 2.5-mm
specimens [18]
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et al. [36] have conducted fatigue tests, at a maximum load of
2.0 kN, on TS specimens of 6061-T6 Al alloy resistance spot
welds, having nugget diameters of 4.5, 5.7, and 6.5 mm. The
specimen with 4.5-mm nugget diameter was found to have the
shortest fatigue life of about 6000 cycles, with samples failing
in IF mode, while the specimen with 6.5-mm diameter exhib-
ited the longest fatigue life of approximately 120,000 cycles,
with pullout failure mode [36]. However, Gean et al. [85]
found, while studying the fatigue behavior of 1.2-mm 5182-
0 aluminum Al alloy spot welds, that the nugget diameter has
a small effect on fatigue strength under high load levels and no
effect under low load/high-endurance (106 cycles) conditions
[85]

Generally, Al spot welds have lower fatigue strength than
equivalent welds in steel [85, 88, 92]. Figure 15 compares the
fatigue strengths (in terms of load range) of resistance spot
welds of steel, Mg, and Al alloys, in the TS configuration.

As shown in the figure, for the same d=t
1
2 ratio, the fatigue

strengths of Al spot welds were found to be comparable to that
of Mg alloy but significantly less than that of steel. In the LCF
regime, the large difference in fatigue behavior is mainly due
to difference in failure mode. While spot welds of Mg and Al
alloys fail in IF mode through the FZ, those of steel fail
through the HAZ because the HAZ in steel spot welds has
lower hardness than the FZ. However, in the HCF, steel,
Mg, and Al alloys, spot welds commonly exhibit same type
of failure mode (coupon failure through the HAZ). Therefore,
in HCF regime, the reason for the superior fatigue behavior of
steel spot welds is because of the higher HAZ strength com-
pared to that of Al and Mg alloys [92]. Enhancing electrode
force reportedly improves the fatigue strength of Al spot
welds by increasing the gap distance between sheets, reducing
the sharpness and the stress concentration at the notch and
thus delaying crack initiation and growth [22, 85, 93]. For
example, for 1.2-mm 5182-0 Al alloy spot welds, the fatigue
load at 106 cycles was found to be 15% higher when electrode

force was increased from 4 to 6.5 kN and 15 % lower when it
was decreased from 4 to 1.5 kN [85].

7 Resistance plug welding

7075 Al alloy is widely used in the automotive structures in
such applications as body panels, brake housings, brake pis-
tons, air deflector parts, and seat slides [21, 78, 94]. It is,
however, difficult to obtain high-quality welds in this alloy
due to its susceptibility to hot cracking, which is caused by
the presence of relatively high amount of Cu and the wide
range of melting point, with a low solidus temperature [21,
95]. To produce reliable welds in this alloy, Feng et al. [21]
proposed a novel technique known as resistance plug welding
(RPW). In this technique, circular holes were produced at the
center of the overlap area of the 7075 Al alloy sheets and a
filler rod made of 5052 Al alloy, which has better weldability
than 7075 Al alloy, was inserted into the holes, followed by
RSW. The joints produced by this technique were of better
quality than those produced by conventional RSW. Defects,
such as porosity and hot cracking, which were observed in the
joints produced by conventional RSW, were not produced by
RPW because of the superior weldability of the inserted 5052
Al alloy. Furthermore, the RPW produced joints with larger
nugget diameters and higher peak loads and energy absorp-
tion. For the RSW joints, the maximum nugget diameter, peak
load, and energy absorption was found to be 4.7 mm, 1.23 kN,
and 0.65 J, respectively. The RPW was found to increase the
maximum peak load by 20.2 % and the maximum energy
absorption by 177 % [21]. Although this technique seems
promising, further study is required to see how it can be im-
proved. For example, the dimensions of the filler rod can be
optimized and other insert alloys can be tried.

8 Residual stresses in Al spot welds

Residual stresses are formed in spot welds due to non-uniform
temperature distribution during the welding process, as well as
due to the phase changes that occur during solidification of the
weld metal. They promote crack propagation and impair fa-
tigue behavior [22, 96–99].

Studies on the development of residual stresses in Al alloy
resistance spot welds have shown that the residual stresses in
the nugget area are predominantly tensile. The highest tensile
residual stress occurs around the center of the nugget and then
decreases slightly towards the edge of the nugget [93, 96, 98,
100]. For example, the maximum residual stress in resistance
spot weld of 5754 Al alloy was found to be 75 MPa (close to
the yield strength of the BM), at the center of the nugget.
Away from the center of the nugget, at a distance equal to half
the thickness of the nugget, the value decreased to 50 MPa

Fig. 15 Comparison between the fatigue behavior ofMg alloy, Al alloys,
and steel spot welds in TS configuration (d/
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[98]. Neutron scatter diffraction technique was used to quan-
tify the three dimensional residual stress fields in 2-mm-thick
6061-T6 Al alloy resistance spot welds, i.e., in-plane longitu-
dinal (σ 11), in-plane transversal (σ 22), and normal (σ 33)
residual stresses. Measurements were taken in the center sec-
tion of the joint (middle), 1 mm above the mid-plane (top), and
1 mm below the mid-plane. As shown in Figs. 16 and 17, the
residual stresses were found to be in the range of 30–120MPa
(the highest value being approximately 40 % lower than yield
strength of the BM). For σ11 component, the stresses are pos-
itive (tensile) in the horizontal direction but vary from
±100 MPa in the vertical direction (Fig. 16). On the other
hand, the σ22 component is mostly positive in both directions
(Fig. 17). The values of σ33 were found to be negligible and
can thus be ignored in weld joint design [41]. It is important to
state that increasing the electrode force was found to be ben-
eficial in reducing the amount of tensile residual stresses [22,
93]

9 Effect of welding parameters

The quality and performance of resistance spot welds are in-
fluenced by heat input, which in turn depends on welding
parameters, primarily welding current, welding time, and elec-
trode force [37, 45, 101–104]. It is important to select the
correct welding parameters to produce a reliable and sound
joint with the desired geometric features and mechanical prop-
erties [51]

9.1 Effect of welding current and time

Welding current is the most influential parameter in RSW.
Generally, a low-current results in low heat input, an under-
sized size, and poor penetration. Increasing the current leads to
an increase in heat generation, nugget size, and tensile shear
load [14, 26, 30, 36, 63]. Because of their high thermal con-
ductivity, high welding current and short welding time are
required for RSW of Al alloys. However, excessive welding

current could lead to excessive heat generation, severe expul-
sion, poor joint quality, and appearance [26, 27, 44, 62, 63].

Figure 18 shows the effect of welding current on the
strength of 2-mm 6061-T6 Al alloy spot weld at various
welding times and a constant electrode pressure of 5 kg/cm2

[67]. Over the range of current studied, at a given welding
time, the tensile shear load increased with increase in welding
current due to increase in nugget size [67]. Maximum tensile
shear load of about 2.75 kN was obtained at a welding current
of 20 kA and 8 cycles welding time [67]. In another study, also
conducted on 2-mm 6061-T6 at 4.03 kN electrode force and
4-cycle welding time, it was found that increasing the welding
current from 36 to 40 kA resulted in an increase in nugget
diameter from 5.8 to 8.5 mm, with corresponding increase in
strength from 3.3 to 4.9 kN [73]. Similarly, for 1-mm 6082-T6
Al alloy, at 2-cycle welding time and 3.24 kN electrode force
and in current range of 23–29 kA, the nugget diameter was
found to increase from 4.2 to 6.5 mm, with corresponding
increase in joint strength from 2.1 to 3.3 kN [63].

Although the nugget diameter and joint strength increase
with increase in welding current, the electrode imprint/
indentation also increases, even at constant electrode force
[27, 63]. A spike in electrical current could create a large
imprint and potential burn-through effect, especially on thins
sheets, affecting joint quality and appearance [27]. In one
study, carried out on 1-mm 6061-T6 Al alloy, at an electrode
force of 3.3 kN and 2-cycle welding time, a sudden increase in
indentation was observed at a welding current of 27 kA, and
about 15 % reduction in the initial thickness of the sheets was
obtained at a welding current of 28 kA [63]. Figure 19 depicts
the 3D laser profilometer images of electrode imprints on the
surface of 2-mm 6061-T6 Al alloy as a function of welding
current. As shown, the indentation depth on the top welded
sheet was found to increase linearly with increase in welding
current, with a mean average value of 32, 40, and 53 μm at
welding current of 26, 30, and 38 kA, respectively. However,
the indentation depth on the bottom welded sheet exhibits a
random tendency due to spatter from the weld process, with
mean average value of 14, 34, and 32 μm, at of 26, 30, and
38 kA, respectively [27]. Thus, although it is favorable to

Fig. 16 σ11 stresses in a
horizontal direction and b vertical
direction [41]
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select high welding currents for Al alloys, the values should
not be unnecessarily high.

The effect of welding time on heat input is similar but less
significant. This is because the heat input is proportional to the
square of the current and to the first power of time on Joule’s
law (Eq. 1). As the welding time increases, the heat input and
in turn the nugget size also increase [14, 30, 73, 105].
However, too long a welding time coarsens the microstructure
of the weld nugget and heat-affected zone and thus affects the
hardness [63]. It also results in increased electrode heating and
wear [44]. Figure 20 depicts the effect on welding time on the
strength of 2-mm 6061-T6 Al alloy spot welds, produced at
constant electrode pressure of 5 kg/cm2 and various welding
currents. As shown in the figure, at a particular welding cur-
rent, increase in welding time up to 8 cycles increases the
tensile shear load. However, further increase in welding time
leads to reduction of joint strength, which was attributed to
expulsion. A maximum tensile shear load of 2.75 kN was
obtained at a welding current of 20 kA and 8-cycle welding
time [67]. Similarly, in another study conducted on 2-mm
6061-T6 Al alloy at 4.36 kN electrode force and welding
current of 36 kA, it was found that by increasing the welding

time from 4 to 8 cycles, the nugget diameter and failure load
increased from 5.8 to 8 mm and 3.3 to 4.3 kN, respectively.
Further increase in welding time also resulted in expulsion
[73]. Furthermore, evaluation of the effect of welding time
on the properties of 1-mm 6082-T6 aluminum alloy, conduct-
ed at constant welding current of 26.4 kA and electrode force
of 3.24 kN, has shown that the nugget diameter and failure
load increased from approximately 1.5 mm and 0.7 kN, re-
spectively, at 1 cycle to 5.6 mm and 2.8 kN at 3 cycles and
remain approximately constant for current times beyond 3 cy-
cles [63]. Thus, for any particular sheet thickness and welding
current, it is unnecessary to prolong the welding time beyond
a critical value.

9.2 Electrode force

Electrode force influences the joint properties mainly through
its effects on contact resistance and contact area. Insufficient
electrode force would result in high contact resistance, exces-
sive heat generation, expulsion, and poor joint quality [30, 37,
106, 107]. High electrode is required in RSW of Al alloys to
squeeze and break down the oxide layer and thus reduce the
contact resistance [25, 44, 54, 55, 63]. However, very high
electrode force could lead to severe indentation, sheet separa-
tion, and distortion [47, 58, 63, 106]. Furthermore, the nugget
diameter and joint strength tend to decrease with the increase
of electrode force above a critical value, due to increase in
contact area, reduction in current density, and increased heat
dissipation [26, 30, 63, 105]. Afshari et al. [73] studied the
effect of electrode force on the nugget diameter and tensile
shear load of 2 mm 6061-T6 Al alloy spot weld, at a welding
current of 36 kA and welding time of 4 cycles. As shown in
Fig. 21, increasing the electrode force from 3.67 to 4.58 kN
led to an increase of the nugget diameter from 5.5 to 8.1 mm
and that of failure load from 3.1 to 4.41 kN. However, when
the electrode force was further increased to 4.77 kN, the nug-
get size and failure load decreased to 7.7 mm and 4 kN, re-
spectively [73]. As shown in Fig. 22, for 1-mm 6082-T6 Al
alloy, at a welding current of 26.4 kA and welding time of
2 cycles, increasing the electrode force beyond approximately
4 kN leads to a drop in nugget [63]. A similar observation was

Fig. 18 Influence of welding current on tensile shear strength of 6061-T6
Al alloy spot welds [67]

Fig. 17 σ22 stresses in a
horizontal direction and b vertical
direction [41]
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made for 2-mm AA5052 Al alloy spot welds. The nugget
diameter and strength increased with increased electrode force
up to 4 kN and dropped thereafter [30].

10 RSW of Al alloys to other alloys

To improve performance and cost-effectiveness, and to exploit
the advantages of different materials, hybrid structures, such
as Al/steel, Al/Mg, Al/Ti, and Mg/steel, are widely used in
many applications. It is thus important to understand the join-
ing mechanism and performance of dissimilar joints

10.1 RSW of Al alloys to steels

Steel is currently the primary structural material in the auto-
motive industry. Therefore, joining Al to steel is indispens-
able. However, because of the large difference in physical and
thermal properties between Al alloy and steel (Table 1),
welding them together is difficult. The nearly no
intersolubility between them results in the formation of brittle
Al-rich intermetallic compounds (IMCs) at the interface,
mainly Fe2Al5 and FeAl3 [61, 62, 66, 109–114]. A study of
the kinetics of growth of the IMC layer has shown that its
formation and growth are mainly driven by reactive diffusion
between Fe and Al atoms and that its thickness and morphol-
ogy depend on interaction time between liquid Al alloy and
solid steel and also on the interfacial temperature [61].
Generally, the morphology and thickness of the IMC layer
varies along the Al/steel interface, with maximum thickness
being obtained at the center, due to its higher interfacial tem-
perature and longer reactive diffusion time [61, 62, 64, 66,
109–113].

Zhang et al. [62] joined 1-mm H220YD galvanized high-
strength steel to 1.5-mm 6008 Al alloy directly by RSW. The
joint was found to be a special brazed joint where the melted
Al alloy spread on solid steel surface, forming an Al alloy
nugget and a steel HAZ. A similar observation was made
during the dissimilar RSW of 5052 Al alloy/St-12 (DC 01)
steel and 5052 Al alloy/low carbon galvanized steel [114].
IMC layer consisting of Fe2Al5 phase, with lath-like or
tongue-like morphology was observed beside the steel, and
Fe4Al13 phase, with needle-like morphology beside the Al
alloy nugget. The thickest IMC comprised of ∼5-μm-thick

Fig. 19 Axonometric 3D weld
profiles for top (T) and bottom (B)
welds at different welding
currents. The dark blue indicates
depth, while the red and pink
indicate height. The scanned
surface was 20 mm×20 mm [27]

Fig. 20 Effect of welding time on tensile shear strength of 2 mm 6061-
T6 Al alloy resistance spot welds [67]
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Fe2Al5 and at least 2.5-μm-thick Fe4Al13. As shown in
Fig. 23, the IMC layer exhibited the highest hardness com-
pared to the Al and steel sides, with average nanohardness
value of approximately 8.7 and 6.5 GPa for Fe2Al5 and
Fe4A13 layers, respectively. The average hardness of the Al
alloy nugget and galvanized steel near the interface was found
to be approximately 1.1 and 2.1 GPa, respectively. During TS
test, IF mode occurred. The cracks initiated in the Fe2Al5 layer
and propagated mainly through the IMC layer and partially
through the FZ. A maximum tensile shear load 3.31 kN was
obtained [62]. To improve the weldability and joint strength,
another study was conducted using optimized electrode mor-
phology, involving a planar circular tip electrode (with tip
diameter of 10 mm) on the steel side and a spherical tip elec-
trode (with spherical diameter of 70 mm) on the Al side. This
resulted in wider and more homogeneous current density dis-
tribution and reduced interfacial temperature. An IMC layer,
composing of Fe2Al5 and Fe4Al13, with maximum thickness
of about 4.0 μm was formed at the interface, and a tensile
shear load of 5.4 kN was obtained [66].

10.1.1 RSW of Al/steel with cover plates

In order to produce reliable joints under relatively lowwelding
current condition, Qiu et al. [109–113] applied the technique

of RSW with cover plate to join 1-mm A5052 Al alloy/1-mm
SPCC steel and 1-mm A5052 Al alloy/1-mm SUS304 stain-
less steel dissimilar joints. In both cases, the cover plate was
placed on the Al sheet. The details of this technique can be
found in the pioneer work of Qiu et al. [48]

Figure 24a, b show a typical SEM image of the interface of
A5052/ SPCC steel and A5052 Al alloy /SUS304 dissimilar
joints, respectively [111]. As shown in the figure, for A5052
Al alloy /SPCC steel, the reaction layer exhibited a tongue-
like morphology adjacent to the steel side and a fine needle-
like morphology on the Al side. On the other hand, for the
A5052 Al alloy/SUS304 steel, the reaction layer had a flat
front on the steel side and a serrate morphology on the Al side.
Characterization of the interfaces by TEM reveals that the
reaction product in A5052 Al alloy/SPCC steel joint is com-
posed of Fe2Al5 adjacent to the steel and FeAl3 adjacent to the
Al side [113]. For A5052 Al alloy/SUS304 steel joint, it is
composed of a mixed layer of Fe2Al5 and FeAl3 beside the Al
alloy and an approximately 35-nm-thick layer of FeAl2 on the
steel side. Moreover, a reaction block of hexagonal AlFeCr
(a=2.451 nm and c=0.758 nm) was observed in Al alloy near
the joint interface [110]. At all welding currents, the reaction
layer was found to be thinner at the A5052 Al alloy/SUS304
steel interface than at the A5052 Al alloy/SPCC steel because
the presence of Cr in SUS 304 steel reduces the activity coef-
ficient of Al atoms, leading to low growth rate of Fe2Al5.
During TS test, fracture occurred in the reaction layer in the
A5052 Al alloy/SPCC steel joint and in the A5052 Al alloy in
A5052 Al alloy/SUS304 steel joint [112]. A maximum tensile
shear load of 6.5 and 4.68 kN was obtained for the A5052 Al
alloy/SUS304 steel and A5052 Al alloy/SPCC steel joints,
respectively [112]

10.1.2 RSW of Al alloy/steel with transition materials

In attempts to restrain the formation of the brittle IMCs and
improve the weldability of Al/steel resistance spot welds, dif-
ferent transition materials/interlayers, such as Al clad steel
strips [115–117], pure Al alloy [118], Al-Si alloy [64], Al-
Mg alloy [119], Al-Cu alloy [105], and Cu coating [26], have
been used. For example, Oikawa et al. [116] applied RSW to
join 0.8-mm-thick cold rolled steel (EDDQ) and 1-mm Al
alloy (Al-5·5 Mg-O) sheets using 0.77-mm Al clad steel sheet

Fig. 21 Effect of electrode force
on a nugget diameter and b failure
load (welding current 36 kA;
welding time 4 cycles) [73]

Fig. 22 Effect of electrode force on nugget diameter of 1-mm 6061-T6
Al alloy spot weld at 26.4 kA and 2 cycles [63]
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as insert metal (produced by hot rolling 0.4-mm cold rolled
steel sheet and 0.6-mm pure Al sheet). The strength of the
joint was found to be higher than that of direct joint and of
the same order as that of Al/Al similar joint. The maximum
value of tensile shear and U-tension strengths of the direct
joint was about 2.4 kN/spot and 0.6 kN/spot, respectively,
while that of the joint with insert was found to be about
3.6 kN/spot and 1.5 kN/spot, respectively [116]. However,
although the utilization of Al clad steel strip is beneficial in
improving the strength of Al/Steel dissimilar joints, cost and
difficulty in fabricating the strip would restrict its application.

Recently, Zhang et al. [64] investigated the resistance spot
weldability of dissimilar joint between 1-mm H220YD high
strength steel and 1.5-mm 6008-T6 Al alloy with 4047 AlSi12
interlayer of different thicknesses (100, 200, 300, and 400 μm).
The 4047 AlSi12 interlayer was found to restrict the formation
and growth of brittle IMCs. Instead, IMC composed of Fe2(Al,
Si)5 and Fe4(Al,Si)13 was formed at the steel/Al interface. With
increasing interlayer thickness from 100 to 400 μm, the thick-
ness of the IMC layer decreased from 1.8 to 0.6 μm (the thick-
ness of IMC layer in the interlayer-free joint was about 4.0 μm).

Furthermore, the morphology of the IMC layer changed from
dual-layered (with tongue-like structure beside steel and needle-
like structure adjacent to aluminum nugget) with interlayer thick-
ness of 100–200 μm to single-layered serrated-shaped structure
with interlayer thickness of 300–400 μm. And, as shown in
Fig. 25, the tensile shear load of the joint increased with inter-
layer thickness, reached a maximum of 6.2 kN with interlayer
thickness of 300 μm (which is significantly higher than that of
the interlayer-free joint, 5.4 kN) [64]. More recently, 80-μm-
thick Al-Mg alloy (80 wt% Al and 20 wt% Mg) was used to
join 2-mm A6061-T6 alloy and 2-mm 304 stainless steel, pro-
ducing a maximum tensile shear load of 8.4 kN (the TS strength
of the interlayer-free joint was about 4.8 kN). Two-micrometer-
thick IMC layer composing of Fe2Al5 was observed at the inter-
face. The fatigue behavior of the joint in TS configuration was
also evaluated. The fatigue limit of the joint, which was defined
as the runout load at 107 cycles, was found to be 1.75 kN. The
fatigue fracture mode was dependent upon the load levels. Plug
fracture occurred at high load levels (Pmax ≥3 kN), IF mode at
medium load levels (2.25 kN≤Pmax≤3 kN), and through thick-
ness fracture at low load levels (Pmax ≤2.25 kN) [119].

Table 1 Comparison between
properties of magnesium,
aluminum, and iron [108]

Properties Magnesium Aluminum Iron

Ionization energy (eV) 7.6 6 7.8

Specific heat (J kg−1 k−1) 1360 1080 795

Specific heat of fusion(J/kg) 3.7 × 105 4 × 105 2.7 × 105

Melting point (oC) 650 660 1536

Boiling point (oC) 1090 2520 2860

Viscosity (kg m−1 s−1) 0.00125 0.0013 0.0055

Surface tension (Nm−1) 0.559 0.914 1.872

Thermal conductivity (Wm−1 k−1) 78 94.03 38

Thermal diffusivity (m2 s−1) 3.73× 10−5 3.65× 10−5 6.80× 10−6

Coefficient of thermal expansion (1/k) 25× 10−6 24× 10−6 10 × 10−6

Density (kg/m3) 1590 2385 7015

Elastic modulus (N/m3) 4.47× 1010 7.06× 1010 21 × 1010

Elastic resistivity (μΩm) 0.274 0.2425 1.386

Vapor pressure (Pa) 360 10−6 2.3

Fig. 23 Nanohardness tests
across galvanized steel/Al alloy
resistance spot weld: a
nanoindents; b nanohardness
profile [62]
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A significant improvement in tensile shear load of 1-mm
A6061 Al alloy/1 mm Q235 steel was obtained, from 2.8 kN
(for direct joint) [120] to 3.8 kN by employing 0.03-mm
AlCu28 foil interlayer [105]. The strength further increased
to 4.6-kN when the Q235 was copper-coated (coating thick-
ness of 2 μm), suggesting that copper plating can improve the
strength of Al/steel dissimilar joint [26].

10.1.3 RSW of Al/steel with a rivet

Seeking to further improve the strength of dissimilar Al/steel
resistance spot welds, the technique of resistance spot welding
with a rivet, also called resistance element welding, was re-
cently introduced [120, 121]. In this technique, a technologi-
cal hole is drilled at the center of the overlap area of the Al
alloy, and then a steel rivet is inserted into the hole before
welding [120, 121]. The technique was first tried by Qiu
et al. [120] to weld A6061 Al alloy/ Q235 steel, each 1-mm
thick. The diameter and length of the rivet conformed to di-
ameter of the hole and Al sheet thickness, respectively. The
maximum tensile shear load of the joint was found to be
3.85 kN, which is significantly higher than that of the joint
produced by conventional RSW (2.8 kN). An approximately
4-μm-thick FeAl reaction layer was observed at the rivet/Al
alloy interface and FeAl3 at the steel/Al alloy interface [120].

More recently, Ling et al. [121] employed the technique to
join a 2-mm 6061 Al alloy to 1.8-mm uncoated 22MnMoB
boron steel, using Q235 steel rivet with 5-mm diameter. A
very strong joint, with a maximum tensile shear load of
7 kN and energy absorption of 11.38 J, was obtained. On the
other hand, conventional RSW produced a weak joint, with a
maximum tensile shear load of 957 N and a maximum peak
energy absorption of 0.09 J. Some joining was also achieved
between the Al sheet and the Q235 rivet. Four-micrometer-
thick IMC, composing of FeAl, Fe2Al5, and FeAl3, was also
observed at the rivet/Al interface. Furthermore, compared to
the conventional RSW, the technique required the application
of relatively lower welding current as it involves welding steel
to steel. [121]. The technique can be improved further by
optimizing the length and diameter of the rivet [120].

Table 2 compares the strength of Al/steel resistance spot
welds, obtained using different techniques. From the strengths
obtained, it can be seen that the use of interlayers, resistance
element welding, RSW with cover plates, and the use of op-
timized electrode morphology are promising techniques in
suppressing the IMC and improving joint strength. For the
interlayer added joint, the highest strength was obtained using
Al-Mg alloy interlayer, followed by 4047 AlSi12 foil. Other
interlayers should be tested to exploit the full potential of this
technique. The technique of RSW with a rivet appears to be
promising and further study is needed to improve the tech-
nique, for example, by optimizing the length and diameter of
the rivet. For the interlayer-free joints, the technique of RSW
with cover plate gave the highest strength value, followed by
optimized electrode design.

10.2 RSW of Al/Mg alloys

Mg is the lightest structural metal, with a density of approxi-
mately one fourth that of steel and two thirds that of Al. Thus,
joining Al to Mg alloys would lead to significant weight sav-
ings. However, it is a very challenging task due to differences
in physical and metallurgical properties (Table 1), which pro-
mote the formation of brittle IMCs, such as Mg17Al12 and
Mg2Al3 [8, 35, 122–124].

A study of the mechanism of nugget formation during dis-
similar RSW of 2024 Al alloy/AZ31B Mg alloy has shown
that a certain amount of plastic deformation occurred at the

Fig. 24 SEM images of the
interface of a A5052 Al alloy/
SPCC steel and b A5052 Al alloy
/SUS304 stainless steel dissimilar
joints [111]

Fig. 25 Effect of 4047 AlSi12 interlayer thickness on tensile shear load
of welded joints [64]
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interface of the joint and that with increased heat input, the
Mg alloy was further softened, thus expanding the plastically
deformed region. The Al alloy protruded into the Mg alloy,
distorting the weld line and forming a wavelike appearance.
These protruded regions served as favorable sites for the
mixing of Al and Mg and consequently nugget formation.
Energy spectrum analysis showed that the nugget consisted
mainly of Al12Mg17 IMCs, and the hardness value of the
nugget was found to be significantly higher than those of Al
and Mg base metals, as shown in Fig. 26 [125]. Similarly,
Hayat [35] observed Al3Mg2 and Al12Mg17 IMCs at the nug-
get zone of AZ31 Mg alloy/1350 Al dissimilar joint, and due
to the presence of these IMCs, the average hardness of the
nugget (190±10 HV) was found to be significantly higher
than that of the Mg (73±5 HV) and Al (40±5 HV) sides.
The high hardness of the nugget would induce microcraking
at the joint interface. Observation of the fracture surface of the
joint revealed brittle morphology, with distinctive character-
istics of brittle intermetallics, as shown in Fig. 27 [35].

10.2.1 RSW of Al/Mg alloys with interlayers

Asmentioned in the preceding section, direct welding of Al to
Mg alloys results in the formation of brittle to IMCs, which
impair the mechanical performance the joint. Therefore, it is
imperative to develop means of controlling the formation of
IMCs [124].

Interlayers can be used as barrier materials to prevent or
restrict the mixing of Al and Mg and therefore suppress the
formation of brittle IMCs [124, 126, 127]. Ni, with a melting
point of 1455 °C, which is remarkably higher than that of Mg
(650 °C) and Al (660.42 °C), could prevent the mixing of Al
and Mg when used as an interlayer. Furthermore, Al-Ni and
Mg-Ni IMCs are less brittle than Al-Mg IMCs [127]. Thus,
Penner et al. [127] explored the feasibility of using Ni based

T
ab

le
2

C
om

pa
ri
so
n
of

th
e
te
ns
ile

sh
ea
r
st
re
ng
th

of
A
l/S

te
el
di
ss
im

ila
r
jo
in
ts
us
in
g
di
ff
er
en
tt
ec
hn
iq
ue
s

M
at
er
ia
ls
co
m
bi
na
tio

n
Jo
in
in
g
Te
ch
ni
qu
e

T
ra
ns
iti
on

m
at
er
ia
l

IM
C
s

IM
C
la
ye
r
th
ic
kn
es
s

T
S
st
re
ng
th

(k
N
)

R
ef
er
en
ce

1-
m
m

H
22
0Y

D
ga
lv
an
iz
ed

hi
gh

st
re
ng
th

st
ee
l/1

.5
m
m

60
08

A
la
llo

y
C
on
ve
nt
io
na
lR

SW
–

Fe
2A

l 5
an
d
Fe

4
A
l 1
3

A
tl
ea
st
∼7

.5
μ
m

3.
31

[6
2]

C
on
ve
nt
io
na
lR

SW
w
ith

op
tim

iz
ed

el
ec
tr
od
e
m
or
ph
ol
og
y

–
Fe

2A
l 5
an
d
Fe

4
A
l 1
3

4.
0
μ
m

5.
4

[6
6]

C
on
ve
nt
io
na
lR

SW
30
0-
μ
m

40
47

A
lS
i1
2

Fe
2(
A
l,S

i)
5
an
d
Fe

4
(A

l,S
i)
13

0.
6
μ
m

6.
2

[6
4]

1-
m
m

A
50
52

A
la
llo

y/
1-
m
m

SP
C
C
st
ee
l

R
SW

w
ith

co
ve
r
pl
at
e

–
Fe

2A
l 5
,F

eA
l 3
an
d
Fe
A
l 2

M
ax
im

um
th
ic
kn
es
s
of

7
μ
m

4.
68

[1
12
,1
13
]

1-
m
m

A
50
52

A
la
llo

y/
1-
m
m

SU
S3

04
–

Fe
2A

l 5
an
d
Fe
A
l 3

M
ax
im

um
th
ic
kn
es
s,
of

2.
5
μ
m

6.
5

[1
10
,1
12
]

2-
m
m

A
60
61
-T
6
al
lo
y/
2-
m
m

30
4
st
ai
nl
es
s

st
ee
l

C
on
ve
nt
io
na
lR

SW
–

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

4.
8

[1
19
]

2-
m
m

A
60
61
-T
6
al
lo
y/
2-
m
m

30
4
st
ai
nl
es
s

st
ee
l

C
on
ve
nt
io
na
lR

SW
80
-μ
m

th
ic
k
A
l-
M
g
al
lo
y

Fe
2A

l 5
2
μ
m

8.
4

[1
19
]

0.
8-
m
m

co
ld

ro
lle
d
st
ee
l(
E
D
D
Q
)/
1-
m
m

A
l

al
lo
y
(A

l-
5·
5
M
g-
O
)

C
on
ve
nt
io
na
lR

SW
–

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

2.
4

[1
16
]

C
on
ve
nt
io
na
lR

SW
0.
77
-m

m
al
um

in
um

cl
ad

st
ee
l

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

3.
6

[1
16
]

1-
m
m

A
60
61

A
la
llo

y/
1-
m
m

Q
23
5
st
ee
l

C
on
ve
nt
io
na
lR

SW
–

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

2.
8

[1
20
]

0.
03
-m

m
A
lC
u2
8
fo
il

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

3.
8

[1
05
]

R
SW

w
ith

a
ri
ve
t

–
Fe
A
la
nd

Fe
A
l 3
at
ri
ve
t/A

l
in
te
rf
ac
e

4
μ
m

3.
85

[1
20
]

1-
m
m

A
60
61

A
la
llo

y/
1-
m
m

co
pp
er
-c
oa
te
d

Q
23
5
st
ee
l

C
on
ve
nt
io
na
lR

SW
–

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

4.
6

[2
6]

2-
m
m

60
61

A
la
llo

y/
1.
8-
m
m

un
co
at
ed

22
M
nM

oB
bo
ro
n

st
ee
l

C
on
ve
nt
io
na
lR

SW
–

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

0.
95
7

[1
21
]

R
SW

w
ith

a
ri
ve
t

–
Fe
A
l,
Fe
2A

l5
,a
nd

Fe
A
l3

at
ri
ve
t/A

li
nt
er
fa
ce

4
μ
m

7
[1
21
]

Fig. 26 Microhardness profile of AZ31B Mg alloy/2024 Al alloy
resistance spot weld [125]

622 Int J Adv Manuf Technol (2017) 90:605–634



interlayers (0.2-mm pure Ni foil and 0.2-mm gold-coated Ni
foil) to join 2-mm-thick AZ31B Mg alloy and 2-mm 5754 Al
alloy by RSW. Although the use of pure Ni interlayer could
not produce a metallurgical bond between the Mg and Al
alloys, the gold-coated Ni interlayer effectively suppressed
the formation of Al-Mg IMC and significantly improved the
metallurgical bonding between the Mg and Al alloy. The Al
alloy was joined to the interlayer by direct weld-brazing in the
nugget center and by brazing through Au-based filler metal at
nugget edges. On the other hand, the Mg alloy was joined to
the Ni mainly through different Au- rich phases, such as
Mg3Au IMC layer and Au-Mg eutectic. Thus, a strong joint
with an average peak load of 4.69 kN (90 % of the strength of
optimized AZ31B/AZ31B spot welds) was produced [127].
The failed attempt of Penner et al. [127] to join Mg to Al alloys
with pure Ni interlayer by RSWwas attributed to the application
of low heat input [128]. Therefore, in a more recent study, which
also employed 0.2-mm-thick pure Ni as interlayer to join 2-mm
AZ31B Mg alloy and 2-mm 5754 Al alloy, higher welding cur-
rent (32–36 kA) was applied. Furthermore, the electrode tip faces
were flattened (with smaller tip face on the Al side) in order to
improve the heat balance. The Ni interlayer remained solid and
unmelted, preventing the formation of Al-Mg IMCs. Continuous
submicron Mg-Ni and Al-Ni intermetallic layers were observed
at the Mg/Ni and Al/Ni interfaces, respectively. Consequently, a
strong metallurgical joint with an average peak load of about
5.1 kN was obtained [128].

The feasibility of using Zn-based interlayers to join Al to
Mg alloys was also studied [126, 129]. 0.25-mm pure Zn foil
and 0.7-mm-thick Zn-coated HSLA steel were employed as
interlayers to join 2-mm AZ31B Mg alloy to 2-mm Al Alloy

5754. The pure Zn foil led to the formation of brittle IMCs with
microhardness values of 224–304 HV in the nugget zone be-
cause of the mixing of Al, Mg, and Zn and consequently poor
joint. On the other hand, the Zn-coated steel remained unmelted
and successfully prevented the mixing of Al and Mg, thereby
restricting the formation of brittle IMCs. A joint with a strength
of about 3.86 kNwas obtained, which is approximately 74% of
the strength of optimizedAZ31B/AZ31B spot weld and accept-
able as per AWS D17.2 standard [129]. As observed by Penner
et al. [129], the application of pure Zn as interlayer to join Al to
Mg alloys resulted in poor joint strength. Therefore, in a more
recent study [126], a new technique, called thermo-
compensated RSW process was proposed and applied to join
1.5-mm AZ31B Mg alloy to 1.5-mm AA5052-H12 Al alloy
using 0.4-mm-thick pure Zn as interlayer. In this technique, a
0.5-mm thick AISI 201 stainless tape was inserted between the
Al sheet and the upper electrode. More heat was generated in
the stainless tape than in the Al alloy because of its lower
thermal conductivity and higher electrical resistivity. Thus, the
stainless steel acted both as an additional heat source to Al alloy
and also as a barrier to restrain heat loss from the nugget.
Therefore, there was an increased dissolution of elemental Al
into the liquid nugget during the RSW process. As a result of
this, the nugget contained large amounts of dissolved Al and Zn-
based solid solution, which led to improvement in joint strength.
The average peak load of the joint obtained by this techniquewas
found to be 2.2 kN, while that of the joint obtained by conven-
tional RSW was found 0.73 kN [126]. In the most recent study
[8], 0.6-mm-thick Sn-coated steel interlayer was found to suc-
cessfully prevent the formation of brittle of Al-Mg IMCs during
RSW of 2-mm AA5052 Al alloy to 2-mm AZ31 Mg

Fig. 27 The fracture surface
morphology on the Mg side of
direct Al/Mg resistance spot weld:
(a) macroscopic fracture
morphology (100 x); microscopic
fracture morphology (b) 2,000 x
(c) 10,000 x and (d) 10,000 x
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alloy, producing a joint with a maximum tensile shear load of
4.4 kN [8].

Table 3 compares the strengths of Al/Mg dissimilar resis-
tance spot welds, obtained using different interlayers and tech-
niques. From the table, it can be observed that, generally, pure
Zn interlayer could not improve the joint strength. Although the
thermo-compensated RSW technique resulted in appreciable
improvement of Al/Mg dissimilar resistance spot welds using
pure Zn interlayer, the joint strength is still low compared to the
use of other interlayers. The employment of pure Ni at high
welding current, Au-coated Ni and Sn-coated steel interlayers
produced the most successful results. However, the application
of materials with high cost material is commercially difficult.
Therefore, other lower cost and more available interlayers are
needed [129]. Thus, there is a need to test other interlayers and
the feasibility of applying the thermo-compensated RSW tech-
nique with other interlayers also be explored.

10.3 RSW of Al/Ti Alloys

Ti and its alloys are one of the most attractive engineering
materials in industrial applications. They possess superior
properties, such as high specific strength, high fatigue life,
toughness, excellent corrosion resistance. However, its appli-
cation is limited by its high cost [130]. Joining Ti to other
alloys would enhance cost-effectiveness and extend its appli-
cations. In particular, Al/Ti hybrid components attract great
attention because of their high specific strength, excellent re-
sistance to corrosion [69]. However, joining Al to Ti is diffi-
cult due to large differences in physical and thermal properties
and formation of brittle IMCs at the interface. So far, very few
research has been conducted on Al/Ti dissimilar RSW [69,
130]. Li et al. [68, 69] have joined 2-mm 6061-T6 Al alloy
and 1-mm TA1 pure Ti alloy by RSW, with and without EMS.
As shown in Fig. 28, the joint is an especial brazed joint. The
Al alloy melted while the Ti remained solid (welding-braz-
ing), forming the nugget in the Al alloy. A PMZ is observed
at the nugget edge and a CGZ next to it. However, equiaxed

crystal zone, which is formed in the interior of the nugget of
Al/Al joint was not observed. This is because the Ti sheet
restrained the heat loss and lowered the cooling rate, finally
interrupting the CET. Thus, a transition structure was ob-
served in the interior of the nugget (Fig. 28c) [68]. Under
the influence of EMS, the weld nugget became wider and
thinner due to centrifugal motion of the molten metal, which
would promote nugget growth in the radial direction
(Fig. 31e). The PMZ became wider and CGZ narrower.
Furthermore, as shown in Fig. 28g, the EMS effectively re-
fined the microstructure at the interior of the nugget into a
nearly spheroidal grains, and thus, this zone is referred to as
spheroidal grain zone (SGZ) [68]. As shown in Fig. 28d, h, no
visible reaction layer was observed at the Al/Ti interface. This
suggested that the thickness of any present IMC layer is less
than 1 μm [68]. For the joint produced by conventional RSW,
the bonding diameter, peak load, and energy absorption in-
creased with increase in welding current below 16 kA. An
average peak load of about 0.7, 2.1, 2.7, 3.5, and 4.22 kN
was obtained at welding current of 6, 8, 10, 12, and 14 kA.
Furthermore, it was found that at a critical welding current of
16 kA, the joint quality became unstable. This is due to the
change of welding mode from welding-brazing to fusion
welding (a reaction between liquid aluminum and liquid tita-
nium) mode, which promoted the formation of brittle IMCs,
possibly TiAl3, TiAl2, and Ti5Al11, or a mixture thereof [68,
69]. However, Under EMS, the weld quality improved at all
welding currents. Relative to that of the joint produced by
conventional RSW, the average peak load increased by
141.1, 19.7, 12.4, 20.2, 26.7, and 29 %, at welding currents
of 6, 8, 10, 12, 14, and 16 % respectively. The maximum
average peak load of 5.5 kNwas obtained at a welding current
of 16 kN [68]. Qiu et al. [130] used the technique of RSWwith
cover plates to join 1-mm A 5052 Al alloy and 1-mm pure Ti.
A thin, 160 nm, reaction layer of Al solid solution, supersat-
urated with Ti and containing precipitates of TiAl3 was ob-
served at the interface. Maximum tensile shear load of 6.4 kN
was obtained at 10 kA [130]

Table 3 Strengths of dissimilar Al/Mg resistance spot welds obtained using different techniques, with and without interlayers

Materials Process Interlayer Joint strength (kN) Reference

2-mm AZ31B Mg alloy/ 2-mm
5754 Al alloy

Conventional RSW 0.2-mm pure nickel Metallurgical bond
not produced

[127]

0.2-mm pure nickel 5.1 [128]

0.2-mm gold-coated
nickel foil

4.69 [127]

0.7-mm zinc-coated HSLA steel 3.86 [129]

2-mm AA5052-H32/2-mm AZ31-H24 Conventional RSW 0.6-mm Sn-coated AISI
1008 steel

4.4 [8]

1.5-mm AZ31B Mg alloy/1.5-mm
AA5052-H12 Al alloy

Conventional RSW 0.4-mm zinc interlayer 0.73 [126]

Thermo-compensated RSW 0.4-mm zinc interlayer 2.2 [126]

Conventional RSW No interlayer 0.83 [126]
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Fig. 28 Microstructure of the Al/Ti resistance spot weld: a–d Conventional RSW and e–h RSW with EMS [68]
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11 Weld bonding

Adhesive bonding is a cheap, fast, and robust joining tech-
nique that is used widely in the automotive, aerospace, nucle-
ar, electronics, and electrical industries. The process is also
used in combination with others processes such as RSW, riv-
eting, or mechanical fasteners in order to maximize the bene-
fits of the processes involved [131]. Weld bonding is an inno-
vative and advanced hybrid joining technology which com-
bines the advantages of RSWand adhesive bonding. It is now
widely used in automobile, railway carriages, and aircraft
manufacturing industries [132, 133]. It produces more desir-
able joints than either spot welding or adhesive bonding. In
addition to reducing the number of welds required in a vehicle,
it offers advantages such as reduced manufacturing costs, en-
hanced stress distribution, fatigue resistance, crashworthiness,
corrosion resistance, elimination of the need for sealants, im-
proved stiffness, and load-bearing capacity [60, 133–139]. In
the process, structural adhesives are applied on the surface of
the sheets followed by RSW and then curing at a suitable
temperature for a specific period of time [67, 135, 136].

Surface pre-treatment was found to have strong influence
on the properties of adhesive joints. Pereira et al. [131] studied
the influence of manufacturing parameters such as surface
pre-treatment, adherend thickness (ta), and overlap length
(Ls), on the strength of 6082-T6 Al alloy adhesive joints,
produced using a two-component, high-strength epoxy adhe-
sive (Araldite 420 A/B). Five different surface pre-treatments
were used: cleaning with acetone (SW), caustic etch (CE),
sodium dichromate-sulphuric acid etch (CSA), Tucker’s re-
agent etch (TR), and abrasive polishing (AP). As shown in
Fig. 29, CSA produced the best result followed by (AP). The
highest strength obtained by CSA is attributed to lower sur-
face roughness, which would result in a smaller angle of con-
tact. The failure load was also found to increase significantly
with increased Ls.

Khan and Dwivedi [65] studied the mechanical and metal-
lurgical behavior of weld-bonded 2-mm 6061-T6 Al alloy,
produced using 2-C plain epoxy resin adhesive (cured at
120 °C for 60 min). A corona bond zone was observed in
the HAZ, close to the nugget, where the adhesive layer was
displaced. Furthermore, the welding thermal cycle damaged a
thin band of the adhesive around the circumference of the
spot. Under cyclic loadings, fracture in both the spot welds
and weld bonds mostly initiated from circumferential zone of
nugget. However, the presence of adhesive lowers the stress
concentration and thus improved the fatigue life of the weld-
bonded joint. The fatigue life of the weld-bonded joint was
found to be approximately 0.62×106 cycles, which is signif-
icantly higher than that of adhesive bonded joint (about 22,
000 cycles) and that of the resistance spot weld (1000 cycles)
[65]. In another study, fatigue tests were conducted on series
of resistance spot welds and weld bonds of 1-mm 6082-T6 Al

alloy. The weld-bonding was conducted with two different
sets of welding parameters, named F5 (2.65 kN, 3 cycles,
and 26.4 kA) and F6 (3.24 kN, 2 cycles, and 26.9 kA) using
a high strength, two-component epoxy adhesive (Araldite 420
A/B, cured at 50 °C for 4 h). As shown in Fig. 30, the fatigue
strength of weld-bonded specimens was found to be signifi-
cantly higher than that of the resistance spot welds.
Furthermore, the fatigue resistance of the two weld bonds
(F5 and F6) was found to be similar, suggesting that the little
variation in welding parameters had insignificant effect on the
fatigue strength of the weld-bonded joints [89].

The quasi-static tensile shear load of weld-bonded bonds of
Al alloys is also higher than that of spot welds. The introduc-
tion of insulating adhesive increases the contact resistance and
thus heat generation, resulting in enlarged nugget size.

Fig. 29 Failure load of 6082-T6 Al alloy adhesive bonds as a function of
the surface preparation, adherend thickness, and overlap length [131]

Fig. 30 Fatigue behavior of weld-bonded and RSW 1-mm 6082-T6 Al
alloy [89]
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However, the risk of expulsion is also higher in weld bonding
[65, 67]. Khan et al. [60] developed a response surface model
to study the influence of significant process parameters
(welding current (C), welding time (T), and welding pressure
(P)) and their interactions (welding current-welding time
(CT), welding current-welding pressure (CP), and welding
time-welding pressure (TP)) on the tensile shear strength
(TS) of weld-bonded 2-mm AA 6061-T6 Al alloy, produced
using 2-C Plain Epoxy Resin adhesive (cured at 120 °C for
60 min). The CT interaction was found to have more signifi-
cant effect on the strength than that of CP and TP. The strength
increased with increase in welding current and welding time
up to a certain level and then decreased with further increase in
these parameters due to excessive heat generation, which
caused expulsion and damage to the adhesive. Thus, the
welding parameters should be carefully selected [60].

12 Main metallurgical defects in RSW of Al alloys

12.1 Expulsion

Expulsion (the ejection of molten metal from the nugget area)
is a common phenomenon in RSW. It occurs either at the
electrode/workpiece interface (surface expulsion) or at the
faying surface (interfacial expulsion), mainly due to the appli-
cation of high welding current for a short period of time [51,
82, 106, 107, 140, 141]. Surface expulsionmay severely affect
surface quality and electrode life but not the strength. On the
other hand, interfacial expulsion may affect the strength of the
joint due to loss of liquid metal from the nugget, making it
highly undesirable [51, 82], particularly in weld bonding,
where the integrity of the bond line may be compromised
[23]. Heavy expulsion can produce large cavity in the nugget
due to volume deficit [82].

The risk of expulsion is particularly high in RSW of Al
alloys, due to the presence of oxide layer and the need for
high welding current for a short period time [25, 82].
Senkara et al. [82] analyzed the forces involved in RSW and
developed a criterion for interfacial expulsion, which was ver-
ified by experiments on A 5754 Al alloy. The criterion is that
“Expulsion occurs when the force from the liquid nugget onto
its solid containment equals or exceeds the effective electrode
force” [82]. The most significant factor that induces expulsion
is the welding current, followed by electrode force [142].
Thus, enhancing electrode force is beneficial in suppressing
expulsion.

12.2 Porosity

Pore formation in RSW is caused by factors such as surface
contamination, hydrogen rejection during solidification, pre-
existing pores in the BM, shrinkage strain, and expulsion [79,

143, 144]. Porosity has been observed in the FZ of Al alloy
resistance spot welds [21, 36, 77, 85, 140]. For example, large
porosities, approximately 60 μm in diameter, were observed
in fracture surface of 2-mm 6061-T6 Al alloy resistance spot
weld [36]. Similarly, Gean et al. [85] observed substantial
porosity in the nugget of 1.2-mm 5182-0 Al alloy, especially
in samples welded with low electrode force[85]. Figure 31
shows some defects, including porosity, in the nugget of
AA6022-T4 spot weld, produced at a welding current of
31 kA and welding time of 133 ms [77]. It has been reported
that porosity decreases with increased electrode force [22, 85].
For example, Hassanifard et al. [22] found that pore fraction
(the ratio of porosity or void area to fusion zone area) during
RSWof 1.5-mm 5083-O Al alloy decreased from 4.6 to 3.7 to
2.4 % with increase in electrode force from 2.5 to 3 to 3.5 kN,
respectively.

12.3 Liquation cracking

Cracking is one of the major concerns in welding Al alloys
due to the presence of low melting point eutectics, such as Al-
Cu, Al-Mg, and Al-Mg-Si, and also due to high solidification
shrinkage and large coefficient of thermal expansion [51, 140,
145]. During RSWof Al alloys, the formation of liquid films
around grains in the HAZ due to constitutional melting of the
alloy and liquation of secondary phases provide favorable
conditions for cracking [140, 145]. Senkara and Zhang [140]
studied liquation cracking in RSW of AA5754 Al alloy.
Although some porosity was observed in the nugget of the
samples, no cracks were observed in the nuggets. However,
many cracks were observed in the HAZ of many samples. As
shown in Fig. 32, the cracks initiated close to weld interface in
the HAZ, where the alloy remained in the solidus-liquidus
temperature range during welding. The cracks then propagat-
ed into the BM. As shown in the figure, most of the cracks are

Fig. 31 Microstructure of AA6022-T4 spot weld [77]
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wider at their bases and became narrower towards the BM,
with fairly repeatable appearance and orientation. A
thermomechanical analysis revealed that tensile stresses have
built up on the cracked side of the joint due to material flow,
thermal stress development, and localized straining [140].

13 Electrode degradation

Rapid electrode tip wear is one of the major problems in RSW
of Al alloys due to the presence of oxide layer and usage of
high welding current [16, 42–44, 59, 146–148]. A study of the
electrode life during RSWof 1.5-mm5182Al alloy has shown
that the electrode life was in the range of about 400 to 900
welds. Electrode degradation was found to increase the con-
tact area at the electrode/sheet interface, thus reducing the
current density, leading to an undersized nugget [31]

Lum et al. [146] found, while studying the electrode deg-
radation mechanism during RSW of 5182 Al alloy, that the
degradation occurred in four basic steps, namely, Al pickup,
alloying of electrode with Al, electrode tip face pitting, and
cavitation. Al pickup begins right from the first weld as tiny
drops of molten Al are transferred from the sheet surface to the
electrode tip face. This molten Al adheres to and reacts with
the electrode, forming of complex Cu-Al alloys (mainly
CuAl2 and traces of Cu9Al4). The Cu-Al mixture breaks up
and as a result, pitting (material loss from the tip face) occurs,
initially on a ring near the periphery of the contact zone, where

the highest surface temperature is attained. Finally, smaller
pits grow and combine together to form large cavities [146].

Electrode degradation was found to be more significant on
top electrodes than on bottom electrodes due to Peltier effect
(top electrode positive and bottom electrode negative), which
results in higher heat generation at the top electrode [146]. The
cost of redressing or replacing the electrodes and the shut-
down times affect production cost and efficiency [27]. Thus,
it is important to improve electrode life. It was found that
periodic cleaning of the electrode would limit Al pickup and
thus extend the electrode life (Fig. 33) [146]. Furthermore,
Rashid et al. [59] proposed the application of a thin layer of
lubricant at the electrode/workpiece interface to influence the
electrode life. RSW of AA5182 Al alloy was investigated
using different metalworking lubricants. For the samewelding
conditions, one of the lubricants was found to extend the elec-
trode life to 730 welds, which was almost double the electrode
life for the unlubricated surface. The lubricant thinned the
surface oxide layer and thus reduced the heat generation
which led to reduced alloying and pitting rate. However, other
lubricants showed negative effect on electrode degradation.
Thus, further study is needed to find the exact mechanism
and to develop suitable lubricants.

14 Future trend

So far, quite a lot of research has been conducted on RSW of
Al alloys. However, compared to that of steel, the RSWof Al

Fig. 33 Appearances of a a new electrode and used electrodes after 2000
welds; bwithout periodic cleaning; cwith cleaning every 20welds; and d
with cleaning every 50 welds during RSWof 5182 Al alloy [146]

500 µm

Fig. 32 Liquation cracks in the HAZ of AA5754 Al alloy [140] spot
weld
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alloys is in a less advanced stage. Most of the research con-
ducted focused on 5xxx and 6 xxx series Al alloys. Little work
has been done on RSW of 7xxx series, which also have wide
range of applications in the automotive industry but limited
weldability. To fully incorporate Al alloys into the automotive
and aerospace structures, there is a need to explore the
weldability of different series of Al alloys, both in similar
and dissimilar combinations with one another. The newly de-
veloped RPW, which appears to be promising in welding
7xxxx alloys should be further explored, for example, by op-
timizing the compositions and dimensions of the filler rod.

As pointed out in this paper, the oxide layer on the surface
of Al alloys presents difficulties, such as high heat generation
and rapid electrode tip wear, during RSW. Thus far, both me-
chanical and chemical means have been used to remove or
reduce this oxide layer. It would be of great importance to
conduct a thorough research to compare the effectiveness of
these two methods, in terms of remaining oxide layer thick-
ness, contact resistance, surface roughness, electrode degrada-
tion, range of usable welding parameters, and joint mechanical
performance.

Currently, steel is the main structural material in the auto-
motive industry. Joining Al to steels has been challenging due
to the wide differences in physical and metallurgical proper-
ties. Since the use of some interlayers was found to be bene-
ficial in welding Al to steel, it is important to develop and test
other interlayers and also to combine the use of interlayers
with other successful techniques such as RSW with cover
plates and RSW with optimized electrode morphology.
Furthermore, the technique of REW, which seems promising
should also be further studied and also applied to other Al/
steel combinations. New advanced high strength steels, such
as transformation induced plasticity steels and twinning in-
duced plasticity steels, are being developed. It is therefore
imperative to study the weldability of these steels to various
series of Al alloys.

For Al/Mg dissimilar RSW, the employment of some inter-
layers has proven effective in restraining the formation of
brittle IMCs, with the most successful results obtained, so
far, using pure Ni foil, Au-coated Ni foil, and Sn-coated inter-
layers. Other interlayers, with lower cost and more availability
should be developed and tested. It would also be useful to
study the feasibility of combining thermo-compensated
RSW technique with other interlayers. Extremely limited
study has been conducted on Al/Ti joints. The weldability of
this important materials combination should be explored in
details. The possibility of using interlayers for such dissimilar
materials combination should also be explored, due to their
tendency to prevent formation of IMCs when properly
selected.

Fatigue is the major structural failure, especially in resis-
tance spot-welded joints. Little study has been reported on
fatigue behavior of Al/Al alloys and Al alloys/steel resistance

spot welds, and no study has been reported on fatigue behav-
ior of Al/Mg and Al/Ti dissimilar resistance spot welds. To
guarantee the light-weighting and crashworthiness of automo-
tive structures, such studies should be conducted. The weld
bonding technology has proven to be beneficial in enhancing
fatigue behavior of spot welds. It should be studied extensive-
ly and also applied during RSWof Al/Mg, Al/Ti, and Al/steel
dissimilar joints

Electrode degradation is a major concern in RSW of Al
alloys. One study has shown that the use some lubricants
can extend the electrode life, while other lubricants have neg-
ative effect on electrode degradation. Thus, it is important to
understand the exact mechanism and to develop suitable
lubricants.

Finally, despite the importance of corrosion to the life of
automobiles, no study has been conducted on the effect of
RSWon the corrosion behavior of Al spot welds. Such study
is crucial and should be undertaken.

15 Summary

Fuel consumption and greenhouse gas emissions have been
attracting global concern. The transportation industry has been
exploiting many strategies to improve fuel efficiency, of
which weight reduction is the most cost-effective. With a
low density, one third the density of steel, and high specific
strength, Al alloys have great potentials for weight savings
and are increasingly being incorporated into the automotive
and aerospace structures. On the other hand, RSW is the most
popular sheet joining process, especially in the automotive
industry. This paper presents a review on RSW of Al/Al al-
loys, Al/steel, Al/Mg, Al/Ti alloys, and weld bonding, with
emphasis on structure, properties, and performance relation-
ships, under quasi-static and dynamic loading conditions.

The RSW of Al alloys present some difficulties. The pres-
ence of non-conducting, tenacious, and refractory oxide layer
on the surface of Al alloys induces high contact resistance at
both the electrode/workpiece and faying interface.
Furthermore, due to their high thermal conductivity, high
welding current, typically two to three times for steel, is re-
quired in RSW of Al alloys. These lead to rapid electrode tip
wear and associated inconsistency in weld. It has been shown
that cleaning the oxide layer, either mechanically or chemical-
ly, leads to significant reduction in contact resistance and im-
provement of joint quality. It has also been shown that small
relative rotation or sliding between sheets, increasing the elec-
trode force, and applying a low-current preheat are beneficial
in reducing the contact resistance.

The microstructure of Al resistance spot welds usually con-
sists of ECZ at the interior of the nugget and CDZ at the edge
of the nugget. RSW under the influence of EMS results in
microstructure refinement of both the EDZ and CDZ and also
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increases the proportion of equiaxed grains, thus improving
mechanical properties. A significant reduction in hardness is
normally observed in the FZ and HZ of spot welds in heat
treatable, 6xxx series Al alloys, especially in the T6 state, due
to the dissolution of hardening precipitates. The reduction in
hardness is concentrated mainly in the nugget center, because
it experiences the highest temperature.

During TS shear test, resistance spot welds of Al alloys
commonly fail in IF mode partly because the hardness in
the FZ is less than or comparable to that of the BM. It was
found that for any sheet stacks, the strength of Al spot
welds in TS, CT, and CP configurations is governed by
the smallest sheet thickness (GMT), as it has the lowest
tearing resistance. As GMT increases, the strengths also
increase. The fatigue behavior of Al alloys is similar to
that of Mg alloys but significantly less than that of steels.
In LCF regime, Mg and Al alloys spot welds, in TS con-
figuration, fail in IF mode, while those of steel fail from
the HAZ due higher strength in the FZ. In the HCF, steel,
Mg and Al alloys spot welds commonly fail in coupon
failure mode. Residual stresses, which may be as high as
the yield strength of the BM, are formed in the nugget of
Al spot welds, with highest value obtained at the center of
the nugget. Increasing electrode force is useful in reduc-
ing residual stresses and also improving fatigue life.

Weld bonding, which combines adhesive bonding and
RSW, was found to significantly improve the quasi-static
and fatigue behavior of spot welds. However, the welding
parameters should be carefully selected to avoid expulsion
and poor joint quality.

Due to differences in physical and thermal properties dis-
similar RSW between Al/steel, Al/Mg, and Al/Ti alloys lead
to the formation of brittle IMCs which could impair the joint
quality. For Al/steel dissimilar RSW, the technique of resis-
tance element welding, the use of optimized electrode mor-
phology, the technique of RSW with cover plates, and the use
of interlayers such as Al-Mg, AlSi12, and AlCu28 alloys were
found to suppress the formation of brittle IMCs and improve
the joint quality. The employment of pure Ni foil, Au-coated
Ni foil, Sn-coated steel, and Zn-coated steel interlayers was
also found to restrict the formation of brittle IMCs during
RSW of Al/Mg alloys. The techniques of RSW with cover
plates and RSW under the influence of electromagnetic stir-
ring effect improve the weldability of the joints of Al/Ti dis-
similar joints.

RSW parameters, especially welding current, welding
time, and electrode force, strongly influence the quality and
performance of Al spot welds. Because of the high thermal
conductivity and low electrical resistivity of Al alloys, high
welding current and short welding time are needed during
RSWof Al alloys. In order to obtain sound joints with desired
geometry and mechanical importance, the RSW parameters
should be carefully selected and be within certain critical

range, so as to avoid excessive expulsion, unacceptable elec-
trode indentation, and poor joint quality.

Electrode degradation is a major concern in RSW of Al
alloys. It occurs in four basic steps, namely, Al pickup,
alloying of electrode with Al, electrode tip face pitting, and
cavitation. Periodic cleaning of the electrodes and the appli-
cation of a thin layer of suitable lubricants at the electrode/
workpiece interface are beneficial in extending the electrode
life.
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