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Abstract

The use of resistance spot welding (RSW) in the automotive industry is by far the most preferred and widely used joining
technique for sheet metal parts and is likely to continue for the foreseeable future. Advanced high strength steels (AHSSs) are
most commonly used in automotive structural components due to their attractive strength-ductility combinations. However,
several challenges are faced during RSW including (1) complex phase transformations such as hardening of nugget due to brittle
martensitic structure and softening in the heat affected zone due to martensite tempering present in base metal, cast like
solidification structure of nugget (2) elemental segregation leading to grain boundary embrittlement, (3) solidification defects
such as porosity and void formation in nugget, and (4) liquid metal embrittlement cracking. All of above factors contributes in
degradation of joint mechanical properties. In recent years, interlayer assisted RSW, magnetically assisted RSW, and pulsed-
RSW have emerged as potential methods to improve the joint mechanical performance. This review paper seeks to summarize the
recent technological advances of three modified RSW processes. A comprehensive analysis of the effect of welding process
parameters on metallurgical features of the weld joint, mechanical performance, and failure behaviour under different loading
conditions, i.e. cross tension, tensile shear, and cyclic (i.e. fatigue), is presented. In addition, the process feasibility to various
AHSS grades is also discussed. Finally, current challenges and new opportunities arising from three modified RSW processes are
discussed to provide a basis for future research.
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1 Introduction

Over the past few years, automotive industry is saddled with
the increasing demand to reduce tailpipe emissions and to
improve the vehicle fuel efficiency. Vehicle weight reduction
is considered as one of the effective ways to improve fuel
economy [1-3]. About 60% of a vehicle’s weight consists of

< Imtiaz Ali Soomro
imtiaz_17007503 @utp.edu.my

Department of Mechanical Engineering, Universiti Teknologi
PETRONAS, 32610 Seri Iskandar, Perak, Darul Ridzuan, Malaysia

Department of Metallurgy and Materials Engineering, Mehran
University of Engineering and Technology, Jamshoro, Sindh 76062,
Pakistan

body and chassis components [4]. Reducing the body compo-
nent thickness can substantially lower the vehicle weight.
However, a large reduction in component thickness can be
detrimental to vehicle crashworthiness (defined as abili-
ty of vehicle structure to absorb energy during collision)
which is of paramount importance with regard to pas-
senger safety [5].

Weight reduction and safety are contradictory challenges
as improved safety is generally provided by increased compo-
nent thickness which in turn increased the weight [3, 5]. Apart
from that, automobile body structure requires high structural
static stiffness, durability, noise vibration and harshness
(NVH) control, and ease of manufacturability to be formed
into complex shapes [6]. Auto manufacturers are searching for
light materials that help them to fulfil the diverse requirements
of emissions, efficiency, safety, manufacturability, and dura-
bility at a relatively low cost. Many new materials such mag-
nesium alloys, aluminium alloys, and polymer matrix com-
posites have been developed but none of them have shown
the versatility of steel [1, 4]. Steel is the time-tested material. It
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has been used for generations as material of preference for
automotive applications. Its unique processing capabilities
and metallurgical properties make it able to keep pace with
auto industry requirements [1, 7].

There is a wide range of steels available to the automotive
designer for use in modern vehicle architectures. Among
them, advanced high strength steels are the primary material
used for automobile body structures [6, 8—11]. These steels
provide a variety of strength and ductility levels that helps
auto manufacturers to down-gauge the part thickness to re-
duce the mass of vehicles while maintaining vehicle safety,
thereby increasing fuel economy and reducing tailpipe emis-
sions [6, 12]. Figure 1 shows a diagram that relates the elon-
gation to the strength of AHSSs with the conventional high
strength steels (HSS). The family of AHSSs includes first-
generation transformation-induced plasticity (TRIP) steel, du-
al phase (DP) steel, complex phase (CP) steel, martensitic
steel (MS), and press-hardened (PH) steel [9, 14, 15].
Second generation mainly comprise TWIP steel (twin-in-
duced plasticity), L-IP steel (lightweight with induced plastic-
ity), austenitic stainless steel (AUST.SS), and SIP steels (shear
band formation-induced plasticity) [8, 11, 16]. The first- and
second-generation AHSSs are widely used in vehicle body in
white (BIW) parts such as A, B, and C pillars due to their high
tensile strength, good formability, and capacity for high ener-
gy absorption [5, 6, 17]. Third-generation AHSS grades are
currently undergoing research. However, some grades such as
quenching and partioning (Q&P) steel [9, 18, 19] and TRIP
steel with medium to high Mn content [13, 20] are developed
with a better combination of strength and ductility than the
first- and second-generation ones at lower production cost.

1.1 Resistance spot welding

RSW process was firstly invented by Elihu Thomson in 1877
[21]. The use of RSW in vehicle manufacturing dates back to
1930s and is by far the most preferred and widely used in
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automotive body assembly line. In RSW process, large current
flows through the stack of sheet metals to be joined. The high
contact resistance at the faying surfaces generates heat, caus-
ing localized melting and subsequent coalescence of a small
volume of material, forming the weld nugget [22-24]. A sche-
matic of RSW process is shown in Figure 2a. In RSW process,
the required process heat is generated by Joule heating, which
is governed by the following equation:

Q= I*Rt (1)

where Q (J) is the heat generated, / (A) is the applied current, R
(€)) is the total resistance (i.e. contact plus bulk resistances)
across the electrodes, and ¢ (s) is the welding time [21, 25-27].
In RSW process, a weld nugget starts to form when sufficient
heat has been put at the faying interface to begin the formation
of'a molten weld pool. After cooling, an elliptical-shaped nug-
get is formed keeping the sheets together [28, 29]. RSW pro-
cess involves the simultaneous application of sufficient force
and high electrical current over a short time to keep molten
material inside the weld nugget. The force and welding current
are applied via water-cooled copper alloy electrodes [22, 30].
The electrode force, welding current, welding time, and resis-
tance of workpieces influence the heat input which in turn
determines the size of the formed nugget. The excessive heat
input can lead to expulsion of liquid metal from the nugget,
whereas low heat input may result in insufficient melting [31,
32]. A typical RSW process consists of four distinct stages, as
shown in Figure 1b. Stage 1 comprise of pressing of the work
pieces by the electrodes to brought in contact the surface of the
sheets, stage 2 involves heat generation at the faying interface
due to resistance to flow of current, stage 3 consists removal of
current while pressure is maintained to permit the solidifica-
tion of the melted zone, and the stage 4 accounts for release of
electrode from the workpieces [33].

RSW is an autogenous welding process; hence, no filler
material is required to create a joint [31, 34, 35]. Ease of
automation, high compatibility with steel sheets, light weight,
and stable performance make RSW economically viable join-
ing process for mass production [31, 36, 37]. Several thousand
spot weld joint are made in a typical modern vehicle body
[38—41], and 75% of the body assembly workload is carried
by these joints [37]. Spot welds failure can influence the stiff-
ness and NVH performance of the vehicle [40]. Further, spot
welds act as fold initiation site to manage impact energy to
transfer loads through the vehicle’s frame during crash event
[42]. To ensure the passenger safety in crash event, the integ-
rity of the component should be kept intact at maximum ex-
tent. Therefore, the performance of spot welds can affect
crashworthiness and structural integrity of the vehicle [41,
43-45].
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Based on previous research survey, it is recognized that
AHSSs face a number of challenges during RSW, including
the following:

1.1.1 Complex phase transformation and embrittlement
of weld joint

* The strength and ductility of AHSSs are controlled by
their multi-phase microstructures, which are carefully de-
signed. The desired microstructures with the appropriate
volume, size, and distribution of phases are created using a
combination of alloying elements and thermo-mechanical
treatment. The increased alloying content required to in-
crease the strength of these materials results in high
hardenability. [46]. Further, RSW process involves high
cooling rates roughly in order of 3000 Ks™' for 2.0-mm
sheet thickness to over 10°> Ks™' for sheet thicknesses less
than 0.5 mm [47, 48]. Rapid cooling rates inherent in
RSW coupled with high hardenability results in the typi-
cally martensitic structure in the fusion zone (FZ) and heat
affected zone (HAZ) of AHSS weld. This hardened mi-
crostructure in the weld causes interfacial fracture during
high strain rates encountered in impact conditions, such as
in event of vehicle collision, which is undesirable due to
low elongation and energy absorption. [38, 46, 47,
49-53]. Moreover, softening occurs in subcritical heat af-
fected zone (SCHAZ) during the welding of AHSS-
containing martensite (e.g. dual phase steels, martensitic
steels, hot stamped boron steel) [53—62] which degrades
the weld mechanical properties.

* Furthermore, nowadays duplex stainless steels (DSSs) are
recognized as excellent candidates for structural applica-
tions in the automotive industry due to their combination
of superior mechanical properties and high corrosion re-
sistance [63]. The key issue with DSSs is the formation of
an unbalanced austenite/ferrite microstructure in the fu-
sion zone (FZ) during RSW. A fully ferritic structure is
formed in FZ of DSS weld at the end of solidification

along with precipitation of Cr,N particles. The
ferritization of the FZ and formation of Cr,N particles
degrades the fracture toughness and reduce corrosion re-
sistance of the welds [63-65].

In general, microstructure of FZ of resistance spot welds
consists of large columnar/dendritic grains. These
columnar/dendritic grains are oriented along the direction
of heat flow and are perpendicular to fusion line. It has
been reported that large columnar grains have low fracture
toughness and provide weak interface along the fusion
line, thus ease the crack propagation through FZ and the
resultant weld joint fail in brittle interfacial failure (IF)
mode [52, 66]. Generally, failure of resistance spot weld
occurs in two modes, i.e. (i) IF mode and (ii) pullout fail-
ure (PF) mode. In PF mode, failure occurs via complete
(or partial) nugget withdrawal from one sheet. In IF mode,
failure occurs via crack propagation through fusion zone.
Failure mode significantly affects the energy absorption
and load bearing capacity of spot welds. Vehicle crash-
worthiness is significantly reduced when spot welds fail
via the IF mode [67].

1.1.2 Elemental segregation, solidification defects, and liquid
metal embrittlement

In AHSS resistance spot welds, alloying elements like
phosphorous, sulphur, and manganese tend to segregate
to the grain boundaries mainly at weld nugget edge [68,
69]. In addition, complex nonmetallic inclusions are also
formed in the FZ [68]. These both factors reduce the frac-
ture toughness of weld nugget and promote susceptibility
to IF mode. Furthermore, rapid cooling rates associated
with RSW process increase the tendency towards solidifi-
cation cracking, voids, and porosity formation in FZ
which can add to the chances of IF mode of AHSS weld
[31, 70-72].
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» To prevent corrosion, a large percentage of automotive
steels are produced in the form of galvanized and
galvannealed products [73]. Liquid metal embrittlement
(LME) of spot weld is another grave issue which arise
during RSW of Zn coated AHSSs. LME cause cracks in
the surface of the weld and can have detrimental effect on
mechanical performance of welded joint. LME occurs due
to the penetration of the liquid zinc along grain boundaries
during RSW [74-79].

To improve the quality and performance of AHSS resis-
tance spot welds, a proper approach is required to obtain pull-
out failure mode. Figure 3 shows the typical IF mode and PF
mode observed in RSW joint. In a crash, the PF mode induces
extreme plastic deformation in adjacent components and in-
creases strain energy dissipation. Since the amount of energy
absorb by the weld is greater in the PF mode, thus it is usually
preferred over IF mode [43, 80, 81].

Generally, enlarging the nugget diameter is considered as
the most convenient way of ensuring PF mode in a resistance
spot weld [82]. The joint strength also improves as the nugget
diameter grows. The strengthening is achieved due to the fact
that increasing the nugget diameter reduces the stress concen-
tration on the nugget edge, impeding crack initiation and prop-
agation [83]. Some industrial standards such as AWS/ANSI/
AISI [84] recommended a minimum weld size based on D =
41 (where D is weld nugget diameter and ¢ is sheet thick-
ness) criterion, while Japanese standard JIS Z3140 [85] and
German standard DVS2923 [86] recommended a minimum
weld size based on D = 5% criterion to ensure PF mode in
resistance spot welds of automotive steels. Although these
standards work well for conventional low carbon steels; how-
ever, standard merely based on the sheet thickness does not
guarantee PF mode in AHSS weld [36, 40, 87]. This is be-
cause these standards assume homogenous mechanical prop-
erties across the weldment and do not consider the effect of
metallurgical , i.e. hardening of FZ and softening of HAZ that
can significantly affect the failure mode. Pouranvari et al. [88,
89] proposed an analytical model for the occurrence of PF
mode in AHSS weld given as

o 4t HPFL
¢ Pf Hg

(2)

Fig. 3 Typical failure modes
observed in spot weld: a IF mode
and b PF mode
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where D, is minimum FZ size, P is the porosity factor, ¢ is
sheet thickness, f is the ratio of shear strength to tensile
strength of the FZ, and Hpp and Hyy are hardness of the FZ
and PF location, respectively. According to the model, spot
weld with D > D,_ will fail in the PF mode and spot weld with
D < D, will fail in IF mode during tensile shear (TS) test. Spot
welds that failed in the PF mode during the tensile shear test
are also likely to fail in the PF mode during the cross tension
(CT) test and peel test [22]. In practice, it is likely to be more
difficult to maintain consistently large weld nugget size in
production. Larger weld nugget sizes require higher welding
current that causes higher heat input, which increases the sus-
ceptibility to expulsion [90]. Moreover, AHSS requires higher
electrode force compare to low carbon steel during RSW.
Higher heat input along with higher electrode force may also
increase the depth of indentation at weld surface [80, 90].
Indentation and notch at the nugget edge are other factors that
significantly affect failure mode [43, 91]. A deep indent re-
duces the effective nugget area while a sharp notch act as
stress concentration point which promotes interfacial fracture
of the weld. In summary, failure behaviour and mechanical
properties of AHSS resistance spot weld depend on complex
interplay between weld geometrical factors (i.e. nugget size,
shrinkage void, porosity, notch shape, and indentation depth),
weld metallurgical features (i.e. microstructure of BM, HAZ,
and FZ), and stress state (i.e. tensile shear, cross tension, and
coach peel loading) [53].

Three potential approaches in literature have been reported
to resolve the challenges regarding transition of IF mode to PF
mode and to improve the mechanical performance of RSW
joint namely (1) interlayer assisted RSW (IA-RSW), (2) mag-
netically assisted RSW (MA-RSW), and (3) pulsed RSW. In
this review, the advances in three methods are reviewed with
focus on AHSSs welding.

2 Interlayer-assisted RSW

In IA-RSW, a transition material such as foil/shim/sheet/coat-
ing is placed between workpieces to modify the chemical
composition/microstructure of weld nugget which improves
the mechanical performance of the joint. This approach is
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either used to produce a tough microstructure in the FZ via
dilution process [92] or to control the composition of interme-
tallic compounds (IMCs) at the interface in dissimilar steel/X
alloy joint (where X can be Al, Mg, Ti, etc) [93-98]. Figure 4
shows the schematic of IA-RSW. Different types of interlayer
materials are used to improve the weldability of various sim-
ilar and dissimilar alloy combination. The selection of inter-
layer material depends upon chemistry, melting point, solid
solubility in base metal, electrical and thermal conductivity,
and other physical and metallurgical factors [99]. In this re-
view, focus has been given to IA-RSW of similar and dissim-
ilar steels. Table 1 compares the peak load and failure mode of
conventional RSW weld and IA-RSW weld of different auto-
motive steels.

Aghajani and Pouranvari [92] investigated the effect of a
0.5-mm-thick nickel interlayer on joint microstructure and
mechanical performance of 1.5-mm-thick sheets of AISI420
martensitic stainless steel (MSS) resistance spot weld. Results
showed that the addition of interlayer increased Ni content
from 0.09% in BM to 21.3% in FZ of MSS/Ni/MSS joint. It
was found that MSS/MSS weld failed in IF mode due to brittle
martensite formation along with some d-ferrite in FZ during
TS and CT tests. On the other hand, MSS/Ni/MSS weld failed
in PF mode during both types of tests (refer to Figure 5) due to
the formation of complete austenite structure embedded with
Cr-rich carbides. The addition of Ni interlayer lowers the FZ
hardness and improved peak load and energy absorption un-
der both loading conditions. The IF to PF mode transition was
attributed to austenitic structure due to dilution of weld nugget
with the addition of Ni interlayer.

Lietal. [20] used a 0.8-mm-thick uncoated IF steel shim to
make RSW joint in uncoated medium-Mn TRIP steel. They
used two schemes to place IF steel shim, i.e. (1) at the faying

| Base metal |
| interlayer |
| Base metal |

Fig. 4 Schematic of IA-RSW process

interface (shim-in) and (ii) against the electrodes (shim-out).
Results showed that mixing of ultra-low carbon IF steel (i.e.
shim-in) results in dilution of liquid metal in weld nugget
which subsequently lowers the carbon and manganese content
of FZ. Although the microhardness of FZ decreased in shim-in
specimen, however, addition of IF steel (either shim-in or
shim-out) did not show any effect on FZ microstructure
and brittle martensite phase still dominated in FZ. Under
TS and CT loading, the best mechanical properties in
terms of peak load and energy absorption were observed
in shim-out specimen due to higher weld nugget size and
expulsion free weld compared to shim-in and shim-free
welds (refer to Figure 6).

On contrary, Peterson [103] showed that inserting a low
carbon steel shim between the high carbon equivalent steel
sheets can lower the carbon content and hardness of the FZ
via dilution process promoting the PF mode. Das et al. [101]
added graphene nanoplatelets (GNPs) as interlayer at AISI
1008 steel resistance spot weld interface. It was found that
TS peak load and failure energy of GNP coated weld is sig-
nificantly enhanced compared to the traditional RSW weld.
The improvement in mechanical properties was attributed to
formation Fe-GNP nanocomposite in weld nugget in which
GNPs strengthening the Fe matrix.

Mookam [100] found that introducing 1-mm-thick Ag al-
loy interlayer at the interface of DP590 steel/AISI 304 ASS
steel dissimilar RSW weld resulted in improved tensile
strength compared with interlayer free weld. However, the
interlayer assisted weld failed in IF mode. Microstructure
and EDS analysis showed that the weld interface was com-
posed of three IMC layers, as shown in Figure 7. Layer A is
composed of Ag, 4Feq ¢ phase, layer B is a Cu-rich phase, and
layer C is Cu-rich phase surrounded by fine grain boundaries
of Agy4Feqs. The improvement in mechanical performance
of interlayer assisted weld was attributed to the formation of
IMC:s in weld interface.

He et al. [76] investigated the effect of an aluminium inter-
layer on LME suppression in TRIP1100 and TRIP1200 steel
grades. Aluminium foil of 25-um thickness were added be-
tween the electrode/steel interface. They found that the aver-
age LME crack length for TRIP1100 decreased by 70%, while
for TRIP1200 decreased by 30% with addition of aluminium
interlayer. Moreover, a full tensile shear strength recovery for
TRIP1100 while a 90% tensile shear strength recovery for
TRIP1200 was claimed with the use of aluminium interlayers.
They also found that addition of aluminium interlayers result-
ed in the formation of iron-aluminides of types as FeAl, FeAl,,
and Fe,Als that impede liquid zinc from contacting the steel
surface, thus preventing LME. However, the large difference
in melting point between steel and aluminium and the forma-
tion of Fe-Al IMCs raises concerns about the reliability of
using Al interlayers to mitigate LME.

@ Springer
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Table 1  Comparison of peak load and failure mode between RSW weld and IA-RSW weld of different grades of steel

RSW IA-RSW

Work piece material/ Failure Peak load  Interlayer material/thickness Peak load (kN)/improvement compared Failure Ref

thickness mode (kN) to RSW mode

AISI420 MSS/1.5mm  IF*® Ni/0.5 mm Improved by factor of 1.4° and 4.2° PF*® [92]

DP590 stecl/AISI 304 TF* Ag alloy/1.0 mm Improved by 23.07%" IF [100]
ASS

1.2/1.2 mm

AISI 1008 steel/0.6 mm  IF* - Graphene nano platelets (GNP)/94 um  Improved by 64% * PF* [101]

Medium Mn TRIP IF® 16 Interstitial free steel/0.8 mm 12° PF&? [20]
steel/1.4 mm 2° 3° (shim in method)

AISI 1008 steel/0.85 mm ... Multiwalled-carbon-nanotubes Improved by 45%" [102]

(MWCNTS)

@ Tensile shear
® Cross tension

Fig. 5 Failure mode after cross
tension and tensile shear loading
of a, b MSS/MSS weld failed in
IF and ¢, d MSS/Ni/MSS weld
failed in PF mode [92]

Tensile-Shear. Loading

g | -
Cross-fension Loading

pamy
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2.1 Critical analysis and future research outlook of IA-
RSW

Although it is obvious that introducing an interlayer material
may reduce the weld brittleness via tuning microstructure/
chemistry of FZ and composition of IMCs at weld interface.
However, some issues need to be addressed to take full ad-
vantage of the process. First, the interlayer material is different
from the substrates in melting point and thermal conductivity,
so its addition can alter the distribution and transfer of heat to
the weldment. Low heat input can result in insufficient fusion
of interlayer material and excessive heat input may lead to
expulsion. Numerical modelling can help to determine the
interface and bulk resistances with regard to temperature
change with addition of an interlayer material. Besides, it
would also help to calculate the correct amount of heat re-
quired to melt the substrate and interlayer material, which in
turn helps to optimize the process parameters. Indeed, the
addition of interlayer material makes RSW process complex
in addition to prolonging the cycle time. Secondly, interlayer
insertion would increase the production cost (due to higher
energy needed to melt interlayer material plus cost of interlay-
er material). Third, addition of interlayer material (particularly
if mode of insertion is a sheet) adds weight to the vehicle
which ultimately then affect fuel economy. Fourth, interlayer
insertion can result in un-melted material around the

[N ]

Polarity Faying surface
M Electrode ™ Welding current
[ Workpiece m Insulating clamp

Electrode force .. Permanent magnet
-»- External magnetic field line

Fig. 8 Sketch of MA-RSW process [104]
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weldment which can affect the fatigue strength of the joint
due to increased number of notches at weld interface.
Therefore, further studies are required to understand the fa-
tigue behaviour of IA-RSW joint. Fifth, in real production
line, thousands of spot welds are made in very short time; it
is required to develop a mechanism for insertion of interlayers
between substrate sheets for mass production.

3 Magnetically assisted RSW

In the MA-RSW method, an externally applied magnetic field
interacts with the welding current to produce a Lorentz force that
strongly drives the molten metal to flow in a specific direction.
The schematic of MA-RSW is shown in Figure 8. The stirring
affects the flow of molten metal within nugget during melting and
solidification in a way so that the oriented growth of the dendrites
is less directional, and the faying surface is less visible. The in-
tensive mixing of the liquid metal promotes grain refinement
within a weld nugget resulting in improved mechanical perfor-
mance of the weld compared to the traditional one [104—117].

3.1 Effect of an external magnetic field on the flow
behaviour of liquid metal in weld nugget

The working principle of MA-RSW is related to electromag-
netic stirring (EMS) of liquid metal inside weld nugget. The
Lorentz force, which is the vector sum of induced magnetic
force (Fj,) and external magnetic force (F) is the driving
force for EMS [104, 111-114, 118] given as

FMA—RSW:Fin+ch:JXBin+JXch (3)

where J is the welding current density and Bj, and B,y are the
induced and the external magnetic flux density, respectively.
Weld nuggets are formed in traditional RSW by the heat gen-
erated due to resistance to electric current flow. The welding
current density J induces a magnetic field B;, normal to the x-y
plane of the weld. The interaction of J and B;, produced a
magnetic force Fj, in the x-y plane of the weld, causing the
molten metal to flow in four symmetrical loops inside the weld
nugget, as shown in Figure 9a [112, 113, 116, 119]. When a
pair of permanent magnets is mounted along the electrodes, an
external magnetic field B, is produced that is radially oriented
in the x-y plane of the weld and perpendicular to the induced
magnetic force F;,. The interaction between J and B, pro-
duced a magnetic force F, which is circumferentially oriented
in plane. The resultant magnetic force Fyja — rsw drive the
molten metal to flow both radially and circumferentially (refer
Figure 9b), thus promoting further heat and mass transfer dur-
ing the welding process [111-113, 116].

The idea of electromagnetic stirring (EMS) of the liquid
metal is not new. In past, the external magnetic field has been
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Fig. 9 9 Liquid metal flow = [n-planc flow
pattern in RSW a without external m Out-of-planc circumfercatial flow
magnetic field and b with external
magnetic field [113]

Faying surface

applied to control the melting and solidification of metals in
continuous casting, arc welding, and other specific processes
[105]. Villafuerte [120] refine the grain structures in gas tung-
sten arc welds by using the EMS method. Following its effec-
tive use in arc welding, EMS has gradually attracted the atten-
tion of researchers in the RSW process [115]. Popov [118]
first introduce EMS into RSW in 1993. He investigated the
effect of a radially oriented magnetic field on 3.5-mm-thick
austenitic stainless steel (ASS) resistance spot weld. Results
showed that weld made with magnetic field assistance have
porosity free nugget resulting in improved impact toughness
and fatigue strength compared to weld made using traditional
RSW. Watanabe et al. [121] examined the effect of magnetic
field direction on the nugget size and microstructure of stain-
less steel RSWs. Results showed that weld nugget size in-
creased when magnetic field induced in the direction perpen-
dicular to the welding electrodes.

3.2 Mechanism of nugget formation in MA-RSW

Studies [104, 105, 110-116] have shown that nugget in MA-
RSW weld is formed in an irregular peanut-shell-shaped

Fig. 10 Macrostructure of welds:
a traditional RSW; b MA-RSW
[114]

Cross.section Faying surface

ellipsoid with two ends slightly thicker than the middle.
Moreover, the nugget is slightly increased in its long axis (i.e.
diameter) compared to regular ellipsoid-shaped nugget in tradi-
tional RSW, as illustrated in Figure 10. The variation in shape
and size of the nugget is due to the difference in flow of liquid
metal during the nugget growth and solidification process.
During the traditional RSW process, the liquid metal only makes
rotational motion in four symmetric cells driven by the induced
magnetic force (Fj,) circumferentially oriented in the x-y planes
of the weld. However, when an external magnetic field is ap-
plied, a magnetic force Fi, is produced and acts normal to the
axisymmetric plane of the weld. The resultant magnetic force
Fyia—rsw then drives the liquid metal not only in the rotational
flow but also flow centrifugally inside the nugget. The mixed
flow brings more liquid metal from the nugget centre to nugget
edge. Eventually, it results in the peanut-shell-shaped nugget
characteristically wider at edges and thinner at the centre [111,
112, 115, 116]. However, it has been reported that the high-
speed movement could fly away the liquid metal from the nug-
get due to increase in pressure gradient inside the nugget leading
to expulsion. The risk of expulsion increases at higher welding
current and time [111, 113]
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3.3 Effect of external magnetic field on
microstructure, microhardness, and mechanical
performance of RSW joint

It is well reported in literature that EMS decreased the direc-
tionality of columnar grains and a refined grain structure is
formed in FZ of MA-RSW weld [104, 105, 111-113, 115,
116]. Also, the faying line in MA-RSW weld disappears due
to change of the solidification mode, i.e. from sequential so-
lidification mode to simultaneous solidification mode [114].
All microstructural changes in MA-RSW can be explained
based on the flow patterns of the molten metal. During the
heating stage, the temperature difference inside the nugget
is greatly decreased by the circumferential flow of molten
metal which results in homogeneous nucleation, and thus,
the number of equiaxed grains increases. During the ini-
tial cooling stage, the inertial movement of the solidifying
metal breaks the growing dendrites, which results in the
relatively disordered crystal orientation [104, 114].
Figure 11 shows the microstructure of FZ of a DP780
steel MA-RSW weld exhibiting the formation of refined
grain structure compared to columnar grain structure of
traditional RSW.

Apart from grain refinement, applying external magnetic
field also results in elimination of shrinkage void/cavity in
nugget centre and causes uniform microhardness distribution
of FZ [111-114]. Li et al. [111] reported that in traditional
RSW, the electrode force cannot deform the solidified metal
due to the high stiffness of the columnar grains; therefore,
shrinkage cavities are formed in typical RSW weld nuggets
at the end of solidification. However, for the MA-RSW weld,
the less directional solidified grains in the nugget greatly en-
hance the plasticity of the solidified metal; thus, the shrinkage

Fig. 11 Microstructure of FZ of
DP780 steel weld: a, b traditional
RSW and ¢, d MA-RSW [115]
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Fig. 12 Microhardness distribution in DP590 steel weld [116]

cavities in the nugget are merged under the assistance of the
electrode force. The uniform microhardness distribution of
MA-RSW has been attributed to equiaxed grain structure
and possible reduction of elemental segregation resulting from
strong stirring of liquid metal in weld nugget, as shown in
Figure 12. The improved mixing of alloying elements and
the reduced cooling rate fosters the elemental distribution
[115, 116]. In opposite to this finding, Li et al. [112]
reported that external magnetic field causes elemental seg-
regation of Cr and Ni in austenitic stainless-steel weld
even cooling rate becomes slowed down and reduced tem-
perature gradient occurs.

The refinement of grain structure, elimination of shrinkage
cavity, and reduction of elemental segregation in FZ results in
better mechanical performance of MA-RSW compared with
traditional one. Table 2 compares the peak load and failure
mode of welds subjected traditional RSW and MA-RSW of
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Table 2

Comparison of peak load and failure mode between RSW weld and MA-RSW weld of different grades of steel

RSW

MA-RSW

Work piece material/thickness

Peak load (kN) Failure mode Magnet material/

Peak load (kN)/percent improved Failure mode Ref

shape compared to RSW
ASS/2.5 mm and EN4318/1.5 mm  .... IF N52/Arc 8.9%" PF?* [114]
DP780 steel/1.8 mm IF* N35/Ring 3.68%" IF* [111]
DP590 steel/ 2.25 mm 30.4% N40/Ring 32.6* [116]
ASS-HT/5 mm and ASS-DLT/4 mm 83.3% IF N40/Ring 90.7* IF* [112]
DP590 steel/1.6 mm IF* N52/Circular bilateral 24.7% * IF* [113]
DP980 steel/0.8 mm IF* N40/Ring 6.95% * IF* [105]
DP780 steel/1.25 mm 15.8° PF*° NdFeB/Ring 17.7% PF*? [115]
7.3° 9.3

N35, N40, and N52 are different grades of neodymium iron boron (NdFeB) magnets

? Tensile shear
® Cross tension

different automotive steels. Besides, studies [113, 115] have
shown that MA-RSW weld exhibits longer fatigue life than
traditional RSW. Figure 13 shows fatigue test results of
DP590 steel welds subjected to traditional and MA-RSW. It
can be observed MA-RSW shows higher fatigue life than the
traditional one.

3.4 Critical analysis and future research outlook of
MA-RSW

The use of the externally applied magnetic field is still a new
subject in RSW field and mostly been focused on similar steel
welding. However, the research relating to dissimilar alloy
welding is lacking. Today’s vehicle body structure is made
of different alloy combination such as different AHSS grades,

—s—RSW

10} =25HZ

-

Maximum Load (kN)

10° 10° 10° 10° 10’
Number of cycles to failure

Fig. 13 13 Fatigue test results of traditional RSW and MA-RSW welds
[113]

AHSS to Al alloys and AHSS to Mg alloys. In case of dis-
similar weld, metals have different electrical and thermal con-
ductivity, density, and solubility at specific temperature,
which can affect the flow behaviour under the applied mag-
netic field. Another concern for MA-RSW is that long
welding time is required to strengthen the stirring effect of
the external magnetic field which ultimately increases the pro-
cess time. In addition, longer welding time can increase the
wear of electrode tip due to longer contact time with hot metal.
Therefore, welding time should be minimized at possible ex-
tent. To proper control the external magnetic field intensity
during welding, magnetic apparatus such as electromagnet
needs to be design so that optimum conditions can be set for
a particular alloy weld. It is well known that the direction of
the magnetic field depends upon the direction of current flow;
i.e. a DC source generates a magnetic field of constant polarity
and an AC source generates alternating magnetic field whose
polarity changes. The liquid metal flow in weld nugget can be
tuned via changing magnetic field by changing current polar-
ity in an electromagnet. For that purpose, further research
studies are needed to understand the flow behaviour under
constant and changing magnetic field.

4 Pulsed-RSW

Pulsed-RSW is considered as a potential approach to produce
a tough microstructure in the FZ and to alleviate the problem
of high sensitivity to IF mode of the AHSS RSWs [122—-125].
This approach in RSW is termed in different ways, e.g. in situ
postweld heat treatment (PWHT) [52, 63, 126—128], double/
multi pulse RSW [49, 69, 122—125, 129-136], second
pulse RSW [137, 138], electrothermal treatment [139],
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and in situ or in-process tempering [51, 83, 140, 141]. In
this method, during welding, a second pulse (in some
cases more than two pulses) is applied just after the
primary (or first) welding pulse to alter the microstruc-
ture of weld nugget. The first pulse current and time are
selected to make the target nugget size, and then after
quite short cooling (current-off), the post-heating/second
pulse current is applied for a specific time. This method
is considered a relatively simple way of reducing the
weld brittleness and to improve the mechanical perfor-
mance of the weld joint. Depending upon temperature
and base metal chemistry, pulsed-RSW results in follow-
ing phenomena.

(i) Martensite tempering. Tempering of martensitic structure
of FZ/HAZ. This phenomenon occurs when the peak
temperature during in sitt PWHT is below Acl tempera-
ture [52].

(i) Martensite refining at weld nugget edge. Transformation
of cast-like microstructure (i.e. consisting of large
columnar/dendritic grains) to semi equiaxed structure at
outer periphery of weld nugget. This mechanism is acti-
vated when the peak temperature between Ac3 and melt-
ing temperature [49, 52, 122].

(i) Reduction of elemental segregation. Uniform distribu-
tion of P, S, Si, and Mn at weld nugget edge. This is
diffusion-based phenomenon and occurs when the peak
temperature is above Ac3 and below melting tempera-
ture [49, 68, 69, 122].

(iv) Ferrite-austenite phase balance in DSS weld. A balanced
microstructure with high austenite proportion and min-
imal Cr,N intermetallic precipitates can be obtained in
the FZ of DSS by adopting pulsed RSW [63].

(v) Reduction of liquid metal embrittlement severity.
Controlling the input of the welding cycle via using the
pulsed-RSW schedules can reduce LME severity while
still maintaining the required minimum nugget diameter
[142, 143].

Although mechanical properties of the spot welds can be
improved via different metallurgical mechanisms, yet the se-
lection of an improper second pulse current and time can have
adverse effects on the mechanical properties of the weld due to
re-austenitization/remelting of the entire weld nugget leading
to un-tempered martensite [33, 52, 126].

4.1 Effect of in situ PWHT on martensite tempering
and mechanical properties of the weld

Tempering of martensite reduces the hardness and improves
the ductility of weld nugget. Therefore, tempering temperature
is of immense significance. The tempering temperature must
not be too high so that austenite is formed. However, the
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temperature must be high enough to let reinforced solute
atoms of carbon in the martensite to precipitate out of the
phase to create carbides. In RSW, the weld nugget can be
tempered if the second pulse is generating the right amount
of heat into the weld. The optimal current level and current
time of a temper pulse vary with alloy composition [50].
Generally, two types of in situ tempering schemes are used,
i.e. (i) tempering at low current and long pulse time (also
known as conventional tempering) and (ii) tempering at high
current and short pulse time (also known as spike tempering)
[144, 145]. Conventional tempering is considered less feasible
for production in automotive industries as it requires long
heating times which decreases the RSW process efficiency
[49, 145]. On the other hand, for spike tempering, it is neces-
sary to carry out cooling process over a long time and thus
issues of operational efficiency remain unresolved [144]. The
advantage of rapid heat treatment using the pulsed-RSW pro-
cess is lost if the time required to obtain the desired micro-
structure is too large. Many researchers have recommended a
criterion for reducing process time and performing adequate
quench and tempering treatment on the weldment, according
to which the cooling time (time between the first melting pulse
and the second tempering pulse) should be chosen so that the
weldment is cooled slightly below the martensite finish tem-
perature (M)) before being heated again [S1, 126, 140, 146].
The tempering current and time are then adjusted so that mar-
tensite tempering occurs to a sufficient extent to reduce FZ
hardness. Inadequate cooling time prevents the complete mar-
tensite transformation, allowing it to form martensite on final
cooling at the end of the temper cycle. Table 3 compares the
peak load, energy absorption and failure mode of the welds
subjected to traditional single RSW and pulsed-RSW
methods.

Measurement of the temperature and current distribution,
heating, and cooling rates is very difficult for RSW because of
short welding time and invisible liquid nugget and becomes
much complicated when post heating cycle is applied.
However, numerical models based on finite element methods
can be used as guide to determine tempering temperature, heat
distribution, and cooling rate during main and postweld
heating pulse. Taniguchi et al. [144] measured temperature
and current distribution at long cooling time (200 cycles) dur-
ing conventional and spike tempering using finite element
analytical software SORPAS. In each case of tempering, the
post-heating conditions were set so that the value for heat
input Q is same. The heat inputs were estimated from the post
heating cycle current and time using following expression:

I\ (T,
fr— o _— 4
- (i) (7 @
where Q is heat input, /,, is main current [6.5 kA], /; is tem-
pering current [kA], 7,, main heating time [18 cycles], and 7,
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Table.3  Comparison of peak load, energy absorption and failure mode between RSW weld and Pulse-RSW weld of different grades of steel

RSW Pulsed-RSW

Work piece material/ Main Peak  Energy Failure Postweld Peak load(kN)/ Energy absorption (J)/  Failure Ref

thickness pulse WC load  absorption mode pulse WC  percent improved percent improved mode
and WT  (kN) () and WT compared to RSW  compared to RSW

AISI420 MSS/1.5 mm 8 kA 6.7 2.6" [F° 4 kA 77%" 240%" PIF? [141]
0.24's 13* 06 14 102%° 1030% ° IF°

AISI420 MSS/1.5 mm 8 kA 6.5  2.6" IF*P S5kA 83%" 318%" PIF* [126]
0.24's 13> 06 0.24's 127%° 1460%" IF°

DP590 steel/1.8 mm 75kA  10.63° 161.19 PF® 75 kA 560 62%° 62.3%° PF® [51]
560 ms ms

DP600/1.4 mm 85kA  8.13° ... PF® 5.1 kA 11.94° PF® [125]
400 ms 1300 ms

DP590 steel/1.5 mm 93kA  16.72° ... PF® 17.76° PF® [135]
280 ms

980 MPa AHSS/I.3mm  6.6kA 38> .. PIF®  6.6kA 5.7° PP [148]
320 ms kA 320 ms

Q&PI80 steel/1.8 mm 7 kA 49° 2843 PIF®  6kA 6.44° 54.49 PIF®  [123]
240 ms 240 ms

TRIP800 steel/l mm 8 kA 15.3* ... IF* 7 kA 16.4* PF* [137]
20 cycle 20 cycle

DP1000 steel/1.5 mm 8 kA 92° 553 PF®  8kA 11.7° 75.2 PF®  [49]
380 ms 380 ms

Hot stamped steel/1.2 mm 5 kA IF* 6 kA Improved Improved IF® [129]
250 ms 250 ms

1 GPa complex phase 62kA ... .. PIF*  62kA Improved™® PF*®  [122]

steel/1.3 mm 320 ms IF° 320 ms

HSLA350 steel/1.4 mm 8 kA 7.8% 289 PF* 4 kA 8.9% 43* PF* [127]
280 ms 280 ms

SAPH440 steel/2 mm 12 kA IF? 8.5 kA Improved® PF* [33]
13 cycle 30 cycles

DP980 steel/1.6 mm 55kA 7° L. PIF*  83kA 11° PE®  [145]
280 ms 60 ms

Hot stamped steel/1.4 mm 6 kA 15.3* PIF*®  5KA 17.8* PF*®  [130]
375ms  6.5° 375 ms 8.5

7 Mn AHSS /1.4 mm 1.5 IF° 3.7° IF° [149]

WC welding current, WT welding time, and P/F partial interfacial failure
* Tensile shear
® Cross tension

tempering heating time [cycles]. Figure 14 shows the temper-
ature and current density distribution of conventional temper-
ing (/,=6 kA and 7,=0,1, 10, and 20 cycles). They reported
that when the weld was cooled to 50 °C or lower after the
nugget had been formed, heat distributed from nugget centre
towards outer periphery and increases with increase of 7;. As a
result, temperature at nugget centre is higher than outer pe-
riphery. Conversely, the current density was a little higher
near the outer periphery of the nugget than at the centre of
nugget and there was little change in current density with
increase in 7.

Figure 15 shows the temperature and current density dis-
tribution of spike tempering (/; = 26.9 kA and 7; = 0 and 1
cycle). Again, they found that nugget is heated at a higher
temperature compared to conventional tempering even when
the post-heating time is only one cycle. Unlike conventional

tempering, both temperature and current density are higher at
the vicinity of the electrode-nugget periphery and between the
sheets than the centre of nugget. Since the final temperature
distribution is affected by heat conduction, therefore, the
cooling is greater at the electrode and point of contact between
sheets. As a result, the temperature rise was inhibited at these
points so that temperature of the sheet interior was rather
higher than its surface.

Based on spike tempering process, JFE steel developed
“Pulse Spot™ welding,” by utilizing the heat generation phe-
nomenon in the area around the nugget in short-time high-
current post-heating [147]. This technology makes it pos-
sible to obtain improved weld joint strength in a shorter
time than with conventional temper pattern. It is reported
Pulse Spot™ welding process significantly reduces tem-
pering time. Therefore, it is considered to be a much
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Fig. 14 Simulated temperature and current density distributions in ultra-high strength steel sheet for conventional tempering [144]

more viable option to be introduced in the car assembly
line.

In the past, several authors have recommended different
pulsed-RSW schemes to temper the martensitic microstruc-
ture with aim to increase the toughness of AHSS RSWs. An
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2) T,,=0cycle

(Just after cool time)

3

-~

T4=lcycle

(4) T,~10cycles

(5) T,-20cycles
(Just after
post-heating)

earlier work in this regard was carried out by Chuko and
Gould [146]. They developed temper diagrams based on
welding current vs welding time of two DP steels, as shown
in Figure 16. Hardness was related for evaluating the effec-
tiveness of tempering. According to the diagrams, the optimal

(b)

Fig. 15 Simulated temperature and current density distributions in ultra-high strength steel sheet for spike tempering [144].
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Fig. 16 Temper diagram for RSWs of a DP690 steel and b DP960 steel [146]

temper current is 75-80% of the expulsion current and the
optimal temper time is 600—700 ms. These temper diagrams
can be used as reference guide to substantially reduce weld
hardness and hold time sensitivity of AHSS RSWs.
Recently, Aghajani et al. [126] reported that applying a
second pulse current of 5 kA resulted in martensite tempering
in FZ of AISI420 martensitic stainless steel resistance spot
weld. Due to tempering of martensite, the microhardness of
FZ dropped by ~15% compared to conventional single pulse
weld (SPW). It was found that tempering of martensite en-
ables the formation of nano-sized carbide which are essential-
ly M,53C¢ (Where M refers to Cr or Fe) at both weld nugget
centre and nugget edge, as shown in Figure 17. Reduction in
hardness resulted in improved fracture toughness of FZ and
causes enhancement in peak load and energy absorption under
TS and CT loading. A dimple like fracture was observed in
double pulse weld (DPW) compared to cleavage fracture in
SPW. A similar finding has been reported in Ref [141].
Wakabayashi et al. [83] found that grain size in the HAZ
increased with application of a prolonged second pulse cur-
rent, thus promoting the auto-tempering of martensite in HAZ
of a high strength steel resistance spot weld. They found that
tempered martensite structure prevents the propagation of
crack into the nugget, thus leading to improved peak load
and PF mode. Soomro et al. [51] examined the effect of in
situ PWHT parameters, i.e. second pulse current, second pulse
time and cooling time on microstructure, microhardness, and
CT performance of DP590 steel resistance spot welds. Results
showed that an improvement of 62% in peak load and 62.3%
in energy absorption was achieved at optimum conditions.
The weld failed in PF mode at optimum postweld heating
condition compared to IF mode of traditional single pulse
weld. Improvement in mechanical properties was attributed
to (i) enhanced nugget size which in turn results in higher load
bearing area and (ii) tempering of martensite in FZ and HAZ
leading to improved toughness of the weldment. Wang et al.
[135] reported that low carbon c-phase and transition carbides
(mainly g-carbide) were formed after applying in situ PWHT
on DP590 steel resistance spot weld, leading to improved
tensile shear peak load. However, the weld failed in IF mode.
Wei et al. [150] found that tensile shear peak load and energy

absorption of DP/TRIP dissimilar steel RSW joint increased
due to tempering of martensite in weld nugget when subjected
to in situ PWHT.

4.2 Effect of in situ PWHT on martensite refining in FZ
and mechanical properties of RSW joint

One of the most widely reported phenomena that occurs dur-
ing in situ PWHT of AHSS resistance spot welds is formation
of a thin shell (also known as annealed zone/REX zone) at
periphery of the weld nugget [49, 122, 127, 131-133, 137,
140]. A schematic representation of a cross-section of the
weld subjected to pulsed-RSW is shown in Figure 18.
During the first pulse, the primary weld nugget is produced
with large columnar grain structure. Applying second pulse
current results in a re-melted zone inside the primary weld
nugget, forming a secondary weld nugget. The REX zone
differs in grain size depending upon the second pulse current
and time applied [122]. The formation of two distinct zones in
weld nugget is caused by a non-uniform temperature distribu-
tion during in situ PWHT. It has been reported that the tem-
perature distribution in the spot weld during in situ PWHT is
roughly parabolic in shape, with the peak temperatures always
on the weld centerline [140]. Therefore, the centre of the weld
nugget is re-melted during heating as the temperature reaches
melting point and then retransformed into solidification co-
lumnar grains consisting of hard lath martensite upon cooling.
The outer periphery of weld nugget is re-austenitized and
retransformed into semi equiaxed grains martensite grains as
the temperature remains between Ac3 and below melting
point [52, 122].

Eftekharimilani et al. [122] found that applying second
pulse current results in partial remelting of the FZ centre and
re-austenitized the edge of FZ during pulsed-RSW of 1 GPa
complex phase steel. Secondary FZ exhibits a solidification
structure consisting of dendrites, and the annealed zone re-
veals an equiaxed grain structure consisting of martensite, as
shown in Figure 19. The microstructural change resulted in
improved peak load under TS and CT loading and promoted
PF mode. Moreover, annealed zone in DPWs exhibits slightly
lower microhardness compared to secondary weld nugget.
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Fig. 17 17 Electron micrographs
of DPW a, b center of FZ and ¢, d

precipitation in the nugget edge,
and g EDS profile of carbide
particles [126]

\.Carbide

Soomro and Pedapati [127] also found that applying sec-
ond pulse current subdivided the weld nugget of HSLA350
steel into two zones, i.e. columnar grain zone (CGZ) com-
posed of lath martensite in the inner core and quasi equiaxed
grain zone (EGZ) composed of ferrite and martensite in the
outer layer. Results showed that an increment of 14.1% and
48.79 % was achieved in tensile shear peak load and energy

Annealed/Rex zone Secon(/:lary weld nugget

Primary weld nugget

Fig. 18 Schematic of weld cross section subjected to high temperature in
situ PWHT
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absorption, respectively, compared to SPW. Moreover, a re-
duction of ~ 13.2% in microhardness of EGZ was observed
compared with CGZ of DPW. Chabok et al. [49] reported that
after applying a second pulse current, the initial FZ of DP1000
steel RSW was subdivided into two zones. The inner zone
showed columnar grains, while the outer REX zone composed
of equiaxed grains consisting of lath martensite, as shown in
Figure 20. They found that double pulse weld showed an
improvement of ~27% and ~49% in CT peak load and energy
absorption, respectively, compared to single pulse weld.
Furthermore, the microhardness of the Rex-zone was reduced
by 6.6% compared to inner zone of the double pulse weld.
Although both welds failed in PF mode, yet single pulse weld
failure occurs at the CGHAZ adjacent to the FZ and DPW
failure occurs from two side of weld.

In another study, Baltazar et al. [137] found that applying
second pulse current of 7 kA resulted in 7% improvement of
TS peak load compared to SPW of TRIP steel resistance spot
weld. The improvement in peak load was attributed to
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Fig. 20 Optical image showing the cross-section of a SPW, b DPW, and
¢ SEM image showing microstructure of the Rex-zone of DPW with
arrows indicating the PAG boundaries [49]

Annealed zone

formation quasi equiaxed grains at periphery of the weld nug-
get which promotes PF mode. Sawanishi et al. [145] applied
two postweld pulses with current value of 8.3 kA on DP980
steel RSW joint. They found that CT peak load was improved
by 57 % compared to SPW. The improvement in peak load
was attributed to the formation of refinement of grain structure
at nugget edge which causes restriction to crack propagation
promoting the complete PF mode, as shown in Figure 21.
However, no hardness reduction was observed in FZ of DPW.

Although it is well-recognized phenomenon that applying a
second pulse current on RSW joint produced an annealed
zone outside the weld nugget periphery, some studies have
shown that applying second pulse current produced an
annealed zone in centre of weld nugget, while outer edge
remains unaffected. Liu et al. [123] investigated the effect of
second pulse current on microstructure and mechanical prop-
erties of Q&P 980 steel resistance spot weld. Results showed
that weld treated with second pulse current of 6, 6.5, 7, and 7.5
kA exhibited two distinct nugget, primary nugget at the edge
and secondary weld nugget in the centre of the FZ, as shown
in Figure 22. Secondary nugget exhibits equiaxed grains of
martensite and primary nugget showed columnar grains of
martensite, as shown in Figure 23. The formation of second-
ary nugget was attributed to recrystallization of austenite dur-
ing in situ PWHT. DPWs showed improved TS and CT load-
bearing and energy absorption capacity compared to SPW.
However, no significant change in microhardness of FZ in
DPWs was observed compared to SPW. Furthermore,
they found that applying second pulse current of 7.5 kA trans-
forms the failure mode from IF mode to partial thickness-
partial pullout (PTPP) mode under TS loading.

In another study, Sajjadi-Nikoo et al [52] found that apply-
ing a second pulse current of 5.5 kA transformed the columnar
grains to equiaxed grains of martensite in the centre of FZ of
TRIP700 steel resistance spot weld. The weld showed im-
proved CT peak load and energy absorption and failed in PF
compared to SPW that failed in IF mode.
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Fig. 21 21 Cross sections of
welds after TS test: a SPW failed
in partial interfacial (PIF) failure
mode; b DPW failed in PF mode
[145]

Fig. 22 Weld cross sections: a
SPW; b DPW-6KA; ¢ DPW-
7.5kA [123]
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4.3 Effect of in situ PWHT on crystallographic features
of martensite and failure behaviour of RSW joint

It is well known that large columnar grains formed in FZ of
AHSS resistance spot weld decrease the fracture toughness of
the weld and provide a preferred path for interfacial fracture
(i.e. easy crack propagation along the sheet/sheet interface)
[66]. The destruction of columnar grains and formation of
complete/semi equiaxed grains at weld nugget periphery can
impede the crack propagation through weld nugget resulting
in PF mode with improved mechanical properties [52]. The
fracture toughness of the pulsed-RSW joint is strongly affect-
ed by the parameters which determine the mechanical proper-
ties of martensite formed at weld nugget edge. The speed of a
propagating crack is influenced by toughness of martensitic
structure. When martensite is tough, the microstructure is re-
sistant against crack propagation and the mean crack velocity
is reduced [49]. Therefore, failure mechanism of AHSS resis-
tance spot weld is strongly dependent on the morphological
and crystallographic features of martensite formed in coarse
grain heat affected zone (CGHAZ) of SPW and CGHAZ and
REX zone of DPW [49, 122].

Lath martensite is the most commonly found microstruc-
tural constituent in FZ of many AHSS resistance spot weld.
Figure 24 depicts the subgrain structure of lath martensite
consisting of packets, blocks, sub-blocks, and laths. The basic
crystallographic unit of lath martensite is the lath. Within a
single prior austenite grain (PAG), different crystallographic
lath variants may exist. Blocks are made up of parallel laths
with two different versions, and packets are made up of par-
allel blocks of the same habit plane [151, 152]. The
Kurdjumov-Sachs (K-S) orientation relation predicts that a
single PAG can produce 24 distinct crystallographic variants
of lath martensite, which can be classified into three Bain
groups based on compression axes. [49, 151]. PAG size and
the variant have a significant effect on the mechanical prop-
erties of lath martensite structures and thus on failure

O a1 TG
Column grains R

Eﬂuiaxed arains § ZOEmj

——v A

behaviour of automotive steel resistance spot weld. It has been
shown that the finer the PAGs, smaller will be the packet size
of martensite, and consequently, the higher the strength and
the hardness values of the martensite [152]. These martensitic
features along with dislocation density are influenced during
in sitt PWHT. During the martensite-austenite reversion pro-
cess upon rapid heating, the austenite nuclei density is sub-
stantially increased leading to refining the PAGs, subsequent-
ly transforming to finer martensite packets upon cooling [52].

Chabok et al. [49] investigated the effect of second pulse
current (i.e. 8 kA) on DP1000 steel resistance spot weld and
found that crack in the SPW immediately deflected towards
the CGHAZ while crack penetrates small distance into the
Rex-zone and then deviate towards CGHAZ in DPW, as
shown in Figure 25. Moreover, DPW showed higher CT peak
load and energy absorption capacity compared to SPW. Three
factors were attributed for enhanced mechanical properties of
DPW: (i) During double pulse welding, severe tempering of
martensite occurs present in base metal, resulting in softening

Martensite lath

Packet Dislocation

boundary

Priory
grain boundary

Block
boundary

Fig. 24 Schematic illustration showing the substructure of lath martensite
[151]
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Fig. 25 Schematic illustration of the microstructure and crack path in a
SPW and b DPW [49]

of the SCHAZ which act as failure location at one side of the
weld; (ii) formation of coarser structure of Bain groups and
low fraction of high angle boundaries along with lower resid-
ual strain in REX zone, which effectively restrict the crack
propagation as more energy is required for crack to intersect
coarser equiaxed PAGs; and (iii) after crossing the Rex zone,
the crack path deviates through the CGHAZ which has high
fraction of high angle boundaries, fine equiaxed PAGs, fine
martensite packets, and Bain groups that retard further crack
propagation.

In another study, Chabok et al. [131] examined the effect of
lower second pulse current (i.e. 6.4 kA) on residual stresses at
weld nugget edge and crystallographic features of the mar-
tensite in CGHAZ of SPW and REX zones of DPW of
DP1000 steel resistance spot weld. In against to previous find-
ing, they reported that CT peak load and failure energy of
DPW decreased compared to SPW. The better mechanical
performance of SPW was attributed to the presence of high
compressive residual stress perpendicular to the plane of pre-
crack compared to REX zone of DPW, which effectively re-
strain crack tip opening and thus increase the amount of ener-
gy required for crack initiation and propagation during CT
loading. They reported that during RSW, weld joint experi-
enced the thermal cycle and plastic deformation due to force
applied by the electrodes. Residual stresses were buildup be-
cause of plastic deformation at the nugget edge. The heat input
during in situ PWHT was able to release the residual stresses

@ Springer

in the Rex-zone of the DPW at low second pulse welding
current (i.e. 6 kA), leading to low CT peak load and failure
energy. However, at higher second pulse current (i.e. 8 kA),
DPW experienced higher amount of plastic deformation com-
pared to the SPW. As the plastic deformation increased, com-
pressive residual stresses were built up in front of pre-crack,
thus lead to enhanced fracture toughness [131]. In another
study, Eftekharimilani et al. [122] reported the ellipticity of
the PAGs, defined as (a — b)/a (where a and b are major and
minor ellipse radii, respectively), is decreased and equiaxed
grains were formed in Rex zone of DPW compared to
CGHAZ of SPW, as shown in Figure 26. The higher ellipticity
of PAGs in SPW was due to the typical directional solidifica-
tion of the grains at the weld edge and offers lower resistance
to crack propagation compared to equiaxed grains of REX
zone. In addition, martensite in REX zone of DPW showed
higher Kernel average misorientation (KAM) angle
distribution and density of geometrically necessary disloca-
tion compared to the nugget edge of SPW, resulting in im-
proved fracture toughness of the weld joint.

4.4 Effect of in PWHT on elemental distribution and
mechanical properties of RSW joint

In RSW, the weld nugget is solidified under non-equilibrium
condition due to rapid cooling rates inherent to the process.
Compared to the basic composition of the alloy, a change in
alloy composition takes place in the crystals being precipitated
because of insufficient diffusion occurs during solidification
[25]. As a result, alloying elements like manganese, sulphur,
and phosphorous present in the steel tend to segregation at
PAG boundaries mainly at weld nugget edge and leads to
embrittlement of the joint [68, 69]. The elemental segregation
in the nugget is also an important factor that affects the me-
chanical properties and failure mode of the weld. Although
crack can generate from the HAZ, the crack path is dictated by
the local microstructure and the elemental distribution at the
nugget edge [122]. It has been widely reported that applying a
second pulse current to RSW joint results in homogenizing of
the detrimental elements at the primary weld nugget edge thus
leading to improved mechanical properties of the joint.
Eftekharimilani et al. [122] determine the effect of in situ
PWHT on Phosphorous distribution at nugget edge of 1 GPa
complex phase steel resistance spot weld. Based on electron
probe microanalysis (EPMA) results, they found that
Phosphorous segregation was significantly reduced in
annealed zone (refer to Figure 27) compared to traditional
SPW. They reported that as the temperature during in situ
PWHT increases, the redistribution of Phosphorous in the
weld becomes effective. A similar observation has been re-
ported by Van der Aa et al. [133], Koichi et al. [147], and
Sawanishi et al. [145] that applying the second pulse current
reduces the Phosphorous segregation at nugget edge of
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Fig. 26 EBSD micrographs showing IPF map: a PAG in SPW and b PAG in DPW [122]

automotive steel weld. Wakabayashi et al. [83] found that
applying second pulse current reduces the Mn segregation at
nugget edge of low carbon steel, thus promoting the PF mode.
Medium Mn steels are considered as third generation AHSS

Fig. 27 Compositional maps of
showing distribution of P at the
annealed zone. Line scans
showing P distribution in RSW of
1 GPa complex phase steel RSW
at nugget edge; a sequence 1
represents SPW, b sequence 2
represents DPW treated with
second pulse current of 5.7 kA,
and ¢ sequence 3 represents DPW
treated with second pulse current
of 6.2 kA [122]
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which contain significant amount of Mn in composition to
retain austenite at room temperature [153]. However, segrega-
tion of Mn in weld nugget during RSW can restrict the wide
usage of these steels in automotive applications. Zhao et al.
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[149] investigated the effect of tempering pulse on Mn distri-
bution of a 7 Mn steel resistance spot weld nugget. EPMA
results showed that Mn segregated along the PAG boundaries
in conventional weld provided preferred fracture path for
crack propagation, as shown in Figure 28a. With the applica-
tion of postweld pulses (i.e. 4 kA for 20 ms), Mn atoms dif-
fused from the PAG boundaries to the grains attributing to the
concentration gradient in nugget, as shown in Figure 28b.
They also reported that due to the short postweld time, the
separation of Mn along the PAG boundaries cannot be
completely eliminated and the weld failed in IF mode.

4.5 Effect of in situ PWHT on austenite-ferrite balance
in duplex stainless steel RSWs

The most crucial feature of duplex stainless steel is the ferrite-
austenite phase balance in microstructure. During RSW, the
FZ of DSS weld follows the solidification path given as

L—L 4+ )F—0F—JF + —dF + A + precipitates

where L is liquid, 6F is delta ferrite, and A is austenite. The
high cooling rate of the RSW process prevents the nucleation
and growth process of the austenite formation, promoting the
fully ferritic microstructure accompanied by precipitation of
CroN [64, 65]. Arabi et al. [63] showed that the phase balance
in FZ of DSS spot weld could be improved using in situ
PWHT when the temperature remains below melting point
of base metal. Figure 29 shows the microstructure of FZ of
DSS resistance spot weld before and after in situ PWHT. They
found that the average austenite volume fraction increased
from 4 to 30% after applying second pulse current of 5 kA
for 1.8 s. The improvement in austenite phase results in en-
hanced corrosion resistance of FZ. However, effect of austen-
ite phase balance on mechanical properties was not
investigated.

Fig. 28 Elemental Maps of Mn a
without postweld pulse and b
with postweld pulse [149]
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4.6 Liquid metal embrittlement control using multi
pulse current RSW

LME in automotive steel resistance spot weld can occur via
different mechanism and several advantageous thermo-
mechanical conditions can increase the susceptibility towards
the LME-cracking. Although multiple mechanisms of LME
in Zn-coated automotive steel resistance spot weld are report-
ed in literature [24, 154], however, two classical models are
generally most widely cited mechanisms for LME crack for-
mation, i.e. (1) liquid Zn penetration model and (2) solid Zn
diffusion model [154]. The development stages of LME
cracks according liquid zinc penetration model and solid Zn
diffusion model are shown in Figure 30. According to liquid
Zn penetration model, the LME cracks during RSW of zinc-
coated steel are formed by the intrusion of liquid Zn along
austenite grain boundaries (GBs). Generally, austenitic micro-
structures are thought to be more susceptible to LME cracking
[24, 155]. As the critical amount of Zn penetration is reached,
the steel matrix’s ability to support additional stress is com-
promised. Separation along the Zn penetrated grain bound-
aries is caused by the stresses exerted by electrodes, resulting
in the formation of cracks. [24]. According to Zn diffusion
model, Zn atoms diffuse along austenite GBs of the steel as
the diffusion rate is very high due to high temperature condi-
tion during RSW. After Zn diffusion, austenite GBs trans-
forms to «-Fe(Zn), as Zn is a strong ferrite stabilizer.
Consequently, GBs becomes weak and cracks formed under
tensile stresses [154, 156]. LME generally is not acceptable in
automotive industry as it can have detrimental effects on weld
strength in extreme situations [143]. Although significant
amount of work has been conducted to understand the under-
lying mechanism of LME during RSW of Zn coated steels,
however; less focus is given to develop prevention methods.
Therefore, it is much needed to explore the new ways to pre-
vent LME cracking in automotive steels. Some methods have
been developed to reduce LME cracking, including increasing
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Fig. 29 FZ microstructure of
DSS RSW a before in situ PWHT
and b after in situ PWHT at 5 kA
for 1.8 s [63]

electrode force or using pulse welding schedule [73, 75, 142,
143, 157]. Pulse welding includes two different approaches
(1) multi pulse welding schedule to control heat input at the
location of LME cracks and (2) pre-current/pre-pulse welding
schedule to remove the zinc coating [143]. Table 4 summa-
rized the outcomes of studies conducted to control LME using
different pulse welding schedules.

Ashiri et al. [142] developed impulse welding schedule to
mitigate the LME problem in TWIP steel. They used two
pulse welding current schedules with 1 cycle of cooling time
between first and second pulse. The first pulse was intended to
form the minimum nugget size according to 4t™° criterion, and
then second pulse was applied with aim to increase weldable
current range to enhance the nugget size without causing

[ 'Y

s \\ — Y

Step 1: Liquid Zn
penetration along grain
boundary

Step 2: Crack opening
along the penetrated
distance when stresses
exceed critical limit

Stage 11

Step 3: Liquid Zn
penetration ahead of
crack

Step 4: Further crack
propagation along the
penctrated boundary

Stage 11

Stage IV

Stage V

Some liquid Za(Fe) Is
cjected and reacts with the
clectrode once It reaches

Mot lquid ZaFe) b

Remaining liquid
Zn(Fe) tramforms to

I phase upon cooling

(b)

Fig. 30 Mechanism of LME crack formation in steel RSW. a Stages of crack formation according to liquid Zn penetration model [24] and b stages of

crack formation according to Zn solid diffusion model [154]
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Table.4 Summary of studies conducted on effect of pulse-RSW on LME of steel resistance spot weld

Base metal(s)/
thickness

Welding schedule

Observation on LME Ref

Hot-dip galvanized
TRIP1100 steel/IF

1. Multi pulse welding schedule
2. Pre-current welding schedule.

1. Reduces the weld surface LME cracks to some extent by stabilizing the Zn [143]
coating with Fe alloy and controlling the temperature and stress states in

steel the weld. However, long cracks in centre and small cracks at surface still

1.6mm /1.5 mm

existed in weld.

2. High heat input schedule increased the LME severity due to the melting of
Zn coating. However, low heat input schedule reduced LME by 29%.

Electrogalvanized Multi pulse welding schedule in which
TWIP steel both pulses have similar welding
Galvannealed TWIP current
steel
Galvanized TWIP
steel
Galvanized TRIP Ramp down current welding schedule
1100/1.6 mm
Galvannealed Pre-current welding schedule
TRIP590 steel/1.6
mm

Improved the weldability current range without LME [142]

Compared to a constant current, the severity of LME was reduced by 60%. [158]

Significant reduction in LME at optimum pre-pulse condition [73]

LME. Three different approaches were used with same prima-
ry welding current but different welding times, i.e. (1) long-
time second pulse, short-time second pulse, and intermediate-
time second pulse. They claimed that short time-second pulse
current successfully produces LME free welds due to the
slower rate of the nugget growth. Moreover, they found that
weldable current range increased by 85.7% compared with
similar weldable current range of conventional single-pulse
welding schedule. The heat input, was not held constant
through the various pulsing conditions, implying that the ef-
fect of pulsing cannot be separated from the effect of changing
the heat input. Kim et al. [73] showed that applying a pre-
pulse reduced the intensity of LME cracks in galvannealed
TRIP590 weld. Prior to the application of the main welding
pulse, the pre-pulse was designed to melt the liquid zinc, while
the electrode forces to squeeze the melt out of the weld region.
They claimed that LME reduction occurs as a result of apply-
ing a pre-pulse with a lower current than the main welding
current leading to removal of the zinc coating, Moreover, two
pre-pulse currents were used which can increase the welding
time, implying that the method's potential and limitations have
yet to be thoroughly explored.

Di Giovanni et al. [158] evaluated the effect of ramp (or
linear down slope) welding current schedule on LME cracking
of Zn coated TRIP1100 steel resistance spot weld. They
showed that ramp down current can mitigate tensile stresses
after electrode release, as the indentation weld surface temper-
ature profile spent less time in the liquid zinc region leading to
less opportunity for LME cracks to form. However, the study
did not offer a satisfactory explanation for the mechanism by
which the changes in LME severity are occurred. Wintjes
et al. [19] also attempted to reduce LME cracking using
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pulse welding schedules during RSW of galvanized
TRIP1100 steel. They used three different constant current
pulsed welding schedules given as (1) short pulse followed
by a long pulse, (2) equal length pulses, and (3) long pulse
followed by a short pulse. They found that LME cracks were
formed at surface and in centre of the welds in all three types
of pulse welding schedules, as shown in Figure 31. The weld
made with longer first pulse followed by short pulse exhibited
smaller cracks compared with other welds. Reduction in LME
cracks was attributed to stabilizing of Zn coating with iron
alloying, controlling the temperature and stress states of the
weld. However, they failed to explain crack formation in cen-
tre of welds. In case of pre-pulse, they used following three
schedules were used: (1) high current-long time, (2) high
current-short time, and (3) low current-long time. A similar
finding was observed for welds subjected to pre-pulse welding
schedules, that LME cracks are still visible at both surface and
centre of the welds, as shown in Figure 32. However, the weld
made with a low current pre-pulse exhibited low LME sus-
ceptibility compared to welds made with high pre-pulse cur-
rent. Reduction in LME cracks was attributed to stabilizing of
zinc coating through iron diffusion without melting the coat-
ing. Moreover, the findings of the study contradicted with
LME mechanisms proposed by Ashiri et al [142] in case of
pulse-welding schedules and with Kim et al. [73] in case of
pre-pulse welding schedules.

4.7 Critical analysis and future research outlook of
pulsed-RSW

1. Although, tempering of martensite is well documented in
the literature, but it has been addressed mostly to fully
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Fig. 31 Welds made using pulse-
RSW schedules: a short pulse
followed by a long pulse; b equal
length pulses; ¢ long pulse
followed by a short pulse [143]

martensitic steels with equiaxed PAGs subjected to con-
ventional isothermal tempering treatment. The mecha-
nism of tempering of lath martensite formed within large
columnar PAGs including carbide nucleation and growth
process in FZ of resistance spot weld subjected to non-
isothermal tempering during pulsed-RSW is still not clear.
Therefore, more research work is needed to understand
the various phase transformations which occurs during
non-isothermal heating and cooling of AHSS resistance
spot welds.

Experimental temperature measurement during RSW is
difficult due to invisible nugget and constricted weld area.
Finite element (FE) models need to develop for precise
temperature measurement and heat distribution during
heating and cooling stage of weld. This would help in
deciding the process parameters, i.e. welding current,
welding time and holding time which in turn help in con-
trolling tempering temperature.

Electrodes with excessively large face diameter provide
heat sink to the weld during tempering thus reducing the
temper effectiveness. Therefore, electrode diameter with
minimum size can be effective for rapid tempering but can
also affect the nugget size. Therefore, further studies are
required to explore the potential of using smaller
electrodes.

4. Fatigue strength of resistance spot weld is equally impor-
tant as static and impact strength. The microstructural
changes imparted during pulse welding can affect fatigue
life of the weld. However, no studies have been conducted
so far to determine the effect of pulsing on fatigue strength
of the weld. Therefore, it is required to conduct further
studies to determine the effect of pulsing on fatigue life of
automotive steel resistance spot.

5. Although some researchers have successfully reduced
LME cracking using pulse-RSW schedules, however, this
method is only effective for reducing LME cracks
partially. Obtaining LME-free welds is still challenge
for automotive manufacturers. This calls for designing
more dedicated schedules to eliminated the factors
causing LME.

5 Summary

This paper gives an overview of the three modified RSW
process, i.e. IA-RSW, MA-RSW, and pulsed-RSW used to
improve the weldability and mechanical performance of
AHSSs weld while pertaining to their challenges and
opportunities.
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Figure 32 Welds made using pre-
pulse RSW schedules: a no pre-
pulse; b high current-long time.
(2) High current-short time. (3)
Low current-long time [143]

IA-RSW In this method, a transition material is placed between
base metal sheets to modify the chemical composition/
microstructure of weld nugget. This mechanism either serves
to limit the formation of brittle martensitic structure in FZ via
dilution process or to attain metal matrix composite with aim
to inhibit the IF mode and to improve the joint mechanical
properties. In case of dissimilar alloy, welding interlayers
are added at weld interface to form IMCs with improved
metallurgical bonding. The criteria for the selection of
interlayer depend upon multi factors such as physical
properties, metallurgical compatibility, and thickness of
the interlayer.

@ Springer

MA-RSW In this method, an externally applied magnetic field
interacts with the welding current to produce a Lorentz force
which induces EMS in weld pool. The EMS in turn influences
the heat and mass transfer during the welding. The externally
applied magnetic field can significantly improve the joint me-
chanical properties of similar AHSS welds. The EMS reduces
the temperature gradient in the weld pool during heating stage,
and a peanut shell-shaped nugget with increase in diameter is
formed. Moreover, during solidification, the inertial movement
of the liquid metal in nugget is likely to promote the fragmen-
tation of the dendrites and reduce the shrinkage cavities. Studies
have shown that MA-RSW weld exhibit higher load bearing,
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and energy absorption capacity and a higher probability of PF
mode compare with the traditional RSW weld.

Pulse-RSW In this method, during welding, a second pulse is
applied just after the primary welding pulse to temper the
martensitic structure or to alter the microstructure of FZ of
AHSS weld. Generally, two types of pulsed-RSW schemes
are used, i.e. (i) tempering at low current and long pulse time
and (ii) tempering at high current and short pulse time. Pulsed-
RSW can be use to promote IF to PF mode transition and
improved mechanical properties of the weld can be obtained
if proper second pulse parameters are used. During pulsed-
RSW, temperature is influenced by heat input which in turn
depends upon second pulse welding current, second pulse
welding time, and cooling time. When peak temperature of
weld nugget during second pulse is below Acl temperature,
martensite tempering occurs leading to improved fracture
toughness of the weld joint. When temperature during second
pulse is between Ac3 and melting temperature, weld nugget
edge experiences re-austenitization due to which large colum-
nar grains transforms into equiaxed grains with refined mar-
tensite packets. Moreover, elemental segregation can be re-
duced at nugget edge using pulse-RSW. Thus improved peak
load and energy absorption under TS and CT loading.
Furthermore, the high cooling rate of the RSW reduces the
AVF in DSS weld when subjected to traditional RSW.
Applying a second pulse current can significantly improve
the AVF in DSS resulting in enhanced corrosion resistance
of the FZ. Pulse-RSW have also been shown to reduce LME
cracking in AHSSs weld. However, this method is only effec-
tive for reducing LME cracks partially and still not applicable
in automotive assembly line.

Although the addition of interlayer material between sub-
strate steel sheets can reduced weld brittleness, yet the process
itself increase the production cost and time which need to be
addressed before industrial implementation. The use of the
externally applied magnetic field in RSW process has
prompted some advantages such as enlargement of nugget
size, destruction of columnar grains of FZ and better mixing
of alloying elements in solidified nugget. However, longer
welding time required to keep flow of molten metal can in-
crease the wear of electrode tip due to longer contact time with
hot liquid metal. In addition, use of electromagnets can be
controlled by changing magnetic field. Applying pulse sched-
ule in RSW cycle have great potential to reduce weld brittle-
ness via tempering the martensitic structure and LME cracks.
However, the success of in-process tempering depends upon
precise control of heat input and temperature distribution
which in turn influenced by process parameters such as sec-
ond pulse current and time, and cooling time between first and
second pulse. Smart pulse schedules are needed to develop to
fully control the temperature distribution. Moreover, to
understand the effect of pulse-RSW on mechanical

performance of the weld under dynamic loading conditions
such as high impact crash and cyclic loading needs further
research studies.
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