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Abstract

Abstract

Third generation advanced high strength steels (AHSS), such as transformation-induced
plasticity (TRIP)-aided bainitic ferrite (TBF) and medium-Mn steels, combine high strength
with good formability and are therefore promising candidates for the use for automotive
applications. However, due to their relatively high alloying content and the rapid cooling
during resistance spot welding, which is the predominant joining technology for automotive
steel sheets, they tend to form hard and brittle joints and their weldability is therefore

restricted.

The present work aims to enable basic knowledge concerning the microstructural evolution
during resistance spot welding of third generation AHSS in order to subsequently improve
their mechanical performance by means of a targeted modification of the microstructure. For
the TBF steel, large-scale hardness mappings revealed a pronounced hardening and thus
embrittlement of the fusion zone (FZ), which was counteracted with a temper pulse.
Microstructural characterizations by means of light optical microscopy and scanning electron
microscopy (SEM) illustrated that the temper pulse must be adjusted precisely to the first
pulse in order to get acceptable results. In a second approach, the cast-like structure of the
outer FZ was modified by a recrystallization pulse in order to obtain more globularly shaped
prior austenite grains with a high crack deflection capability, which were characterized using
electron backscatter diffraction (EBSD). With both concepts a significant improvement of the

mechanical performance could be achieved.

The inferior mechanical properties of medium-Mn steel welds were mainly attributed to the
presence of severe manganese segregations in the outer FZ, as detected by energy-dispersive
X-ray spectroscopy (EDX). The segregations were homogenized by means of a recrystallization
pulse, which led to an improved mechanical performance of the welds. An approach to
estimate suitable cooling times between the two pulses based on the electrical resistance
curve was suggested in order to facilitate the implementation of double pulsing in production.
The detailed characterization of the heat-affected zone (HAZ) by means of EBSD, SEM, EDX
and magnetic saturation measurement showed that the stability of the austenite strongly
depends on the temperature, resulting in highly position-dependent mechanical properties of
the HAZ. These findings serve as basis for future efforts to precisely adjust the microstructure

of the HAZ in order to improve the mechanical performance of the entire weld.




Kurzfassung

Kurzfassung

»Advanced High Strength Steels” (AHSS) der dritten Generation, wie ,Transformation-Induced
Plasticity (TRIP)-aided Bainitic Ferrite” (TBF) und ,Medium-Mn” Stdhle, kombinieren hohe
Festigkeit mit guter Umformbarkeit und sind daher vielversprechende Kandidaten fiir den
Einsatz in automobilen Anwendungen. Aufgrund ihres relativ hohen Legierungsgehalts und
der raschen Abkihlung beim Widerstandspunktschweillen, welches das dominierende
Blechfligeverfahren darstellt, neigen diese Stahle allerdings zur Bildung harter und somit

sproder Schweillverbindungen, weswegen ihre Schweillbarkeit eingeschrankt ist.

Diese Arbeit soll ein grundlegendes Verstandnis bezlglich der Mikrostrukturentwicklung
wahrend des WiderstandspunktschweiRens von AHSS der dritten Generation aufbauen, um
die mechanischen Eigenschaften anschlieRend mittels gezielter Gefligebeeinflussung
verbessern zu kénnen. Durch groRflachige Hartemappings wurde beim TBF Stahl eine
ausgepragte Aufhartung und somit Versprodung der Fligezone (FZ) festgestellt, welcher mit
Hilfe eines Anlassimpulses entgegengewirkt wurde. Die Gefligeuntersuchungen mittels
Lichtmikroskopie und Rasterelektronenmikroskopie (REM) zeigten, dass der Anlassimpuls
exakt auf den ersten Impuls abgestimmt werden muss. In einem weiteren Ansatz wurde das
gussahnliche Geflige der dulleren FZ durch einen Rekristallisationsimpuls modifiziert, um
globulare Kérner mit hohem Rissablenkungsvermdgen zu erzeugen, welche mittels ,Electron
Backscatter Diffraction” (EBSD) charakterisiert wurden. Mit beiden Konzepten konnten die

mechanischen Eigenschaften deutlich verbessert werden.

Bei Medium-Mn Stahlen wurden starke Manganseigerungen in der dulleren FZ mittels
energiedispersiver Rontgenspektroskopie (EDX) nachgewiesen, welche durch einen
Rekristallisationsimpuls hin zu verbesserten mechanischen Eigenschaften aufgel6st wurden.
Die prasentierte Interpretation der aufgezeichneten Widerstandskurven soll hierbei die
angestrebte Implementierung des Rekristallisationsimpulsverfahrens in die Fertigung
unterstltzen. Die detaillierte Charakterisierung der Warmeeinflusszone (WEZ) mittels EBSD,
REM, EDX und magnetischer Austenitmessung zeigte, dass die Stabilitdt des Austenits stark
von der Temperatur abhangt, was zu ortsabhangigen mechanischen Eigenschaften der WEZ
fuhrt. Diese Erkenntnisse dienen als Basis fur zukiinftige Bemihungen die Mikrostruktur der
WEZ gezielt einzustellen um die mechanischen Eigenschaften der gesamten Schweilung zu

verbessern.
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1. Introduction

The commitment of the European Commission to the green new deal and the related goal of
making Europe climate neutral in 2050 is also increasing the demands on the automotive
industry regarding the reduction of fuel consumption and exhaust emissions [1,2]. Regardless
of which concept of drive will prevail, lightweight construction using innovative materials will
play a decisive role in achieving these goals [3]. Due to their unmatched combination of high
strength and good formability, advanced high strength steels (AHSS) are widely used for
safety-relevant components in the body-in-white of modern cars [4]. The focus of today's steel
industry lies on the development and establishment of the third generation of these high-
performance materials, which combines high strength with superior elongation, due to a
certain amount of metastable austenite in the microstructure, which enables the so-called
transformation-induced plasticity (TRIP) effect [5]. The third generation of AHSS consists of
the quenching and partitioning (Q&P) [6] and TRIP-aided bainitic ferrite (TBF) steels [7], with
a martensitic or bainitic matrix, respectively, as well as the medium-Mn steels [8] with a

ferritic matrix.

Regardless of superior mechanical properties, workability is a key factor regarding the
establishment of a material for automotive applications. Despite the continuous development
of novel joining methods, resistance spot welding (RSW) is still the dominant joining
technology for sheet steels, due to its short cycle times, its low costs and its suitability for
automation [9]. However, the relatively high content of alloying elements in third generation
AHSS in combination with the fast cooling rates during RSW of several thousand K/s leads to
a very hard and brittle martensitic fusion zone (FZ) with poor mechanical properties.

Therefore, the resistance spot weldability of third generation AHSS is restricted [10].

Since the exact mechanisms leading to the inferior mechanical properties are not fully
understood yet and still controversially discussed, the aim of this thesis was to investigate the
resistance spot weldability of third generation AHSS, on the example of a TBF and a novel
medium-Mn steel, with respect to the microstructural evolution and its influence on the
mechanical properties. For this purpose, the microstructure of the FZ and heat-affected
zone (HAZ) was characterized using various methods such as light optical microscopy (LOM),
scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), energy

dispersive X-ray spectroscopy (EDX) and hardness mappings in order to correlate the presence
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of certain microstructural features with the mechanical properties determined by
cross-tension strength (CTS) tests. The unfavorable microstructural constituents were
modified by performing different in-process heat treatments achieved by a second pulse,
whereby the heat input during the second pulse was visualized via the recorded resistance
curves, which is intended to enable future targeted process control. In addition to the
characterization of the HAZ of the medium-Mn steel with regard to the microstructure and
the local mechanical properties, a thermal simulator was used to create samples whose
microstructure resembled the microstructure of the various positions in the HAZ. The
austenite content was determined magnetically and the mechanical properties were
evaluated by tensile testing on these heat treated samples. These results are intended to

support targeted HAZ designing in the future.

The following pages give an overview of the steel grades and methods used as well as the state
of the art of RSW of third generation AHSS, which is followed by a summary of the most
important findings from the four publications given in Part B. Part A concludes with an outlook

and an assessment of the contributions presented in this thesis to the field of research.
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2. State of the art

2.1. Advanced high strength steels (AHSS) for automotive applications

Steels which combine a tensile strength above 600 MPa with adequate formability and
therefore meet the requirements of the modern automotive industry with regards to
lightweight construction are generally defined as AHSS [5]. Diagrams that depict the ultimate
tensile strength (UTS) and total elongation (TE), as illustrated in Figure 1, are commonly used
to compare the various automotive steels to each other [5]. As AHSS are located in the right
third of Figure 1, these steels are particularly suitable for the use in safety-relevant
components, which require high strength. The development of the first generation of AHSS
goes back to the 1990s. This generation mainly consists of TRIP and dual phase (DP) steels, but
also fully martensitic press-hardening steels (PHS) with a tensile strength of up to 2000 MPa
belong to it. In the early 2000s, the development of so-called twinning-induced
plasticity (TWIP) steels was pushed forward, which are referred to as the second generation
of AHSS and are characterized by a combination of high strength and outstanding formability
that has never been achieved until today [11]. However, due to their high costs, challenges
regarding manufacturing and their susceptibility to hydrogen embrittlement, these steels
have never been able to establish themselves for commercial applications. With the
development of the third generation AHSS, an attempt was made to approach the superior
mechanical properties of TWIP steels at significantly lower costs due to the reduction of
alloying elements. Therefore, today's automotive industry aims to replace the existing AHSS
grades with these novel grades that offer significantly higher strength at comparable
formability, a trend the European steel industry is following [5,12,13]. Only the PHS cannot be
replaced by third generation AHSS due to their unmatched ultrahigh strength at very low
deformation, which ensures their usage in crash-relevant components such as the

B-pillar [14].




State of the art

total elongation [%]
S
[a)

204

10+

0 200 400 600 800 1000 1200 1400 1600 1800 2000
ultimate tensile strength [MPa]

Figure 1: Comparison of various steels for automotive applications concerning their ultimate
tensile strength (UTS) and total elongation (TE). The interstitial free (IF) and mild steels belong
to the lower strength steels (green). Bake-hardening (BH), carbon-manganese (CMn) und high-
strength low-alloy (HSLA) steels belong to the conventional high strength steels (blue). The
transformation-induced plasticity (TRIP), dual phase (DP), complex phase (CP) and
press-hardening steels (PHS) represent the first generation of AHSS (yellow). The second
generation of AHSS consists of the austenitic twinning-induced plasticity (TWIP)
steels (orange). The third generation AHSS, which are shown in red, are trying to close the gap

between the first and second generation of AHSS (adapted from [5]).

2.2. Third generation advanced high strength steels

The third generation AHSS, consisting of Q&P steels, TBF steels and medium-Mn steels, are
characterized by excellent formability due to their high austenite content, which enables the
so-called TRIP effect. First described in the 1960s by Zackey et al. [15], the TRIP phenomenon
is based on the strain-induced transformation of metastable austenite into martensite. This
results in a significant increase of the local dislocation density, which inhibits further strain
localization and therefore necking in this region [16]. With continued loading, the mechanism
repeats in the adjacent regions, which leads to a significant increase in uniform
elongation [17]. The austenite is stabilized by means of a heat treatment resulting in a
redistribution of carbon in the case of Q&P [18] and TBF steels [19], as opposed to

medium-Mn steels, where the stabilization of the austenite is mainly achieved by manganese

4
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enrichment [20]. In this thesis, the weldability of TBF and medium-Mn steels is investigated
and therefore their manufacturing route, microstructure and mechanical properties are

described in the following sections.
2.2.1. TRIP-aided bainitic ferrite (TBF) steels

The development of TBF steels goes back to the idea of developing a material with a
considerable proportion of metastable austenite to enable the TRIP effect, that contains no
ferrite and exhibits a bainitic instead of martensitic matrix in order to reduce the differences
in hardness between the phases, which avoids stress-induced cracking [5]. This microstructure
is adjusted by a heat treatment, which is schematically illustrated in Figure 2a. A complete
austenitization of the initial material is carried out, followed by rapid cooling and isothermal
annealing between the bainite start and the martensite start (Ms)-temperature, which is
generally referred to as “austempering”. The formation of bainitic ferrite and carbon
enrichment of the austenite takes place simultaneously during the isothermal step. The
carbon enriched austenite remains mainly stable during the final cooling step, although,
depending on the parameters, a certain amount is often undesirably transformed to
martensite [21,22]. The resulting multiphase microstructure of the TBF steel is shown in
Figure 2b. It consists of bainitic ferrite, retained austenite and small proportions of martensite.
The martensite is commonly located next to stable austenite and forms so-called M/A-islands,
which are a mixture of martensite and austenite [19,23]. The quantity, stability and shape of
the austenite is determined by the annealing conditions and influences the mechanical
properties of the TBF steel to a large extent [7,21,24-27]. Consequently, carbon is the most
important alloying element, as it stabilizes the austenite most effectively. To enable this
stabilization, silicon is also added, since it has almost no solubility in cementite and thus
prevents carbide precipitation. Manganese, as an effective austenite stabilizer and solid
solution hardener, is also alloyed [19,21,22,25,28]. TBF steels have a typical chemical
composition of about 0.2 C/1.5 Si/2.5 Mn (wt%) and reach an UTS of up to 1200 MPa at a high

total elongation [5].
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Figure 2: a) Schematic illustration of the heat treatment of TBF steels and b) SEM image of the
microstructure of a TBF steel after the final cooling step.

2.2.2. Medium-Mn steels

In 1972, Miller [29] already developed an ultrafine-grained steel by annealing a
work-hardened 0.1 C/5 Mn steel in the lower intercritical range, which not only exhibited high
strength but also a total elongation of approximately 30 % due to the presence of metastable
retained austenite. The foundation stone for today's medium-Mn steels was laid.
Nevertheless, it took more than 30 years until Merwin [8] revived this concept and adapted it
for a batch annealing route and thus initiated intensive research on this field, which is still
ongoing today. Just like the other third generation AHSS grades, medium-Mn steels make use
of the TRIP effect. However, the austenite is not stabilized by carbon but mainly by
manganese, which is why a manganese content of 4-10 % is generally required and the carbon
content can be reduced significantly [5,8,17,30,31]. For the so-called two-step concept, which
was applied to the medium-Mn steel investigated in this work and is illustrated in Figure 3a,
the cold rolled material is fully austenitized and quenched to martensite first. The manganese
enrichment of the austenite takes place during the subsequent intercritical annealing. The
microstructure after the final cooling consists of a ferritic matrix with an austenite phase
fraction of up to 30 % depending on the annealing conditions. The stability of the retained
austenite, which depends not only on its manganese content but also on its grain size,
morphology and the surrounding matrix, essentially determines the mechanical
properties [17,32—36]. The heat treatment leads to predominantly lath-like austenite due to
the initial needle-shaped martensitic microstructure, as shown in Figure 3b. This lath-like

austenite is reported to be more stable than globularly shaped austenite generated by the
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competing one-step heat treatment concept, where the cold rolled material is directly
intercritically annealed [20]. However, certain amounts of globular austenite are also present

after the two-step heat treatment.

(a) o
austenitization
A; enrichment of austenite with Mn and C
6 —
2 @
o —F
5 final
- .
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Figure 3: a) Schematic illustration of the two-step heat treatment of medium-Mn steels and

b) SEM image of the microstructure of a medium-Mn steel after the final cooling step.

2.3. Resistance spot welding (RSW)
2.3.1. Process and physical background

Weldability is one of the key factors regarding the use of materials for automotive
applications. A high operation speed and the suitability for automation at low costs make RSW
the dominant technology for sheet metal joining in the automotive industry. The
body-in-white of modern cars consists of thousands of spot welds. RSW is based on the
principle that heat is generated by the resistance of a material to the electrical current flow,

which is known as the Joule’s law

where Qu is the generated heat in joules, | is the applied current in ampere, R(T) is the
temperature-dependent and therefore dynamic resistance in ohm and tis the time in seconds.
Steels are particularly well suited for RSW due to their high electrical resistance compared to

other automotive materials like aluminum [9,10,37-39].
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The RSW setup is schematically shown in Figure 4a. The required electrical current is supplied
via two water-cooled copper-based electrodes. They also provide the clamping force to fix the
sheets and to bring the surfaces in contact. The total resistance is composed of the resistance
of the copper electrodes (R1 & R;), the resistance between the electrode and the
sheets (R2 & Rg), the resistance of the sheets being welded (Rs & Rs) and the resistance at the
interface of the sheets (Rs). Since R4 is usually the highest resistance, heat is predominantly
generated at the interface between the sheets, and thus the formation of the FZ [9,10,40].
The evolution of the FZ, also called the weld nugget, can be illustrated by the curve of the
electrical resistance illustrated in Figure 4b. The first peak represents the contact resistance
at the interface of the sheets. It breaks down within milliseconds to a minimum, which is
referred to as the a-trough. Due to the increase of the temperature also the resistance
increases with time, while local melting facilitates the current flow and thus reduces the
resistance. This interplay reaches its equilibrium at the so-called B-peak. At this point, the
temperature stabilizes and the nugget growth starts to dominate, which causes the resistance
to decrease till the current is switched off. The water cooled electrodes represent strong heat
sinks, which cause extremely high cooling rates of several thousand K/s during the subsequent

holding step. Once the electrodes are released, the welding process is finished [41-44].

(b) 4 contact resistance B-peak

o |
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B E
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Figure 4: a) Schematic illustration of the RSW process (adapted from [10]) b) schematic

illustration of the electrical resistance curve during welding (adapted from [41]).

2.3.2. Welding parameters

The shape and size of the weld nugget are decisive in terms of the performance of the

automotive components. A small nugget offers only a small load-bearing area, which usually
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results in a low strength of the joint. However, the size of the weld nugget cannot be enlarged
beyond a certain dimension, due to the occurrence of expulsion at excessively high heat
inputs, which affects the joint quality and reproducibility in a negative way [9]. Besides the
electrode pressure, the welding time and the current are the most important parameters to
be adjusted. With regard to processing, it is common to specify welding ranges for the
different materials depending on the sheet thickness and possible coatings. For this purpose,
the current is increased step by step and the resulting weld nugget, which has been cracked
with a chisel, is surveyed. The current which produces a nugget with a predefined minimum
diameter, for example 4 X \t, where t is the sheet thickness, as recommended by the
American Welding Society [45], is specified as the lower limit (Imin). The highest current, at
which no expulsion occurs, is referred to as the upper limit (Imax), as schematically shown in
Figure 5. The determination of the current range at different welding times results in lobe

curves, which specify the welding range for acceptable welds in production [10,40,46].

8 T T T T 1 T T T T T
welding range

expulsion

weld diameter [mm)]
*
E
E 3
*

0 1 I 1 1
3 4 5 6 7 8 9

welding current [kA]

Figure 5: Schematic illustration of the determination of the welding current range at a constant

welding time.

2.3.3. Mechanical testing: the cross-tension strength (CTS) test

In addition to a large welding range and the insusceptibility to defects such as shrinkage voids,
the results of mechanical testing is also important in order to assess the weldability of
materials and their suitability for automotive applications. Along with the tensile-shear

strength (TSS) test and various technological test methods, the CTS test, whose setup is
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schematically shown in Figure 6a, has established itself for comparing the mechanical
properties of spot welds [10]. The bearable load quantified via the maximum force Fmax under
the given loading condition and also the failure energy, which is given by the area under the
load-displacement curve and correlates with the crash behavior, as illustrated in Figure 6b,
are characteristic values obtained [9]. Moreover, the failure mode offers an evaluation of the
weld quality [9,39,47—-49]. There are basically three different failure modes to be distinguished
from each other. The most favored failure mode is the pullout failure (PF) mode, where the
crack propagates through the HAZ or even the base material (BM) rather than through the FZ,
as schematically illustrated in Figure 6c¢. Joints that fail via this mode usually bear high loads
and show high energy absorption capability, which ensures good crash behavior [9,49]. In
contrast, if the crack propagates through the FZ, it is called interfacial failure (IF) mode, as
schematically illustrated in Figure 6d. This mode is reported to lead to a significant
deterioration of the crashworthiness due to little plastic deformation and is therefore
unwanted [50,51]. A mixture of these modes is called partial interfacial failure (PIF) mode. The
pullout ratio, which is the areal fraction of the pulled-out plug to the former FZ, represents a
possibility to quantify the failure mode. Besides the fracture toughness of the FZ and the shear
strength of the HAZ [49], which are defined by their microstructure and will be discussed later,
also the size of the FZ is reported to be decisive regarding the failure mode. The smaller the

FZ, the higher the tendency to fail via an unwanted IF failure mode [49,52-55].
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Figure 6: a) Schematic illustration of the CTS test setup, b) schematic load-displacement curve

obtained and spot welds failed via the c) PF mode and via the d) IF mode.

2.4. Resistance spot welding of AHSS: challenges and solutions
2.4.1. The fusion zone (FZ)

When discussing the weldability of AHSS, two different aspects have to be distinguished from
each other. On the one hand, the high content of alloying elements compared to conventional
automotive steels results in a high electrical resistance and therefore in a good weldability of
uncoated AHSS sheets even at moderate current levels. On the other hand, also the
mechanical performance of the joints, which mainly depends on the microstructure of the FZ
and HAZ, has to be taken into account in assessing the weldability of AHSS and evaluating their

suitability for automotive applications [56].

Due to the extremely high cooling rates of several thousand K/s during RSW, low alloyed steels
tend to form a martensitic FZ. Its hardness increases with increasing carbon equivalent
number (Ceq), which is primarily determined by the carbon content, but also strongly
increases with other alloying elements such as manganese and silicon [39,57-61]. It is well
documented that a pronounced hardening of the FZ reduces the toughness of the joint, which
promotes the unwanted IF mode [55,62-64]. Since manganese and silicon play a decisive role
in the alloying concept of third generation AHSS, the hardening is particularly pronounced for
these steel grades [9,10] and they consequently tend to fail via the unwanted IF mode. If

failing via the PF mode, Fmax mainly correlates with the fracture toughness of the FZ, which is
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usually very low in the case of hard martensite [48,53]. A high hardness of the FZ may also
lead to an increased susceptibility to hydrogen cracking after RSW, as frequently observed for
arc welded steels [10]. Furthermore, alloying elements like silicon and manganese, as well as
phosphorus, tend to segregate at grain boundaries and weaken them, which promotes
intercrystalline fracture [65,66]. AHSS are also more susceptible to expulsion, which narrows

the welding range [10] and increases the risk of void formation [49,59].
2.4.2. The heat-affected zone (HAZ)

In addition to the FZ, where the temperature rises above the melting point of the material,
heat conduction always creates a surrounding HAZ, which has a strong influence on the
mechanical performance of AHSS spot welds [9,59,67-70]. The precisely adjusted
microstructure of the BM is completely rebuilt in the HAZ and can be subdivided in the
following zones, as illustrated in Figure 7 [9,68,71,72]: Adjacent to the FZ, the temperature
rises to just below the melting point during welding, resulting in austenitization at high
temperatures with pronounced grain growth. The subsequent rapid cooling leads to a coarse-
grained martensitic microstructure after welding, which is why this zone is referred to as the
coarse-grained heat-affected zone (CGHAZ). This zone tends to exhibit brittle behavior due to
a high hardness, coarsened microstructure and possible segregation of alloying elements. If
the crack propagates through this zone, which is the case for the PF mode, the mechanical
properties of the welds are mainly determined by its microstructure [67,70,73,74]. With
increasing distance to the FZ, the temperature continuously decreases, which inhibits grain
growth during the austenitization and leads to a finer martensite after quenching in the so-
called fine-grained heat-affected zone (FGHAZ) for most AHSS [68,71,72]. Therefore, both
strength and ductility are significantly improved in the FGHAZ compared to the CGHAZ [68].
In the case of medium-Mn steels, however, the temperature is not high enough to
homogenize the manganese enrichments needed to stabilize the austenite, which is why a
high fraction of austenite remains stable in the FGHAZ [69,75]. The retained austenite is
mainly responsible for the improved ductility of this zone compared to the CGHAZ [69]. CGHAZ
and FGHAZ are both part of the upper critical heat-affected zone (UCHAZ), where the peak
temperature generally rises above As. The temperature in the intercritical heat-affected
zone (ICHAZ) is between A; and As and leads to the formation of a ferritic and austenitic
microstructure during the welding process for most AHSS [9,72,68]. During cooling, the

austenite transforms into martensite and the final microstructure therefore resembles a dual
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phase steel. The strength of this zone is significantly lower compared to the UCHAZ, at a higher
total elongation [68]. The zone where the temperature is below A; and therefore no phase
transformation takes place is called the subcritical heat-affected zone (SCHAZ). If the BM of a
steel contains martensite or bainite, this zone undergoes tempering and is therefore
significantly softer than the BM [9,71]. The degree of softening, which mainly depends on
temperature but also on the welding time, is very pronounced in the case of fully martensitic
PHS [71,72,76], but also the tempering of the martensitic phase components in DP steels is
well documented [77—-80]. This softened zone acts as a preferential location for necking, which

may lead to premature failure [50,72,81-83].
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Figure 7: lllustration of the subdivided HAZ from the inside out: coarse-grained heat-affected
zone (CGHAZ), fine-grained heat-affected zone (FGHAZ), intercritical heat-affected
zone (ICHAZ), subcritical heat-affected zone (SCHAZ) and the base material (BM) with the

associated temperature ranges.

2.4.3. In-process heat treatments

As mentioned above, a major issue regarding the weldability of AHSS is the excessive
hardening of the FZ and the associated embrittlement. In order to increase the toughness, an
in-process tempering heat treatment can be carried out by means of a second pulse, which is
hereinafter referred to as the temper pulse concept and schematically illustrated in Figure 8a.
The first pulse is followed by a cooling step, which aims to cool down the FZ below the
martensite finish (Mg)-temperature. During the low current second pulse, the FZ is reheated
and tempered, which is associated with a reduction in hardness and an increase in
toughness [9]. The heat input during the second pulse, which is determined by the pulse time
and current, must be adjusted precisely to achieve the desired tempering. If the heat input is

too low, the FZ is insufficiently softened and if the input is too high, the FZ re-austenitizes and
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transforms again to hard martensite during the final quenching [84]. Furthermore, temper
embrittlement phenomenon can occur in a certain temperature range [85]. This approach was
already applied at the beginning of the 21st century for TRIP steels [84,86] and has
experienced a renaissance in recent years due to the development of new AHSS and their

problems regarding the hardening of the FZ.

Investigations on a high strength automotive steel showed that the failure mode during the
peel test of temper pulse welded samples was significantly enhanced, but there was no
significant improvement of the failure mode or maximum load during the TSS test [87]. In
contrast, the mechanical properties of a martensitic stainless steel improved for both the TSS
and CTS test by applying temper pulsing with suitable parameters [85]. Among modern AHSS,
improved mechanical properties due to a temper pulse have already been documented for
TRIP [88] and DP steels [89,90], and recently published papers even adapted this approach to
a medium-Mn steel [91,92]. However, the temper pulse concept has not yet been able to
establish itself in practice. This may be related to the complex determination of suitable
parameters and the fact that the process time increases significantly due to the long cooling
time, which deteriorates the economic efficiency. Nevertheless, it is very promising for
improving the mechanical properties of third generation AHSS welds and since the underlying

mechanisms are not fully understood yet [9], research in this field is necessary.

Another way to improve the mechanical properties of resistance spot welded AHSS by means
of an in-process heat treatment lies in the recrystallization pulse concept. Here, the FZ cools
down to just below the melting temperature after the first pulse and the outer FZ recrystallizes
during the second pulse. As can be seen in Figure 8b, this method is characterized by a high
current second pulse and a short cooling time, which results in a significantly increased
economic efficiency compared to the temper pulse concept. The mechanical properties of
modern DP and TRIP steels have significantly been improved with this approach [93,94].
However, investigations on a DP1000 steel illustrated the sensible response of the material to
different welding parameters [74,95]. If the first pulse was welded with Imax for example, a
subsequent second pulse of the same current led to a significant improvement of the
mechanical properties. This was mainly attributed to the recrystallization of the outer FZ and
the associated relief of residual stresses, as well as the increased number of high angle grain
boundaries in the CGHAZ, which are believed to promote crack deflection. Additionally, it was

assumed that the severe softening of the SCHAZ reduces the stress concentration at the outer
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FZ and thus supports the failure outside the FZ [74]. In contrast, although the second pulse
successfully recrystallized the outer FZ of joints welded at Imin, the mechanical properties
deteriorated due to the reduction of compressive residual stresses and the lower fraction of
high angle grain boundaries [95]. This approach is considered to be capable to overcome the
poor weldability of third generation AHSS in the future, which is why intensive research is

currently being carried out in this field [66,96—98].
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Figure 8: a) lllustration of the welding sequence of the a)temper pulse concept and the

b) recrystallization pulse concept.

The poor mechanical properties of Q&P steel welds were mainly attributed to phosphorus
segregations at the grain boundaries of the outer FZ after a conventional single pulse. It was
shown that they were more evenly distributed by a recrystallization pulse, preventing brittle
fracture during the CTS test [97,98]. In other publications, it was assumed that the refinement
of the martensitic blocks and packets, the globularization of the prior austenite grains (PAGs)
and the homogenization of manganese segregations are responsible for improved properties
due to double pulsing [66,96]. Due to their increased manganese content, manganese
segregations play an even greater role in the FZ of medium-Mn steels. A post-weld heat
treatment is also reported to improve the mechanical properties of these steels by lowering
the segregations [92]. In contrast, the research by Park et al. [69] concluded that the inferior
performance of medium-Mn steel welds during the CTS test is related to the embrittlement

of the UCHAZ due to a high Ceq. This embrittlement was counteracted in subsequent work by
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means of a paint baking heat treatment [73]. Another work of this group focused on the
effects of a second pulse on the microstructure of the CGHAZ by simulating the temperature
cycle during RSW with a thermomechanical simulator, which can be seen as a first step
towards targeted HAZ design [70]. In this context, a significant increase in toughness was

observed by tempering effects.
2.5. Relation of the current thesis to the state of the art

Despite intensive research in recent years, the exact mechanisms leading to the poor
mechanical performance of AHSS spot welds are still controversially discussed. Some blame
segregations in the outer FZ, others the shape of the PAGs, distribution of the high angle grain
boundaries, the residual stresses or the pronounced hardening of the FZ and still others
account the embrittlement of the UCHAZ responsible for the unfavorable mechanical
properties. Therefore, the present work aims to shed light on the not fully understood
microstructure-property relationship of third generation AHSS steel welds. This is carried out
on the example of a TBF and a medium-Mn steel, which represent the state of the art
developments of automotive steels. In addition to microstructural characterizations of the FZ,
one focus of this work lies on the microstructural changes of the HAZ, which are assumed to
have a significant influence on the mechanical performance of third generation AHSS welds.
In this regard, an approach is introduced that allows the investigation of the microstructure
and local mechanical properties of the HAZ in a small step size, which is intended to be the
basis for future targeted HAZ designing, without relying on elaborate finite element (FE)
simulations. Based on this knowledge, it was possible to specifically modify the unfavorable
microstructural features by double pulsing to significantly improve the mechanical
performance of the welds. In order to overcome the trial and error approach of parameter
selection, the temperature and thus microstructure development was visualized with the help

of recorded electrical resistance curves, which allowed targeted process control.

The ultimate goal of this work is to expand the knowledge in the field of resistance spot
welding of third generation AHSS in order to support their desired establishment for

automotive applications.
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3. Summary of publications

3.1. Appended Papers

The appended papers can be found in part B of this thesis.

Paper |

M. Stadler, M. Gruber, R. Schnitzer, C. Hofer

Microstructural characterization of a double pulse resistance spot welded 1200 MPa TBF steel
Welding in the World 64 (2020) 335-343

Paper Il

M. Stadler, R. Schnitzer, M. Gruber, C. Hofer

Improving the mechanical performance of a resistance spot welded 1200 MPa TBF steel
International Journal of Materials Research 112 (2021) 262-270

Paper Il

M. Stadler, R. Schnitzer, M. Gruber, K. Steineder, C. Hofer

Influence of the cooling time on the microstructural evolution and mechanical performance

of a double pulse resistance spot welded medium-Mn steel
Metals 11 (2021) 270

Paper IV

M. Stadler, R. Schnitzer, M. Gruber, K. Steineder, C. Hofer

Microstructure and local mechanical properties of the heat-affected zone of a resistance spot

welded medium-Mn steel
Materials 14 (2021) 3362

Contributions of the author: The author of this thesis is responsible for planning, conception
and writing of all papers. The material was supplied by voestalpine Stahl Linz GmbH, where
also the resistance spot welds were produced and all mechanical tests were performed.
Additionally, the samples investigated in Paper IV were heat treated by means of a self-made

thermal simulator at voestalpine Stahl Linz GmbH. All microstructural investigations were
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carried out at Montanuniversitat Leoben by the author himself or under the author's
supervision. The parameters for the welding experiments were conceptualized by the author
and he is responsible for the interpretation of all results. Ronald Schnitzer, Martin Gruber,
Katharina Steineder and Christina Hofer are gratefully acknowledged for their contribution to

the papers.
3.2. Conference contributions

Stadler M., Gruber M., Schnitzer R., Hofer C. (2019) Microstructural characterization of a
double pulse resistance spot welded 1200 MPa TBF steel, Oral presentation, 72nd [IW Annual

Assembly and International Conference 2019, 7-12 July, Bratislava, Slovakia
3.3. Supervised theses

Karner M. (2020) Verbesserung mechanischer Eigenschaften eines
widerstandspunktgeschweillten pressgeharteten Stahls durch das Doppelimpulsverfahren.

Bachelor Thesis, Montanuniversitat Leoben.
3.4. Summary of published contents

3.4.1. Aim and scope of the investigations

One aim of the current thesis was to obtain a deeper understanding of the microstructural
evolution of a 1200 MPa TBF steel with a chemical composition of 0.2 C/1.5 Si/2.5 Mn (wt%)
during RSW and to derive the reasons for the, in part, inferior mechanical performance of the
welds. The microstructural characterization was mainly based on hardness mappings as well
as LOM and SEM investigations, using different etchants such as Nital and picric acid to
visualize the microstructural constituents. In addition, EBSD was used to determine the
orientation of the martensite and to visualize the cast-like structure and the shape and
orientation of the PAGs. Based on these findings, it was attempted to modify the
microstructure by double pulsing in order to create welds with superior mechanical properties
determined by CTS tests. To achieve this, it was necessary to constantly adjust the parameters
and simultaneously investigate the microstructural response of the material in order to
fundamentally understand how different microstructural features define the mechanical
properties of the welds. The results of the investigations on this TBF steel were published in

Paper | and Paper II.
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Subsequently, it was attempted to transfer the knowledge gained to a medium-Mn steel with
a minimum tensile strength of 780 MPa and a nominal chemical composition of
0.1 C/6.4 Mn/0.6 Si (Wt%), which showed similar deficiencies during CTS tests. The concept of
an in-process heat treatment by means of a second pulse was adapted to this third generation
AHSS grade as well, in order to modify the microstructure towards enhanced mechanical
properties. The results of these investigations were published in Paper lll. Since this steel
grade is still under development, there are hardly any experimental data, which is why a
detailed characterization of the FZ and HAZ was carried out. In this context, a thermal
simulator was used to investigate the microstructure and determine the local mechanical

properties of various positions of the HAZ, which was published in Paper IV.
To sum up, the following main questions were intended to be answered by this thesis:

e Which methods are suitable to characterize the FZ and HAZ?

e Which microstructural features lead to the inferior mechanical performance of third
generation AHSS?

e How can these features be modified towards improved mechanical properties?

e Which double pulsing parameters lead to the best mechanical performance of the welds

with the highest possible economic efficiency and how can the heat input be controlled.

The following pages summarize the findings published in the papers appended in part B that

address the issues described above.
3.4.2. Influence of a temper pulse on the microstructure of the FZ and HAZ

At first, a basic understanding of the microstructure of the FZ and HAZ during RSW of a
TBF steel needed to be established in order to deduce the reasons for the inferior mechanical
performance of the joints and to evaluate potential remedial measures. The results published
in Paper Il show that the inferior mechanical properties of single pulse welded joints can
mainly be attributed to a combination of the high hardness and the cast-like structure of the
outer FZ. The hardening was attempted to be counteracted by means of a second pulse, which
was intended to temper and therefore soften the brittle martensitic FZ. However, in order to
successfully apply the temper pulse concept to the TBF steel, the underlying mechanisms
regarding the heat generation and the microstructural evolution in the FZ and HAZ during the
second pulse had to be investigated. The related results published in Paper lillustrate that the

two pulses must be adjusted very precisely to each other in order to achieve satisfactory
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results. A temper pulse of 4.5 kA after a cooling time of 1000 ms for examples results in both
a re-hardening of the very inner FZ and a pronounced softening of the HAZ if the first pulse is

welded with Imin (5.5 kA), as illustrated by the hardness mapping in Figure 9a.
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Figure 9: Hardness mappings of TBF welds heat treated with a temper pulse of 4.5 kA
subsequently to a first pulse welded with a) Imin (5.5 kA) and b) Imax (6.8 kA) (adapted from
Paper ).

As shown by the SEM images in Figure 10a, the harder inner FZ consists of a dual phase
microstructure of ferrite and martensite, indicating that the temperature during the second
pulse was between A; and As and thus was too high for the aimed tempering. In contrast, the
temperature in the outer FZ was just below As; and the martensite is therefore strongly
tempered, as shown in Figure 10b. Undesirably, the HAZ is tempered as well, which is
visualized by the hardness mapping in Figure 9a. The pronounced tempering of the HAZ can
also be derived from the SEM image of the ICHAZ in Figure 10c. Due to the elevated
temperature during the second pulse, the martensite in the ICHAZ is tempered. The results of
Paper | also illustrate that, besides the visualization of the solidification structure, picric acid
etching is a capable method to estimate the degree of tempering in the UCHAZ. If the
martensitic UCHAZ is strongly tempered, as was the case for the specimen welded with Inin
for the first pulse, phosphorus migrates to the PAG boundaries and is preferentially attacked

by the etchant. Besides the degree of tempering, also the size and shape of the PAGs in the
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UCHAZ can therefore be estimated by means of picric acid etching without requiring extensive

EBSD measurements, as shown in Figure 10d.

b : . i : ; 20 pm
Figure 10: SEM images of the a) inner FZ, b) outer FZ and c) ICHAZ of the TBF steel welded with

a temper pulse subsequently to the first pulse welded with Imin. d) LOM image of the UCHAZ of
the same sample with the PAGs being revealed by picric acid etching (adapted from Paper ).

In contrast, a temper pulse of 4.5 kA subsequent to a first pulse welded with Imax (6.8 kA)
results in a softened FZ, whose hardness increases from the inside out, and a still hard and
therefore strong HAZ, as shown in Figure 9b. During the second pulse, the temperature of the
FZ did not exceed A1 at any time, resulting in tempered martensite in the inner FZ, as shown
in Figure 11a. The lower heat input during the second pulse is also illustrated by the

untempered martensite in the ICHAZ, as shown in Figure 11b.

21



Summary of publications

Figure 11: SEM images of the a) inner FZ and the b) ICHAZ of the TBF steel welded with a
temper pulse subsequently to the first pulse welded with Ima.x (adapted from Paper I).

On the one hand, the microstructural features discussed in Paper | are attributed to the fact
that a lower energy input during the first pulse leads to a smaller electrode indentation
compared to the joint welded with Imax at the first pulse. This results in a slower cooling of the
FZ between the two pulses and the temperature at the beginning of the second pulse is
consequently higher. According to Joules law of Qw = I? x R(T) x t, the given temper pulse leads
to a higher energy input and to an elevated temperature during the second pulse. On the
other hand, the FZ is significantly smaller if welded with Imin at the first pulse. This results in a
higher ratio of the passing current to the size of the FZ during the second pulse and therefore
more heat is generated. To sum up, the findings of Paper| demonstrate how the
microstructural evolution during RSW is affected by a temper pulse and that the second pulse

must be precisely adjusted to the first pulse in order to achieve acceptable results.

3.4.3. Correlation between the microstructure and mechanical properties of temper pulse

and recrystallization pulse welds

Based on the knowledge gained from the results published in Paper |, various concepts of
targeted modification of the microstructure of the TBF steel welds towards enhanced
mechanical properties, namely the concepts of an extended single pulse, a temper pulse and
a recrystallization pulse, were compared and the results were published in Paperll. The
various welding parameters can be found in the experimental section of Paper Il. It is shown
that the simple extension of the welding time does not lead to an assumed enlargement of
the FZ and therefore no significant improvement of Fmnax during the CTS test can be achieved

by this approach, as illustrated in Figure 12.
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Figure 12: Average maximum force (red bars) and pullout ratio (blue bars) obtained by CTS
tests for the various welding concepts for the TBF steel (n = 10) (adapted from Paper Il).

In contrast, by applying a second low current temper pulse after a long cooling time, Fmax is
significantly increased, as shown in Figure 12. Although the size of the FZ does not change,
Fmax is more than doubled, which is attributed to the softening of the FZ and the associated
improvement in toughness. The hardness profile shown in Figure 13b, with a softened and
therefore tough FZ and a still hard and therefore strong HAZ, compared to the single pulse in

Figure 13a, turned out to be ideal in terms of the mechanical performance, as can be seen in

Figure 12.
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Figure 13: Hardness mapping of the a) single pulse TBF weld and the b) ideal temper pulse
weld (adapted from Paper Il)

An increase of Fmax is also achieved by applying a high current recrystallization pulse after a

short cooling time. As the name suggests, the aim of this concept is to recrystallize the outer
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FZ and thus modify the cast-like structure. The recrystallization was visualized by means of the
shape of the PAGs reconstructed with the ARPGE software package [99] from the inverse pole
figure (IPF) maps obtained by EBSD data. As shown by the bold black lines in Figure 14a, the
PAGs in the outer FZ of the single pulse weld are elongated and oriented alongside the
maximum heat dissipation, corresponding to a cast-like structure, which offers low toughness.
Due to the recrystallization pulse, a globularization of the grains could be achieved, as

illustrate in Figure 14b, which leads to an improved crack deflection capacity and thus to a

significantly higher strength of the welds, as proven by Figure 12.
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Figure 14: IPF maps with the reconstructed PAGs highlighted with bold black lines of the outer

FZ of the a) conventional single pulse and b) recrystallization pulse TBF weld (adapted from

Paper ).

Besides the reconstruction of the PAGs, the EBSD data were also utilized to analyze the
misorientation distribution of the grain boundaries in the martensitic microstructure. As
shown in Figures 15b-d, the higher energy input of all presented concepts leads to an
increased fraction of high angle grain boundaries close to 60 °, compared to the single pulse
weld in Figure 15a. As discussed in more detail in Paper Il, these high angle grain boundaries
are more capable of deflecting a crack towards the HAZ, which results in a large pullout ratio

for all three approaches, as shown in Figure 12.
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Figure 15: The distribution of the misorientation angles in the outer FZ of the a) conventional
single pulse, b) extended single pulse, c)temper pulse and d) recrystallization pulse TBF
weld (Paper Il).

The results of Paper Il demonstrate that the elimination of just one of the detrimental factors,
namely the pronounced hardening or the cast-like structure of the outer FZ, is already enough
to significantly improve the mechanical performance of a resistance spot welded 1200 MPa
TBF steel. However, due to the shorter cooling time between the pulses and the associated
improved economic efficiency compared to the temper pulse concept, the recrystallization
pulse concept is more promising to be implemented into the body-in-white production.
Therefore, the subsequent focus regarding the improvement of the weldability of the

medium-Mn steel was laid on this approach.
3.4.4. Influence of the cooling time between the first pulse and the recrystallization pulse

The content published in Paper lll deals with the effects of the recrystallization pulse on the
microstructure and properties of medium-Mn steel welds, with particular emphasis on the
role of the cooling time between the pulses. As demonstrated by the results of the CTS tests
in Figure 16, the cooling time influences the mechanical performance of the welds
significantly. By applying a recrystallization pulse after a very short cooling time of 20 or 50 ms,
Fmax can roughly be doubled compared to the single pulse weld. With extended cooling times,
Fmax decreases again, which illustrates the narrow process window for successful double
pulsing. In contrast to the TBF steel, however, the failure mode quantified by the pullout ratio
improves just slightly due to double pulsing and does not correlate with the cooling time. The

underlying reasons are not fully understood yet.
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Figure 16: Average maximum force Fmax and pullout ratio obtained from CTS tests (n = 5) of
recrystallization pulse medium-Mn welds with different cooling times, compared to the single

pulse weld (sp) (Paper Ill).

In order to understand the influence of the cooling time on the heat generation and
consequently the microstructural evolution during the second pulse, dynamic resistance
curves were calculated via the voltage measured at the electrodes and the applied current. As
can be seen in Figure 17a, the resistance during the first pulse has a course typical for AHSS,
as already described in Figure 4, and ends at about 115 uQ. Since the nugget has always the
same size after the first pulse, the resistance at the beginning of the second pulse only
depends on the temperature of the FZ and is therefore an indication of the cooling between
the pulses. As can be seen in Figures 17b-f, it continuously decreases with increasing cooling
times. Since the energy input during the second pulse is a function of the temperature
dependent electrical resistance, this results in a reduced energy input by the given second
pulse after longer cooling times, which is also illustrated by the decreasing area under the
resistance curves from Figure 17b to Figure 17f. Based on the results of the CTS tests, a
moderate resistance drop from 115 uQ to 90 uQ, as shown in Figure 17c, during the cooling
time between the pulses is ideal. In contrast, if the resistance drop is too pronounced, such as
from 115 pQ to 40 uQ, as shown in Figure 17e, the second pulse does not generate sufficient

heat to achieve the desired in-process heat treatment of the FZ.
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Figure 17: Dynamic resistance curves of the medium-Mn (a) single pulse and the second pulse
after of b)20ms, c)50ms, d)100ms, e)200ms and
f) 500 ms (Paper Il).

increasing cooling times

On the one hand, an insufficient heat generation during the second pulse leads to the fact that
the outer FZ does not recrystallize, which was visualized by means of the still elongated shape
of the PAGs in Paper Ill. On the other hand, as illustrated by the EDX mapping in Figure 18a,
the medium-Mn steel tends to form honeycomb-like manganese segregations in the outer FZ
during solidification, which act as local brittle points and consequently contribute to the poor
mechanical performance of the single pulse weld. If the temperature during the second pulse
is high enough, as after a cooling time of 50 ms, manganese can diffuse and the segregations
dissolve to a large extent, as illustrated in Figure 18b. In contrast, after a cooling time of
200 ms, the temperature during the second pulse is too low to enable excessive manganese

diffusion and the segregations are still present, as shown in Figure 18c.
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Figure 18: EDX mappings taken at the edge of the FZ of the medium-Mn a) single pulse weld
and the double pulse welds with a cooling time of b) 50 ms and c) 200 ms (Paper Ill).

Based on the findings published in Paper lll, the influence of the cooling time between two
pulses of the same current was also investigated for the TBF steel for different sheet
thicknesses. From Figure 19 it can be concluded that the cooling time generally must be
increased with increasing sheet thickness from 20 ms for a thickness of 1.00 mm, as shown in
Figure 19a, to 100 ms for a thickness of 1.34 mm, as shown Figure 19b, and to 200 ms for a
thickness of 1.6 mm, as shown in Figure 19c, in order to increase Fmax significantly. This is due
to the slower cooling of the FZ with increasing sheet thickness because of the greater distance
to the water-cooled electrodes. Similar to the medium-Mn steel, the failure mode does not

depend on the cooling time. Thinner sheets generally offer a higher pullout ratio.
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Figure 19: Results of CTS tests for recrystallization pulse welds as a function of the cooling time

between the pulses for TBF sheets with a thickness of a) 1.00 mm, b) 1.34 mm and c) 1.60 mm.

3.4.5. Microstructure and local mechanical properties of the HAZ of the medium-Mn steel

The results of Paper Ill demonstrate how certain microstructural features in the FZ correlate

with the inferior mechanical properties of medium-Mn steel welds and how these can be
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modified towards an improved mechanical performance. However, during the welding
process, not only the FZ but also the HAZ undergoes significant microstructural changes, which
effect the mechanical performance of the welds. The EDX results in Paper lll already suggested
that the diffusivity of the substitutionally dissolved manganese strongly depends on the
prevailing temperature. It was consequently assumed that the austenite stability varies
strongly over the HAZ, which may result in highly position-dependent mechanical properties.
Therefore, in Paper IV, the entire HAZ of the single pulse welded medium-Mn steel was
investigated with regard to its microstructure and the local mechanical properties as a
function of the distance to the FZ. The knowledge gained is intended to serve as basis for
future targeted HAZ design in order to improve the mechanical properties of the welds, for
example by post-weld heat treatments. In contrast to existing studies, which simulated the
thermal cycle during RSW by means of a FE software, namely SORPAS by SWANTEC, the
approach presented in Paper IV allows the reconstruction of the temperature profile in a very
small step size without relying on FE-simulations. To accomplish this, sheets were rapidly
heated with a rate of up to 1300 K/s to various peak temperatures ranging from 500 °C to
1300 °Cin steps of 50 °C and subsequently quenched using a water spray in order to physically
simulate the temperature profile in the HAZ during RSW. The mechanical properties were
determined by tensile tests and the austenite fraction was measured magnetically on these
physically simulated HAZ samples. Finally, the various physically simulated HAZ samples were
assigned to their positions in the HAZ by comparing their microstructure characterized with
EBSD, SEM and EDX measurements, as well as their hardness. The methodology of the
microstructural characterizations carried out in Paper IV is described below on the example

of the BM.

As can be seen in the uncleaned EBSD phase map in Figure 20a, the austenite (face centered
cubic, fcc) is finely dispersed in the ferritic (body centered cubic, bcc) matrix of the
medium-Mn BM and therefore a very small step size of 25 nm was chosen for the scans. The
data points with a confidence index (Cl) below 0.1 are shown in black and were disregarded.
They represent either grain boundaries or austenite that is too fine to be reliably indexed.
Therefore, the quantification by EBSD leads to a systematic underestimation of the austenite
content, which is why this method was only used for the qualitative comparison of the
microstructures and the exact quantified austenite fraction was determined magnetically on

the physically simulated HAZ samples. In order to retrieve the austenitic regions for the
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determination of the manganese content with EDX, its higher packing density compared to
ferrite and the resulting brighter appearance in the backscattered electron (BSE) contrast was
utilized. As shown in Figure 20b, the large globularly shaped austenitic regions (spots 1-4)
have a significantly higher manganese content compared to the small lath-like austenite at
spot 5. This is because the relatively large EDX spot always excites a certain amount of the
surrounding ferrite as well, which is depleted in manganese. In the secondary electron (SE)
contrast SEM image of the corresponding Nital etched cross section in Figure 20c, it is shown
that the austenitic areas were attacked more severely by the etchant due to the higher
content of the less noble manganese. However, the areas where EDX was conducted were

protected by carbon contaminations during the EDX measurements.

288+ 8 HV0.3|(b)

Figure 20: Methodology of the microstructural investigations in Paper IV on the example of
the medium-Mn BM. a) EBSD phase map, b) corresponding BSE image and c) corresponding SE
image after Nital etching. The numbered circles indicate the points where the manganese

content was determined with EDX (Paper IV).

Using the methodology described above, the microstructure of the entire HAZ (Positions 1-8)
and the physically simulated HAZ samples were characterized in Paper IV. The qualitative
comparison of the microstructures in combination with detailed hardness measurements
allowed the reconstruction of the temperature profile of the HAZ during RSW, as shown in

Figure 21.
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Figure 21: Assignment of the peak temperature of the physically simulated samples to the HAZ,
which is shown in the background, by means of the EBSD phase maps and the hardness profiles.
The blue squares represent the hardness of the HAZ as a function of the distance to the FZ
(lower axis). The red circles represent the hardness of the physically simulated HAZ as a

function of the peak temperature (upper axis) (Paper IV).

After determination of the temperature profile, the austenite content and local mechanical
properties were determined for the physically simulated HAZ samples, as illustrated in
Figure 22. Peak temperatures above 1150 °C, which prevail just before position 3, lead to an
almost fully martensitic microstructure due to the enabled manganese diffusion, as proven by
SEM images, EBSD and EDX measurements in Paper IV. Because of grain refinement, the yield
strength (YS) and the tensile strength (TS) increase continuously with decreasing peak
temperature, while the total elongation (Ais) remains relatively constant. Below a peak
temperature of 1100 °C, which is associated with the change of the microstructure near
position 3, the temperature is no longer high enough to completely homogenize the
manganese enrichment and the austenite content increases almost linearly with decreasing

temperature, which results in a continuous increase of the total elongation. YS and TS
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decrease continuously and are defined by the interplay of the strength increasing mechanism
of grain refinement and the strength reducing effect of the declining martensite phase
fraction. The change of the microstructure near position 7 represents the extremely narrow
ICHAZ, which sees a peak temperature of approximately 750 °C during RSW and whose
microstructure consists of ferrite, austenite and a small fraction of martensite. Lower

temperatures have no significant influence on the microstructure and mechanical properties.
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Figure 22: Austenite fraction (blue dots), tensile strength TS (upwards directed red triangle),
yield strength YS (downwards directed red triangle) and total elongation Ais (blue squares) of
the physically simulated HAZ. The microstructure of the HAZ after Nital etching is shown in the
background (Paper IV).

From the results of Paper IV, it can be concluded that the austenite in medium-Mn steels has
a higher thermal stability compared to other third generation AHSS, which rely on the
stabilization of the austenite by carbon. Its stability strongly depends on the temperature and
consequently the microstructure and local mechanical properties of the HAZ change

significantly with increasing distance to the FZ. This illustrates the importance of the
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investigations with a small step size. The presented approach allows the reconstruction of the
temperature profile in the HAZ and the results are intended to support future targeted HAZ

design.
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4. Outlook and open questions

In the present thesis, the spot weldability of third generation AHSS was investigated on the
example of a TBF and a medium-Mn steel. The characterization of the FZ and HAZ gave a deep
insight into the material response to the extremely high heating and cooling rates during the
RSW process. Additionally, correlations between the presence of certain microstructural
features and the mechanical performance have been established. Based on these findings, it
was possible to modify the microstructure and enable improved mechanical properties by
means of in-process heat treatments via double pulsing. However, there are still some related

topics that are worth investigating and have not been addressed so far.

First of all, the influence of phosphorus segregations in the outer FZ should be investigated in
more detail. In the literature, the improved mechanical properties due to double pulsing are
partly attributed to the dissolution of grain boundary segregations [97,98], which was
demonstrated by electron probe microanalyzer (EPMA) measurements. For this reason, the
outer FZ of the TBF steel was also examined by EPMA measurements in the course of this
work, but without detecting phosphorus segregations in significant quantities. On the one
hand, this may be due to the extremely low level of phosphorus in the TBF steel. On the other
hand, these segregations may be too small to be detected by the conventional EPMA system
used. For this purpose, high-resolution atom probe tomography investigations at the grain
boundaries of the outer FZ would be useful to clarify whether or not phosphorus segregates

there.

The reasons why the failure mode of medium-Mn steel spot welds is not significantly improved
by double pulsing and why it does not correlate with the cooling time would be worth
investigating. In this context, detailed EBSD measurements regarding the distribution of the

high angle grain boundaries similar to the TBF steel are promising.

It would also be interesting to observe the crack propagation during the CTS test to clarify
where crack deflection actually takes place and which microstructural features promote rapid
crack propagation. The foundation for this project has already been laid. In cooperation with
the University of Sydney, a devise for in-situ tensile testing in the SEM was developed, which,
in combination with repeated EBSD scans, allows the observation of crack initiation and
propagation. This approach enables valuable insights into the damage evolution and can

support the improvement of the failure mode.
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The principle of using resistance curves to set the ideal cooling time for double pulsing is very
promising regarding future process control in production and therefore needs to be pursued

on various steels with varying sheet thicknesses and coatings.

Likewise, the concept of physically simulating the different regions of the HAZ should be
pursued further. The knowledge gained could be used as a basis to modify not only the
microstructure of the FZ but also of the HAZ by means of double pulsing in order to improve

the mechanical performance of third generation AHSS.

In summary, as shown in this thesis, the poor mechanical properties of third generation can
be counteracted by innovative in-process heat treatments that modify the unfavorable
microstructural components. Due to its short cooling time, especially the recrystallization

pulse concept has the potential to be implemented for the RSW of third generation AHSS.
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5. Novel features

This work contains some novel findings that are believed to make a significant contribution to

the field of research. The most important findings are listed below:

It is shown that, in addition to the well documented visualization of the solidification
structure of the FZ, picric acid is suitable for investigating the UCHAZ of double pulse
welds in terms of the degree of tempering and, especially, regarding the size and shape
of the PAGs. This simple etching method could therefore replace time-consuming EBSD
measurements.

Both the softening of the FZ as well as the modification of the cast-like structure in the
outer FZ are capable of significantly improving the mechanical performance of TBF steel
spot welds. With the temper pulse concept, it is possible to more than double Fmax during
the CTS test, but with the drawback of a much longer process time. By means of the
recrystallization pulse concept, Fmax is also almost doubled, but at much shorter process
times. This approach is therefore highly recommended to be implement into the
production line. However, as the sheet thickness increases also the cooling time between
the pulses must be extended.

In medium-Mn steels, manganese segregations in the outer FZ are mainly responsible for
the inferior mechanical properties of the welds. These can also be tackled by means of a
recrystallization pulse, whereby a doubling of Fmax is achieved after short cooling times.
The established correlation between the increased fraction of high angle grain boundaries
near 60 ° after higher heat inputs, which promote crack deflection and consequently lead
to an enhanced failure mode, is noteworthy.

The interpretation of the resistance curves allows the assessment of the heat input during
the second pulse, which can serve as basis for future process control.

The thermal stability of the austenite of a medium-Mn steel and the resulting local
mechanical properties of the HAZ were determined in dependence of the distance to the
FZ. These results, and especially the presented approach using a thermal simulator to
replicate the microstructure of the HAZ, are intended to serve as a foundation for future

targeted HAZ design.
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Abstract

In the automotive industry resistance, spot welding is the dominant technology in sheet metal joining of advanced high strength
steels (AHSS). In order to improve the mechanical performance of AHSS welds, in-process tempering via a second pulse is a
possible approach. In this work, two different double pulse welding schemes were applied to a 1200 MPa transformation-induced
plasticity (TRIP)-aided bainitic ferrite (TBF) steel. The different microstructures in the welds were characterized via light optical
and scanning electron microscopy. Additionally, hardness mappings with several hundred indents were performed. It is shown
that the second pulse, following a low first pulse which is high enough to produce a weld nugget that fulfills the quality criterion
of a minimum spot weld diameter of 4*+, leads to partial reaustenitization and consequently to a ferritic/martensitic microstruc-
ture after final quenching. Hardness mappings revealed that this inner FZ is harder than the surrounding FZ consisting of
tempered martensite. In contrast, if the highest current without splashing is chosen for the first pulse, the same second pulse

does not reaustenitize the FZ but only temper the martensite.

Keywords Resistance spot welding - Double pulse - AHSS - TRIP-aided bainitic ferrite - TBF

1 Introduction

In order to reduce the car body weight and subsequently min-
imize the amount of emissions, further development of ad-
vanced high strength steels (AHSS) for automotive applica-
tions is required. Steel grades from the third generation of
AHSS combine high strength and ductility at lower costs than
grades of the second generation [1]. Transformation-induced
plasticity (TRIP)-aided bainitic ferrite (TBF) steels are prom-
ising representatives of this generation. Their superior me-
chanical properties are achieved by a multiphase microstruc-
ture containing bainite and a sufficient amount of retained
austenite stabilized by carbon enrichment during an isother-
mal holding step [2—4].

Due to the combination of high operation speed and its
suitability for automation, resistance spot welding (RSW) is

<1 Manfred Stadler
manfred.stadler@unileoben.ac.at

Department of Materials Science, Montanuniversitdt Leoben,
Franz-Josef-Strasse 18, 8700 Leoben, Austria

voestalpine Stahl GmbH, voestalpine-Strasse 3, 4020 Linz, Austria

the dominant technology in sheet metal joining in the automo-
tive industry [5]. The body in white of modern cars contains
thousands of spot welds. Therefore, the mechanical perfor-
mance and failure mode of the welds play an important role
in terms of crashworthiness and consequently passenger safe-
ty. However, the relatively high content of alloying elements
in AHSS compared to mild steels and the rapid cooling during
RSW lead to a hard and brittle martensitic microstructure of
the weld, and therefore the weldability of these steels is re-
stricted [5—7]. Generally, AHSS resistance spot welds can be
divided into the zones schematically illustrated in Fig. 1. The
fusion zone (FZ) melts completely, is usually fully martensitic,
and has a cast-like structure. In contrary, the heat-affected
zone (HAZ) does not melt but is influenced by the heat input.
It can be subdivided into the zones described in the following.
The upper critical heat-affected zone (UCHAZ) consists of the
UCHAZ,, also called coarse grain zone, and the UCHAZy,
also called fine grain zone. In the UCHAZ, the material is
heated over the A; temperature and therefore fully
austenitized. Consequently, the microstructure is martensitic
after quenching. The temperature in the intercritical heat-
affected zone (ICHAZ) rises to a level between A; and Aj,
and its microstructure after quenching consists of ferrite and
martensite. The peak temperature in the subcritical heat-
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Electrode indentation

Fig. 1 Schematic illustration of the emerging zones in a RSW from the
inside out: Fusion zone (FZ), coarse grain upper critical heat-affected
zone (UCHAZ), fine grain upper critical heat-affected zone
(UCHAZy), intercritical heat-affected zone (ICHAZ), subcritical heat-
affected zone (SCHAZ), and the base metal (BM)

affected zone (SCHAZ) is lower than the A; temperature.
Tempering of the microstructure occurs in this area and leads
to softening [5, 8-10].

A possible approach to improve the performance of AHSS
spot welds is in-process tempering via a second pulse. There
are basically two different concepts of double pulsing. The
first concept aims to transform the cast-like structure. In the
past, several authors recommended a short cooling time be-
tween the pulses, leading to recrystallization of the outer FZ
and consequently to the transformation of the cast-like struc-
ture. Eftekharimilani et al. [11] illustrated that the shape of the
prior austenite grains (PAGs) changes from an elongated to an
equiaxed shape at the edge of the FZ. Furthermore, it is re-
ported that segregations at the edge of the FZ are reduced after
a second pulse, and therefore the risk of intergranular failure is
reduced [12]. Chabok et al. [13] stated that the second pulse
lowers the residual stress at the edge of the FZ and furthermore
leads to a severe softening of the SCHAZ. Moreover, the
recrystallization causes an increase of high-angle grain bound-
aries in the UCHAZ [13]. With this concept, cracking behav-
ior and ultimate strength during cross tension tests were im-
proved significantly [11-17]. The other concept aims to soften
the hard and therefore brittle martensitic FZ. Therefore, the
cooling time is extended to a level that the temperature of the
FZ reaches martensite finish (My) temperature. The second
pulse, usually lower than the first one, tempers the martensite

a) 8 Sample Imin
= 5.54
3
= 4.51
g
S
(@]
380 1000 680
0- . - : S
0 1000 2000 3000
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Fig. 2 Welding sequences for (a) sample I,,,;, and (b) sample 1.«

@ Springer

and therefore increases its ductility. In the past, this approach
was successfully used to improve the mechanical performance
of welds in TRIP steel [18, 19].

Although double pulse RSW of AHSS is well-documented
in the literature [11-17, 20], the characterization of the occur-
ring zones in a double pulse welded TBF steel with a tensile
strength of 1200 MPa is still missing. The present work shows
methods to characterize and distinguish the different zones in
a temper pulse welded TBF steel and aims at understanding
the ongoing tempering effects during the second pulse. Two
different welding schemes were compared, and the differences
regarding the microstructure are illustrated using light optical
microscopy and scanning electron microscopy. Moreover,
hardness mappings with several hundred indents per weld-
ment were performed to investigate the influence of the sec-
ond pulse on the hardness and to correlate it to the observed
microstructure.

1.1 Experimental

A 1200 MPa TBF steel with a nominal composition of 0.2C/
1.5Si/2.5Mn (wt%) was investigated. The steel sheets with a
thickness of 1.34 mm were electrolytically galvanized, having
a coating thickness of 6.6-8.6 um per side as specified in
VDA 239-100 [21]. RSW was performed using a Nimak
MFDC-1000 Hz pedestal-type welding machine, equipped
with a AutoSpatz regulator, delivering constant current and
F1-16-20-6 electrodes with a force of 4.5 kN as recommend-
ed in VDEh SEP1220-2 [22]. In this paper, two different
double pulse welding sequences were applied which are illus-
trated in Fig. 2. For the sequence illustrated in Fig. 2 (a), the
first pulse is just high enough to produce a weld nugget that
fulfills the quality criterion of a minimum spot weld diameter
of 4 *\/t, where ¢ is the sheet thickness. Although this criterion
is not completely reliable for AHSS welds, it was chosen in
the present study as it is well-known as a quality criterion for
spot welds. The sample welded with this minimum current
(Imin) is hereinafter referred to as sample I,;,. For the first

b) 8 Sample Imax

6.8
e
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g
S
O

380 1000 680
04 . - ’ —
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Fig. 3 Overview of sample I,.,;, after etching with (a) Nital and (b) picric
acid. Detailed images of (c) the inner FZ, (d) the outer FZ, and (e) the
transition between FZ and HAZ after Nital etching. Detailed images of (f)

pulse of the sequence illustrated in Fig. 2 (b), the highest
current without splashing (I,,.x) Was chosen as described in
VDEh SEP1220-2 [22]. The sample welded with this se-
quence is hereinafter referred to as sample I .. In the prelim-
inary investigation, a temper pulse of about two-thirds of I,y
approximately 4.5 kA, turned out to be ideal for samples
welded at the splashing limit. This current of 4.5 kA was
chosen for the second pulse of both sequences. For each se-
quence, a squeeze time of 500 ms was followed by a 380 ms
welding time, a cooling time of 1000 ms, a 680 ms lasting
second pulse, and a hold time of 300 ms. The extraordinary
long cooling time of 1000 ms was chosen to be sure that the
temperature prior to the second pulse is safely below A; and to

|

the inner FZ, (g) the outer FZ, and (h) the transition from FZ to HAZ after
etching with picric acid

clearly differentiate the present concept from the recrystalliza-
tion pulse concept.

For microstructural characterization, cross sections were
ground, polished, and finally etched with 3% Nital solution
for a few seconds for light optical microscopy (LOM) inves-
tigations and for less than 1 s for investigations via scanning
electron microscopy (SEM). To visualize the dendrites and the
prior austenite grains, a mixture of cold saturated picric acid,
Natriumdodecylbenzolsulfonat, and hydrochloric acid was
used. LOM images were taken with a Zeiss M1IM Imager
equipped with a AxioCam MRc5 camera, both from Zeiss.
SEM investigations were performed on Zeiss EVO 50 using
secondary electron contrast.

Fig.4 LOM image of the UCHAZ of sample I,,;, after etching with picric acid. PAGs are visible, and their size decreases with increasing distance to the FZ

@ Springer
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Fig. 5 Overview of sample L., after etching with (a) Nital and (b) picric acid. Detailed images of (c) the center of the FZ, (d) the edge of the FZ after
Nital etching, and (e) the transition from FZ to HAZ after etching with picric acid

For Vickers hardness mappings, a Qness Q60A+ hardness
tester was used. The distance between the indents was
150 pm, and the load was 300 g.

2 Results
2.1 Microstructural characterization via LOM

In order to characterize the microstructure of sample I.,;,, LOM
images were taken. Figure 3 (a) shows an overall image of the
weld after Nital etching and Fig. 3 (b) after etching with picric
acid. Nital attacks the FZ nonuniformly and separates it into an
inner and an outer part. Furthermore, this etching method offers
an easy way to distinguish the martensitic UCHAZ from the
ICHAZ (marked by an arrow in Fig. 3 (a)), since the ferritic
areas are stronger attacked due to their lower carbon content
[23]. Comparing Fig. 3 (c) and Fig. 3 (d), it can be seen that the
microstructure of the inner FZ indeed differs from the outer
one. The inner zone seems coarser and more heterogeneous,
while the outer zone is homogeneous. Figure 3 (e) illustrates
that Nital is not the most suitable etching method for
distinguishing the FZ from the HAZ as they are both martens-
itic. The notch between the sheets is sharp, as indicated by an
arrow in Fig. 3 (e)), which is typical for RSW [5]. It is reported
that picric acid attacks elements like phosphorus [24]. Since
phosphorus tends to segregate between the dendrites [25], it
is an appropriate method to visualize solidification structure
of the FZ. The size of the FZ is approximately 4.9 mm.
Figure 3 (f) and Fig. 3 (g) show the orientation of the dendrites
alongside the heat dissipation. In the case of the inner zone
(Fig. 3 (1)), the water-cooled electrodes represent the dominant
heat sinks. As the inner FZ solidifies last, therefore the temper-
ature gradient is relatively small compared to the outer FZ; also

@ Springer

equiaxed dendrites appear. At the edge of the FZ, depicted in
Fig. 3 (h), the orientation of the dendrites changes, since the
heat mainly dissipates toward the BM. This etching clearly
visualizes the transition from the FZ to the HAZ, since phos-
phorus in the FZ is mainly segregated between the dendrites,
while it preferentially segregates at the grain boundaries in the
UCHAZ.

The main metallographic application of picric acid is the vi-
sualization of the PAGs in a martensitic microstructure [26].
Figure 4 shows the PAGs in the UCHAZ of sample I;;,. The
PAG size of the area in close proximity to the FZ is about 20 pm
and larger. With a greater distance to the FZ, the PAG size de-
creases, and therefore the UCHAZ; merges into the UCHAZ;.
This transition takes place within approximately 100200 pm.

LOM images of sample I,,,, were taken as well. Figure 5
(a) shows an overall image of the weld after Nital etching and
Fig. 5 (b) after etching with picric acid. Compared to sample
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Fig.7 (a) Overview LOM image of sample I..,;,, after Nital etching. SEM
image of (b) the inner FZ showing a ferritic/martensitic microstructure,
(c) the outer FZ consisting of tempered martensite with small carbides, (d)

Lnin, the gap between the sheets is larger, but the resulting
notch is still sharp, as indicated by an arrow in Fig. 5 (e)).
The larger heat input during the first pulse also results in a
larger FZ (6.1 mm) and a deeper indentation depth. Figure 5
(c) and Fig. 5 (d) indicate that the microstructure in the center
and at the edge of the FZ is martensitic and, in contrast to
sample L, not divided into two different parts. The edge of
the FZ after etching with picric acid is depicted in Fig. 5 (e).

L o (o et S
: tempered MA-island
the UCHAZ,; containing coarse grained martensite, and (e) the UCHAZ;;

containing fine grained martensite. The martensite in (f) the ICHAZ and
the MA islands in (g) the SCHAZ show a tempered structure

While the interface between FZ and HAZ can be well-recog-
nized, the PAG boundaries were not revealed in this sample.

2.2 Microstructural characterization via SEM
For higher-resolution imaging of the microstructure, SEM was

performed. From the SEM image of the BM in Fig. 6, it is
apparent that the BM of a TBF steel consists of a multiphase
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microstructure. Due to the low carbon content, the bainitic ferrite
is strongly attacked by the etchant Nital and therefore appears
deeper. The small, round islands within the bainitic matrix are
retained austenite. The larger, angular regions show a slight sub-
structure at higher magnification and are a combination of aus-
tenite and martensite, the so-called MA-islands [27].

The occurring zones of sample I,;;, are characterized in the
following. Figure 7 (a) gives an overview and indicates where
the images were taken. The microstructure of the inner FZ, which
is illustrated in Fig. 7 (b), consists of ferrite and untempered mar-
tensite and is much coarser compared to the outer FZ shown in
Fig. 7 (c). The martensite in the outer FZ exhibits small, regularly
oriented carbides which indicate pronounced tempering. These
carbides are missing in the inner FZ. The UCHAZ; and
UCHAZj; depicted in Fig. 7 (d) and Fig. 7 (e) mainly differ re-
garding the much coarser martensitic microstructure in the
UCHAZ;. Tempering effects in the form of small carbides are less
pronounced. As can be seen in Fig. 7 (f), the ICHAZ consists of a
ferritic and martensitic microstructure. However, the martensitic
areas show a pronounced inner structure characteristic of tempered
martensite. The microstructure of the SCHAZ, which is shown in
Fig. 7 (g), is similar to the BM, consisting of bainitic ferrite, MA
islands, and retained austenite. However, some of the MA islands
show a distinct inner structure compared to the flat MA islands of
the BM. This inner structure is attributed to temper effects typical
for the SCHAZ of a martensite containing AHSS [28].

SEM micrographs of sample I, were taken as well. The
microstructure of the center of the FZ of this sample, which is
shown in Fig. 8, consists of tempered martensite and is compara-
ble to the outer FZ of sample L;, (Fig. 7 (c)) rather than to the
inner FZ (Fig. 7 (b)). The edge of the FZ, UCHAZ, and SCHAZ
of sample [,,.x was also investigated but did not differ significant-
ly from the zones in sample L,;, and are therefore not depicted.

The martensitic areas in the ICHAZ of sample I,
depicted in Fig. 9 do not show pronounced signs of tempering.

(PR A ik s
. 4 I
Fig. 8 SEM image of the center of the FZ of sample I,,x showing

tempered martensite
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Only a small amount of them have an inner substructure,
while the majority is smooth.

2.3 Hardness mapping

In order to investigate the influence of tempering on the hard-
ness profile of the weldment, hardness mappings were record-
ed. Asillustrated in Fig. 10 (a), the different microstructures of
the inner and the outer FZ are also reflected in the hardness
mappings of sample I,,;,. The hardness of the inner FZ is
about 420 HV and therefore 50 to 60 HV harder than the outer
FZ. The hardness level of the UCHAZ rises from 420 to
480 HV with increasing distance to the FZ and drops to
420 HV in the ICHAZ. With a hardness of approximately
350 HV, the SCHAZ is about 70 HV softer than the BM.
The hardness mapping of sample I,,,.« is depicted in Fig. 10
(b). In contrast to sample I,,;;,, the hardness of the FZ of sam-
ple I, increases from the inside out, from about 360 to
420 HV. The hardest area is the UCHAZ with more than
500 HV, and therefore it is much harder than the UCHAZ of
sample I,

3 Discussion

An inner FZ is formed in sample I,.,;,, as can be seen in Fig. 3.
This sample was welded with a lower current at the first pulse.
The metallographic constituents of this inner fusion zone were
identified via SEM. Figure 7 (b) illustrates that its microstructure
consists of two phases, which are attacked differently by Nital.
According to Angeli et al. [23], the chemical potential of the
individual phases in low alloyed steels depends mainly on their
carbon content. Thus it can be inferred that the stronger attacked
areas correspond to ferrite, while the less attacked phase is asso-
ciated with carbon rich martensite. Since the martensitic areas of
this dual-phase microstructure show no signs of tempering, they
are most likely transformed during the final quenching. Hence,
the temperature of the inner FZ must have been between A; and
Aj prior to the final quenching, causing partial reaustenitization
during the second pulse. In contrast, the microstructure of the
outer FZ, depicted in Fig. 7 (c), consists of tempered martensite
as proofed by the occurring carbides. Consequently, the peak
temperature of this area must have been lower than A, during
the second pulse since only one phase is present. Hernandez et al.
[20] also observed a strong correlation between the magnitude of
the pulse and the evolving microstructure by varying the second
pulse instead of the first pulse as in this work. They simulated the
temperature of the FZ during the second pulse and stated that a
current of 5 kA results in a temperature below A;, leading to
softening, while the temperature after a second pulse of 7 kA was
above Aj resulting in reaustenitization. The hardness mapping of
sample L;,, depicted in Fig. 10 (a), shows that the dual-phase
microstructure of the inner FZ is 50 to 60 HV harder than the
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Fig.9 SEM image of the ICHAZ of sample I,;,,x consisting of ferrite and
untempered martensite

tempered martensite of the outer one. On the contrary, as can be
seen in Fig. 5 and Fig. 8§, the entire FZ of sample L.« consists of
tempered martensite. This indicates that the peak temperature
during the second pulse must have been lower than the A; tem-
perature since no phase transformation occurred. The hardness of
the weldment rises from the inside out with a hardness peak in
the UCHAZj; as illustrated in Fig. 10 (b). This is due to the
decreasing peak temperature during the second pulse and conse-
quently the less pronounced tempering effects with increasing
distance to the center of the FZ. With a hardness of more than
500 HV, UCHAZ;; of sample I, is much harder than its sample
Inin counterpart. This can be explained by the higher heat input
during the first pulse in sample I, resulting in a bigger weld
nugget as can be seen comparing Fig. 3 (b) and Fig. 5 (b). Due to
the larger distance between the center of the FZ and the
UCHAZj; in sample I, the temperature does not rise to a level
where effective tempering occurs during the second pulse. The
comparison of the ICHAZ of both samples depicted in Fig. 7 (f)

and Fig. 9, also illustrates this circumstance. The martensitic
areas in the ICHAZ of sample I.;;, (Fig. 7 (f)) show a clear inner
substructure due to tempering while these areas are smooth in the
ICHAZ of sample I,,,,x. This indicates that the temperature during
the second pulse of sample L., is lower in this area.

Generally, for RSW, the heat dissipates toward the cooled
electrodes and the BM. For thin sheets, the cooling mecha-
nism of small welding nuggets is dominated by heat loss to-
ward the cooled electrodes [29]. This can be visualized by the
dendrites in the FZ, since they show a preferred orientation
along the maximal thermal gradient [11]. In the inner FZ
(Fig. 3 (f)), the dendrites are mainly oriented in vertical direc-
tion, illustrating that the heat dissipates to the cooled elec-
trodes, while the dendrites at the edge of the FZ are mainly
oriented in horizontal direction, toward the BM (Fig. 3 (h) and
Fig. 5 (e)). Comparing Fig. 3(b) and Fig. 5 (b), it can be seen
that due to the lower heat input in sample I,,,;,,, the electrode
indentation depth of this sample is much lower compared to
sample I,,... Consequently, the distance between the cooled
electrodes and the liquid weld pool is larger, which results in a
lower cooling rate according to Pouranvari and Marashi [5].
This may lead to a higher temperature in sample I,;, after the
cooling time compared to sample I,,x and consequently to a
higher temperature during the second pulse in this sample.
Moreover, for the heat generation and temperature evolution
in the nugget, the current plays an important role [30].
Compared to sample I,,x, due to the lower current during
the first pulse, the nugget diameter of sample I,,;, is smaller
after the first pulse. This means that during the second pulse,
the ratio of the passing current to the size of the FZ is larger for
sample I,;,, and consequently, more heat is generated. This
circumstance may also be responsible for the reaustenitization
of the inner FZ of sample I,,;, during the second pulse.
However, the prediction of the exact temperature distribution
and nugget size evolution due to a given current is highly
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Fig. 10 Vickers hardness mapping of (a) sample I,,;, and (b) sample [«
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complex and depends on many aspects [31] and is beyond the
scope of this paper.

Besides the visualization of dendrites, picric acid is widely
used to illustrate the PAGs in martensitic steels [26], and there-
fore it is an appropriate etching method to characterize the
UCHAZ of spot welds. For sample I,,,;,, this etching achieved
valuable results, as can be seen in Fig. 4, where a significant
difference in PAG size as a function of the distance to the FZ
can be seen. However, it is noteworthy that the PAG bound-
aries are not visible in sample I,,.,. Generally, tempering is an
effective way to improve the etching result for AHSS [32].
During this heat treatment, elements like phosphorus segre-
gate to the PAG boundaries, resulting in an attack during the
subsequent etching. Since the PAG boundaries of sample I,,.x
are not revealed, it can be concluded that the degree of tem-
pering of the UCHAZ is lower compared to sample I ;.
Consequently, picric acid-based etching is not only a good
way to characterize the UCHAZ but also to estimate the de-
gree of tempering in double pulse RSW.

4 Conclusion

In the present work, RSW of a 1200 MPa TBF steel was
performed using two different double pulse welding schemes.
The different zones were characterized by LOM, SEM, and
hardness mappings, and the following conclusions can be
drawn:

1) If the first pulse is low and the weld nugget therefore
small, an inner FZ with a different microstructure than
the residual FZ forms after the second pulse. This inner
FZ shows no signs of tempering and consists of ferrite
and untempered martensite as a result of a partial
reaustenitization during the second pulse. The hardness
map reveals that this inner FZ is harder than the outer FZ
consisting of tempered martensite.

2) If the first pulse is high and the weld nugget is therefore
large, the entire FZ is tempered during the second pulse.
The hardness map reveals that due to the temperature
gradient, the tempering effect decreases from the inside
out. Observation of the microstructure in the SEM illus-
trated that the ICHAZ is not tempered significantly by the
second pulse, since the distance from the FZ is large.

3) A higher energy input during the first pulse is associated
with a deeper electrode indentation depth compared to a
lower first pulse. This results in a faster cooling rate of the
center of the FZ due to the shorter distance to the liquid
melt pool. Furthermore, due to the larger weld nugget of
sample I,.x, the ratio of current to the size of the FZ
during the second pulse is lower, and less heat is generat-
ed. This contributes to the inhibited reaustenitization and

@ Springer

the microstructure of the inner FZ of sample I,,,,, conse-
quently consists of tempered martensite.

4) Etching with picric acid visualizes the PAGs in the strong-
ly tempered UCHAZ of sample L,,,;, but does not attack
the PAG boundaries of sample I,,.,. This is because due to
severe tempering, elements like phosphorus segregate to
the grain boundaries extensively. Thus, this etching meth-
od is capable of estimating the degree of tempering of the
UCHAZ comparatively between two double pulse
welded samples.
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Improving the mechanical performance of a
resistance spot welded 1200 MPa TBF steel

In the present work different approaches to improve the me-
chanical properties of a resistance spot welded 1200 MPa
transformation induced plasticity-aided bainitic ferrite steel
are evaluated. An extension of the welding time results in
coarsening of the microstructure of the outer fusion zone
and the maximum force derived by the cross tension strength
test did not improve significantly. A temper pulse after a long
cooling time leads to pronounced softening of the fusion
zone, as determined by hardness mapping, which resulted in
enhanced weld properties. A recrystallization pulse modifies
the shape of the prior austenite grains at the outer fusion
zone, which was visualized with electron backscatter diffrac-
tion. This also resulted in a significant improvement of max-
imum force. For all approaches the failure mode improved,
which can be attributed to an increased fraction of high angle
grain boundaries at the edge of the fusion zone.

Keywords: Resistance spot welding; Double pulsing;
Advanced high strength steels; AHSS; TRIP-aided baini-
tic ferrite

1. Introduction

Third generation advanced high strength steels (AHSS)
combine high strength with good formability and are poten-
tial candidates for use in body components in the automo-

262

tive industry due to their superior crash behavior [1, 2].
Promising representatives are the transformation-induced
plasticity (TRIP)-aided bainitic ferrite (TBF) steels. Their
microstructure mainly consists of carbide-free bainite and
a certain amount of retained austenite in order to enable
the TRIP-effect. The austenite is stabilized by carbon en-
richment during an isothermal heat treatment [2, 3].

Resistance spot welding (RSW) is the dominant technol-
ogy for sheet metal joining in the automotive industry [4].
Due to the relatively high alloying content of third genera-
tion AHSS and the rapid cooling during RSW, the welds are
often fully martensitic and therefore hard and brittle. This,
combined with the reported tendency of alloying elements
such as manganese, silicon and phosphorus to segregate to
grain boundaries during solidification, enhances intergranu-
lar failure [5]. These circumstances lead to insufficient me-
chanical properties during the cross tension strength (CTS)
test and deteriorate the crash behavior. Therefore, the weld-
ability of third generation AHSS is restricted [4, 6, 7].

In recent years, numerous studies [8§—13] focused on the
improvement of the mechanical properties of high strength
steel spot welds. A simple way to improve the mechanical
performance is to increase the load bearing area, namely
the fusion zone (FZ), by increasing the heat input [4]. Due
to Joule’s law of Q,, = I> x R x t, the heat generation Q,,
depends on the applied welding current /, the temperature-
dependent and therefore dynamic resistance R and the

Int. J. Mater. Res. 112 (2021) 4 DE GRUYTER
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welding time ¢. For a given current, the heat input can con-
sequently be increased by extending the welding time. For
low carbon steels, the FZ size increases with extended
welding times, especially at lower current levels, which
leads to an enhanced weld strength [14]. It has been re-
ported that the maximum force during the shear tensile test
and the failure mode improved significantly for these steel
grades due to longer welding times [15]. An enlargement
of the FZ due to an extended welding time and a concomi-
tant improvement of the mechanical properties was also re-
ported for a micro-alloyed steel [16] and for high strength
steels [17]. Again, the enlargement of the FZ due to longer
welding times was more effective at lower currents since
the maximum size is limited by its decreasing dynamic re-
sistance and expulsion [4].

Generally, the mechanical properties of high strength
steel welds can be improved by a post-processing heat treat-
ment [18]. Double pulsing is a feasible approach to carry
out the heat treatment in-process. Two concepts are sug-
gested in literature. Both rely on a second pulse subsequent
to a cooling time, that heat-treats the cast-like, often hard
and brittle, FZ.

The first concept relies on quenching the FZ below the
martensite finish temperature prior to a second pulse that
aims to temper and consequently soften the martensitic FZ,
resulting in enhanced toughness. It has been reported that
the mechanical performance of TRIP steels can be improved
significantly with this approach [19-22]. Especially, the
elimination of the unwanted interfacial failure (IF) mode
has been observed [23]. The cooling time between the pulses
has to be long enough to ensure sufficient cooling of the FZ
and the second pulse has to be lower than the first pulse to
avoid re-austenitization of the FZ and extensive softening of
the upper-critical heat affected zone (UCHAZ) [24].

In contrast, the second concept relies on recrystallizing the
microstructure of the outer FZ with the second pulse. Ac-
cording to simulated thermal histories for third generation
AHSS welds, the edge of the FZ cools down rapidly and even
solidifies during extremely short cooling times between the
pulses [10, 25]. Therefore, this concept is characterized by
an extremely short cooling time to keep the temperature and
therefore the dynamic resistance during the second pulse at
a high level. A high-current second pulse is required to ensure
sufficient heat input to achieve recrystallization of the outer
FZ while the inner FZ re-melts. Therefore, the inner zone is

referred to as the secondary FZ and the initial FZ is termed
the primary FZ [10]. According to literature [10, 22], the sec-
ond pulse destroys the cast-like structure at the edge of the FZ
and leads to more equiaxed prior austenite grains (PAGs). Ef-
tekharimilani et al. [10] stated that this equiaxed shape is de-
cisive in terms of the improved mechanical properties and
that the recrystallization is accompanied by refinement and
reduction of the block width which is reported to affect the
mechanical performance in a positive way. Moreover, a sec-
ond pulse is reported to lead to a refinement of the martensitic
packets in the center of the FZ which is assumed to improve
the peak load and failure mode during the CTS test [21]. It is
also reported that elements such as phosphorus are more
evenly distributed, especially after a high current second
pulse, which reduces the risk of intergranular failure and im-
proves the mechanical properties [10, 11]. Moreover, im-
proved mechanical performance of a recrystallization pulse
welded DP1000 dual-phase steel was attributed to the low-
ered residual strains at the edge of the FZ and the severe soft-
ening of the sub-critical heat affected zone (SCHAZ) [8].
Also, the fraction of high angle grain boundaries in the
UCHAZ increased, leading to crack deflection and conse-
quently to enhanced toughness [8].

Up to now, these concepts have never been compara-
tively studied on a third generation AHSS in order to reveal
the microstructural evolution and the influence on the me-
chanical properties. Hence, in the present work, the de-
scribed approaches were applied to a TBF steel with a ten-
sile strength of 1200 MPa. The aim of this study was to
investigate the effect of the different double pulse welding
sequences on the martensitic features of the FZ, the hard-
ness distribution and consequently the mechanical proper-
ties and compare them to conventional and extended single
pulse welds for this novel third generation AHSS grade.

2. Materials and methods

A TBF steel with a chemical composition of 0.2C/1.5Si/
2.5Mn (wt.%) and a tensile strength of 1200 MPa was in-
vestigated. A detailed microstructural characterization of
this material [3, 26, 27] as well as the individual zones in
the HAZ after resistance spot welding [24] were carried
out in previous works. The nominal sheet thickness was
1.34 mm and the sheets were electrolytically galvanized
with a coating thickness of 6.6—8.6 um per side as specified
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Fig. 1. Welding sequences of the (a) conventional single pulse, (b) extended single pulse, (c) temper pulse, and (d) recrystallization pulse.
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in VDA 239-100 [28]. RSW was carried out on a Nimak
MFDC-1000 Hz pedestal type welding machine, equipped
with an AutoSpatz regulator that delivered a constant cur-
rent. F1-16-20-6 electrodes with a force of 4.5 kN were
used, as recommended in VDEh SEP1220-2 [29]. The pres-
ent study compares samples welded with four different
welding sequences, as illustrated in Fig. 1. Prior to the first
pulse, a squeeze time of 600 ms was chosen and the hold
time after the final pulse was 300 ms. The conventional sin-
gle pulse is illustrated in Fig. la. It consists of a 380 ms
lasting pulse with a current of 5.5 kA, which is the current
just high enough to produce a FZ that fulfills the quality cri-
terion of a minimum diameter of 4*\/ t, where t is the sheet
thickness. This is the absolute lower limit of current, which
is well below the splashing limit of about 6.8 kA for the sin-
gle pulse weld. This current was chosen for the first pulse of

every sequence. The welding time was prolonged to 810 ms
for the extended single pulse weld (Fig. 1b). Figure Ic re-
presents a double pulse weld, where a 380 ms lasting tem-
per pulse with a current of 4.5 kA was added after a cooling
time of 1000 ms. Figure 1d illustrates a double pulse weld
with a recrystallization pulse of the same time and current
as the first pulse after a cooling time of 100 ms.

For light optical microscope (LOM) analyses, cross-sec-
tions were ground, polished and finally etched for two min-
utes with a mixture of 100 ml of cold saturated picric acid,
1 g sodium dodecylbenzenesulfonate and two drops of hy-
drochloric acid at room temperature. LOM images were
taken with an MIM Imager equipped with an AxioCam
MRcS5 camera, both from Zeiss.

Electron backscatter diffraction (EBSD) measurements
were obtained on a scanning electron microscope,
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Fig. 2. LOM micrographs of cross-sections welded with the (a) conventional single pulse, (b,c) extended single pulse, (d) temper pulse, and
(e,f) recrystallization pulse. The red boxes in (a), (b), (d) and (e) mark the areas where the EBSD measurements were conducted.

264

Int. J. Mater. Res. 112 (2021) 4 DE GRUYTER



M. Stadler et al.: Improving the mechanical performance of a resistance spot welded 1200 MPa TBF steel

VERSA 3D from Thermo Fisher Scientific, equipped
with an EDAX Hikari XP EBSD system operating at
20 kV. The working distance was 15 mm and the step size
250 nm. The sample preparation additionally included a
final polishing step with an OPU suspension for several
minutes to obtain a deformation-free surface. For data
evaluation, the software package OIM Analysis 7 from
EDAX was used. Grain confidence standardization and
grain dilation clean-ups were carried out and data points
with a confidence index below 0.1 were disregarded. To
reconstruct the PAG boundaries, the ARPGE software
package was used [30].

Hardness mappings were carried out with a Qness
Q60A+ fully automatic micro hardness tester. The distance
between the indents was 150 pm, the load 300 g and the
dwell time 10 s.

The mechanical properties of the welds were deter-
mined by standard CTS tests performed with a cross-head
speed of 10 mm min~! on 150 x 50 mm? samples. The
mechanical performance was evaluated by means of the

maximum force, F,,,,, and the pullout ratio, measured with
a caliper after failure. The results represent the average of
ten tests.

3. Results
3.1. Light optical microscopy

The influence of the different welding sequences on the mi-
crostructure was assessed based on LOM images of the
cross-sections etched with picric acid, which are depicted
in Fig. 2. The FZ of the conventional single pulse weld
(Fig. 2a) shows a typical solidification structure with the
dendrites oriented alongside the maximum heat dissipation.
The shape of the FZ is rather elliptical with a width of
4.7 mm, indicated by the black arrow. This is in good agree-
ment with the calculated minimum FZ size according to the
quality criterion of 4*\/ t. However, due to the fact that the
cross-sections do not always run perfectly through the cen-
ter of the weld because of inaccuracies during the sample

Fig. 3. IPF maps of the outer FZ of the (a) conventional single pulse, (b) extended single pulse, (c) temper pulse, and (d) recrystallization pulse
weld. The regions where the scans were taken are marked with red boxes in Fig. 2. The reconstructed PAGs are highlighted with bold black lines.
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preparation, especially during cutting, the size of the FZ
was additionally determined on tested samples which led
to the same results. By extending the welding time to
810 ms the overall size of the FZ does not increase signifi-
cantly, as shown by the black arrow in Fig. 2b, but can be
subdivided into two zones. The inner zone, indicated by
the red arrow, consists of fine dendrites and is surrounded
by a zone with coarser dendrites, as can be derived from
the detailed image in Fig. 2c. The width of this coarse zone
is a few hundred micrometers. Moreover, the shape of the
nugget is not as well defined compared to the conventional
single pulse weld. By adding a temper pulse, the size of
the FZ again does not increase remarkably, as shown by
the black arrow in Fig. 2d, and the shape of the FZ is ellipti-
cal. The FZ of the sample welded with a recrystallization
pulse is also not enlarged significantly and can be subdi-
vided into two zones (Fig. 2e). The inner zone represents
the secondary weld nugget (red arrow) and the primary FZ

0.4

is indicated by the black arrow. The outer part of the pri-
mary FZ undergoes an in-process recrystallization heat
treatment during the second pulse. The width of the recrys-
tallized zone is approximately 1 mm on both sides. At the
transition zone between the primary and the secondary FZ
the etchant reveals the grain boundaries of equiaxed grains,
as illustrated in Fig. 2f.

3.2. Electron backscatter diffraction

In order to evaluate the effect of the various welding se-
quences on the microstructural features of the martensite,
EBSD measurements were conducted at the edge of the
FZ, as indicated by the red boxes in Fig. 2a, b, d and e.
The inverse pole figure (IPF) maps are illustrated in Fig. 3,
where the reconstructed PAG boundaries are highlighted
with bold black lines. The PAGs of the single pulse weld
exhibit a typical cast-like structure with elongated grains

0.4
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Fig. 4. The misorientation distribution corresponding to the IPF maps depicted in Fig. 3 for the (a) conventional single pulse, (b) extended single

pulse, (c) temper pulse, and (d) recrystallization pulse weld.
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Fig. 5. Hardness mappings of the (a) conventional single pulse, (b) extended single pulse, (c) temper pulse, and (d) recrystallization pulse weld.
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that are oriented alongside the maximum heat dissipation,  picted in Fig. 5b. The SCHAZ is widened and at 320 HV the
as Fig. 3a illustrates. The corresponding misorientation dis-  hardness drop is more pronounced. An implemented temper
tribution of the martensitic microstructure is depicted in  pulse softens the FZ and parts of the UCHAZ extensively,
Fig. 4a. An extended welding time leads to a distinctive  as shown in Fig. 5c. The hardness of the inner part of the FZ
coarsening of the PAGs, while the directional solidification  is approximately 370 HV and rises from the inside out reach-
structure is maintained, as can be seen in Fig. 3b. The frac-  ing a maximum of 500 HV in the outer part of the UCHAZ.
tion of high angle grain boundaries, especially with amisor-  Softening of the SCHAZ is similar to the conventional single
ientation near 60°, increases significantly while the fraction  pulse. A recrystallization pulse again softens the SCHAZ but
of low angle grain boundaries decreases, as illustrated in ~ does not alter the hardness of the other zones significantly, as
Fig. 4b. Figure 3c shows that the elongation of the PAGs di-  shown in Fig. 5d.

minishes. The misorientation distribution, depicted in
Fig. 4c, looks similar to the distribution of the extended
pulse weld (Fig. 4b) even though the peak near 60° is not
as pronounced. The PAGs of the outer FZ of the recrystalli-
zation pulse weld, illustrated in Fig. 3d, seem to be coarser
compared to the single pulse weld (Fig. 3a) and the cast-
like structure with the elongated grains completely disap-
peared. Figure 4d reveals that a high fraction of 0.37 has a
grain boundary misorientation angle of near 60°.

3.4. Cross tension strength tests

In order to evaluate the influence of the various welding se-
quences on the mechanical performance of the welds, CTS
tests were carried out. The mechanical performance of the
samples is hereinafter represented by the maximum force,
F.x and the failure mode which is quantified by means of
the pullout ratio in percent. A fraction of pullout of 0 % re-
presents an interfacial failure (IF) and a fraction of pullout
3.3. Hardness mappings of 100 % represents a pullout failure (PF). Values between

these limits represent a partially interfacial failue (PIF). As
Hardness maps of the FZ and HAZ for all welding sequences  Fig. 6a shows, the single pulse welds bear an average load
are depicted in Fig. 5. The emerging zones are illustrated by ~ of 4.0 kN and the failure can be classified as PIF with a pull-
means of the single pulse weld in Fig. 5a. A detailed defini-  out ratio of 30 %. By extending the welding time to 810 ms
tion and characterization of the zones in a resistance spot  the average force slightly increases to 4.7 kN with an aver-
weld TBF steel can be found in a preliminary investiga-  age pullout ratio of 73 %. With 8.3 kN the temper pulse
tion [24]. The hardness increase of the conventional single  samples bear significantly higher loads than the single pulse
pulse weld is strongly pronounced (Fig. 5a). The initial hard- ~ samples. The pullout ratio is 55 %. For the recrystallization
ness of the base metal (BM) of 400 HV rises to over 500 HV ~ pulse the maximum force is 7.1 kN with a pullout ratio of
in the FZ and reaches a maximum of 550 HV in the UCHAZ. 72 %. Representative load—displacement curves for each
The inter-critical heat affected zone (ICHAZ) shows a simi-  welding sequence are depicted in Fig. 6b. The curve for
lar hardness to the BM. Because of tempering of the BM,  the single pulse (black) and the temper pulse weld (blue)
the hardness in the SCHAZ drops to 370 HV. An extended  drops abruptly to zero after reaching the maximum force,
welding time leads to an even harder inner part of the  while it gradually drops for the extended pulse (red) and
FZ (550 HV) surrounded by a slightly softer layer, as de-  the recrystallization pulse weld (green).

/@) 8.3 90 910 ]
single ——
70 ;\? 7 extended —— 4
’2 © 2\ temper —
= 50 s ) 5. reerystall. — _
& 2 W
-30 é 31 1
-10 11 1
single extended temper recrystall. 1 3 5 7 9

displacement (mm)

Fig. 6. (a) Average maximum force and pullout ratio during CTS tests (n = 10), and (b) representative load displacement curves of the samples
welded with different sequences.
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4. Discussion

The aim of the present work was to compare different ap-
proaches to improve the mechanical performance of a resis-
tance spot welded 1200 MPa TBF steel. The mechanical
performance of the single pulse weld is poor, as the average
Fax of 4.0 kN and the PIF failure mode with a low average
pullout ratio of 30 % (Fig. 6) indicate. Generally, a larger
weld nugget provides a broader load bearing area, which re-
sults in a higher F,,,, at a given strength. Since the selected
current is well below the splashing limit of 6.8 kA, it would
be possible to increase the single pulse current to get a lar-
ger nugget, but the aim of this work was to compare the me-
chanical properties at the absolute lower limit of the weld-
ing current. Literature suggests that the FZ size can also be
enlarged with an extended welding time, especially at lower
current levels, while this effect diminishes at higher cur-
rents due to the risk of expulsion [14—16]. In addition to
the increase of the bearable load during mechanical testing,
the shift of the failure mode from IF to PF was reported for
several steel grades due to an enlarged FZ [14—17]. Conse-
quently, the first approach was to increase the heat input by
extending the welding time and potentially enlarge the FZ.
While F,,, during the CTS test only increases slightly to
4.7 kN for the TBF steel under investigation, the failure
mode due to the extended welding time improves signifi-
cantly to a pullout ratio of 73 %, as can be seen in Fig. 6a.
This improved failure mode can also be derived from the
load—displacement curve in Fig. 6b because it gradually
drops to zero, which indicates that the crack arrests. How-
ever, as Fig. 2b indicates, the FZ is not enlarged due to the
extended welding time. Consequently, the improvement of
the mechanical performance has to be attributed to another
phenomenon. As Fig. 2b illustrates, the appearance of the
outer FZ differs from the conventional single pulse
weld (Fig. 2a). The magnified image in Fig. 2c shows that
there is an outer FZ of a few hundred microns that consists
of a much coarser dendritic microstructure than the inner
FZ. Since nugget growth in the lateral direction seems to
be finished after a conventional single pulse, this coarse
zone must evolve during the additional 430 ms due to a
slower solidification rate resulting from the interplay of
heat generation on the one hand and heat extraction from
the cooled electrodes on the other hand, as suggested by
Krajcarz et al. [31]. The inner FZ stays liquid and solidifies
rapidly during the final cooling step. Consequently, the in-
ner FZ is finer and noticeably harder than the more slowly
solidified outer FZ, as Fig. 5b shows. The EBSD results in
Fig. 3b confirm that the PAGs of this zone are much coarser
compared to the PAGs of the conventional single pulse
weld in Fig. 3a, while the cast-like structure is still present.
Furthermore, the extension of the welding pulse, and there-
fore a greater heat input, leads to a significant increase of
the high grain boundaries near 60°, as the comparison of
Fig. 4b and Fig. 4a reveals. The increase in the toughness
of the weld of a multi-phase pipeline steel was attributed
to the increased number of high angle grain boundaries
due to an increased and optimized heat input by
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You et al. [32]. Moreover, Chabok et al. [8] investigated
the crack path through the recrystallized zone of a double
pulse resistance spot welded DP1000 steel and observed
that the crack is predominantly deflected at high angle grain
boundaries with a misorientation of over 50°. Conse-
quently, the high number of high angle grain boundaries
may be responsible for crack deflection at the outer FZ
leading to a more favorable failure mode for the samples
welded with an extended single pulse. Additionally, the
softening of the SCHAZ is more pronounced compared to
the conventional single pulse weld (Fig. 5a), a circumstance
that was reported to be a key reason for the improvement of
the mechanical properties of a double pulse welded high
strength dual-phase steel [8].

In general, the poor mechanical properties of third genera-
tion AHSS spot welds can mainly be attributed to the combi-
nation of a cast-like structure and the hardness increase in the
FZ due to the relatively high alloying content [4]. Hence, the
goal of both double pulsing approaches is to eliminate one of
those factors. A tempering heat treatment of the welds is gen-
erally a capable way to improve the mechanical perfor-
mance [18]. In this work an in-process tempering heat treat-
ment was achieved by means of a second pulse subsequent
to a long cooling time. As Fig. 5c illustrates, the hardness of
the FZ decreases to a hardness similar to the BM of about
400 HV at the edge of the FZ because of the second pulse.
In contrast, the softening of UCHAZ is not as pronounced
and this zone is therefore more rigid than the tempered FZ.
As the bearable load strongly increases to 8.3 kN with an
average pullout ratio of 55 % (Fig. 6), this combination of a
soft and therefore tough FZ and a still hard and therefore
strong UCHAZ seems to be ideal in terms of the mechanical
performance, as suggested in a previous work [24]. However,
the parameters have to be chosen very carefully. On the one
hand, the second pulse has to be strong enough to enable
tempering. On the other hand, the heat input of the second
pulse must not be too high so that re-austenitization of the
FZ and unwanted excessive tempering of the UCHAZ are
avoided [24]. The tempering leads to an increase in the frac-
tion of high angle grain boundaries (Fig. 4c), which is pre-
sumed to promote crack deflection, as discussed above. The
drawback of this approach is the more than doubled process
time compared to the conventional single pulse weld.

The concept of the recrystallization pulse relies on a short
cooling time after the first pulse, where solidification of the
FZ takes place. By an immediately following second pulse
of the same current, the inner part of the FZ re-melts and the
outer part recrystallizes during the second pulse. The LOM
image of the cross-section (Fig. 2e) shows that the FZ can in-
deed be subdivided into the secondary FZ that re-melted dur-
ing the second pulse and the surrounding part of the primary
FZ that underwent the desired heat treatment. The etching re-
veals a non-dendritic grain structure at the transition zone be-
tween secondary and primary FZ, as illustrated in Fig. 2e.
Moreover, as the highlighted PAG boundaries in Fig. 3d
show, the recrystallization leads to equiaxed PAGs close to
the pre-crack. The equiaxed shape of the PAGs is assumed
to be one of the main reasons for enhanced mechanical prop-
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erties of double pulse welded AHSS steel sheets as it im-
pedes the fracture path through the nugget centerline [10,
22]. This was also observed in the framework of the present
research. Moreover, the recrystallization modifies the ar-
rangement of the grain boundaries, resulting in a significant
increase of high angle grain boundaries near 60°, as shown
in Fig. 4d. The hardness mapping (Fig. 5d) illustrates that
the softening of the SCHAZ is more pronounced compared
to the single pulse weld, which is seen as beneficial for the
mechanical properties [8], as mentioned above. However, a
softening of the recrystallized zone, as reported in litera-
ture [8, 9], was not observed. Figure 3d indicates that the re-
crystallization pulse also leads to a coarsening of the micro-
structure at the edge of the FZ, which is attributed to grain
growth due to the high temperature during the second pulse.
This seems to be contrary to the results of Sajjadi-
Nikoo et al. [21] and Eftekharimilani et al. [11], which both
reported grain refinement as a result of double pulsing. This
different grain growth behavior can be attributed to the lower
second pulse currents they applied in their studies.
In addition, Sajjadi-Nikoo et al. [21], applied a longer cool-
ing time between the pulses, which resulted in lower heat
input and therefore inhibited grain growth compared to
the present work. At a higher second pulse current,
Eftekharimilani et al. [11] also observed grain growth due
to the higher temperature. Besides the modification of the
morphology of the PAGs and the softening of the SCHAZ,
the homogenization of phosphorus due to the second pulse
is considered as another main benefit. A correlation between
improved mechanical properties and a homogenization of
phosphorus, detected via electron probe microscopy
analyses (EPMA), has been established for third generation
AHSS welds [11, 13]. Within the framework of this study,
EPMA measurements were conducted as well, without ob-
serving noteworthy differences in the phosphorus distribu-
tion. Due to the recrystallization pulse the mechanical per-
formance during the CTS test is improved significantly, as
shown in Fig. 6. The maximum force reaches 7.1 kN with a
pullout ratio of 72 %. Consequently, the mechanical perfor-
mance is distinctively enhanced compared to the single pulse
welds, with the advantage of a much shorter process time
compared to the temper pulse sequence.

5. Conclusions

In the present work three different approaches to improve

the mechanical performance, according to CTS testing, of

a resistance spot welded 1200 MPa TBF steel were evalu-

ated and compared with a conventional single pulse weld.

The following conclusions can be drawn:

1. The conventional single pulse weld possesses poor me-
chanical properties during the CTS test, with an F,,,, of
4.0 kN and an unfavorable failure mode with a pullout ra-
tio of 30 %. Its outer FZ consists of elongated PAGs that
are oriented alongside the maximum heat dissipation.

2. An extended welding time does not enlarge the FZ but
leads to a distinctive coarsening of the PAGs of the out-
er FZ and to an increase in the fraction of the high angle
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grain boundaries near 60°. The mechanical performance
regarding the maximum force during the CTS test only
improves slightly to 4.7 kN, but the failure mode, quan-
tified by the pullout ratio, improves to 73 % which is
mainly attributed to the increased fraction of high angle
grain boundaries.

3. Double pulsing with a low current temper pulse follow-
ing an extended cooling time of 1000 ms between the
pulses leads to pronounced softening of the FZ and parts
of the UCHAZ due to tempering which results in a high
Fax of 8.1 kN. A refinement of the microstructure and
an increase in the fraction of high angle grain bound-
aries near 60° at the edge of the FZ can be observed
which leads to an average pullout ratio of 55 %.

4. Double pulsing with a recrystallization pulse of the same
current as the first pulse following a very short cooling
time of 100 ms successfully recrystallizes the edge of
the FZ. The martensitic microstructure is much coarser
but the PAGs are equiaxed and the fraction of high angle
grain boundaries near 60° increases significantly. The re-
sulting crack deflection results in an improved mechani-
cal performance during the CTS test to a maximum force
of 7.1 kN with an average pullout ratio of 71 %.
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Abstract: In the present work, the influence of the cooling time on the mechanical performance,
hardness, and microstructural features of a double pulse resistance spot welded medium-Mn steel
are investigated. Curves of the electrical resistance throughout the welding revealed that the cooling
time strongly influences the heat generation during the second pulse. A second pulse after a short
cooling time re-melts the center, and heat treats the edge of the primary fusion zone. This desired in-
process heat treatment leads to a modification of the cast-like martensitic structure by recrystallization
illustrated by electron backscatter diffraction measurements and to a homogenization of manganese
segregations, visualized by energy-dispersive X-ray spectroscopy, which results in an enhanced
mechanical performance during the cross tension strength test. In contrast, during excessively long
cooling times, the resistance drops to a level where the heat generation due to the second pulse is too
low to sufficiently re-heat the edge of the primary FZ. As a consequence, the signs of recrystallization
disappear, and the manganese segregations are still present at the edge of the fusion zone, which
leads to a deterioration of the mechanical properties.

Keywords: advanced high strength steels; AHSS; medium-Mn steel; resistance spot welding; double
pulsing; dynamic resistance curves

1. Introduction

As a representative of the third generation of advanced high strength steels (AHSS),
medium-Mn steels, with an increased but still moderate amount of manganese of 4-10 wt%
and a carbon content of 0.2 wt% or less, are considered suitable to fulfill the requirements for
body components in the automotive industry [1-4]. First introduced in 1972 by Miller [5],
research on this steel grade has been intensified in recent years [4,6-9]. Their superior
mechanical properties are achieved by a ferritic microstructure with a high amount of
retained austenite of usually more than 30%, which is stabilized by manganese enrichment
at intercritical annealing [4,6,8,10]. A high fraction of retained austenite is essential to
combine high strength and ductility by means of the transformation-induced plasticity
(TRIP) effect [8,9].

Because of the high operating speed and the suitability for automation, resistance
spot welding (RSW) is the dominant technology for sheet metal joining in the automotive
industry [11], and therefore, research regarding the weldability of medium-Mn steels is
decisive. However, only few related studies have been published so far [12-15]. Due to
the rapid cooling combined with the relatively high alloying content of medium-Mn steels,
they tend to form a hard and brittle martensitic fusion zone (FZ), which leads to a poor
tensile-shear strength of the welds [12] and to insufficient mechanical properties during
the cross-tension strength (CTS) test with low maximum force and an interfacial failure (IF)
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mode [13]. The failure mode changes to a pullout failure (PF) for dissimilar resistance spot
weldments of a medium-Mn and dual phase steel, with the crack propagating through
the brittle, martensitic coarse-grained heat-affected zone (CGHAZ) of the medium-Mn
steel. This zone has a significantly lowered content of retained austenite compared to the
base metal [13]. However, the brittleness of the CGHAZ could be reduced by nano-scale
austenite reversion during a paint baking heat treatment, which led to enhanced mechanical
properties of the welds [14]. Another work focused on the softening of the CGHAZ by
means of various thermo-mechanically simulated in-situ tempering heat treatment cycles.
Again the nano-scale austenite reversion led to an increase of the ductility of this zone and
to the transition from a brittle to a ductile fracture [15].

A widely accepted approach to improve the mechanical performance of third gen-
eration AHSS welds is to add an additional pulse after the main pulse to carry out an
in-process heat treatment of the welds, also known as double pulsing [16-22]. In previous
works [22,23], the authors examined the microstructural evolution and the mechanical
performance of the FZ and heat-affected zone (HAZ) of a double pulse welded 1.2 GPa
TRIP-aided bainitic ferrite (TBF) steel. It was shown that a low current second pulse
after a very long cooling time between the pulses tempers, and therefore, softens the
weldment, while a high current second pulse after a short cooling time, hereinafter re-
ferred to as a recrystallization pulse, recrystallizes the edge of the FZ. Due to a shorter
process time, research mainly focused on the concept of the recrystallization pulse in recent
years [16-19,21], although both double pulsing concepts are capable of improving the
mechanical performance of AHSS spot welds [23]. During the second pulse, the cast-like
structure at the edge of the FZ recrystallizes, resulting in more equiaxed prior austenite
grains (PAGs) and in a refinement of the martensitic blocks, which improves the toughness
due to enhanced crack deflection [17]. Further, the second pulse homogenizes the segrega-
tions of phosphorus and also manganese in the FZ, and therefore, diminishes the risk of
intergranular failure [18]. Chabok et al. [16] attributed the improved mechanical perfor-
mance of a double pulse welded DP1000 dual-phase steel to the lowered residual strain at
the edge of the FZ and the increased number of high angle grain boundaries in the upper
critical heat-affected zone (UCHAZ), which is also assumed to increase the toughness.

Consequently, double pulsing might also represent a promising approach to overcome
the poor weldability of medium-Mn steels. However, the influence of the significantly
increased manganese content compared to other representatives of the third generation
AHSS has to be taken into account, and there is especially a lack of publications in the
literature dealing with the exact role of the cooling time between pulses, which makes it
difficult to choose the optimal parameters. The main focus of this work is, therefore, on
the role of the cooling time with regard to the heat generation during the second pulse,
and its influence on the microstructural features and especially the manganese distribution
at the edge of the FZ and the resulting mechanical properties of a resistance spot welded
medium-Mn steel, which, to our knowledge, has never been published before.

For this purpose, single and double pulse welding experiments with increasing cool-
ing time between the pulses were performed, and the heat generation during the second
pulse was evaluated based on the dynamic resistance curves. The mechanical perfor-
mance of the welds was assessed by CTS tests, and hardness mappings were conducted to
comprehend the influence of double pulsing with different cooling time on the hardness
distribution. Picric acid etching and electron backscatter diffraction (EBSD) measurements
were used to visualize the influence of the welding parameters on the microstructure. More-
over, the manganese distribution was measured via energy-dispersive X-ray spectroscopy
(EDX). Combining these methods, a correlation of the cooling time between the pulses, the
microstructure, and the mechanical performance is drawn.

2. Materials and Methods

A medium-Mn steel with a nominal composition of 0.1 C/6.4 Mn/0.6 Si (wt%), an
aluminum content of <400 ppm, and a phosphorus and sulfur content of combined less
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than 120 ppm was investigated. This steel possesses a minimum tensile strength of 780 MPa
with a yield strength of about 650 MPa and an elongation of about 34%. The uncoated
steel sheets had a thickness of 1.18 mm. RSW was performed on a Nimak MFDC-1000 Hz
pedestal type welding machine (Nimak GmbH, Wissen, Germany) equipped with an
AutoSpatz regulator (Matuschek, Alsdorf, Germany) that delivered a constant current. The
resulting voltage was measured at the electrode and the resulting resistance as a function
of time was calculated with the adjusted current. The F1-16-20-6 electrodes operated at a
clamping force of 4.0 kN as recommended in VDEh SEP1220-2 [24]. The samples in the
present work were welded with a current of 4.8 kA, which is the current high enough to
produce a FZ that fulfills the quality criterion of a minimum diameter of 4*,/t, where ¢
is the sheet thickness. This current was used for the first pulse, as well as for the second
pulse. A schematic illustration of the different welding sequences is presented in Figure 1.
For all welds, prior to the first pulse, a squeeze time of 600 ms was applied, the pulse time
was 280 ms, and the hold time after the final pulse was 200 ms. The variable cooling time
between the pulses was 20, 50, 100, 200, and 500 ms.

280 280

=
i

currrent [kA|

600 20-500 200

— “ > —

_H/ T
1st pulse 2nd pulse

squeezing cooling holding
time [ms]

Figure 1. Schematic illustration of the welding sequence with variable cooling times.

The mechanical performance was evaluated via standard CTS tests [24] (sample size
of 50 x 150 mm?) and the results represent the average of five tests. The maximum force,
Fmax, and the pullout ratio, which is the areal fraction of the pulled-out plug to the former
welded lens, were measured with a caliper after failure.

For microstructural characterization, light optical microscope (LOM) images were
taken with an M1M Imager equipped with an AxioCam MRc5 camera, both from Zeiss
(Oberkochen, Germany). For this purpose, cross-sections were ground, polished, and
finally, etched with a mixture of cold saturated picric acid, dodecylbenzenesulfonate, and
hydrochloric acid to reveal the solidification structure.

Hardness mappings were performed on a Q60A+ hardness tester from Qness (Golling,
Austria). The distance between the indents was 150 pm, the load was 300 g, and the dwell
time 10 s.

For the EBSD measurements, the sample preparation included final OPU suspension
polishing for 10 min in order to get a deformation free surface. The measurements were
performed on a scanning electron microscope (SEM) VERSA 3D from FEI (Hillsboro, OR,
USA) equipped with an EDAX Hikari EBSD system operating at a working distance of 15
mm and an acceleration voltage of 20 kV. The step size of the EBSD mappings with an area
of 500 x 500 pm? was 500 nm. The software package EDAX OIM Analysis 7 (EDAX Inc.,
Mahwah, NJ, USA) was used for data evaluation. The data sets were cleaned via grain
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dilation, and neighbor confidence index (CI) standardization clean-ups and data points
with a CI of less than 0.1 were disregarded. ARPGE software package [25] was used to
reconstruct the PAGs.

Energy-dispersive X-ray spectroscopy was performed at an acceleration voltage of
15 kV on a Tescan SEM of the type CLARA (Tescan, Briinn, Czech Republic) combined
with the X-Max system and the Aztec software from Oxford Instruments (Abingdon,
UK). Since the conventional EDX measurements only allow a qualitative statement, the
numerical values of the manganese content were determined with a post-processing step
by the software package but without claiming to achieve the extremely high accuracy of an
EPMA system.

3. Results
3.1. Cross-Tension Strength Tests

The influence of the cooling time on the mechanical performance of the welds was
determined with CTS tests and the results are depicted in Figure 2. The maximum force,
Fmax, and the pullout ratio hereinafter quantify the mechanical performance of the welds.
A pullout ratio of 0% is referred to as an IF and a fraction of pullout of 100% represents
a PF. A pullout ratio between these limits is a partial interfacial failure (PIF). The single
pulse samples, referred to as “sp” in Figure 2, reach a Frmax of 3.0 kN and the pullout ratio
averages 26%. In contrast, the double pulse welds with relatively short cooling times of
20, 50, and 100 ms between the pulses bear significantly higher loads of 6.0, 6.3, and 5.8
kN and the pullout ratio after CTS testing is 27%, 45%, and 31%, respectively. However, it
has to be stated that, for all welds, the standard deviation of the pullout ratio is relatively
high. With longer cooling times of 200 and 500 ms, Frnax decreases to 4.1 and 4.3 kN with a
pullout ratio of 40% and 56%, respectively.
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Figure 2. Average maximum force, Frnax, and pullout ratio in CTS tests of single pulse welds (sp)
compared to double pulse welds with different cooling times (n = 5).

3.2. Light Optical Microscopy

By means of the picric acid-etched cross-sections depicted in Figure 3, the influence of
the cooling time on the evolution of the FZ during the second pulse was examined. The
black arrows indicate the width of the primary and the red arrows indicate the width of
the secondary FZ, which re-melts during the second pulse. The width of the FZ of the
single pulse weld in Figure 3a is 4.1 mm, and therefore, slightly smaller than the nominal
minimum FZ size of 4.35 mm calculated from the 4*,/t quality criterion. The black arrows
in Figure 3b—f illustrate that the size of the primary FZ does not change significantly due to
double pulsing. However, the size of the secondary FZ decreases with increasing cooling
time. While 3.7 mm of the initial 4.2 mm are re-melted by the second pulse after a cooling
time of 20 ms in Figure 3b, only 3.1 and 1.2 mm are re-melted after a cooling time of 50
and 100 ms, as shown in Figure 3c,d. After longer cooling times of 200 ms in Figure 3e and
500 ms in Figure 3f, there is no secondary FZ clearly visible.
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I mm

double pulse (200ms)

Figure 3. LOM images of the cross-sections of (a) single pulse weld and double pulse welds with a cooling time of (b) 20 ms,
(c) 50 ms, (d) 100 ms, (e) 200 ms, and (f) 500 ms. The black arrows represent the width of the primary FZ and the red arrows
the width of the secondary FZ, if present. The red boxes in (a,c,e) mark the areas where EBSD scans were taken.

3.3. Dynamic Resistance Curves

The heat generation, Q,, in joules, during resistance spot welding is based on Joule’s
law. Since the welding current and the welding time stay constant, the equation can be
written as

Quw

2
RT) S w
const

where [ is the electrical current in amperes, R(T) the temperature-dependent, and therefore,
dynamic electrical resistance in ohms and ¢ the welding time in seconds. While the electric
current and the welding time are given by the operator, the dynamic resistance curve can
be recorded to estimate the heat development during welding according to Equation (1).
Online monitoring of the dynamic resistance is, therefore, a powerful tool in terms of
process control [26-28]. In the course of the present work, the dynamic resistance curves
were primarily recorded to evaluate the influence of the various cooling times on the
temperature prior and the heat generation during the second pulse. The resistance curve of
the single pulse weld is shown in Figure 4a. As suggested by Dickinson et al. [29], the first
peak in the resistance curve represents the contact resistance, which is 250 u€) in the case of
the medium-Mn steel sheets under investigation. It breaks down within a few milliseconds
to 150 pQ), the so-called a-trough. Then the increasing temperature results in a continuous
increase of the resistance, but with progressing time also in local melting, which lowers
the resistance due to an increasing cross-sectional area available for the current flow. The
so-called 3-peak of 190 u() represents the point where the temperature stabilizes, and the
nugget growth begins to dominate. After the 3-peak, the resistance continuously decreases
due to the increasing nugget size to a final resistance of 115 pQ). The resistance curves of the
second pulse after various cooling times are presented in Figure 4b—f. After a short cooling
time of 20 and 50 ms, the resistance drops slightly to 100 and 90 uQ) and stays constant
during the second pulse, as can be seen in Figure 4b,c. After a longer cooling time of
100 ms, the resistance is 70 p() at the beginning of the second pulse and rises continuously
to 80 uQ) in Figure 4d. The resistance drop is even more pronounced after cooling times
of 200 and 500 ms. It decreases to 40 and 30 p() at the beginning of the second pulse and
reaches a final resistance of 70 and 60 p(}, as can be seen in Figure 4e,f, respectively. The
continuously decreasing resistance illustrates that the temperature at the beginning, and
consequently the heat generation during the second pulse, decreases with longer cooling
times between the pulses.



Metals 2021, 11, 270

60f 11

250 250
_ (a) B-peak (b) ©
g 2001 | .« ] . 200
= VW
(93 \ Mo,
8 1504 1w g 1 L 150
£ 160 a-trough e i R f ’
.g \ = : (f NNNNNNNN e | 00
50 1 ( | 50
0 70 140 210 280 0O 70 140 210 2800 70 140 210 280
time [ms] time [ms] time [ms]
250 250
_ @ (e) O
g 200 200
e
§ 150 150
= 100 100
5] e A — e AR i
504/ I ] Pt 50

Hi i |
0 70 140 210 2800 70 140 210 2800 70 140 210 280
time [ms] time [ms] time [ms]

Figure 4. Dynamic resistance curves recorded during the (a) single pulse and the second pulse after
a cooling time of (b) 20 ms, (c) 50 ms, (d) 100 ms, (e) 200 ms and (f) 500 ms.

3.4. Hardness Mapping

Hardness mappings with several hundred indents, as depicted in Figure 5, were
conducted on representative samples to verify the effect of double pulsing on the hardness
distribution of the medium-Mn steel welds. For the single pulse weld in Figure 5a the
hardening of the FZ, with a hardness of 420430 HYV, is very pronounced compared to the
hardness of about 280 HV of the BM. The hardness in the UCHAZ reaches up to 460 HV
before dropping to 370 HV in the intercritical heat-affected zone (ICHAZ). Since the BM
does not contain martensite, there is no softening of the subcritical heat-affected zone
(SCHAZ). The double pulse welds with a cooling time of 50 ms in Figure 5b and 200 ms in
Figure 5c show an almost identical hardness distribution, although a slight softening of
about 10-20 HV can be observed in the outer regions of the FZ. Moreover, the ICHAZ after
200 ms cooling time in Figure 5c seems to be wider. The ICHAZ further broadens with a
longer cooling time of 500 ms, as shown in Figure 5d. It is about twice as big as the width
of the ICHAZ of the 50 ms double pulse weld in Figure 5b.

hardness
[HVO0.3]
470

420

0 X [um] 3000
370

320

3000

0 X [pm] 3000 2170

Figure 5. Hardness mappings of the (a) single pulse weld and double pulse weld with a cooling time
of (b) 50 ms, (c) 200 ms, and (d) 500 ms.
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3.5. Electron Backscatter Diffraction

To analyze the structure of the prior austenite grains (PAGs) at the edge of the FZ,
EBSD scans of areas of 500 x 500 um? of the single pulse weld and the double pulse
welds with a cooling time of 50 and 200 ms were conducted, as marked by red boxes in
Figure 3a,c,e. The corresponding IPF maps of the bcc phase, which represents the low
carbon martensite, with the reconstructed PAGs being highlighted with bold black lines,
are depicted in Figure 6. As can be seen in Figure 6a, the edge of the FZ after the single
pulse consists of the typical cast-like structure with elongated PAGs oriented along the
maximum heat dissipation. After a 50 ms lasting cooling time, the second pulse leads to a
noticeable coarsening of the PAGs, and the elongation, especially of the PAGs in the center
of the scan, diminishes in Figure 6b. By extending the cooling time to 200 ms, the PAGs are
again more elongated and finer compared to the weld with a 50 ms cooling time and rather
resemble the PAGs of the single pulse weld.
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Figure 6. IPF maps of the bce phase of the areas indicated by red boxes in Figure 3 for the (a) single
pulse weld and the double pulse welds with a cooling time of (b) 50 ms and (c) 200 ms. The bold
black lines represent the PAGs.

3.6. Energy-Dispersive X-Ray Spectroscopy

In order to visualize the distribution of manganese, EDX scans were conducted and
manganese segregations, which are only a few micrometers wide, were detected. In the
center of the FZ of the single pulse weld, the manganese segregations are oriented in
vertical direction towards the electrodes and reach a manganese content of 9 to 11 wt%,
as can be derived from the EDX mapping depicted in Figure 7. The areas between the
segregations are consequently slightly depleted in manganese compared to the nominal
content of 6.4 wt% and have an average content of 5 to 6 wt%.

[ Mniwt%s] WsWI60 7 s (oMol

Figure 7. EDX mapping of the manganese distribution of the center of the FZ of the single pulse weld.
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Because the edge of the FZ undergoes the in-process heat treatment due to the second
pulse, the manganese distribution of this zone was also measured for the single pulse
weld and the representative double pulse welds with cooling times of 50 and 200 ms
and the results are depicted in Figure 8. At the edge of the FZ of the single pulse weld,
the morphology of the segregations changes to a mainly horizontal, honeycomb-like
arrangement, as shown in Figure 8a. The segregations are very fine and reach a maximum
manganese content of about 9 wt% on average. The manganese distribution at the edge of
the FZ of the double pulse weld with a cooling time of 50 ms is much more homogeneous,
as indicated by Figure 8b. Even the few segregations in the lower third of the imaged
area are not very pronounced and have a maximum manganese content of 7 to 8 wt%.
Consequently, the manganese content of the remaining areas is higher and close to the
nominal content. Double pulsing with a cooling time of 200 ms leads to an edge of the FZ
with pronounced segregations of manganese, as illustrated by Figure 8c. They are mainly
horizontally aligned and reach an average maximum manganese content of about 9 wt%
with depleted areas in between.

Figure 8. EDX mappings of the manganese distribution at the edge FZ of the (a) single pulse weld
and the double pulse welds with a cooling time of (b) 50 ms and (c) 200 ms.

4. Discussions

The aim of the present work was to investigate the improvement of the mechanical
performance and the characteristics of the microstructure due to double pulsing with
different cooling times. The mechanical performance in terms of Frax (3.0 kN) and the
pullout ratio (26%) of the single pulse welded medium-Mn steel, as shown in Figure 2, is
unsatisfactory. Therefore, the results of the CTS tests in Figure 2 indicate that relatively
short cooling times of 20, 50 or 100 ms lead an increased Fmax. With 6.0, 6.3, and 5.8 kN,
the maximum force is roughly doubled compared to the single pulse weld. With longer
cooling times of 200 and 500 ms, Fmax decreases again to 4.1 and 4.3 kN, respectively.
Improved properties due to a very short cooling time are in agreement with the literature,
where enhanced mechanical properties of AHSS spot welds were reported due to double
pulsing with a cooling time of 40 ms [16,18,19]. Surprisingly, the pullout ratio appears not
to correlate with the cooling time, scatters strongly, and is not significantly improved due
to double pulsing.

The width of the secondary FZ is reported to depend on the heat input during the
second pulse, which is mainly influenced by the applied current [18,19]. In the present
work, it is shown that the heat input of the second pulse also strongly depends on the
cooling time in between the pulses, even at the same current levels, due to the temperature
dependence of the electrical resistance. As indicated by the images of the etched cross-
sections in Figure 3, the width of the secondary FZ, and therefore, the heat input due to
the second pulse, decrease successively with increasing cooling time. A secondary FZ is
only visible for short cooling times of up to 100 ms, which results in the highest Frya and it
disappears for longer cooling times. The presence of a secondary FZ is, therefore, a good
indicator in terms of estimating the improvement of mechanical properties of the double
pulse welds. The decrease of the heat input during the second pulse with increasing cooling
times can also be derived from the resistance curves depicted in Figure 4. The resistance at
the end of the single pulse in Figure 4a, which also represents the first pulse of each double
pulse weld, is 115 Q). The resistance at the beginning of the second pulse depends on the
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temperature of the weld after the cooling time and affects the amount of heat generated
during the second pulse, as can be derived from Equation (1). It successively decreases
with increasing cooling time. With 100 and 90 p(), after short cooling times of 20 and 50 ms,
the resistance, and therefore, the temperature at the beginning of the second pulse, are still
high enough to cause partial re-melting of the primary FZ during the second pulse. After a
longer cooling time of 200 ms, the resistance drops to 40 uQ), which seems to be too low to
generate sufficient heat during the second pulse to achieve the intended in-process heat
treatment. The insufficient heat generation during the second pulse after a long cooling
time is also evidenced by the hardness mappings. While the ICHAZ of the double pulse
weld with a cooling time of 50 ms is narrow, the ICHAZ after a long cooling time, especially
after 500 ms, is broad. This indicates that the intercritical temperature was reached at a
closer distance to the FZ during the second pulse because less heat was generated.

While in dissimilar weldments the crack propagated through the CGHAZ of the
medium-Mn steel [14,15], in the present work, the crack propagated through the edge
of the FZ. Therefore, this zone was considered crucial and characterized in more detail.
Generally, if the second pulse is correctly applied, it leads to the desired recrystallization of
the edge of the primary FZ and to a more equiaxed PAG structure, which can be visualized
using EBSD measurements [16,17,19,22]. Figure 6b shows that the edge of the primary FZ
of the double pulse weld with a 50 ms cooling time consists of coarser and more equiaxed
grains than the single pulse weld in Figure 6a. Especially the grains in the center of the
image show signs of recrystallization due to the high temperature in this zone during the
second pulse. The improved mechanical properties of these samples in Figure 2 are in good
agreement with the literature, since more equiaxed PAGs are considered to promote crack
deflecting, which results in enhanced toughness [16,17,22]. However, it has to be mentioned
that the signs of recrystallization are not as pronounced as expected based on preliminary
EBSD investigations on another AHSS grade [22]. This may be due to the lower carbon
content in the medium-Mn steel, which is associated with a lower dislocation density of
the martensite in the FZ and thus provides fewer nucleation sites for recrystallization. By
extending the cooling time to 200 ms, the heat input during the second pulse decreases,
as explained above, and the signs of recrystallization, therefore, completely disappear, as
shown by Figure 6¢. The reconstruction resembles the cast-like PAGs of the single pulse
weld in Figure 6a, and the mechanical performance is inferior to the performance of the
double pulse weld with the short cooling time. This is because recrystallization highly
depends on temperature, which is not high enough to trigger it after a 200 ms cooling time.

It is reported that alloying elements like manganese tend to segregate to grain bound-
aries of third generation AHSS spot welds during solidification [18,30], which according
to Eftekharimilani et al. [18], has a detrimental effect on the mechanical properties. The
increased manganese content of the medium-Mn steels, compared to other third generation
AHSS steel grades, results in high manganese segregations in the center of the FZ, as
indicated in Figure 7. Their orientation changes according to the changed solidification
direction from vertical in the center of the FZ in Figure 7 to a mainly horizontal, honeycomb-
like alignment at the edge of the FZ, as shown in Figure 8a. Manganese segregations may
act as local brittle points, according to Park et al. [13]. Consequently, they may contribute
to the poor mechanical properties of the single pulse weld. The segregations at the edge
of the FZ can be dissolved during the second pulse after a short cooling time of 50 ms, as
can be seen in Figure 8b since the very high temperature enables manganese diffusion.
Consequently, Fnax improves significantly. In contrast, due to the lower heat input, the
segregations at the edge of the primary FZ are still present for the double pulse weld
with a cooling time of 200 ms, as shown in Figure 8c. At the same time, Fnax decreases,
which again illustrates the importance of a precisely chosen cooling time. These results
coincide with those of Eftekharimilani et al. [18], who attributed the significantly improved
mechanical properties of a third generation AHSS to the manganese homogenizations due
to a properly chosen second pulse. However, in their work, the heat input, and therefore,
the temperature during the second pulse were not controlled by the varying cooling time,
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but by the variation of the current of the second pulse. The manganese content of the inves-
tigated medium-Mn steel is more than twice as high as that of the steel grade discussed
in the mentioned literature, and therefore, it is assumed that the manganese segregations
play an even greater role in terms of the mechanical properties of medium-Mn steels.

The recrystallization of the edge of the FZ and especially the homogenization of
manganese segregations during the second pulse are consequently considered as the main
reasons for the enhanced properties of the double pulse welded medium-Mn steel welds
with a short cooling time. Although both phenomena have the same origin, namely the
high temperature, they should be considered separately in terms of their contribution to the
improvement of the mechanical properties. Recrystallization does not lead to manganese
homogenization per se or vice versa, but the high temperature does. Therefore, it is
crucial to keep the cooling time short. However, it is surprising that the failure mode
is not significantly improved by double pulsing and does not depend on the cooling
time. Investigations regarding the relationship between the microstructure at the crack
path and the mechanical performance are, therefore, decisive and the subject of further
investigations.

5. Conclusions

In the present work, the influence of the cooling time on the mechanical performance,
hardness distribution, and microstructural features of a double pulse resistance spot welded
medium-Mn steel were investigated. After a short cooling time, the second pulse re-melts
the center and heat treats the edge of the primary FZ. This desired in-process heat treatment
leads to a modification of the cast-like martensitic structure and to a homogenization of
manganese segregations, which results in enhanced mechanical performance of the welds.
In contrast, during excessively long cooling times, the resistance drops to a level where
the heat generation due to the second pulse is too low to sufficiently re-heat the edge of
the primary FZ. No obvious recrystallization appears, the manganese segregations are still
present, and thus the mechanical performance is not improved.
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Abstract: The properties of the heat-affected zone (HAZ) are reported to have a great influence on
the mechanical performance of resistance spot welded advanced high strength steels. Therefore,
in the present work, the HAZ of a medium-Mn steel is characterized regarding its microstructure
and its mechanical properties depending on the distance to the fusion zone (FZ). In order to obtain
the local mechanical properties of the HAZ, samples were heat-treated in a joule-heating thermal
simulator using different peak temperatures to physically simulate the microstructure of the HAZ.
By comparing the microstructure and the hardness of these heat-treated samples and the HAZ, the
local peak temperatures within the HAZ could be determined. Subsequently, tensile tests were
conducted, and the austenite phase fraction was measured magnetically on the physically simulated
HAZ samples in order to determine the local mechanical properties of the HAZ. As verified by
energy-dispersive X-ray spectroscopy, peak temperatures above 1200 °C led to a uniform distribution
of manganese, resulting in a predominantly martensitic microstructure with high strength and low
total elongation after quenching. Below 1100 °C, the diffusion of manganese is restricted, and
considerable fractions of austenite remain stable. The austenite fraction increases almost linearly
with decreasing peak temperature, which leads to an increase of the total elongation and to a slight
decrease in the strength, depending on the distance to the FZ. Temperatures below 700 °C exhibit
hardly any effect on the initial microstructure and mechanical properties.

Keywords: third-generation advanced high strength steels (AHSS); medium-Mn steel; resistance
spot welding (RSW); heat-affected zone (HAZ); local mechanical properties

1. Introduction

The demands of the automotive industry regarding lightweight construction and
simultaneous increase of passenger safety require the application of advanced high-
strength steels (AHSS). The research currently focuses on the third generation of these
high-performance steels, which are characterized by high strength and acceptable ductility
at a significantly lower cost compared to the second generation. This generation consists
of quenching and partitioning (Q&P) [1], transformation-induced plasticity (TRIP)-aided
bainitic ferrite (TBF) steels [2] and medium-Mn steels [3,4]. First introduced in 1972 by
Miller [5], the medium-Mn concept was revived in 2007 by Merwin [6], and since then,
research on these steels has intensified again. Their microstructure is composed of a ferritic
matrix and a high fraction of austenite of about 30%, which, in contrast to Q&P and TBF
steels, is not primarily stabilized by carbon enrichment, but mainly by manganese redistri-
bution during an intercritical heat treatment [5,7]. To achieve this, a manganese content
of 4-10% is alloyed. The annealing conditions such as temperature, time and heating and
cooling rate play an important role in terms of the austenite quantity and stability [8]. In
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particular, the annealing temperature has to be chosen carefully to obtain metastable austen-
ite that does not transform into martensite during the final cooling step. The stability of the
austenite, which depends among other things on its chemical composition, its grain size
and the surrounding matrix, is ultimately responsible for the TRIP effect [9]. Depending on
the microstructure prior to the intercritical annealing, the shape of the austenite grains can
either be globular or lath-like [10]. In this context, a lath-like austenite is reported to be
more stable and offers enhanced mechanical properties [10].

Due to the desired establishment of medium-Mn steels for automotive applications,
their workability has to be taken into account. In this context, the resistance spot weldability
is of particular importance, as this process is the predominant joining technology in the
automotive industry [11]. However, the increased alloying content in third-generation
AHSS generally results in a pronounced hardening of the fusion zone (FZ), which reduces
their weldability compared to mild steels [12]. Consequently, the modification of the
microstructure of the FZ, for example, with a second pulse that acts as an in-process
heat treatment, represents a well-documented approach to improve their mechanical
performance [13-18]. This approach has already been successfully adopted to improve the
properties of the medium-Mn steel investigated in the present work [19].

In addition to the FZ, the microstructure of the heat-affected zone (HAZ) also influ-
ences the mechanical performance of spot-welded AHSS sheets [12,13,20-22]. Generally, the
HAZ of AHSS can be subdivided into the upper critical heat-affected zone (UCHAZ), where
the temperature during welding exceeds the Az temperature; the intercritical heat-affected
zone (ICHAZ), where the peak temperature is between Az and A;; and the subcritical
heat-affected zone (SCHAZ), where the peak temperature is below A; [23]. The UCHAZ of
AHSS usually consists of a fully martensitic microstructure, whose grain size decreases
with increasing distance to the FZ because of the decreasing peak temperature [12,13,23-25].
Therefore, the UCHAZ can be subdivided into a coarse-grained heat-affected zone (CG-
HAZ) and a fine-grained heat-affected zone (FGHAZ) [18,25]. Additionally, all of the
bainite or martensite-containing AHSS exhibit a significantly softened SCHAZ as a result
of tempering effects, which is reported to potentially act as a local necking point and
therefore influences the mechanical properties of the welds in a negative way [13,23,26,27].
In these regards, the medium-Mn steels differ significantly from other AHSS. First of all,
their SCHAZ cannot soften due to the absence of martensite in the base material (BM).
Secondly, due to the stabilization by manganese, some retained austenite may still be
present in parts of the UCHAZ [28-30]. This is the consequence of the slower diffusion of
the substitutionally dissolved alloying element manganese compared to the interstitially
dissolved carbon at elevated temperatures [31]. The higher temperature in the CGHAZ
leads to a more uniform distribution of manganese, and therefore the fraction of austenite
is significantly reduced compared to the FGHAZ [29,30].

The tensile properties of these zones are of great importance regarding the mechanical
performance of the welds and have already been investigated in the literature for a number
of AHSS [24,26,29,31]. As the CGHAZ offers high strength at low total elongation, it
is usually very brittle, which may promote crack propagation through this zone [24,26].
Because of grain refinement, both strength and total elongation increase in the FGHAZ [24].
In contrast, the strength in the ICHAZ and SCHAZ is lower compared to the BM at a
high total elongation [24]. Embrittlement of the fully martensitic CGHAZ and associated
deterioration of the mechanical performance of the welds is also reported for a medium-Mn
steel [29]. In the FGHAZ, both the strength and ductility increase due to fine martensite and
the presence of austenite. Therefore, a targeted adjustment of this microstructure at the area
where failure occurs is very promising. An approach to achieve remarkable improvement
of the ductility of the CGHAZ by in situ post-weld heat treatment was already presented
by Park et al. [31] and can be seen as a first step towards targeted HAZ design.

However, since the diffusivity of manganese is very sensitive to temperature, it
can be assumed that the manganese distribution and thus the austenite stability varies
strongly over the entire HAZ of medium-Mn steels, which may lead to position-dependent
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mechanical properties. Therefore, the present work aims to investigate the thermal stability
of the austenite in the HAZ as a function of the distance to the FZ and determine its
influence on the local mechanical properties. While all the available studies [24,26,29,31]
rely on a finite element (FE) software, namely SORPAS (Lyngby, Denmark) by SWANTEC,
to simulate the thermal cycle during resistance spot welding (RSW), a different approach is
presented in this work, which allows the precise replication of the temperature profile and
the investigation of the entire HAZ in a small step size based on the actual microstructure.
To achieve this, samples were heat-treated on a thermal simulator in order to reproduce
the microstructure of the HAZ. For this purpose, sheets were rapidly heated to various
peak temperatures quickly quenched to physically simulate the thermal profile in the
HAZ during the RSW process. By comparing the microstructure and the hardness of the
physically simulated HAZ samples and the HAZ, the local peak temperatures within the
HAZ during an RSW cycle could be determined. On the physically simulated HAZ samples,
the mechanical properties and the retained austenite were ascertained. Knowledge of the
local properties allows targeted HAZ engineering to improve the mechanical properties of
the weld in the future.

2. Materials and Methods

The investigated medium-Mn steel has a nominal composition of 0.1 C/6.4 Mn/0.6 Si
(wt%). The resistance spot welded steel sheets were uncoated and had a thickness of
1.18 mm. RSW was conducted on a MFDC-1000 Hz pedestal-type welding machine from
Nimak (Wissen, Germany), which is equipped with an AutoSpatz regulator (Matuschek,
Alsdorf, Germany) to deliver constant current. As recommended in VDEh SEP1220-2 [32],
F1-16-20-6 electrodes that operated at a clamping force of 4.0 kN were used. The samples
were welded for 280 ms at a current of 4.8 kA, representing the current, which is just high
enough to produce a weld nugget with a diameter of 4 x /t, where t is the sheet thickness.

The different parts of the HAZ were physically simulated by heat-treating sheets of
150 x 20 x 1.2 mm? on a self-constructed joule-heating thermal simulator. The sheets were
heated to different peak temperatures ranging from 1300 to 500 °C in steps of 50 °C, at
a rate of about 1300 K/s and then quenched as quickly as possible by means of a water
spray. The cooling rate was safely above the critical cooling rate to form martensite. A
thermocouple Type K (Ni-CrNi) is welded onto edges in the middle of the sample to
facilitate the temperature control. The AC power transformer allows a regulation interval
of 20 ms, while the temperature is measured each millisecond. The overall temperature
field is homogeneously distributed along the full thickness and width of the sample along
50 mm of length.

The mechanical properties of the flat tensile samples (n = 1) with the geometry illus-
trated in Figure 1 were evaluated by tensile testing according to DIN EN ISO 6892-1 [33]
on a BETA 400/150-150 testing machine from Messphysik (Fiirstenfeld, Austria). The sam-
ples were tested longitudinally to the rolling direction. The austenite phase fraction was
determined via magnetic saturation measurement (voestalpine-Mechatronics). Hardness
testing on the HAZ and the physically simulated HAZ samples was performed at a load of
300 g and a dwell time of 10 s on a Qness hardness tester Q60A+ (Golling, Austria). The
hardness of the HAZ was determined from the average of three tests, along vertical lines at
an angle of 10° to the sheet/sheet interface according to the isotherms. The vertical distance
between the indents within one line was 200 um. In order to meet the required minimum
distances between the indent at a still high small step size of 75 pm, an alternating offset of
100 um was selected between the respective lines. The hardness of the physically simulated
HAZ samples represents an average of five tests.
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Figure 1. Dimensions of the flat tensile samples.

For the microstructural characterization, cross-sections were ground, polished and
etched with a 3% Nital solution. An M1M Imager equipped with an AxioCam MRc5
camera, both from Zeiss (Oberkochen, Germany), was used for light optical microscopy
(LOM). The microstructure of the HAZ was determined at eight positions with a distance of
150 um. Secondary electron (SE) scanning electron microscopy (SEM) images were obtained
on a VERSA 3D from FEI (Hillsboro, OR, USA). Electron backscattered diffraction (EBSD)
measurements were performed with a step size of 25 nm at a working distance of 15 mm
and at an acceleration voltage of 20 kV on the aforementioned SEM, which is equipped with
an EDAX Hikari XP (Mahwah, NJ, USA) EBSD system. Since EBSD requires a deformation-
free surface, the polished cross-sections were additionally ion milled for 15 min with an
ArBlade5000 ion milling system from Hitachi (Chiyoda, Tokio, Japan). Data evaluation was
done with the software package OIM Analysis 7 from EDAX (Mahwah, NJ, USA) without
any clean-ups. The backscattered electron (BSE) SEM and the energy-dispersive X-ray
diffraction (EDX) measurements were conducted on a TESCAN CLARA (Briinn, Czech
Republik). EDX measurements were performed at an acceleration voltage of 15 kV, using
an X-Max system and the Aztec software from Oxford Instruments (Abington, UK).

3. Results and Discussion
3.1. Microstructure of the Base Material

The microstructure of the BM consists of a ferritic (body-centered cubic, bcc) matrix
with a considerable fraction of finely dispersed austenite (face-centered cubic, fcc), which
is predominantly present in a lath-like arrangement, as shown in the EBSD phase map
in Figure 2a, and has a hardness of 288 HV. The data points with a confidence index (CI)
below 0.1 were disregarded and are shown in black. They represent either grain boundaries
or austenite, which is too fine to be reliably indexed. The numbered circles mark the nine
locations where EDX measurements were conducted to determine the manganese content.
Due to the similar atomic number of iron and manganese, there is no pronounced chemical
contrast using BSE, but the austenite appears slightly brighter due to the higher packing
density [34], as can be seen in Figure 2b. Larger, globular austenitic regions contain a
manganese content of 11.5 to 12.5 wt% (spots 1-3). However, since the grain size of the
austenite is very small, the EDX spot always excites a certain amount of ferrite as well,
which generally leads to an underestimation of the manganese content of the austenite.
For this reason, more manganese is measured in large austenite islands (spot 4), while
less is detected in thin laths (spot 5). The ferritic matrix (spots 6-9) is slightly depleted
in manganese compared to the nominal composition of 6.4 wt%. Ferrite that is far from
manganese-rich austenite, such as spots 6 and 7, has a higher manganese content than that
located adjacent to austenite, such as spots 8 and 9. However, as stated above, the EDX
spot excites a relatively large volume that likely contains some austenite, which leads to an
overestimation of the manganese content of the ferrite. Due to the higher content of less
noble manganese, the austenitic areas were more severely attacked by the Nital etchant
compared to the ferritic matrix, as illustrated in the corresponding SE image in Figure 2c.
The circular shading at positions 1-9 is caused by carbon contamination during the EDX
measurements. At these points, the surface was protected from the etchant; hence, there is
no etching attack.
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total fraction | 0.800 | 0.116 | Mn(wt%) | 11.5 | 11.8 | 12.5 | 13.4 | 9.7 | 6.1 | 6.5 | 5.5 | 5.1

Figure 2. (a) EBSD phase map of the base material, (b) corresponding BSE image and (c) correspond-
ing SE image after Nital etching. The numbered circles (1-9) indicate the points where the manganese
content was determined with EDX.

3.2. Characterization of the Heat-Affected Zone

The microstructure of the HAZ was determined at eight positions with a distance of
150 um, as shown in the LOM image in Figure 3. Nital etching reveals a change in the
microstructure between positions 3 and 4 as well as near position 7.

Figure 3. LOM image of the etched HAZ with the different positions numbered from 1-8.

As can be seen in the phase map in Figure 4a, no austenite was detected by EBSD
at position 1, and the high hardness of 427 HV suggests that the bcc phase represents
martensite instead of ferrite. The non-indexed black areas represent martensite block
boundaries. The microstructure at position 2 is predominately martensitic with some small
individual austenitic regions according to the EBSD phase map illustrated in Figure 4b.
The hardness increases to 446 HV. As can be seen in Figure 4c, distinctive austenite grains
are detected at position 3. The indexed austenite fraction is still low at 1.2%. However,
thin films are below the resolution limit, and therefore it is reasonable to assume that
the austenite fraction is underestimated as austenite most likely represents a significant
amount of the unindexed points. The hardness further slightly increases to 455 HV. The
continuous increase in hardness in this predominantly martensitic region can be explained
by grain refinement of the martensite due to the lower austenitization temperature with
increasing distance to the FZ. At position 4 (Figure 4d), a considerable amount of austenite
of 5.3% with a CI > 0.1 is present. Some of it exhibits a lath-like morphology. The increased
austenite fraction leads to a more selective etching attack, which explains the different
appearance of this zone between positions 4-6 in the LOM image in Figure 3. The EBSD
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phase map at position 5 in Figure 4e reveals an austenite phase fraction of 11.2%, which
remains almost constant at position 6 (10.8%), as indicated by Figure 4f. The hardness
at positions 4-6 is 445, 447 and 437 HV, respectively. Near position 7, the microstructure
changes again, as illustrated in Figure 3. This correlates to the ICHAZ, where the material
is partly austenitized. Therefore, the microstructure consists of ferrite, martensite and
austenite. At position 7, shown in Figure 4g, the austenite fraction increases to 13.2%,
and the low hardness of 306 HV illustrates that the bcc phase predominantly represents
ferrite instead of martensite. However, the slightly increased hardness compared to the
BM indicates that some martensite may be present, which cannot be distinguished from
ferrite by EBSD phase maps due to the same crystal structure. A distinction via the image
quality as applied in other third-generation AHSS [35,36] is not possible because the low
carbon content in the medium-Mn steel results in low distortion of the martensitic lattice.
For positions beyond, the A; temperature is no longer exceeded. Therefore, the bcc phase
consistently represents the soft ferrite. With a fraction of 15.3%, as illustrated in Figure 4h,
the austenite fraction reaches a maximum at position 8 and the hardness of 293 HV hardly
differs from that of the BM.

427 HV0.3[(b)

| 2um_[Pos 2

[ phase |
m
55 1V03 ) (447 V0.3 (D)

2t [pos 5
phase

| phase |

total fraction

Figure 4. EBSD phase map of the HAZ taken at (a) position 1, (b) position 2, (c) position 3, (d) position 4, (e) position 5,

(f) position 6, (g) position 7 and (h) position 8, as indicated in Figure 3.
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The increasing fraction of austenite with increasing distance to the FZ is also reflected
in BSE images and EDX measurements in Figure 5. As can be seen in Figure 5a,b, the BSE
contrast at positions 1 and 2 is very low and mainly caused by the orientation contrast of
the martensitic laths. Neither EDX measurements at bright areas (red points), nor at dark
areas (green points), indicate pronounced manganese enrichment or depletion, which can
be explained by the enabled diffusion of manganese at high temperatures. The BSE contrast
at position 3 in Figure 5c is enhanced compared to positions 1 and 2. Analysis of two
particularly bright areas (points 1 and 2) reveal a manganese content of 13.1 and 10.8 wt%,
respectively. The high manganese content suggests that these areas most likely represent
austenite. At position 4 (Figure 5d), manganese is not completely homogenized, and lath-
like features resembling the morphology of austenite in the BM can be seen in BSE contrast.
Particularly large bright areas have a manganese content of 12.8 and 13.1%, respectively,
and therefore represent austenite, while the dark areas are depleted in manganese and
correspond to martensite. Position 5 only shows low temperatures, and therefore the
characteristic lath-like morphology of the austenite is almost completely retained, resulting
in a high contrast in the BSE image in Figure 5e. The bright areas have a manganese content
of 11.3 and 11.4%, respectively, while the dark areas are slightly depleted in manganese
with 5.1 and 5.3%, respectively.

55 o8 | nuo 170163 61171 s | 121 1108 61 L6.1
o)

. o 21 [pos 5|
EDX spot || EDXspot [T

Mn (Wt%) 5.5 | Mn (Wi%)

Figure 5. BSE images of the HAZ taken at (a) position 1, (b) position 2, (¢) position 3, (d) position 4, and (e) position 5, as

shown in Figure 3. The numbered circles (1-4) indicate the points where the manganese content was determined with EDX

for each position.

3.3. Characterization of the Samples of the Physically Simulated Heat-Affected Zone

To simulate the temperature profile in the HAZ during RSW, sheets were heated to
different peak temperatures as quickly as possible and then rapidly quenched. In order to
correlate the microstructure of the physically simulated HAZ samples to the HAZ, their
microstructure was investigated by means of EBSD as well. As can be seen in Figure 6a,b,
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peak temperatures of 1300 °C and 1200 °C lead to a fully martensitic microstructure after
quenching with a hardness of 415 and 434 HYV, respectively. At a peak temperature of
1100 °C, a low fraction of 1.2% austenite with a CI > 0.1 is present, as shown in Figure 6c,
and the hardness slightly increases to 446 HV. The austenite fraction increases to 3.4% at a
peak temperature of 1000 °C with a hardness of 443 HV (Figure 6d). The EBSD phase map
at 900 °C (Figure 6e) reveals an austenite fraction of 10.3%, which predominantly exhibits
a lath-like morphology. With 444 HV, the hardness stays almost constant. At 15.2%, the
austenite fraction detected by EBSD reaches a maximum at a peak temperature of 800 °C,
as illustrated in Figure 6f. Since the hardness only moderately decreases to 426 HV, the bcc
phase presumably predominantly represents martensite. As can be seen in Figure 6g, a
peak temperature of 700 °C results in a low hardness of 282 HV with an austenite fraction
of 13.8%.

415 HV0.3 |(b) 434 HV0.3 |(c) 446 HV0.3

2 um

phase phase

| 0.953 | 0.000 | total fraction | 0.953 | 0.000 | total fraction | 0.901 | 0.012 |

2 pm

T = S00°C

phase

phase

total fraction

total fraction

282 HV0.3

total fraction

Figure 6. EBSD phase map of the physically simulated HAZ samples heated to a peak temperature of (a) 1300 °C, (b) 1200 °C,
(c) 1100 °C, (d) 1000 °C, (e) 900 °C, (f) 800 °C and (g) 700 °C and subsequently quenched as quickly as possible.
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3.4. Correlation of the Physically Simulated HAZ Samples to the Heat-Affected Zone

In order to determine the local peak temperatures that were present in the HAZ during
welding, the microstructure and the hardness of the physically simulated HAZ samples
were compared to the HAZ. The EBSD phase maps of the physically simulated HAZ
samples show that the microstructure at the peak temperatures of 1300 °C and 1200 °C is
fully martensitic. A minor fraction of 1.2% austenite is detected at a peak temperature of
1100 °C, which corresponds to position 3 in the HAZ. As illustrated in Figure 4c, position 3
represents the closest point to the FZ where individual austenitic grains and a comparable
fraction of austenite were detected by EBSD. The ICHAZ represents another characteristic
point of reference, since it is accompanied by a sharp drop in hardness due to the change
of a martensitic to a ferritic matrix. From the optical micrograph in Figure 3 and the
sudden decrease in hardness from 437 HV at position 6 (Figure 4f) to 306 HV at position 7
(Figure 4g), it can be inferred that the ICHAZ is close to position 7. In the physically
simulated HAZ samples, the hardness abruptly drops from 426 HV at a peak temperature
of 800 °C (Figure 6f) to 282 HV at a peak temperature of 700 °C (Figure 6g). Thus, it
can be concluded that the ICHAZ has a temperature between 700 and 800 °C during the
RSW cycle. The remaining points were fitted under the assumption of a roughly linear
decrease of the peak temperature with increasing distance to the FZ, as can be derived
from the results of Park et al. [30]. As shown by Figure 7, the resultant hardness profile
of the HAZ (blue squares) and the physically simulated HAZ samples (red circles) show
good agreement. Further, the austenite phase fraction and morphology in the EBSD phase
maps of the HAZ in Figure 4 and the physically simulated HAZ samples in Figure 6 also
correspond well. In summary, the temperature profile of the HAZ could be reproduced
and therefore enable the determination of the austenite fraction and the local mechanical
properties of the HAZ by means of the physically simulated HAZ samples.

peak temperature (°C)
1300 1200 1100 1000 900 890 790 600 500

4501 I‘Q S ; | [ 450
R {{{- b |
~ : _
S e s -r't"?' ik

2 40011 g | ign SUCR I ®  # 400
Bloilolo o o o oloh
S 1 ¢ . ¢ e s e ® » o

= 3504 | - 350
= ¢ e  eEIgUENL ¢ S & . ¢

'; . 1 i re s

3004 4 HAZ T 300

le phy51cally51mulatedHAZ -

100 250 400 550 700 850 1000 1150 1300
distance to the fusion zone (pum)

Figure 7. Correlation of the peak temperature of physically simulated HAZ samples to the HAZ,
which is shown in the background, by means of the EBSD phase maps and the hardness profiles.
The numbered circles (1-8) represent the different positions of the HAZ where the microstructural
characterization was done, as already described by Figure 3. The blue squares represent the hardness
of the HAZ as a function of the distance to the FZ (lower axis). The red circles represent the hardness
of the physically simulated HAZ as a function of the peak temperature (upper axis).
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3.5. Austenite Fraction and Local Mechanical Properties

Although EBSD phase maps allow a qualitative comparison of the austenite fraction,
as demonstrated in the previous sections, the extremely fine microstructure results in a
systematic underestimation of the austenite fraction by EBSD. Therefore, it was quantified
on the physically simulated HAZ samples using magnetic saturation measurements. The
magnetic determination of the austenite fraction of the BM revealed a fraction of 27.2%,
which illustrates on the one hand the considerable underestimation by EBSD (11.6%) and
on the other hand shows that the medium-Mn steel investigated in the present work has a
significantly higher austenite fraction than medium-Mn steels in comparable studies [28,29].
The yield strength (YS) of the BM is 639 MPa, the tensile strength (TS) is 864 MPa and the
total elongation (Ajs) is 33.6%, as determined via tensile testing of a flat tensile sample.
Since the peak temperatures of the physically simulated HAZ samples were correlated to
the thermal profile of the HAZ, as described in the previous section, the austenite fraction
and the local mechanical properties of the HAZ can be determined and are summarized
in Figure 8. The results show that the austenite fraction is close to zero above a peak
temperature of 1150 °C. With this predominantly martensitic phase, both YS and TS
increase continuously with greater distance to the FZ. This is due to decreasing grain size
at lower peak temperatures, and a maximum of 1102 MPa and 1371 MPa is reached near
position 3. Aj5 remains at a more or less constant level between 11.6% and 13.1%. The
austenite fraction increases almost linearly from 1.7% at position 3 to 26.9% at position
6. The increasing fraction of austenite leads to a moderate increase in Ajs from 11.6% to
15.8% in this zone. YS and TS are determined by the interplay of the strength-increasing
mechanism of grain refinement and the strength-decreasing effect of the reduced martensite
phase fraction. Both decrease continuously and reach a value of 928 MPa and 1269 MPa,
respectively, in the very outer UCHAZ.
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Figure 8. Austenite fraction (blue circles), tensile strength TS (upwards directed red triangle),
yield strength YS (downwards directed red triangle) and total elongation A;5 (blue squares) of the
simulated HAZ. The microstructure of the HAZ after Nital etching is shown in the background.
The numbered circles (1-8) represent the different positions of the HAZ where the microstructural
characterization was done, as already described by Figure 3.
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In the very narrow ICHAZ, which has a peak temperature of approximately 750 °C, the
ferrite is only partly transformed into austenite during heating, and the final microstructure
after quenching consequently consists of a mixture of austenite, ferrite and some martensite.
This leads to a significant reduction in YS and TS to 791 MPa and 1164 MPa, respectively,
with a simultaneous still slight increase of Aj5 to 17.1%. At a peak temperature of 700 °C,
no martensite is present, and therefore both YS and TS decrease tremendously to 581 MPa
and 861 MPa, respectively, and A5 increases sharply to 36.1%. With 32.1%, the austenite
fraction reaches a maximum at this position and is noticeably higher compared to the BM.
This may be because at this temperature, small amounts of ferrite are still transformed
into austenite during heating. In this temperature regime, manganese enrichment may
take place, which stabilizes the newly formed austenite. Therefore, no transformation
into martensite during the final quenching takes place, and more retained austenite is
stable. Lower temperatures do not influence the microstructure, and therefore the austenite
fraction and the mechanical performance are equal to those of BM.

To sum up, the austenite retention and local mechanical properties of the HAZ strongly
depend on the distance to the FZ, which illustrates the importance of investigating it
with a small step size. It is shown that the outer FGHAZ with a high phase fraction
of austenite does not display the highest strength, due to the grain refinement of the
martensite as suggested in the literature [29], but the zone near position 3 does, where
little austenite is present. With increasing distance to the FZ, the strength of the UCHAZ is
determined by the interplay of the strength-increasing mechanism of grain refinement and
the strength-decreasing effect of the reduced martensite phase fraction, while elongation
continuously increases. Nevertheless, it must be mentioned that the mechanical properties
of the physically simulated HAZ samples may not exactly represent the local mechanical
properties of the HAZ, because, for example, differences in thermal history including
holding time may affect the yield stress and plastic flow behavior.

4. Summary

In the present work, the microstructure and local mechanical properties of the HAZ
of a resistance spot welded medium-Mn steel were investigated. The presented approach
provides a way to obtain the temperature profile of the HAZ with a small step size and
without relying on complex FE simulations and the most accurate data input data derived
from time- and money-consuming investigations. For this purpose, the entire HAZ was
characterized by means of SEM, EBSD and hardness measurements and compared to
samples heat-treated on a thermal simulator. The temperature profile of the HAZ could be
reproduced, and therefore the determination of the austenite phase fraction and the local
mechanical properties of the HAZ was possible. Based on these findings, it can be con-
cluded that the austenite in medium-Mn steels exhibits high thermal stability, which leads
to highly position-dependent mechanical properties. It is shown that peak temperatures
above 1200 °C lead to a uniform distribution of manganese, resulting in a predominantly
martensitic microstructure with high strength and low total elongation after quenching.
Below 1100 °C, the diffusion of manganese is inhibited, and a considerable fraction of
austenite remains stable. The austenite fraction increases almost linearly with decreasing
temperature, which leads to an increase in the total elongation and a slight decrease in the
strength with a greater distance to the FZ. Temperatures below 700 °C exhibit hardly any ef-
fect on the microstructure and mechanical properties. The microstructural and mechanical
characterization conducted in this work, combined with the simulated temperature profile,
is intended to be the basis for future efforts to specifically manipulate the microstructure
of the HAZ, for example, by means of a post-weld heat treatment, in order to potentially
improve the mechanical performance of the entire weld.
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