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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 t

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.
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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 × 150 mm2) 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 µm, 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 × 500 µm2 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, Brünn, 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 Fmax 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, Fmax decreases to 4.1 and 4.3 kN with a
pullout ratio of 40% and 56%, respectively.

Metals 2020, 10, x FOR PEER REVIEW 4 of 11 

 

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, Brünn, 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 numer-
ical 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 Fmax 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, Fmax decreases to 4.1 and 4.3 kN with a 
pullout ratio of 40% and 56%, respectively. 

 
Figure 2. Average maximum force, Fmax, 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 cool-
ing 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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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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3.3. Dynamic Resistance Curves

The heat generation, Qw 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

Qw
R(T)

= I2 ∗ t︸ ︷︷ ︸
const

(1)

where I is the electrical current in amperes, R(T) the temperature-dependent, and therefore,
dynamic electrical resistance in ohms and t 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 µΩ in the case of
the medium-Mn steel sheets under investigation. It breaks down within a few milliseconds
to 150 µΩ, the so-called α-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 β-peak of 190 µΩ represents the point where the temperature stabilizes, and the
nugget growth begins to dominate. After the β-peak, the resistance continuously decreases
due to the increasing nugget size to a final resistance of 115 µΩ. 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 µΩ 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 µΩ at the beginning of the second pulse and rises continuously
to 80 µΩ in Figure 4d. The resistance drop is even more pronounced after cooling times
of 200 and 500 ms. It decreases to 40 and 30 µΩ at the beginning of the second pulse and
reaches a final resistance of 70 and 60 µΩ, 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.
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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 420–430 HV, 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.
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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 × 500 µm2 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.

Metals 2020, 10, x FOR PEER REVIEW 7 of 11 

 

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 × 500 µm2 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 de-
picted 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 maxi-
mum heat dissipation. After a 50 ms lasting cooling time, the second pulse leads to a no-
ticeable 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. 

 
Figure 6. IPF maps of the bcc phase of the areas indicated by red boxes in Figure 3 for the (a) sin-
gle 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 ver-
tical 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 segre-
gations 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%. 

 
Figure 7. EDX mapping of the manganese distribution of the center of the FZ of the single pulse 
weld. 

Figure 6. IPF maps of the bcc 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%.
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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.
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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 Fmax (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 Fmax 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 µΩ. 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 µΩ, 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 µΩ, 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 6c. 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, Fmax 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, Fmax 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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