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Abstract: This work aims at investigating the spot weldability of a new advanced Quenching
and Partitioning (Q&P) steel and a Transformation Induced Plasticity (TRIP) steel for automotive
applications by evaluating the effects of the main welding parameters on the mechanical performance
of their dissimilar spot welds. The welding current, the electrode tip voltage and the electrical
resistance of sheet stack were monitored in order to detect any metal expulsion and to evaluate its
severity, as well as to clarify its effect on spot strength. The joint strength was assessed by means of
shear and cross tension tests. The corresponding fracture modes were determined through optical
microscopy. The welding current is the main process parameter that affects the weld strength,
followed by the clamping force and welding time. Metal expulsion can occur through a single large
expulsion or multiple expulsions, whose effects on the shear and cross tension strength have been
assessed. Longer welding times can limit the negative effect of an expulsion if it occurs in the first part
of the joining process. The spot welds exhibit different fracture modes according to their strengths.
Overall, a proper weldability window for the selected process parameters has been determined to
obtain sound joints.

Keywords: dissimilar resistance spot welding; quenching and partitioning steel; transformation
induced plasticity steel; welding parameters; welding monitoring; mechanical strength; microstructures;
fracture modes

1. Introduction

Advanced high strength steels (AHSSs) are used extensively in the automotive industry for the
fabrication of more resistant and lighter components with the main aim of reducing fuel consumption
and gas emissions, and of improving passenger safety. Dual Phase (DP), Transformation Induced
Plasticity (TRIP), martensitic, complex phase and hot stamping boron steels are the most commonly
used AHSS grades for such applications. New AHSSs are currently under research and development to
achieve better combinations of ductility (e.g., crashworthiness and sheet formability) and mechanical
strength (e.g., impact resistance). In this context, Quenching and Partitioning (Q&P) steels appear to
be one of the most innovative and promising solutions. They are characterized by a microstructure
that consists of retained austenite and martensite: the former phase provides ductility and toughness,
the latter mechanical strength. On the basis of carbon content and volume fraction of austenite and
martensite, tensile strength can usually vary from 700 to 1300 MPa, while elongation at fracture can
vary from 10% to 25% [1,2]. At present, only car body prototypes are made of Q&P steels.
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The AHSSs used in the automotive industry are often welded together in dissimilar (different
steel grades joined together) configurations in order to assemble car body parts and body frames.
Dissimilar welding usually requires more precautions than conventional similar welding since the
steels to be joined may have different melting points, thermal conductivities, thicknesses, or need
different filler metals or pre-heats. Therefore, optimal welding parameters are often a compromise
based on the properties of steels. Generally, the reduction in heat input can limit some harmful effects
that occur during a joining process, such as cracks, thermal distortions, chemical segregations in the
fusion zone, wide heat affected zones, thereby promoting more sound dissimilar joints [3]. In other
cases, hybrid welding technologies (i.e., different welding techniques used simultaneously) are helpful
solutions to join steels that have very different chemical and physical properties [4]. Resistance spot
welding (RSW) is known to be the leading joining technique in the automotive industry due to its
suitability for automation and high operating speeds. Thousands of spot welds are usually performed
to join doors, body-in-white and other components in a vehicle. The quality and the mechanical
performances of RSW joints are crucial for the safety and durability design of a vehicle. In fact, many
of these joints are used in structural assemblies that are involved in transferring loads through the
body frame during a crash event, and may act as fold initiation sites to manage impact energy [5].
Moreover, the integrity and mechanical properties of spot welds also affect their fatigue and fracture
resistance and, in turn, the overall performance of a car body frame in terms of vibrations, noise and
harshness [6]. The main issues of an RSW process are ascribable to the complexity of the chemical (e.g.,
composition in the fusion zone) and physical phenomena (e.g., heat input) that are involved during
sheet joining. AHSS spot welds generally exhibit lower mechanical performances than those of the
base materials: the peculiar complex microstructures of AHSSs, which are obtained by means of strictly
controlled industrial thermo-mechanical processes, are destroyed completely in the fusion zone and
altered in the heat affected zone, where they are replaced by more brittle metallurgical constituents.

Therefore, the weldability of Q&P steels is one of the most important key factors in controlling
the possible usage of this steel grade in the automotive industry. Only a few preliminary studies about
the weldability of Q&P steels in similar and dissimilar configurations have been carried out so far.
Wang et al. [7] found that the fatigue performances of RSW joints of Q&P980 steels are similar to those
of DP steels with the same tensile strength during cross and shear tension tests. Russo Spena et al.
studied dissimilar RSW between a Q&P980 steel, a Twinning Induced Plasticity (TWIP1000) [8] and a
TRIP800 steel [9], and mainly assessed the welding parameters effects on the shear tension strength of
spot welds. In both cases, the welding parameters had to be carefully controlled in order to obtain
spot welds with an adequate shear tension strength for the automotive industry (with reference to
American Welding Society (AWS) and International Organization for Standardization (ISO) standards),
as well as to limit defects, such as metal expulsion and voids.

The spot welding of Q&P steels requires a rigorous control of the joining parameters in order
to achieve a suitable mechanical strength, fatigue resistance and energy absorption capability for the
automotive industry. For all of these reasons, the monitoring of RSW can be considered a useful
tool to collect information about the joining process and to help in determining proper weldability
windows. It is common practice to monitor the welding current and electrode tip voltage to detect
metal expulsion. The loss of molten metal from the nugget normally induces the formation of cracks,
voids and metal splashes. These defects reduce the mechanical performance of spot welds, in particular
under dynamic loads [10]. Moreover, metal expulsion has a harmful effect on weld bonding (spot
welding in conjunction with adhesive bonding) as it damages the adhesive layer [11]. As a result, it is
necessary to limit metal expulsion as much as possible since it may lead to nonconforming spot welds,
in terms of strength and defects, for the assembling of car body parts.

The aim of this study was to investigate the weldability of dissimilar Q&P/TRIP spot welds by
evaluating the effects of the welding current, clamping force and welding time on their microstructure
and mechanical strength. The current and electrode tip voltage were monitored during the welding
process in order to detect any metal expulsion and to evaluate its severity and effect on the load-carrying
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and absorption capability of the Q&P/TRIP joints. A design of experiment was adopted to realize
dissimilar welded lap- and cross-joint samples with different welding parameters. These specimens
were then subjected to shear and cross tension tests, respectively, in order to measure the maximum load
and the corresponding absorbed energy and displacement (an index of ductility) on the load-crosshead
displacement curves. The fracture modes of the welded shear- and cross-joint samples were assessed
from a macroscopic and microscopic standpoint. Optical and SEM microscopy, as well as Vickers
measurements, were used to determine the microstructures and hardness throughout the dissimilar
spot welds.

2. Materials and Methods

2.1. Q&P and TRIP Steels

A Q&P (grade Q&P980) sheet steel and a TRIP (ISO 1.0948) sheet steel were selected for the
dissimilar spot welding tests. These sheets were fabricated by means of industrial thermo-mechanical
rolling processes and provided in an annealed condition. The Q&P steel had a thickness of
1.1 ± 0.05 mm and was uncoated, while the TRIP steel was 1.5 ± 0.05 mm thick and was hot-dipped
zinc coated. The Q&P steel microstructure consists of a mixture of retained austenite and martensite,
whose volume fractions are about 60% and 40%, respectively (Figure 1a). TRIP steel exhibits a
more complex microstructure that is made up of a mixture of ferrite, retained austenite and bainite
(although the presence of a small amount of martensite cannot be excluded) (Figure 1b). In these steels,
ferrite and austenite contribute to formability and toughness, whereas martensite and bainite ensure
mechanical strength.
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2.2. RSW Welding and Monitoring 

Figure 1. SEM micrographs of the (a) Quenching and Partitioning (Q&P) and (b) Transformation
Induced Plasticity (TRIP) steels in as-received conditions.

The chemical compositions and the main mechanical properties of Q&P and TRIP steels are listed
in Tables 1 and 2, respectively.

Table 1. Chemical composition (wt. %) of the Quenching and Partitioning (Q&P) and Transformation
Induced Plasticity (TRIP) steels as measured by means of optical emission spectroscopy.

Steel C (%) Si (%) Mn (%) P + S (%) Al (%) Nb (%)

Q&P 0.22 1.41 1.88 <0.02 0.04 <0.001
TRIP 0.20 0.31 2.23 <0.02 1.05 0.022

Table 2. Main mechanical properties of the Q&P and TRIP steels. UTS: ultimate tensile strength;
YS: yield strength; ef: elongation at fracture.

Steel YS (MPa) UTS (MPa) ef (%) Hardness (HV0.5)

Q&P 655 1000 22 260
TRIP 525 890 27 225
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2.2. RSW Welding and Monitoring

Q&P and TRIP sheets were cut from large industrial sheets into coupons of 105 mm × 45 mm
and 150 mm × 50 mm, which were then tested by means of shear and cross tension tests, as discussed
hereafter. Both types of coupons were cut with the largest length along the rolling direction. Spot
welding tests were performed using an industrial medium frequency direct current machine (MFDC)
(Matuschek Messtechnik GmbH, Alsdorf, Germany) with an alternating current of 1 kHz. The smaller
coupons were welded together in a lap-joint configuration, Figure 2a, whereas the larger coupons
where welded in a cross configuration (Figure 2b). In both cases, spot welds were realized in the
middle of the overlapped area by means of two copper-chromium electrodes, each with a face diameter
of 6 mm, according to the AWS D8.9M standard [12].
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Figure 2. Geometrical size of the welded (a) shear tension and (b) cross tension specimens. Drawings
not to scale.

The sheet coupons were welded at varying currents, clamping forces and welding times, based
on the design of experiment, L-9(33) orthogonal array, shown in Table 3. The welding parameters
range was defined after a preliminary pilot experimentation, following the recommendation of the
ISO 18278-2 standard [13] and the industrial practice: the minimum current intensity was set to ensure
the occurrence of a minimal nugget size that allowed the formation of a complete button pull fracture
during a peel test (e.g., an incomplete pull out could be obtained for lower currents than 6 kA), whereas
the maximum current intensity was determined as a significant metal expulsion occurred. In order
to achieve consistent results, at least three samples were welded in a lap-joint configuration and two
samples in a cross-joint configuration for each welding combination.

Table 3. L-9(33) orthogonal array for the welding tests, both for the shear and cross tension
configurations. Iweld: welding current; Fclamp: clamping force; tweld: welding time.

Run Iweld (kA) Fclamp (kN) tweld (ms)

1 6 2 200
2 6 3 325
3 6 4 450
4 7.5 2 325
5 7.5 3 450
6 7.5 4 200
7 9 2 450
8 9 3 200
9 9 4 325
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The electrode tip voltage was measured with two electrical wires directly clipped to the electrode
tips. Twist pairs were used to reduce the induced voltage noise of the alternating welding current.
The current was measured with an electrical transducer that consisted of a Rogowski coil and an
integrator circuit (Figure 3). The transducer provided an output voltage that was proportional to the
welding current, in mV/A. The Rogowski coil was looped around the bottom electrode arm as close as
possible to the electrode tips to obtain signals related directly to the joining process.

Metals 2016, 6, 270 5 of 15 

 

The electrode tip voltage was measured with two electrical wires directly clipped to the electrode 

tips. Twist pairs were used to reduce the induced voltage noise of the alternating welding current. 

The current was measured with an electrical transducer that consisted of a Rogowski coil and an 

integrator circuit (Figure 3). The transducer provided an output voltage that was proportional to the 

welding current, in mV/A. The Rogowski coil was looped around the bottom electrode arm as close 

as possible to the electrode tips to obtain signals related directly to the joining process. 

 

Figure 3. The electrical transducer (Rogowski coil and integrator device) used in the welding tests 

[14]. 

The high alternating current (Iweld) through the electrode arms induced a variable magnetic field 

in the surrounding environment and, in turn, an induced voltage (Vcoil) in the Rogowski coil, as 

follows: 

Vcoil = H (dIweld/dt) (1) 

where H is the coil sensitivity (in Vs/A), which is a characteristic feature of the coil itself. Vcoil had to 

be integrated to reproduce the welding current waveform, so that 

out coil H welddV S V t S I   (2) 

where S is a characteristic factor of the integrator circuit and SH is the overall transducer sensitivity 

(in mV/A). As a result, it was possible to calculate the welding current by measuring the output 

voltage of the integrator and multiplying it by the transducer sensitivity (0.22 mV/A). The electrode 

tip voltage and welding current signals were collected simultaneously, each at a rate of 100,000 

samples per second, by means of an NI USB-6216 acquisition system (National Instruments, Austin, 

TX, USA). 

2.3. Microstructural and Mechanical Characterization of Spot Welds 

The lap- and the cross-joint samples were tested by using an axial testing machine (Easydur 

Italiana, Induno Olona, Italy), according to the AWS D8.9M standard [12]. All the tests were 

conducted with a crosshead speed set at 10 mm/min. Based on the AWS standard, the maximum load 

reached during each test, the energy absorbed and the displacement up to the peak load were 

collected from each test. The fracture modes of all the welded samples, an index of the fracture 

resistance capability, were visually assessed and classified in accordance with the AWS D8.1M 

standard [15]. 

Some welded specimens were cut along the middle section, polished, etched with chemical 

solutions (2% nital and/or picral reagents) and then examined by means of optical (Optika srl, 

Ponteranica, Italy) and SEM (Phenom-World, Eindhoven, The Netherlands) microscopy to detect the 

microstructures of the parent metals, the heat affected zones (HAZs), and the weld nugget. The spot 

weld geometry was characterized for each welding condition by evaluating the nugget diameter and 

spot thickness. A metallographic examination was also performed on the fractured shear and cross 

tension specimens to determine the regions where cracks propagated. 

Figure 3. The electrical transducer (Rogowski coil and integrator device) used in the welding tests [14].

The high alternating current (Iweld) through the electrode arms induced a variable magnetic
field in the surrounding environment and, in turn, an induced voltage (Vcoil) in the Rogowski coil,
as follows:

Vcoil = H (dIweld/dt) (1)

where H is the coil sensitivity (in Vs/A), which is a characteristic feature of the coil itself. Vcoil had to
be integrated to reproduce the welding current waveform, so that

Vout = S
∫

Vcoildt = SH Iweld (2)

where S is a characteristic factor of the integrator circuit and SH is the overall transducer sensitivity
(in mV/A). As a result, it was possible to calculate the welding current by measuring the output
voltage of the integrator and multiplying it by the transducer sensitivity (0.22 mV/A). The electrode tip
voltage and welding current signals were collected simultaneously, each at a rate of 100,000 samples
per second, by means of an NI USB-6216 acquisition system (National Instruments, Austin, TX, USA).

2.3. Microstructural and Mechanical Characterization of Spot Welds

The lap- and the cross-joint samples were tested by using an axial testing machine (Easydur
Italiana, Induno Olona, Italy), according to the AWS D8.9M standard [12]. All the tests were conducted
with a crosshead speed set at 10 mm/min. Based on the AWS standard, the maximum load reached
during each test, the energy absorbed and the displacement up to the peak load were collected from
each test. The fracture modes of all the welded samples, an index of the fracture resistance capability,
were visually assessed and classified in accordance with the AWS D8.1M standard [15].

Some welded specimens were cut along the middle section, polished, etched with chemical
solutions (2% nital and/or picral reagents) and then examined by means of optical (Optika srl,
Ponteranica, Italy) and SEM (Phenom-World, Eindhoven, The Netherlands) microscopy to detect the
microstructures of the parent metals, the heat affected zones (HAZs), and the weld nugget. The spot
weld geometry was characterized for each welding condition by evaluating the nugget diameter and
spot thickness. A metallographic examination was also performed on the fractured shear and cross
tension specimens to determine the regions where cracks propagated.
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Vickers microhardness measurements were performed to characterize the hardness of the
microstructures throughout the spot welds from the Q&P side, through the fusion zone and HAZ,
to the TRIP side. Hardness indentations were made using a 200 g load (HV0.2). The distance between
two successive indentations was either 0.2 or 0.4 mm.

2.4. Statistical Analysis

A multifactor analysis of variance (ANOVA) of the shear and cross strength values was carried
out to determine which welding parameters had a statistically significant effect on the spot weld
strength and their contributions. A multiple range test was used to determine how each factor affected
the mechanical strength of the Q&P/TRIP spot welds.

3. Results

3.1. Spot Weld Microstructural and Hardness Characterization

Dissimilar spot welds are usually characterized by chemical heterogeneity in the fusion zone, due
to the different chemical compositions of joined steels, and by nugget asymmetry, because of their
different thicknesses, melting points, thermal and electrical conductivities [8]. Figure 4 displays a
typical nugget obtained from the Q&P/TRIP welds, as well as the average nugget diameter and spot
thickness for the different welding runs. It can be seen that the nugget is slightly asymmetric with
respect to the faying surface (Figure 4a). This can mainly be attributed to the different thicknesses
of the welded sheets. As already known from the literature, the Q&P/TRIP nuggets widen as the
welding current is increased. The clamping force exhibits the opposite behavior instead: a larger force
reduces the shear strength of spot welds. This is coherent with the effect of the clamping force on a
microscopic scale: the area and the number of regions where the sheets and the electrode tips are in
direct contact increase as the clamping force increases. As a result, the total electrical contact resistance
and, hence, the current density decrease, and, in turn, the heat input also decreases. Therefore, the
spot welds tend to exhibit the smallest nuggets for the same current level when the highest clamping
force is used. The joint thickness is mainly reduced for increased clamping forces (Figure 4b).

Figure 5 shows the microstructural changes of the Q&P and TRIP steels in the HAZ regions (from
near the fusion zone to near the base metal), whereas two representative spot weld microhardness
profiles (welding configurations No. 3 and 7) are displayed in Figure 6. Overall, the microstructures of
the fusion zone and the HAZ of the Q&P and TRIP steels are similar in all the welding configurations;
however, their size changes at varying welding parameters. The heat input involved in the joining
process has a notable effect on the microstructures and, in turn, on the hardness of the joints and
steels. The high cooling rate in the fusion zone (between the two water-cooled electrode tips) induces
the formation of a full martensite microstructure, as also pointed out by the corresponding high
hardness values. The scattering in the hardness of the fusion zone can mainly be attributed to a
local inhomogeneous chemical composition (e.g., segregations). The regions close to the fusion zone
on both steel sides fully austenitized, thereby inducing the formation of a full martensitic structure.
The hardness of the martensitic structures in the HAZs of the Q&P and TRIP steels is quite similar, with
the former steel having a slightly higher hardness in some cases (consistently with the carbon content
of the two steels) (Figure 6a). Moving toward the parent steels, the thermal cycle promoted intercritical
transformations or tempering of the microstructures. On the Q&P side, martensite formed by cooling
from the intercritical regions. Far away, the previous martensite tempered, showing a decrease in
hardness with the presence of local minimum values, whereas the retained austenite transformed
into bainite, with a corresponding increase in hardness close to the base metal. On the TRIP side, the
previous bainite tempered, the retained austenite transformed into bainite, whereas the ferrite grains
slightly enlarged. Overall, a continuous decrease in hardness occurred from the martensitic region,
close to the nugget, to the base metal.



Metals 2016, 6, 270 7 of 15

Metals 2016, 6, 270 6 of 15 

 

Vickers microhardness measurements were performed to characterize the hardness of the 

microstructures throughout the spot welds from the Q&P side, through the fusion zone and HAZ, to 

the TRIP side. Hardness indentations were made using a 200 g load (HV0.2). The distance between 

two successive indentations was either 0.2 or 0.4 mm. 

2.4. Statistical Analysis 

A multifactor analysis of variance (ANOVA) of the shear and cross strength values was carried 

out to determine which welding parameters had a statistically significant effect on the spot weld 

strength and their contributions. A multiple range test was used to determine how each factor 

affected the mechanical strength of the Q&P/TRIP spot welds. 

3. Results 

3.1. Spot Weld Microstructural and Hardness Characterization 

Dissimilar spot welds are usually characterized by chemical heterogeneity in the fusion zone, 

due to the different chemical compositions of joined steels, and by nugget asymmetry, because of 

their different thicknesses, melting points, thermal and electrical conductivities [8]. Figure 4 displays 

a typical nugget obtained from the Q&P/TRIP welds, as well as the average nugget diameter and spot 

thickness for the different welding runs. It can be seen that the nugget is slightly asymmetric with 

respect to the faying surface (Figure 4a). This can mainly be attributed to the different thicknesses of 

the welded sheets. As already known from the literature, the Q&P/TRIP nuggets widen as the 

welding current is increased. The clamping force exhibits the opposite behavior instead: a larger force 

reduces the shear strength of spot welds. This is coherent with the effect of the clamping force on a 

microscopic scale: the area and the number of regions where the sheets and the electrode tips are in 

direct contact increase as the clamping force increases. As a result, the total electrical contact 

resistance and, hence, the current density decrease, and, in turn, the heat input also decreases. 

Therefore, the spot welds tend to exhibit the smallest nuggets for the same current level when the 

highest clamping force is used. The joint thickness is mainly reduced for increased clamping forces 

(Figure 4b). 

 
(a) 

 
(b) 
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and joint thickness obtained for the different welding conditions. The numbers from 1 to 6 define the
locations of the microstructures displayed in Figure 5.
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(b) TRIP sides: from close to the fusion zone (left-hand images) to the base metals (right-hand images).
The numbers from 1 to 6 refer to the locations pointed out in Figure 4.



Metals 2016, 6, 270 8 of 15

Metals 2016, 6, 270 8 of 15 

 

  
(a) (b) 

Figure 6. Typical microhardness profiles of the Q&P/TRIP welds. Welding configurations: (a) run No. 

3 (6 kA, 4 kN, 450 ms); and (b) run No. 7 (9 kA, 2 kN, 450 ms). 

3.2. Monitoring of the Welding Parameters 

Figure 7 shows the types of signals that were obtained from the monitoring of the welding 

current and electrode tip voltage. As metal expulsion did not occur, Figure 7a, the current increased 

at the beginning of the joining process until it reached the set value (root mean square, RMS). Then, 

the current was held constant by the electric inverter of the welding machine. Consequently, the 

electrode tip voltage and electrical resistance modified based on the changes in the growth of the 

nugget. 

  
(a) (b) 

  
(c) (d) 

Figure 7. Typical results of the monitoring of the welding current and electrode tip voltage, as well as 

of the calculated electrical resistance: (a) run No. 2 without metal expulsion; (b) run No. 4; (c) No. 7; 

and (d) No. 9 with metal expulsion. I: welding current; R: electrical resistance; V: electrode tip voltage. 

The presence of a metal expulsion abruptly reduced the electrical resistance of the sheet stack, 

inducing a local drop in the welding current and electrode tip voltage (Figure 7b–d). This drop in 

electrical resistance is amenable to the collapse around the nugget that reduces the sheet stack 

Figure 6. Typical microhardness profiles of the Q&P/TRIP welds. Welding configurations: (a) run
No. 3 (6 kA, 4 kN, 450 ms); and (b) run No. 7 (9 kA, 2 kN, 450 ms).

3.2. Monitoring of the Welding Parameters

Figure 7 shows the types of signals that were obtained from the monitoring of the welding current
and electrode tip voltage. As metal expulsion did not occur, Figure 7a, the current increased at the
beginning of the joining process until it reached the set value (root mean square, RMS). Then, the current
was held constant by the electric inverter of the welding machine. Consequently, the electrode tip
voltage and electrical resistance modified based on the changes in the growth of the nugget.
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Figure 7. Typical results of the monitoring of the welding current and electrode tip voltage, as well as
of the calculated electrical resistance: (a) run No. 2 without metal expulsion; (b) run No. 4; (c) No. 7;
and (d) No. 9 with metal expulsion. I: welding current; R: electrical resistance; V: electrode tip voltage.

The presence of a metal expulsion abruptly reduced the electrical resistance of the sheet stack,
inducing a local drop in the welding current and electrode tip voltage (Figure 7b–d). This drop in
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electrical resistance is amenable to the collapse around the nugget that reduces the sheet stack thickness
through which any additional current must flow along with the widened effective contact area due
to the expelled molten metal entrapped on the faying surface [16]. The resistance drop can be used
to quantify the severity of a metal expulsion: the larger the loss of material in an expulsion event,
the larger the reduction in dynamic resistance (in mΩ) [17]. Metal expulsion could happen through
a single large expulsion, Figure 7d, or through multiple expulsions (Figure 7b,c). The former type
occurred for run No. 9 and for some samples No. 8, whereas the latter occurred for runs No. 4 and
7 and for some samples No. 8. The appearance of a single expulsion is probably due to the largest
clamping force that was used (4 kN) in the welding configuration No. 9. Metal expulsion occurred
as soon as molten metal temporarily exceeded the compressive force of the surrounding solid, but
the high clamping force was then able to prevent further metal losses. In all the samples of No. 9,
the resistance drops occurred in the 140–170 ms range along with a reduction of 0.04–0.05 mΩ. The
number of expulsions increased as the clamping force was reduced since the molten metal was able
to reach a critical pressure several times during the joining process. Two or even fewer expulsions
were observed in the samples No. 8 (3 kN), but they were more numerous in the samples No. 4 and 7,
which were welded with the lowest clamping force (2 kN). It can be observed from Figure 7b,c that a
larger metal expulsion occurred at the beginning of the joining process, in the 40–60 ms range, and this
was then followed by other less severe expulsions. These expulsions took place over shorter times for
the samples No. 7, whereas they were distributed over longer times for the samples No. 4. The largest
expulsions were similar to those detected for the samples No. 9, which underwent a resistance drop of
0.04–0.05 mΩ. The successive expulsions, instead, exhibited a decrease in resistance of 0.01–0.015 mΩ.

3.3. Shear and Cross Tension Tests

The results of the shear and cross tension tests for the nine welding configurations are listed
in Table 4, whereas Table 5 shows the results obtained from the multifactor ANOVA carried out on
the strength values. The ANOVA results point out that all the welding parameters are statistically
significant, at the 95% confidence level, in affecting the shear strength of welded samples. The welding
current is the most important parameter influencing strength (55.9%), followed by the clamping force
(22.4%) and the welding time (5.6%). Owing to the lack of more experimental combinations, the possible
interactions among the welding parameters cannot be calculated, although their contribution is below
16.1% (residual contribution). The ANOVA performed on the cross tension values shows that the
welding parameters are not statistically significant at the 95% confidence level. This is due to the slight
changes in the strength values at varying welding combinations. However, some considerations can
be made if the cross strength is normalized to the spot weld size, as discussed hereafter.

Table 4. Results of the shear and cross tension tests for the different welding configurations. Displ.:
displacement; α: cross tension strength normalized to the spot weld size.

Run
Shear Tension Cross Tension

α

(kN/mm2)Strength
(kN)

Energy
(J)

Displ.
(mm)

Strength
(kN)

Energy
(J)

Displ.
(mm)

1 15.8 ± 0.9 21.9 ± 3.1 2.7 ± 0.3 4.96 30.4 10.9 0.95
2 16.1 ± 0.5 23.5 ± 1.3 3.0 ± 0.3 4.68 39.4 12.3 0.81
3 14.6 ± 0.1 18.8 ± 2.0 2.5 ± 0.3 4.65 25.6 9.3 1.00
4. 19.1 ± 1.0 30.8 ± 3.8 3.0 ± 0.2 4.83 50.7 14.5 0.78
5 19.9 ± 0.8 35.8 ± 2.9 3.5 ± 0.1 5.33 67.3 17.0 0.71
6 17.2 ± 0.7 25.3 ± 2.6 2.8 ± 0.1 4.49 44.8 14.2 0.74
7 21.4 ± 0.8 37.8 ± 5.8 3.4 ± 0.4 5.03 68.4 16.9 0.70
8 19.1 ± 0.6 33.1 ± 1.8 3.3 ± 0.1 5.05 49.8 14.0 0.78
9 17.2 ± 0.6 23.9 ± 2.7 2.7 ± 0.2 4.69 52.5 15.6 0.72
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Table 5. ANOVA analysis of the shear tension strength values of the spot welds. SS: sum of squares;
DoF: degree of freedom; MS: mean square; Fischer (F)-ratio; probability (p)-value.

Parameter SS DoF MS F-Ratio p-Value Contribution (%)

Current 75.06 2 37.53 46.1 <10−5 55.9
Force 31.12 2 15.56 19.1 <10−5 22.4
Time 9.01 2 4.50 5.5 0.012 5.6

Residual 16.28 20 0.81 16.1
Total 131.46 26

The influences of the welding parameters on the shear strength are summarized in the interval
plots of Figure 8. It can be seen that the welding current increases the shear strength of the spot welds
from 6 to 9 kA. However, the increase in strength is limited when the current passes from 7.5 to 9 kA.
This may be attributed to the occurrence of metal expulsions, which limit the improvement in strength
that could be obtained with a higher welding current. The effect of the clamping force on the shear
strength is similar at 2 and 3 kN, whereas it significantly reduces the shear strength at 4 kN. Two
main factors are responsible for the reduction in the spot strength as the clamping force is increased:
(i) higher clamping forces reduce the heat input and, in turn, the nugget size (as previously mentioned);
(ii) the indentation of the electrode tips on the sheet surfaces induces high stress concentrations in the
regions around the weld nugget [18,19]. The welding time has the same effect on the shear strength up
to 325 ms, whereas it increases the strength for 450 ms. However, its contribution is not important,
as can be deduced from the ANOVA table.
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Figure 8. Mean shear tension strength and standard error (95% confidence intervals) for each level of
the welding parameters: (a) welding current; (b) clamping force; and (c) welding time.

Figures 9 and 10 display the shear and cross tension strength as functions of the nugget diameter.
Since the displacement values have the same trend as the absorbed energy values, they have not
been plotted so as to avoid redundant data. As expected, the shear tension strength and absorbed
energy increase as the nugget size increases. Test run No. 7 (9 kA, 2 kN, 450 ms) gives the maximum
strength and absorbed energy coherently with the maximum current and welding time used for this
configuration. In this regard, even though metal expulsion occurred during run No. 7, due to the high
current, it only happened at the beginning of the joining process and not for most of the time (for about
300 ms), as shown in Figure 7c. This promoted the formation of large nuggets and, in turn, the highest
strengths. The metal expulsion had a more negative effect on the samples No. 8 and 9 for the same
current level. In fact, these samples exhibited similar shear strengths to those of the samples No. 4
and 6, which were welded with a lower current. Since they were welded with a shorter time, and large
expulsions occurred in the middle of the joining process, the capability of the nugget to growth was
probably reduced.
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As can be seen from Figure 9, although the samples No. 5 exhibit a slightly larger nugget
and they did not experience any expulsion, they exhibit lower strength values than samples No. 7.
Considering that the welding time has a low contribution to the shear strength (see the ANOVA table),
this discrepancy may be attributed to the stronger electrode indentation caused by the higher clamping
force. This would also justify the higher strength values of the samples No. 4 than those of the samples
No. 6, which have a similar nugget but were subjected to a higher clamping force, as well as the lower
strength values obtained for the samples (welded with the same current level) that were clamped
with the highest force. Absorbed energy shows the same trend as the shear strength. Therefore, metal
expulsion also reduces the energy absorbing attitude of the spot welds during mechanical loading,
and also presumably their tendency to withstand impulsive loads in the case of vehicle accidents.

A common way of assessing the mechanical response of cross-welded samples is to make use of
the α ratio normalized to the spot weld size, in kN/mm2, as follows [20]:

α = CTS/(dn × ths), (3)

where CTS is the cross tension strength, dn is the nugget diameter and ths is the sheet thickness.
Since the experimental welding tests involved steels with different thicknesses, α has been computed
considering the minimum thickness, based on the ISO standard [13], where the thinnest sheet also
guides welding parameters. On the basis of the α values, three different groups can be defined from
Figure 10a, where the typical linearity between stress and nugget size is held. The first group includes
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runs No. 1 and 3, where α is about 1. The second group consists of samples welded with different
welding currents, with the cross tension strength increasing as the current is increased, where α is
about 0.8. In the third group, α is about 0.7. The graph shows roughly that the capability of spot
welds to withstand cross tension stresses, in terms of strength per unit of area, reduces as the nugget
increases and metal expulsion occurs. Samples with large nuggets that experienced metal expulsions
at high currents (runs No. 7–9) exhibit similar cross tension strengths to those of the samples welded
with lower currents. These results are coherent with those of a previous work by Huin et al. about the
dissimilar welding of DP and hot stamping boron steels [21].

3.4. Spot Weld Fracture

During the shear tension tests, the Q&P/TRIP spot welds could fail either by interfacial fracture
or by button pull (Figure 11). Interfacial fractures occurred in all of the samples welded during the run
No. 1 and in some samples obtained with runs No. 2 and 3. This fracture mode is due to the small size
of the nuggets, which were not able to sustain large shear stresses. It can be noted that the tendency of
interfacial to button pull fracture from low to high current is coherent with the increase in the size of
the nugget.
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Figure 11. Modes of fractures of the spot welds obtained after the shear tension tests: (a,b) interfacial
fracture; (c,d) button pull with the fracture path mainly along the nugget border; and (e,f) button pull
with the fracture path through the steel sheet.

The button pull fractures could appear in two different modes, depending on the crack
propagation path. In one case, a fracture grew along the lateral border of the nugget (with respect to
the cross section in Figure 4a) and through the sheet in the samples with an intermediate shear tension
strength, as occurred for the runs No. 6 and 9, and partially for runs No. 2–5. In other cases, cracks
spread in the HAZ of the Q&P steels, particularly in the region where the original microstructures
tempered due to the heat input, as occurred for runs No. 7 and 8 and partially for runs No. 4 and 5.
In both of the button pull fractures, failure mainly occurred on the Q&P side, due to its reduced
thickness compared to the TRIP steel. The transition from the two types of failures is induced by the
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bending moment caused by the rotation of the welded joint during the mechanical test. In fact, if the
weld nugget is sufficiently large, it can rotate during the test. Therefore, the stress condition, which
is initially shear, primarily becomes tensile along the sheets [19]. At this state of stress, the region
with the lowest tensile strength breaks, thus leading to the final fracture. This explanation justifies
the fracture in the HAZ of Q&P steels where the martensite tempered, this being the region with the
minimum hardness (see Figure 6) and, in turn, the minimum strength.

The fracture modes that have been obtained from the cross tension tests are summarized in
Figure 12. The spot welds exhibit two different modes of fracture: interfacial fracture with button
pull and button pull by partial dome fracture. Coherently with the thinner thickness, the Q&P sheet
deformed more than the TRIP sheet, and the fractures mainly propagated on the Q&P side. The former
fracture only occurred for the samples welded during run No. 1, Figure 12a,b, due to the small size
of the nuggets generated by the low heat input. The cracks nucleated at the notch tip of the faying
surface, which is a site of stress concentration, and then propagated in an interfacial mode; at a given
distance, the bending moment involved in the nugget changed the crack path from the faying surface
to through the Q&P sheet, due to the cross load and the presence of the crack itself, up to the final
failure. The partial dome fractures could be characterized either by a crack propagation along the
border of the nugget and then through the Q&P sheet (Figure 12d) or by a fracture that could also
involve the HAZ regions of the two steels (Figure 12f). The transition between the two types of button
pull failures is attributable to the nugget size and to the angle between the faying surface and the
border of the nugget close to the notch tip. The lower the angle, the greater the tendency of a fracture
to spread along the nugget border [21]. Moreover, the presence of metal splashes at the notch tip,
referring to the left-hand notch tip in Figure 7f, could promote crack propagation in the HAZ regions,
but not along the nugget border. This fracture mode was in fact observed in almost all of the samples
that underwent metal expulsion.
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4. Conclusions

This work has investigated the spot weldability of a Q&P steel with a TRIP steel for assembly
applications for the automotive industry and the severity and effect of metal expulsion on load-carrying
capability of Q&P/TRIP joints. The main results are summarized as follows:

• Based on the monitored signals, expulsion can appear as a single event or multiple events during
the joining process, its severity being assessed by the extent of the dynamic resistance drop.

• The welding current is the most important parameter that affects the shear strength, followed
by the clamping force and welding time. No statistical significant parameters have been found
for the cross tension strength; however, the cross tension strength normalized by to spot size (α)
points out the detrimental effect of a metal expulsion.

• If the expulsion occurs at the beginning of the joining process and for a short time, its harmful
effect on shear strength is more limited for the longest welding time (sample No. 7, 450 ms).

• The shear-welded samples failed by interfacial and button pull fractures. Button pull fractures
could occur by crack propagation along the nugget border or in the Q&P HAZ where previous
martensite tempered.

• Cross-welded samples failed by interfacial and button pull, and button pull by partial dome
fracture. Metal splashes promoted the crack propagation through the HAZ regions in partial
dome fractures.

• Run No. 5 (7.5 kA, 3 kN, 450 ms) represents the best welding combination since it ensures spot
welds with high shear and cross tension strengths and the absence of metal expulsion.
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