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Abstract

In this study, the maximum achievable weldable thickness in spot welding with pin-
less tools was investigated by welding multiple stacks of 1 mm thick high-strength steel
HC420LA. This approach allowed for the evaluation of heat dissipation during the welding
of progressively thicker sections, as well as for the comparison of the joints strength for
increasing welded thicknesses. The methodology used also enabled the identification of the
key technical challenges in achieving high-quality welds using very short welding times.
Notably, even for a 5 s weld, a four-sheet configuration (4 mm thickness) was successfully
joined, achieving a maximum shear load of approximately 10 kN and exhibiting a refined
acicular ferritic bainitic microstructure with metallic continuity across the steel interfaces.
The highest mechanical performance was obtained in the welds produced within 30 s,
which reached a maximum shear load of approximately 16 kN. Importantly, the mechanical
strength of these welds was benchmarked against relevant standards for the automotive
and construction sectors, demonstrating that the spot welding with pinless tools enable
achieving performance levels suitable for structural applications.

Keywords: friction stir spot welding; steel; high-strength steel; pinless tool; plate thickness

1. Introduction
Spot and lap welding remain among the most widely used joining methods in both

the automotive and structural steel industries. In automotive manufacturing, each vehi-
cle body typically contains thousands of spot welds due to their efficiency, speed, and
cost-effectiveness, with resistance spot welding (RSW) being the most commonly adopted
technology [1]. Beyond automotive applications, spot and plug welds are also exten-
sively used in structural steel construction, particularly in cold-formed steel sections and
diaphragm-braced systems, where they enable efficient load transfer and structural continu-
ity [2–4]. According to Eurocode EN 1993-1-3 [5], arc spot welding is an approved method
for joining thin-gauge steel elements, typically up to 4 mm in thickness. However, the
growing use of lightweight materials in both sectors, such as aluminium and magnesium
alloys, as well as advanced high-strength steels (AHSSs), demanded the research for new
spot welding technologies, enabling the weldability constraints of those materials in fusion
welding to be overcome. Some of the main weldability concerns in RSW of AHSSs are the
formation of brittle structures in the fusion zone (FZ) of the welds, which may be accom-
panied by the presence of porosity and shrinkage voids, both promoting the interfacial
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failure of the welds. This failure mode is considered a very detrimental characteristic of
the spot welds for automotive applications, since it compromises the crashworthiness of
the structure. Some AHSS grades may also display softening in the heat affected zone
(HAZ), which despite enabling to avoid the failure of the resistance spot welds by interfacial
failure, is detrimental in terms of the loading carrying capacity of the structure. Detailed
information on the main weldability problems of AHSSs in RSW may be found in [6–10].

To prevent the above-described weldability constraints in RSW of AHSSs, in the last
two decades, the solid-state friction stir spot welding (FSSW) process has been studied
as an alternative to fusion spot welding. Feasibility studies were conducted to assess the
suitability of FSSW technology for the joining of the M190 [11], DP 590 [12–14], DP600 [15],
DP780 [16,17], DP 980 [18–20], DP1200 [21], TRIP [22–25], IF [14,26] and low-carbon [27–29]
steels. In all these studies, the formation of an annular solid-state bond between the base
materials was observed, as well as a fine-grained microstructure in the volume of material
stirred by the tool. The annular bond geometry results from the plunging action of the
tool pin, which in most of the works was reported to have a length superior to the upper
plate thickness [11,12,15–17,21–25,29,30], generating a deep keyhole in the middle of the
weld. To suppress the keyhole, special tools were developed, which enable to fill it with
the material removed by the pin during the plunging stage. When using these special tools,
the technology is renamed to refill FSSW (R-FSSW) [31–33]. However, this variant of the
technology cannot be applied to high-strength and high-melting-point materials, such as
steels. In conventional FSSW, the plunging and stirring action of the pin also promotes
the upper flow of the lower plate base material, which may result in the formation of the
well-known hook defect, with influence on the joints strength [12,22,34]. Although the
hook and the annular bond geometry are both detrimental in terms of joint strength, the
stirring action of the pin is very important for ensuring welding times in the range of 1 to
4 s [11,16,21,24,25]. These welding times are, in any case, much larger than those required
for the joining by RSW, which are usually much shorter than 1 s for thin steel plates [1].

In addition to the deleterious effect of the pin on the joint morphology and strength,
the wear of the pin during the joining of high-strength steels [19,20,35] is another important
limitation to the industrial application of FSSW. Using PCBN tools, Feng et al. [11] reported
the production of around 100 welds in M190 steel, without noticeable tool degradation, and
Saunders et al. [18] reported the production of 900 welds in DP980 steel. Miles et al. [19]
tested tools with varying contents of PCBN and W-Re to improve the tool toughness
and were able to produce ~1200 welds in DP980 steel, using a tool with 70% PCBN.
Choi et al. [35] were able to produce 500 spot welds in low-carbon steel using tungsten
carbide (WC) tools. These authors analysed the evolution of tool geometry with pin wear
and stated that the pin geometry should be established according to the worn geometry,
for obtaining welds with consistent properties in large-scale production. However, despite
the shortened electrode life also being concern in RSW of HSSs, due to the reaction of
the zinc coating of the plates with the copper electrode, and due to the high welding
forces required [36], a cost analysis revealed that for FSSW to be economically competitive
with RSW, affordable and durable tool materials still need to be developed. According to
Santella et al. [17], at the 2010 price, each FSSW tool should strive for around 26,000 spot
welds to make the technology cost competitive with RSW.

One way of making the FSSW tools/process more affordable is to supress the pin,
by producing cylindrical tools with a flat shoulder geometry. By suppressing the pin, not
only is the most important factor in determining the tool wear/life suppressed, but the
production cost of the tools is also decreased [37]. The use of pinless tools has already been
investigated for the production of spot welds in aluminium alloys [38–45], steel [36,37,39,45–49]
and dissimilar steel–aluminium [50,51] spot welds. Meanwhile, in the pinless FSSW (P-FSSW)
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of aluminium alloys, several shoulder geometries were tested [52,53] in the welding of steels;
due to its high strength, only flat shoulder geometries were used.

Many of the works in P-FSSW of steels report that the bonding between the plates
is obtained by atomic diffusion, without any stirring of material through the plates inter-
face [27,28,46,47]. Therefore, in most of the welds, the original interface between the plates
is still visible in the macrographs after welding, due to the presence of local discontinuities
and/or impurities, which are not disrupted and stirred during welding [46,48,49]. Obtain-
ing suitable bonding, conducting to the plug failure of the welds in tensile shear loading,
is still a challenge in P-FSSW research. This may be easily accomplished, but requires
long welding times, up to 30 s [49,54]. In addition, some alternative welding procedures
were developed, such as the pre-hole FSSW (PH-FSSW) [37] and the FSSW (PFFSW) projec-
tion [48] techniques. In PH-FSSW a trough hole is machined in the upper plate, at the spot
welding location, before welding. The need for extra industrial operations, for producing
the pre-hole, makes the PH-FSSW technique much expensive and time-consuming than the
P-FSSW. In PFFSW, a special backing anvil is used, with a specially designed projection on
the surface, which also increases the cost/complexity of the joining process.

While the use of pinless tools makes obtaining a continuous bonding between the
plates very difficult, with very short welding times, it enables the suppression of the
keyhole left by the pin, deeply increasing the dimension of the bonded interface relative to
the spot welds obtained by conventional FSSW [47]. The use of pinless tools also enables
the suppression of the formation of hook defects. By increasing the bonding area and
suppressing the hooking defect, welds with strength much higher than those made by
conventional FSSW may be obtained [37].

In this context, HC420LA steel was selected as the base material for this study.
HC420LA is a high-strength low-alloy (HSLA) grade widely used in the automotive sector
for safety-relevant components, owing to its favourable combination of strength, forma-
bility, and weldability. Beyond automotive use, HSLA steels such as HC420LA are also
increasingly employed in lightweight structural applications, including cold-formed steel
sections, where high load-bearing capacity with reduced thickness is required. This dual rel-
evance makes HC420LA a representative and industrially important material for assessing
the feasibility of P-FSSW in both automotive and structural contexts.

In the current work, multiple stacks of 1 mm thick HSLA420 steel sheets were joined
using the P-FSSW technique to assess the maximum achievable weldable thickness under
specific welding parameters. This represents a novel approach, as the existing literature on
pinless tools primarily focuses on thin sheet applications. Here, applicability of P-FSSW was
extended to multilayer configurations up to 4 mm total thickness, even under very short
welding times (5–30 s), providing new insights into the limits of solid-state bonding without
a pin. The study systematically explores the effects of stack thickness and welding time on
joint quality, aiming to delineate the operational window of P-FSSW for high-strength steels.
The main challenges encountered in achieving sound welds using pinless tools, such as
the formation of interfacial discontinuities, insufficient bonding, and thermal management,
were identified and critically analysed. This evaluation is particularly relevant for structural
and automotive design, where the increasing demand for optimised, lightweight structures
necessitates the spot welding of dissimilar materials and variable thickness combinations.
These configurations remain a significant challenge for conventional resistance spot welding
(RSW), which has not been fully resolved in the current literature [55–59]. Furthermore,
to assess industrial viability, the mechanical performance of the welds was benchmarked
against established design standards, namely AWS D8.1M [60] for automotive spot welding
and EN 1993-1-3 [5] for structural applications in cold-formed steel. This combined technical
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and regulatory benchmarking framework supports the broader adoption of P-FSSW in
high-performance structural assemblies.

2. Experimental Procedure
The base material used in the investigation was the high-strength low-alloy steel

HC420LA. Although this high-strength steel is widely employed in both automotive and
structural applications, its performance under FSSW conditions remains insufficiently
explored in the current literature. The mechanical properties and the chemical composition,
as provided by the manufacturer of the HC420LA steel, are provided in Tables 1 and 2,
respectively. Prior to welding, the surfaces of all steel sheets were polished using P4000 grit
sandpaper to remove oxides and surface contaminants and then cleaned with ethanol to
ensure a clean interface for diffusion bonding.

Table 1. Chemical composition of the HC420LA steel (wt%).

C Mn P S Si Al Nb Ti

0.090 1.510 0.015 0.003 0.090 0.041 0.034 0.002

Table 2. Mechanical properties of the HC420LA steel.

Yield Stress [MPa] Ultimate Tensile Strength [MPa] Elongation [%]

437 566 22

Spot welding of HSLA420LA steel stacks, comprising two, three, or four sheets, each
1 mm thick, with dimensions 80 × 80 mm, was performed. The experimental setup and
workflow are schematised in Figure 1. The plate stacks were clamped against a backing
plate made of Inconel using two mechanical fasteners, positioned at a fixed distance of
20 mm from the tool centre. The spot welds were produced in position control, in an MTS
I-STIR PDS machine, using a WC pinless tool, with a flat shoulder with 16 mm in diameter.
To reduce manufacturing costs while maintaining tool performance, a modular design was
adopted, where only the tool tip, which is in direct contact with the workpiece, was made
of WC, while the tool holder was made from H13 tool steel. The WC tip and holder were
machined with H9/d9 tolerance providing a free-running fit suitable for high-temperature
variations. In addition, the WC tip tool was fixed in place using a lateral threaded pin,
allowing secure attachment and easy replacement in cases of wear, as shown in Figure 2. A
constant tool rotational speed of 1500 rpm was used. The tool diameter and the rotational
speed were chosen, since in a previous investigation from the authors [61], it was found
that a threshold in heat generation is reached when using these welding conditions in the
spot joining of steels. By ensuring stable heat generation conditions, the influence of this
factor on the heat and pressure distribution in the sheet stacks could be neglected in the
current investigation.

The three-stage welding procedure adopted in conventional FSSW was also adopted,
i.e., the welding operation consisted of the tool penetration, the dwell period, and the tool
removal. A tool penetration of 0.5 mm and a plunging time of 4 s were set. Dwelling times of
1 s, 11 s, and 26 s were set, being tested for welding times of 5 s, 15 s, and 30 s, respectively. This
procedure was established since, according to Lakshminarayanan et al. [27], the dwelling time
is the most critical parameter in determining the lap joints shear strength. The evolution
of the average temperature at the outer interface between the tool and the workpiece
was recorded using a FLIR A655sc thermographic camera (FLIR, Wilsonville, OR, USA),
positioned relative to the welding setup. Temperatures were acquired at a frequency of
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25 Hz, and the emissivity was assumed to be 0.95, following the findings of a previous
work by the authors [61].

Figure 1. Schematic representation of the experimental workflow used to assess the thermo-
mechanical conditions during the P-FSSW process and to characterise the mechanical and microstruc-
tural properties of the resulting welds. (a) MTS I-STIR PDS FSW machine used to perform the spot
welds; (b) schematic of the spot-welding process; (c) FLIR A655sc infrared thermographic camera
for thermal cycle measurements during welding; (d) Shimadzu universal tensile testing machine for
mechanical performance evaluation; (e) Shimadzu microhardness tester for hardness profiling; and
(f) Leica optical microscope for microstructural characterisation.

Figure 2. Schematic representation of the pinless tool geometry, consisting of a tungsten carbide (WC)
tip mounted in an H13 steel holder.

Following welding, the tensile shear test specimens were machined from the welded
80 × 80 mm plates with a final width of 30 mm, as illustrated in Figure 3a. The strength of
the welds was evaluated by performing tensile shear tests, in quasi-static loading conditions
(5 mm/min), using a Shimadzu AGS-X tensile testing machine (Shimadzu, Kyoto, Japan).
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As shown in Figure 3, the number of stacked sheets was progressively increased to evaluate
the evolution of joint strength and quality as a function of total stack thickness. Since
welds between different numbers of sheets were studied, it was decided to always test the
strength of the interface at the largest distance from the surface in contact with the tool, as
schematised in Figure 3b–d. For each sample, to prevent bending during the tensile shear
loading, sheet wedges with a thickness equal to that of the base material were glued to the
ends of the samples to be loaded.

Figure 3. Schematic representation of the spot welds produced (a) and of the machined tensile shear
test specimens used to evaluate their mechanical performance (b–d). Side views illustrate the lap joint
configurations tested, consisting of two plates (b), three plates (c), and four plates (d), respectively.
The red line indicates the interface subjected to tensile shear loading during testing.

To evaluate weld microstructure, transverse sections of the welds were prepared using
standard metallographic procedures, etched with 2% Nital and observed using a Leica
DM4000 M LED optical microscope (Leica, Wetzlar, Germany). Microhardness measurements
were then performed using a Shimadzu microhardness tester, applying a load of 100 g with a
dwell time of 15 s, to assess hardness gradients across the weld cross-sections.

The full matrix of welding parameters used in this study is summarised in Table 3. In
the next, for identifying the welds, produced from stacks with a different number of sheets,
the nomenclature Si_j will be used, where i represents the number of sheets in the stack
and j represents the welding time. For example, S2_30 identifies a weld produced using a
stack of two sheets and a welding time of 30 s.

Table 3. Summary of welding parameters.

Rotational Speed [rpm] Plunge Depth [mm] Plunge Time [s] Total Welding [s] Number of Sheets Weld ID

1500 0.5 4

5

2 S2_5

3 S3_5

4 S4_5

15

2 S2_15

3 S3_15

4 S4_15

30

2 S2_30

3 S3_30

4 S4_30
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3. Results and Discussion
This section presents a comprehensive analysis of the experimental results obtained

from the spot welding of HSLA420 steel using pinless tools. The findings are structured
into three main sections. First, the thermomechanical conditions developed during welding
are examined through the analysis of torque and temperature evolution. Next, the mor-
phological and microstructural characteristics of the welds are evaluated, with particular
emphasis on the interface quality across different stack configurations. This is followed by
an assessment of the mechanical performance of the joints based on tensile shear testing and
microhardness profiles, providing insight into the influence of welding time and material
thickness on joint strength and integrity. Finally, the industrial viability of the welds is
evaluated through a comparative analysis against established automotive and structural
design standards.

3.1. Analysis of the Thermo-Mechanical Conditions

Figures 4 and 5 show the evolution of the welding temperature and tool torque with
time, for the welds produced using stacks of two, three, and four plates, for total welding
times of 30, 15 s and 5 s. The temperature measurements were obtained via infrared
thermography at the tool–workpiece interface, while torque data was directly extracted
from the machine control system. Figure 4 shows that, in all cases, the thermal cycles
follow a similar trend regardless of the number of plates used. During the initial plunging
stage, a sharp rise in temperature is observed. For the 15 s and 30 s welds, the temperature
rapidly stabilises at a steady state value of approximately 1200 ◦C once the dwell phase
begins. In contrast, for the 5 s welds, no clear steady state is reached before the tool begins
retracting, resulting in a sharp peak followed by a gradual cooling phase. Importantly,
the number of stacked plates did not significantly affect either the peak temperature (in
the 5 s welds) or the steady state temperature (in the 15 s and 30 s welds). Additionally,
the cooling rates after tool retraction were nearly identical across all configurations. This
suggests that, under the tested conditions, increasing the total plate thickness from 2 mm
to 4 mm does not significantly alter heat dissipation at the surface. The only noticeable
variation between the thermal cycles for different stack configurations occurred during the
initial plunging phase. This deviation is not attributed to differences in stack thickness, but
rather to machine vibrations during the onset of plunging and the modular construction of
the tool system (Figure 2). The presence of small tolerances at the connection between the
WC tip and the H13 tool holder may have introduced slight misalignments and mechanical
instabilities, particularly at the beginning of the process, affecting heat generation.

Figure 4. Temperature evolution during P-FSSW for stacks of two, three, and four plates at three
welding times: (a) 30 s, (b) 15 s, and (c) 5 s.
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Figure 5. Torque evolution during P-FSSW for stacks of two, three, and four plates at three welding
times: (a) 30 s, (b) 15 s, and (c) 5 s.

Similarly, the analysis of tool torque evolution over time reveals consistent behaviour
across all tested conditions, indicating that the number of stacked plates had a negligible
influence on the torque response during welding. In all cases, the torque rapidly increases
during the initial plunging stage, reaching a maximum value near the end of the penetration
phase. For the longer welding times (15 s and 30 s), as the material beneath the tool becomes
thermally softened, the torque gradually decreases and stabilises at a steady state value
during the dwell phase. This behaviour is consistent with the temperature trends shown
in Figure 4, where thermal equilibrium is achieved after the plunging stage. The torque
reduction is indicative of reduced flow stress in the material as welding progresses. As
registered for the thermal cycles, the only noticeable variation between joint configurations
occurs during the initial plunging phase, for which small differences in peak torque may
be observed. Once again, these are attributed to the vibrations in the FSW machine and
the mechanical tolerances associated with the modular tool design. These observations
indicate that, under the tested conditions, variations in the number of stacked plates had a
limited effect on the thermal and mechanical responses measured at the tool–workpiece
interface. This consistency enables a more isolated assessment of how welding time and
stack configuration influence the resulting weld morphology and microstructure in the
subsequent analysis.

3.2. Morphological and Microstructural Analysis

Figure 6 shows the cross-sectional macrographs of all welds produced in this study,
illustrating the influence of dwell time and stack thickness on weld morphology. For all
welds, a distinct process affected zone (PAZ) can be observed, exhibiting a semi elliptical
morphology and a microstructural contrast relative to the surrounding base material.
Notably, none of the welds display a stirred nugget region typical of conventional FSSW.
Instead, straight dark lines are visible along the original interface between the stacked sheets.
The linearity and continuity of this interface indicate the absence of through thickness
stirring, confirming that material transport across the joint was negligible and that bonding
is governed primarily by diffusion-based mechanisms. Also, the PAZ morphology was
approximately symmetric about the tool axis, which indicates that the process conditions
were stable and that heat input and material deformation were uniformly distributed
around the weld centre. Owing to the absence of the tool pin, the weld cross-sections
exhibit no noticeable reduction in thickness, internal cavities, or hooking defects typically
associated with pin induced material flow. In all cases, the PAZ extended through the full
cross-section of the plates; however, in the four-plate welds, the PAZ, and consequently
the width of the bonded interface, was significantly reduced in the deepest interfaces.
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Moreover, increasing dwell time resulted in a larger PAZ, reflecting the higher heat input.
The only geometric alteration observed is a shallow surface indentation caused by the
0.5 mm tool penetration during the plunging phase. Among all tested conditions, the S2_5
sample, produced with the shortest welding time and thinnest plate stack, exhibits the
most pronounced morphological deviation. Specifically, an upward displacement of the
top plate material is visible near the shoulder edge, locally decreasing the sheet thickness.

 

Figure 6. Cross-sectional macrographs of P-FSSW joints produced with different stacking config-
urations and welding times: (left to right) 5 s, 15 s, and 30 s; (top to bottom) two, three, and four
stacked plates.

Figure 7 presents a detailed microstructural analysis of the S4_5 weld condition, which
represents the most critical combination of parameters investigated in this work, namely
the shortest welding time and the highest stack thickness. Figure 7a displays the full
cross-section of the weld, while Figure 7b–d show the microstructural evolution at the mid
plane of the weld, focusing on the interfaces between successive plate layers: specifically,
the first and second plates (Figure 7b), second and third plates (Figure 7c), and third and
fourth plates (Figure 7d). Higher magnification micrographs of these regions are shown in
Figure 7e–g, respectively, highlighting the weld interface zones extracted from the dashed
regions marked in the low-magnification images.

The microstructural observations reveal that the limited welding time exerts a sub-
stantial influence on the thermal gradient across the weld thickness, resulting in significant
variation in grain morphology from the top to the bottom of the joint. At the upper in-
terface, directly contacted by the rotating tool shoulder, the microstructure consists of a
non-equiaxed mixture of acicular ferrite and dispersed fine bainitic grains within a fer-
ritic matrix. This structure is consistent with high peak temperatures and rapid cooling,
characteristic of friction-based welding processes.

According to Chen et al. [62], the ratio between bainitic and ferritic phases in recrys-
tallised structures is predominantly affected by the austenite grain size, the cooling rate,
and the extent of niobium precipitation. The austenite grain size is determined mainly by
the austenitisation temperature, with coarser grains favouring bainite formation. Rapid
cooling, in turn, supports bainitic transformation. Niobium precipitates, often in the
form of carbides (NbC) or carbonitrides (NbCN), inhibit recrystallisation when segregated
at grain boundaries, simultaneously preventing grain growth and providing nucleation
sites for acicular ferrite formation [63,64]. However, at high peak temperatures exceeding
~1150 ◦C, recrystallisation is accelerated and can outpace niobium precipitation. At even
higher temperatures (>1200 ◦C), complete redissolution of Nb(C,N) precipitates can occur,
as noted by Wang et al. [65]. The observed microstructure in the upper region of the S4_5



J. Manuf. Mater. Process. 2025, 9, 317 10 of 23

weld suggests that, due to the short welding time and larger thermal mass of the four-sheet
stack, a sufficient temperature to partially dissolve niobium precipitates may have been
reached only near the upper interface, leading to the observed heterogeneous mixture of
bainite and ferrite.

 

Figure 7. Microstructural characterisation of the S4_5 weld, produced using four stacked plates
and 5 s of welding time: (a) macrograph of the weld cross-section showing the region analysed;
(b–d) optical micrographs of the interfaces between the first and second plates (b), second and third
plates (c), and third and fourth plates (d); (e–g) high-magnification micrographs of the respective
interfaces. Labels B, AF, and F indicate bainite, acicular ferrite, and ferrite, respectively.

In the second plate layer, a notable grain refinement is observed relative to the upper
plate, indicating the effect of a thermal gradient along the weld thickness. This is consis-
tent with reduced exposure to peak temperatures and limited dwell time. According to
Zurob et al. [66], at temperatures below ~1150 ◦C, precipitation and recrystallisation occur
concurrently. In such conditions, grain growth is controlled by a competition between the
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driving force for recrystallisation and the pinning effect of Nb(C,N) precipitates. When
recrystallisation overcomes this inhibition, moderate grain growth can occur, leading to the
fine-grained structures observed in this region.

Finally, the microstructure in the third (bottom) plate of the S4_5 weld, is predomi-
nantly ferritic, with a combination of acicular and polygonal ferrite. The low fraction of
acicular features and limited grain refinement suggest that this region experienced thermal
cycles close to, but not significantly above, the critical recrystallisation temperature. The
resulting grain size is comparable to that of the base metal, indicating that the heat input
in this region was marginally sufficient for partial recrystallisation but insufficient for
extensive phase transformation.

Additionally, the high magnification micrographs taken at the interfaces between the
stacked plates (Figure 7e–g) confirm the presence of continuous metallurgical bonding
and microstructural continuity across all joints, even for the interface farthest from the
tool–workpiece contact surface. Despite the short welding time of 5 s used in the S4_5
condition, successful bonding was achieved across all interfaces. However, it is noteworthy
that, at the interface between the third and fourth plates (Figure 7g), some microstructural
discontinuities and trapped inclusions may be observed. These may be attributed to the
reduced temperature and pressure levels at the bottom of the stack, which can limit the
extent of plastic deformation and interfacial diffusion. Additionally, the short exposure
time to elevated temperatures may not have been sufficient to fully disrupt surface ox-
ides or eliminate initial gaps between the plates, thus reducing bonding effectiveness in
this region.

To further evaluate the bonding quality at the most distant interface from the tool,
Figure 8 presents high-magnification micrographs of the obtained bonds for all weld condi-
tions. This region was selected due to its limited exposure to direct heat and pressure input,
making it the most critical zone for assessing joint integrity, particularly in configurations
with three and four stacked plates. Across all conditions, the presence of well-defined
ferrite grains at the interface indicates that metallurgical bonding was achieved through
solid-state welding, even in the absence of significant plastic deformation. This observation
is consistent with the lack of mechanical stirring due to the pinless tool design. Adjacent
to the interface, regions often display disorganised and multidirectional ferritic structures
typical of acicular ferrite, highlighting the localised thermal cycles and microstructural
heterogeneity along the weld thickness.

Notably, welds produced with longer dwell times of 30 s tend to exhibit coarser
grain structures, consistent with higher thermal exposure and extended diffusion times
at the interfaces. In contrast, welds generated with shorter welding times (5 s) and higher
stack configurations (three and four plates) show more refined microstructures, indicative
of reduced thermal input and shorter diffusion durations between plates. This trend is
particularly evident at the lower interfaces of the S3_5 and S4_5 welds, where localised
discontinuities are observed, potentially associated with insufficient thermal activation for
effective bonding.

Additionally, in the S3_30 weld, a distinct dark interfacial layer was observed. Figure 9
presents the SEM/EDS analysis of this dark region, which reveals continuous grains
extending across the interface, providing clear evidence of metallurgical bonding. The
corresponding EDS spectrum indicates that the detected elements are primarily those of the
base steel (Fe, Mn, C), together with alloying elements consistent with the nominal chemical
composition of HC420LA steel (Table 1). However, the presence of elevated carbon and
oxygen signals suggests that the dark phases correspond to oxide inclusions rather than
voids or lack of bonding. These inclusions are most likely associated with insufficient
surface preparation, compounded by the absence of mechanical stirring inherent to the
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pinless tool configuration. Such features may locally impair joint performance and highlight
the critical importance of rigorous surface cleaning in welding processes where interfacial
mixing is not promoted by the tool geometry.

 

Figure 8. High magnification micrographs of the lowermost interfacial regions between plates for all
weld conditions: welds produced with two plates (S2_5, S2_15, S2_30), welds with three plates (S3_5,
S3_15, S3_30), and welds with four plates (S4_5, S4_15, S4_30). Labels B, AF, and F indicate bainite,
acicular ferrite, and ferrite, respectively.

 

Figure 9. SEM/EDS characterisation of the weld interface in sample S3_30: (a) SEM cross-sectional
micrograph s; (b) EDS spectrum acquired from the interface dark region.

3.3. Mechanical Characterisation

Figure 10 presents the hardness profiles along the vertical direction of the welds,
measured at mid width (as illustrated in Figure 10a). The arrow in Figure 10a indicates the
measurement path, from the top surface of the weld to the bottom plate. Profiles are shown
for samples welded with two, three, and four stacked plates and varying dwell times (5,
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15, and 30 s). The reference hardness of the base material (BM) is also indicated in each
graph for comparison. According to the figure, a consistent trend is observed across all
conditions, i.e., the hardness progressively decreases from the top to the bottom of the weld
(Figure 10b–d). This gradient is attributed to the microstructural variation observed along
the weld thickness, where regions closer to the tool shoulder exhibited a non-equiaxed
microstructure composed of acicular ferrite and dispersed fine bainitic grains. In contrast,
the lower hardness values in the bottom plates correspond to a predominantly ferritic
microstructure. All welds exhibit hardness values above the BM reference throughout
the weld thickness, demonstrating that the entire stack was thermally and mechanically
affected by the welding process, regardless of the number of plates used. The lowest
hardness value, approximately 180 HV0.1, was recorded at the bottom of the S4_5 weld,
while the highest value, around 325 HV0.1, was measured near the surface of the same
weld. This substantial variation reflects the steep thermal gradient induced during the
short welding cycle in the thickest configuration.

Figure 10. Microhardness profiles along the vertical direction, as indicated in (a), for welds produced
with dwell times of (b) 5 s, (c) 15 s, and (d) 30 s, using different plate stacking configurations (two,
three, and four plates).

Moreover, the hardness profiles for the 15 s and 30 s welds show remarkably similar
trends and magnitudes across all stack configurations. This indicates that, beyond a
certain dwell time threshold, further increases in welding time do not significantly affect
the final hardness profile. This result is particularly relevant for industrial applications
where reducing cycle time is critical for productivity. Additionally, the nearly overlapping
hardness curves across different stack thicknesses, for the same dwell time, further support
the conclusion that the number of plates had a negligible effect on heat dissipation and
hardness evolution under the tested conditions.

The tensile shear test results presented in Figures 11 and 12 provide critical in-
sight into the mechanical performance of the joints under varying welding times and
stack configurations. Figure 11 shows the force–displacement curves for all welds, along
with benchmark results for the base material tested in two different specimen widths of
30 mm (matching the specimen geometry used for weld testing as shown in Figure 3) and
16 mm (equivalent to the tool shoulder diameter). These baseline curves offer a reference
for interpreting the mechanical integrity of the welds relative to the HSLA420 base material.
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Figure 11. Force–displacement curves obtained from tensile shear tests for all weld conditions,
compared against tests performed on the base material using specimens with widths of 16 mm and
30 mm.

Figure 12. Summary of mechanical performance results extracted from tensile shear tests for all weld
conditions: (a) maximum tensile force and (b) maximum displacement at failure, as a function of the
number of stacked plates and welding time (5, 15, and 30 s). The dashed lines represent the maximum
force recorded for the base material samples with 30 and 16 mm widths.

All the curves in Figure 11 begin with a linear force–displacement relationship, indica-
tive of elastic deformation. Notably, all welds produced with a 5 s dwell time, as well as
the S4_15 weld, failed within this linear regime, suggesting that these joints did not reach
plastic deformation before failure. This premature failure highlights the limited bonding
strength achieved under short processing times, particularly in configurations with four
plates. Despite this, even the weakest welds (e.g., S4_5 and S3_5) exhibited higher ultimate
loads than the base material tested with a 16 mm width, implying that a certain degree
of bonding occurred at the joint interface. The elevated load-bearing capacity observed
in these welds may also be partially attributed to the increased hardness levels recorded
across the PAZ, in relation to the base material. In contrast, the welds produced with 15 s
and especially 30 s dwell times, independently of the number of stacked plates, showed
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ductile behaviour, with force–displacement curves extending well into the plastic regime
prior to failure. These results confirm that the longer welding times provided adequate
thermal and mechanical energy to activate solid-state welding and generate structurally
sound joints.

Figure 12 summarises the maximum force and corresponding displacement for each
weld configuration. The data reinforce the conclusion that the welding time is the dominant
factor controlling joint strength. A clear trend is observed, where increasing the dwell
time enhances both strength and ductility of the welds. Welds fabricated with a 30 s dwell
time consistently achieved the highest peak forces and largest displacements, regardless
of the number of stacked plates. On the other hand, increasing the number of stacked
plates had a secondary, yet measurable impact. Generally, the welds involving four plates
(S4_x) showed the lowest mechanical performance among the samples within each dwell
time category. This trend can be associated with the lower thermal exposure at the farthest
interfaces from the tool, particularly under short welding durations, as well as the presence
of the microstructural discontinuities observed in the metallographic analyses (Figure 8).
Figure 12b shows that the highest ductility was obtained for the S2_30 and S3_30 welds,
which also exhibited the highest strength. Conversely, the lowest ductility was registered
for the S4_5 and S4_15 welds.

Despite the important differences in strength and ductility, all the welds tested exhib-
ited interfacial fracture during the tensile shear tests. This is exemplified in Figure 13a,
which shows the top and bottom plates of a representative sample after testing. In the
top plate image, the original bonded interface area is highlighted by a red dashed contour,
while the bonded region just before the sample failure is marked in blue. This shows that
the bond between the two plates was not uniform across the joint interface. According
to the image, sample failure started at the weld periphery, where the bonding appears to
be weaker, and propagated inward. The central region of the weld, which sustained the
final load, showed significant plastic deformation for all tested samples. This post-fracture
weld morphology shows that the absence of the stirring action of the pin, in pinless weld-
ing, promotes non-uniform bonding across the joint. The same conclusion was reached
when analysing the bond interface in the metallographic analysis. However, even in the
absence of non-uniform bonding, the welds may fail after plastic deformation, as shown
in Figure 11.

The initial diameter of the bonded interface was measured for each welding condition,
using the samples tested until failure, and the results are plotted in Figure 13b. These
measurements indicate that, for all stack configurations, the interface diameter increases
with the welding time, reflecting more extensive thermal and pressure exposure. For the
15 s and 30 s welding times, the bonded diameter decreases with increasing stack thickness,
due to the bowl shape heat distribution, which can be depicted from the shape of the process
affected zone depictable in the cross-sections of the welds in Figure 6. An exception to this
trend was registered for the 5 s condition, in which the three-plate stack yielded a larger
interface diameter than the two- and four-plate stacks. These results suggest that the very
short maintenance time of 1 s, for the 5 s welding condition, does not enable uniform heat
and pressure distribution to be attained, giving rise to welds with less uniform properties.
However, since lower bonded areas were observed for both the two- and four-plate stacks,
the results indicate that plate thickness is not the main cause of process instability. Some
reasons for process instability were provided in Section 3.1, when analysing the torque
evolution with time, for the different welding conditions.
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Figure 13. (a) Example of fracture surfaces after tensile shear testing, (b) measured interface diameter,
and (c) average shear stress at the interface as a function of welding time and stack configuration.

Based on the measured interface diameters (Figure 13b), the average shear stress at
failure was calculated for each weld by dividing the peak force (Figure 12a) recorded
during testing by the corresponding initial bonded area (as highlighted by the red circle
in Figure 13a). The results are presented in Figure 13c. For the 15 s and 30 s welding
times, the average shear stress values were relatively consistent across all stack configura-
tions, indicating comparable interfacial strength among the different welding conditions,
i.e., comparable bond strength with increasing plate thickness. The lower interface area,
registered for the two- and four-plate stacks, for the 5 s welding condition, is the reason why
the calculated interface shear strength is comparatively higher for these welds. Despite the
mismatch in properties observed for the S2_5 and S4_5 welding conditions, the consistent
results obtained for the other configurations indicate that pinless tools can be applied to
welding plates thicker than 3 mm. Using a bulk tool and ensuring the plates flatness, for
avoiding instabilities at the beginning of the welding process, as well as ensuring good
quality surfaces, perfectly clean of oxides and other contaminants, will strongly contribute
to enhance the quality of the joints relative to the ones produced in the current work.

3.4. Validation of Weld Performance Against Automotive and Structural Standards

To assess the effectiveness of using spot welding with pinless tools in automotive and
structural applications, the mechanical performance of the welds was benchmarked against
the minimum requirements set by relevant standards. Specifically, the AWS D8.1M [60]
and EN 1993-1-3 [5] standards for automotive and structural applications, respectively,
were considered. These standards provide the minimum allowable shear strength for the
reliable use of spot welds in thin-gauge high-strength steels. By comparing the maximum
shear loads, determined in the current work for the tested spot welds, to the prescribed
thresholds, the compliance and potential of the produced lap joints were evaluated.

The AWS D8.1M [60] standard provides an empirical expression to estimate the
minimum acceptable static shear strength ST (in kN) of a spot weld, based on the base
metal tensile strength S (in MPa) and on the minimum sheet thickness t (in mm), as follows:

ST =

(
−8.83 × 10−7 × S2 + 1.34 × 10−3 × S + 1.514

)
× S × 4t1.5

1000
. (1)



J. Manuf. Mater. Process. 2025, 9, 317 17 of 23

According to the previous equation, with the mechanical properties of the base metal
provided in Table 2 (S = 566 MPa) and considering the minimum plate thickness (t = 1 mm),
the minimum acceptable shear strength for a spot weld is calculated to be approximately
4.5 kN. When comparing this threshold to the experimental results presented in Figure 12,
it is evident that all welds produced exceed the standard minimum strength requirement.

The results obtained in this study were further extended to a broader set of lap
joint configurations, as shown in Figure 14a, which presents the evolution, with the plate
thickness, of the minimum required shear strength calculated using Equation (1) for the
HC420LA steel (red dashed curve). The diagram delineates two performance regions,
i.e., a compliant zone (highlighted in green), where the experimentally measured shear
loads exceed the minimum strength requirement, and a “non-compliant zone” (highlighted
in red), where the welds fail to meet the specified threshold. Superimposed on this curve
are the shear strength values measured for different stack configurations and welding times
(5, 15, and 30 s). The weld strength was plotted against the maximum section thickness of
the lap joints, i.e., 1 mm for S2_X joints, 2 mm for S3_X joints, and 3 mm for S4_X joints. This
extrapolation relies on the assumption that the thermal and pressure conditions in pinless
welding are independent of the thickness, in the studied range, since similar bond strength
was obtained for the S2 and S4 welds. By using the experimental results from known
configurations, as representative of thicker assemblies, the study establishes a conservative
performance envelope for a broader range of structural joint scenarios.

Figure 14. (a) Comparison between the experimentally measured shear strengths of the lap joints and
the minimum strength requirements defined by the AWS D8.1M [60] standard. (b) Utilisation ratio
matrix for various plate stacking configurations, showing compliance (green) and non-compliance
(red) for 5 s, 15 s, and 30 s welds.

Using the same assumptions described above, Figure 14b presents a utilisation ratio
analysis, in which the ratio is defined as the minimum required shear strength, calculated
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according to AWS D8.1M [60], divided by the experimentally measured shear strength for
each spot weld (Figure 12). This comparison was extended to include hypothetical lap joint
configurations with top and bottom plate thicknesses ranging from 1 to 3 mm. The results
are represented in a utilisation ratio matrix, where green cells indicate compliant joints
(utilisation ratio < 1), and red cells highlight configurations that fail to meet the minimum
shear strength requirements (utilisation ratio > 1).

This analysis suggests that the spot welds can reliably meet AWS strength criteria for
a wide range of stack configurations, particularly when sufficient welding time is applied.
Specifically, for welding conditions of 15 s and 30 s, all evaluated thickness combinations,
except the most extreme case (3 mm top and 3 mm bottom plates), result in compliant joints.
In contrast, for the shortest welding time of 5 s, the process also fails to meet the strength
requirements for the configuration with a 3 mm top plate and a 2 mm bottom plate.

To extend the benchmarking of the spot welds performance to structural applications,
the lap joint strength was also compared with the minimum shear resistance requirements
outlined in EN 1993-1-3 [5]. According to the standard, the shear resistance Fv,Rd (in kN) of
a spot weld is given by

Fv,Rd =
π

4
d2

s fu/γM2, (2)

in which, for spot welds produced by RSW, the effective weld diameter is given by ds= 5
√

t
(in mm), based on the minimum plate thickness t and fu (in MPa) is the ultimate tensile
strength of the base material and γM2 = 1.25 is the partial safety factor.

According to Equation (2) and based on the mechanical properties of the base metal
reported in Table 2, as well as on the minimum plate thickness of 1 mm, the minimum
allowable shear resistance per EN 1993-1-3 is estimated at approximately 8.89 kN. When
this threshold is compared to the experimentally measured shear strengths shown in
Figure 12, it is evident that all weld configurations exceed the minimum requirement set for
RSW joints.

Similarly to the analysis conducted to plot Figure 14, Figure 15a presents a compar-
ison between the experimentally measured shear strengths of the lap joints tested in the
current work and the minimum required shear resistance calculated using the EN 1993-1-3
formulation for resistance spot welds. The results are shown for different plate stacking
configurations and welding times. The dashed red line delineates the threshold set by the
standard, representing the compliance boundary. To complement this, Figure 15b provides
the utilisation ratio matrix, calculated as the ratio of the Eurocode-required shear resistance
to the experimental strength. Green coloured cells (utilisation ratio < 1.0) denote compliant
joints, while red tones (utilisation ratio > 1.0) signal configurations that do not meet the
minimum requirements.

The results reveal that joints produced with dwell times of 30 s generally achieve
compliance across most tested configurations, except for those involving a 3 mm top plate
combined with 2 mm or 3 mm bottom plates. Conversely, welds produced with shorter
dwell times of 15 s and 5 s only met the design standard when the minimum plate thickness
in the configuration was 1 mm, regardless of its position in the stack. This highlights the
limitations of short welding durations in achieving structurally compliant joints, suggesting
that increased thermal input or optimised tool strategies may be necessary to meet design
requirements in thicker configurations. Alternatively, improving the joint performance
under faster welding cycles may be achieved by increasing the number of welds per joint,
thereby distributing the load more effectively across the connection.
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Figure 15. (a) Comparison between the experimentally measured shear strengths of the P-FSSW
lap joints and the minimum strength requirements defined by the EN 1993-1-3 [5] standard.
(b) Utilisation ratio matrix for various plate stacking configurations, showing compliance (green) and
non-compliance (red) for 5 s, 15 s, and 30 s welds.

4. Conclusions
This study evaluated the feasibility and performance of P-FSSW applied to multi-stack

configurations of HC420LA steel sheets. The influence of welding time (5, 15, and 30 s) and
stack thickness (two, three, and four plates) was systematically assessed. The following
conclusions can be drawn:

• Thermal cycles and torque profiles revealed consistent behaviour across all configura-
tions, with only minor variations observed during the plunging phase. The number of
stacked plates had a negligible effect on heat and torque evolution under the selected
process parameters, indicating stable process control.

• Macrostructural observations confirmed the absence of material stirring across the
plates interface. Instead, metallurgical bonding was achieved along the original plate
interfaces via solid state bonding, resulting in a distinct semi elliptical process affected
zone. Despite the absence of plastic flow or stirring, bonding was achieved, though
localised impurities and discontinuities were more prevalent at deeper interfaces,
especially in four plate welds with 5 s dwell time.

• Weld hardness exceeded that of the base material (180 HV0.1) across all conditions,
reflecting the combined thermal and mechanical influence of P-FSSW. Maximum
hardness values reached ~325 HV0.1 near the weld surface in the S4_5 condition.
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• Tensile shear results demonstrated a strong dependence on dwell time. Welds pro-
duced at 5 s exhibited limited strength and ductility, while those at 15 and especially
30 s showed significantly higher loads and displacements, with the S3_30 configura-
tion reaching a maximum strength of 16.5 kN and displacements above 5 mm. The
number of stacked plates only had a secondary influence on the mechanical properties.

• The mechanical performance of the P-FSSW joints was benchmarked against AWS
D8.1M and EN 1993-1-3 standards, demonstrating that most of the welds produced
with 30 s dwell times comply with the minimum shear strength requirements of
both standards. While some configurations welded in 5 and 15 s did not meet the
more conservative Eurocode threshold, particularly for thicker plate stacks, almost
all configurations exceeded the AWS D8.1M minimum. These results confirm the
feasibility of P-FSSW for automotive and structural applications; however, it must be
acknowledged that compliance strongly depends many times on the use of long dwell
times (15–30 s). Such dwell times may reduce process productivity and therefore may
not be practical in industrial applications without further process optimisation. Future
work should therefore focus on reducing dwell times while maintaining compliance
with the standard requirements.
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