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The automotive industry faces challenges in reducing vehicle mass to enhance fuel efficiency and reduce gas
emissions. A common strategy is to replace conventional steel body parts with thinner ultra-high-strength steels
and lower-density aluminum alloys. Friction Element Welding (FEW) is a relatively recent technique developed
to join these dissimilar metals in car body manufacturing.

This study presents a dedicated monitoring approach for the FEW process, designed to detect typical defects
occurring in production lines. To simulate the most critical defect in automotive FEW applications, controlled
initial gaps were introduced during the welding of 2000 MPa boron steel and 6xxx series aluminum alloy
sheets. This approach enables the assessment of the influence of initial sheet gaps on joint quality. The results
provide the basis for developing practical tools for process monitoring and quality assurance, such as control
charts, validated through an experimental campaign. The findings demonstrate that the proposed method offers

the potential to reduce defects and improve manufacturing efficiency.

1. Introduction

The increasing awareness of climate change has driven major trans-
formations in many industrial sectors. In the automotive industry,
manufacturers are increasingly adopting different materials to enhance
the fuel efficiency of vehicles while preserving structural integrity and
safety standards [1]. For instance, a 10% reduction in car body mass
can lead to a decrease in fuel consumption of up to 5.5%, prompting the
need for lightweight materials [2]. At the same time, cost-efficient and
scalable technologies remain essential. Aluminum alloys have emerged
as promising substitutes for specific steel components, and suitable
joining techniques are critical to their successful integration [3].

Resistance spot welding (RSW), the leading joining technique in
the automotive sector, faces several limitations when welding dis-
similar metal grades. Aluminum-to-steel welds present challenges due
to differences in contact and bulk electrical resistance, thermal con-
ductivity, and melting point. Moreover, the formation of detrimental
Fe-Al intermetallic compounds (IMCs) can significantly degrade joint
quality [4]. In response, researchers have proposed various process
enhancements. For instance, Ding et al. [5] embedded a linear actuator
into the electrodes to better regulate and control the clamping force,
thereby improving the quality of the aluminum nugget. Similarly,
Shi et al. [6] successfully employed multi-ring domed electrodes and
multistage solidification schedules to produce Al-steel spot welds.

To address the shortcomings of RSW in welding aluminum to steel,
a solution involves employing mechanical joining methods, such as
self-piercing riveting (SPR), in which a semi-tubular rivet penetrates
the top sheet and expands into the bottom sheet using a die, which
plastically deforms the lower material to form a mechanical interlock.
However, ultra-high strength steel (UHSS) and low ductility materials
pose significant challenges for the SPR process [7], although a recent
study shows promising results [8]. Hybrid solutions have been de-
veloped to overcome the limitations of traditional mechanical joining
techniques arising from the introduction of advanced and hard-to-weld
materials, such as UHSS. These include Resistance Element Welding
(REW), Resistance Rivet Welding (RRW), and Friction Element Welding
(FEW). These processes are particularly well-suited for automotive
applications. REW involves two stages: in the first stage, a rivet-like
element, serving as an auxiliary joining component and made from a
material compatible with the upper sheet (e.g., aluminum), is punched
into the upper material layer. In the second stage, this element is
resistance spot-welded to the lower sheet steel, completing the joint [2,
3]. In contrast, RRW eliminates the need for a pre-insertion of the
rivet in the upper sheet, potentially reducing both processing time
and costs [9,10]. The main advantage of both REW and RRW is their
compatibility with existing RSW equipment, enabling manufacturers
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to reconfigure and retrofit current infrastructure, achieving significant
cost savings [11,12]. Conversely, FEW uses a high-speed rotating (often
over 3000 rpm) element (also called rivet) that penetrates the upper
sheet and welds to the lower sheet through frictional heat and a high
axial force (5-10 kN) [1]. FEW shares some similarities with Friction
Riveting (FR), as both are solid-state joining techniques that generate
and use frictional heat to create a bond. However, they differ markedly
in their operating principles, the materials they join, and the nature
of the resulting joint. In FR, a cylindrical metallic rivet is rotated at
high speed and driven into a polymer or fiber-reinforced composite
component, often in combination with a metal sheet. The frictional
heat generated at the interface softens the rivet tip, which plastically
deforms and anchors within the polymer matrix. This results in a
mechanical-thermal interlock rather than a fully metallurgical bond be-
tween dissimilar materials, making the technique particularly suitable
for aerospace, marine, and automotive applications that incorporate
hybrid structures. FEW, by contrast, is intended primarily for metal-
to-metal joining using a metallic element similar in appearance to a
rivet or fastener [13]. Although FEW requires specific equipment, it
offers several notable advantages over the other welding technologies:
lower processing temperatures (i.e., no melting of sheets), elimination
or reduced formation of Al-Fe IMCs, and higher joint strength when
employing the same material combination [1,12].

Despite being a relatively new joining technique, FEW has been the
subject of increasing research. Meschut et al. [14] investigated process
optimization and the influence of zinc-based anticorrosive coatings.
Skovron et al. [15] assessed the impact of various welding parameters
on key performance indicators, e.g., welding time, energy consumption,
temperature, torque, element head height, weld diameter, and under-
head filling. Their findings indicate that the cleaning step had the most
significant influence on both processing time and energy consump-
tion, while element head displacement is the primary factor affecting
head height and underhead filling. Torque is influenced by both axial
force and the displacement of the element. Ruszkiewicz et al. [16]
examined the sensitivity of welding parameters to minimize processing
time while maintaining adequate joint mechanical performance. Other
studies have primarily focused on reducing processing time. Awate
et al. [17] studied the effect of the addition of SiC abrasive particles
in the weld region. They reported both reduced processing time and
improved joint strength. Deshpande et al. [18] demonstrated that
thermal assistance can help reduce chipping and shorten processing
durations. Specifically, the authors used a furnace to heat the aluminum
cover sheet. Five different temperature levels, ranging from 20 °C to
427 °C, were investigated. Other studies have confirmed the benefits
of additional heating, achieved through laser beams [19] or electri-
cal currents [20], during the FEW process. Modeling and simulation
efforts have provided deeper insights into the FEW process. Varma
et al. investigated material deformation, temperature evolution [21],
and the chipping phenomenon during welding [22]. Absar et al. [23]
proposed the use of micro thin-film thermocouples throughout the
weld region for precise temperature monitoring, which is essential to
validate numerical models.

With the advent of Industry 4.0, new tools for real-time quality
assessment of welding processes and assemblies are emerging and
becoming increasingly important [24]. However, to the best of the
authors’ knowledge, no previous studies have specifically addressed
monitoring in the FEW process. Pre-existing gaps in sheet stacks are
the major factor affecting the quality and performance of FEW joints.
Such gaps typically result from imperfect sheet matching, induced by
non-ideal geometries and residual deformations accumulated during
prior manufacturing and/or joining operations. Their presence pre-
vents proper contact between sheets, leading to insufficient under-head
filling, incomplete metallurgical bonding, excessive protrusion of the
element head, and smaller welded areas. Although optimization of pro-
cess parameters can mitigate or eliminate some of these shortcomings,
it cannot eliminate the formation of peripheral gaps surrounding the
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joint, as they are a direct consequence of the initial sheet gap. Indeed,
while the element locally succeeds in squeezing the sheets together,
it leaves a peripheral gap surrounding the joint that remains after
the FEW process. This defect, by far the most recurrent automotive
FEW assembled parts, can compromise the load-bearing capacity and
weld reliability. Even minor misalignments or uneven surfaces can
introduce variability in the welding process, making it difficult to
achieve repeatable high-strength joints. Therefore, understanding and
controlling the influence of pre-existing gaps is essential for ensuring
the structural integrity and performance of FEW assemblies, especially
in demanding applications such as automotive body structures.

This work proposes a quality monitoring framework for the FEW
process. The approach begins with a thorough process analysis and
the definition of quality requirements. Following process optimization
and sensor system integration, an experimental campaign has been con-
ducted to investigate the effect of pre-existing sheet gaps. These gaps
are intentionally introduced during the welding of 2000 MPa boron
steel to a 6xxx-series aluminum alloy, a promising material combina-
tion for lightweight and high-strength automotive body structures with
improved crashworthiness. During welding, key process signals, such as
axial force (i.e., vertical force applied by the element) and element dis-
placement, are recorded, along with the temperature captured around
the welded joint using a thermal camera and thermocouples. While
temperature measurements provide valuable insights into joint quality,
their implementation in large-scale production could be prohibitive.
Therefore, the study investigates correlations between thermal data
and readily available process signals to identify practical monitoring
features. Based on the collected data, control charts are developed as
practical tools for process monitoring and defect detection.

2. Methodology

This chapter describes the methodology applied in this study, as
illustrated in Fig. 1. The approach is structured into four main stages.
The first stage, Process overview, involves an in-depth analysis of the
FEW process and the identification of relevant quality requirements.
The second stage, Experimental phase, concerns the implementation
of the sensor system and the execution of the experimental welding
campaign. The third stage, Data analysis, deals with the selection and
extraction of engineering features from process signals. Based on this
analysis, a feedback loop to the second stage, referred to as Sensor
selection, may occur if some sensors are deemed to be unnecessary and
subsequently removed. The final stage, Decision support tool development
and testing, involves the development and testing of the decision support
tool (DST). Depending on the DST performance, it may be necessary
to return to the third stage to select additional features. All the main
stages, along with their relative sub-stages applied to the FEW process,
are discussed in detail in this chapter.

2.1. Process overview

This stage includes 2 sub-stages: the process analysis and the quality
criteria specification. During FEW, a rotating steel element penetrates
the upper aluminum sheet under axial force, softening the material
through frictional heat and forming a strong weld with the bottom steel
sheet. The process shown in Fig. 2 consists of four sequential phases:

+ Penetration: the rotating element is forced through the upper alu-
minum sheet by an axial force. As it advances through this sheet,
friction generates heat, softening the aluminum and causing it
to undergo plastic deformation. The material flows around the
element shaft and beneath its head.

Cleaning: once the element tip makes contact with the surface
of the bottom steel sheet, friction increases significantly due
to the higher strength of the steel. The resulting temperature
rise plastically deforms the element tip, causing it to upset and
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Fig. 1. Methodology adopted for the quality monitoring framework for FEW.
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2 — Cleaning
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3 — Welding 4 — Compression

| Spindle |

Fig. 2. FEW schematization.

spread laterally, forming a characteristic upset around the shaft.
Although the steel sheet itself does not deform significantly, its
surface is effectively cleaned, and any anticorrosion coatings are
removed. This phase demands more time and energy than the
others, but it is critical to the overall process: the heat generated
through friction lowers steel resistance to deformation, effectively
preparing the materials for the subsequent welding phase. This
ensures proper metallurgical bonding between the element and
the steel sheet, and hence plays a key role in determining the final
quality of the joint.

Welding: continued frictional interaction leads to the formation
of a solid-state weld between the element and the steel sheet.
The element undergoes further plastic deformation and is progres-
sively upset into the aluminum sheet, completing the mechanical
interlock.

Compression: the element rotation is stopped, and a final higher
axial force is applied. This step closes any cracks that may have
formed during deceleration and ensures the element head is
firmly embedded in the aluminum sheet, finalizing the joint.

The main input parameters governing all phases of the FEW process
are: (i) axial force, (ii) element rotational speed, and (iii) element head
displacement. Among these, head displacement (set at O at the onset
of the penetration phase) controls the transitions between penetration,
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cleaning, and welding phases: each of these phases ends once a pre-
defined head displacement value (set by the operator) is reached. In
contrast, the compression phase is time-controlled, with its duration
also set by the operator.

The quality of FEW joints is assessed based on several geometrical
and microstructural features, as highlighted in Fig. 3. A welded joint
meets the quality requirements when these features fall within specific
limits and fulfill defined conditions. The quality requirements used in
this study, as reported in Table 1, were defined according to established
automotive recommendations [25] for a stack of 2 mm-thick Al and
steel sheets.

2.2. Experimental phase

The experimental stage consisted of the sensor system implementa-
tion and data collection to describe both the behavior of the reference
(i.e., benchmark) and the disturbed processes.

A preliminary welding campaign was conducted to evaluate the
performance of the welding machine and sensors, define the benchmark
process, and verify and validate the selected quality requirements.

The objective was to define a reference process (i.e., benchmark)
that consistently produced joint samples meeting all quality require-
ments shown in Table 1. Additionally, the joining process had to be the
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Quality requirement specifications for FEW welds [25]. They refer to 2 mm-thick Al and steel sheets and

a CFF" element.

Joint quality factors

Motivation and requirement

Chip formation

Chips around the element head can compromise the
bodywork and its corrosion resistance.
Requirement: Absence of chips around the element head.

Under-head filling

Under-head filling affects the joint impermeability.
Requirement: Contact length between the upper sheet and the
area under the element head, L, greater than half of the
under-head length, Ly, (Lp > %LH).

Excess element head

The height of the element head, E, must be experimentally
determined based on sheet characteristics and thickness.
Requirement: 2.8 — 3.2 mm.

Head angle

The head inclination angle indicates a possible incorrect
robot positioning and affects joint quality.
Requirement: If 0 > 3°, equipment inspection is necessary.

Welded zone diameter

The welded zone diameter is essential for joint quality and
must be larger than the element stem diameter (4.55 mm).
Requirement Qwelded zone > @element stem*

Cracks in the welded zone

Cracks in the welding zone can compromise joint strength.
Requirement: Crack length < 0.5 mm

Wrinkles in the welded zone

Wrinkles are local surface deformations that can appear in
the element or the surrounding material during the welding
process. They usually occur when the element is excessively
compressed since the material is forced to deform plastically,

leading to the formation of wrinkles.
Requirement: Wrinkles have to be located outside a cylindrical
region of 3.5 mm in diameter centered on the element axis

Post-welding gap

The sheet gap surrounding the FEW joint is caused by

imperfect matching between the sheets to be assembled. It is
measured at 8 mm from the element axis (in both directions).
Requirement: gap < 0.5 mm

1 — Chip formation

2 — Under-head filling (L)

3 — Excess element head

4 — Head angle (9)

. 5 —Welded zone diameter

2 6 — Cracks in the welded zone

7 — Wrinkles in the welded zone

8 — Sheet gap

1 mm

—_

Fig. 3. Example of an aluminum-steel joint and typical quality requirements. Each number indicates the potential defect location to be checked.

right tradeoff between joint strength, which generally increases with
welding time, and energy consumption.

The experimental setup for the FEW test is shown in Fig. 4. FEW
was carried out using a second-generation EJOW ELD® machine. This
machine used built-in sensors, which operated at a sampling frequency
of 500 Hz, to monitor several process parameters (energy consumption,
process time, element head movement, rotational element speed, and
so forth). The element used was made with a boron steel and had a
CFF® geometry, with a shaft diameter of 4.55 mm and a total height
of 7.20 mm (more details can be found in [26]). The upper sheet was
a 6xxx series aluminum alloy, while the lower sheet was an ultra-high
strength 37MnB4 steel (trade name Usibor® 2000). Both sheets were
2mm thick.

Since the joining process can be stopped after the penetration and
cleaning phases, the reference process was determined by incremen-
tally optimizing the input parameters for each stage (i.e., first for
penetration, then for both penetration and cleaning, and finally for
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the full sequence). As previously discussed, the input parameters are
the axial force, F, element rotational speed, n, and element head
displacement, s, in the first three phases. The machine advances to
the next phase once the set displacement is reached. In contrast, the
final compression is time-controlled as follows: 9 kN load for 300 ms
without element rotation. Preliminary tests confirmed the suitability
of this setting, validating their direct adoption in the process without
further adjustment.

During the penetration phase, the main focus was on minimizing
chip formation, as it compromises the corrosion resistance of the joint.
After cleaning, the requirement was the welding zone diameter. A chisel
test verified whether this diameter exceeded that of the element shaft
(i.e., 4.55mm). The welding and final compression stages were defined
to produce joints that fulfilled all the quality requirements in Table 1,
which were verified through metallographic examination (see Fig. 3).

Ultimately, three configurations that satisfied all geometrical qual-
ity specifications (Table 1) were selected. The selection was made



G. Antal et al.

Feed motor

Journal of Manufacturing Processes 156 (2025) 17-28

Sensors

FEW machine
embedded sensors

Infrared camera
(Optris P1 450)

e e

Fig. 4. Experimental setup. The main components and sensors are highlighted.

Table 2

Benchmark process input parameters. Element head displacement (s), axial force (F), and rotational speed

(n) are reported.

Parameter Penetration

Cleaning

Welding Compression

s (mm) 1.8 2.8
F (kN) 8 5
n (rpm) 4000 7000

4.0
5 9 kN for 300 ms?*
7000

2 FEW element does not rotate during the Compression phase.

because their energy consumption and process time could be broadly
categorized into high, intermediate, and low levels of energy consump-
tion and process time, thus providing a representative spectrum of
operating conditions (mean and standard deviation computed on 5
samples): Case (i) 3468.5 +159.0 Ws and 2.48 +0.13 s (high energy
consumption and process time), Case (ii) 3161 +304.0 Ws and 2.36
+0.19 s (intermediate energy consumption and process time), Case (iii)
2687.4 £103.1 Ws and 1.99 +0.05 s (low energy consumption and pro-
cess time). Shear tension tests were carried out on the same five samples
for each configuration (sample size Al 110x50 mm, Usibor 100x50 mm,
overlap 20 mm) to evaluate joint strength. The peak load obtained
was, respectively, 9.42 +0.46 kN, 8.18 +0.94 kN, and 7.52 + 1.57 kN.
Although all three configurations meet the minimum requirements
outlined in Table 1, Case (i) provides the highest mechanical strength
along with the lowest variability. Such performance is particularly
desirable in a production environment, as it ensures a consistently high
standard of quality. For this reason, this configuration was selected as
the benchmark process. The corresponding input parameters for phases
1-3 are detailed in Table 2. It is worth noting that further studies
could be aimed at reducing energy consumption and process time
while maintaining adequate weld strength, as exemplified by Case (ii).
Instead, Case (iii) suffers from a low shear tension strength and high
variability, which makes this configuration unsuitable for automotive
standards.

Once the benchmark process was completed, the next stage involved
identifying the measurable physical quantities relevant to the joining
process and the corresponding sensors, as described in Table 3. These
variables were measured using the FEW machine built-in sensors. Since
the joint could not be measured directly, as it was firmly clamped
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downholder

jig T T

Al sheet

gauge
steel sheet

anvil

Fig. 5. Initial gap (IG) configuration, with IG = {0.2, 0.3, 0.4, 0.5, 0.6, 1.3,
1.5, 1.9} mm. The black points indicate the thermocouples positions.

between the anvil and the downholder (see Fig. 2), the temperature
around the weld area was measured using an Optris PI 450 IR thermal
camera and a set of thermocouples.

The thermal camera captured thermal images at a resolution of
382x288 px (pixel), with a spatial resolution of about 0.24 mm/px
(i.e., only defects larger than 0.24 mm can be potentially detected)
at 30 fps. The temperature data from the IR camera were limited
to a defined region of interest (ROI). A linear ROI was positioned
along the vertical axis of the FEW machine to ensure relevant and
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Table 3
Measurable physical quantities during FEW experiments.
Symbol Unit Description
E (Ws) Energy consumption during the process phases
t (s) Total process duration
F (kN) Axial force
s (mm) Element head displacement
IFM (%) Friction motor power (percentage of the max value)
IF (%) Feed motor power (percentage of the max value)
n (rpm) Friction motor speed
M (Nm) Friction motor torque
T () Welding area temperature
5
= Element head displacement
[ Step number ﬁ —_
()] . ™
Q Axial force o
=] Friction motor speed ';'<
2, s ° £
o / ’ =
(<))
= el
N ]
= a
—~
g 6 &
CER / S
E [e)
g €
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3 S
3 45
8,27 s
< =
el
g X
< F2 8
+= 14 S
g 8
g ©
)] =
75 <
l O
0 T T T T T
0.0 0.5 1.0 1.5 2.0
Time (s)

Fig. 6. Examples of the process signals from a sheet sample obtained with the benchmark parameters (IGO).

consistent data acquisition. As illustrated in Fig. 5, a custom jig was
designed to precisely center the weld within each sample, enhancing
the repeatability and reliability of temperature measurements. It was
made by a 40x40x2 mm aluminum sheet that, during the experiment,
was placed upon the sheet stack. Four glass fiber thermocouples (3 mm
in diameter and suitable for temperature measurements up to 400 °C)
were attached to the lower steel sheet along a circular path at the
anvil exit to measure the temperature in proximity of the weld area
during the joining process. They were positioned at angular intervals of
90°, ensuring an equidistant distribution along the measurement circle
(refer to Figs. 4 and 5). Data acquisition, at a sampling frequency of
1 kHz, was handled using a National Instruments NI-USB 6211 DAQ
board, paired with custom LabVIEW software.

The last sub-stage involves experimental work, including numerous
welding tests and the acquisition of data for both the nominal process
and conditions with intentionally introduced defects. It consists of
two steps: (i) the production of samples using the previously defined
benchmark process, and (ii) the simulation of gap defects. With the
benchmark process established, the next step was to artificially repro-
duce the most common defect observed in FEW of automotive sheets:
the gap between the two welded sheets surrounding the joint. As
mentioned previously, such gaps originate primarily from poor initial
matching of the sheets before welding. As presented in Table 1, the
post-weld gap was measured at a distance of 8 mm from the joint
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axis, with the maximum allowed value at this location not exceeding
0.5 mm.

To artificially reproduce the defect, an initial gap (IG) was intro-
duced on both sides of the joint region by inserting calibrated thickness
gauges. The configuration of the sheet stack along with the gauges and
the jig is displayed in Fig. 5. A range of IG values was selected - {0.2,
0.3, 0.4, 0.5, 0.6, 1.3, 1.5, 1.9} mm - to progressively assess the effect
of increasing IG size on the resulting post-weld gaps. The post-welding
gaps were measured through cross-sectional analysis of the FEW joints.
All samples with induced IG were welded using the previously defined
benchmark parameters.

2.3. Data analysis

Based on process characteristics, signal features indicative of gap
conditions were investigated through the analysis of the FEW machine
data. The goal was to identify signal features that can reliably indicate
the presence of anomalies while exhibiting low variability under the
benchmark process condition (i.e., when the process is under control).
This task is part of the broader data analysis stage. Other sub-stages,
such as data preprocessing, are beyond the scope of this discussion and
are therefore not included in Fig. 1. As shown in the figure, feature
engineering is based on both process analysis and quality requirements.
For example, in the presence of a gap, changes in the final head position
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Fig. 7. Axial force, element head displacement, feed motor power, and friction motor power signals obtained from different initial gaps. IGO corresponds to the

benchmark process.

are expected since most phases of the FEW process are controlled by
element head displacement (see Table 3).

2.3.1. Benchmark process signals analysis

Before feature extractions, the behavior of the benchmark process
was first analyzed. Fig. 6 shows the time evolution of element head dis-
placement, step number, axial force, and element rotational speed for
a representative sample processed under the benchmark condition. As
previously mentioned, the duration, and hence the transitions, between
the first three process phases are driven by head displacement: when
the head reaches a predefined displacement (see Table 2), the process
moves to the next phase. At the same time, both rotational speed and
axial force are adjusted to preset values. The slope of the displacement
curve provides further insights into process dynamics. In the first phase,
the element penetration speed is high due to the low mechanical
strength of aluminum. However, during the subsequent cleaning phase
(displacement range of 1.8-2.8 mm), the dynamics change notably.
Element deceleration occurs for two reasons: a reduction in axial force
and the contact between the element and the steel sheet. This cleaning
phase is crucial in the FEW process, as adequate heat generated through
friction reduces the steel resistance to deformation, thereby preparing
the materials for the welding phase. As a result, the slope of the
displacement curve increases despite the same axial force (5kN) and
a higher head displacement (1.2 mm, from 2.8 mm to 4 mm).
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Based on a dataset of 25 specimens, samples processed under the
benchmark condition exhibit consistent process signals, with an aver-
age total process time of 2.46 +0.14 s.

2.3.2. Gap process signals analysis

The axial force, element head displacement, and motors power
signals from specimens with different initial gaps, IG={0.3, 0.6, 1.3},
are compared to the benchmark case (IG = 0), as shown in Fig. 6. Other
measurable physical quantities reported in Table 3 were not considered
in the data analysis: energy consumption (proportional to process time)
and friction motor torque (proportional to motor power since element
rotational speed is constant in each phase).

Regarding the axial force during the penetration phase (F = 8 kN), it
can be observed that the duration of this phase shortens as IG increases.
This effect is especially pronounced with IG1.3 (red curve in Fig. 7 top
left). Two main reasons contribute to this behavior: (i) the transition
to the cleaning phase is triggered at a fixed head displacement of
1.8 mm, and (ii) the presence of a gap reduces material resistance to
penetration, leading to a faster advancement of the element. This trend
is also confirmed by the head displacement curves (Fig. 7, top right),
where the slope between 0 and 1.8 mm becomes steeper as IG increases,
indicating higher velocity in reaching the preset head displacement.

A similar pattern is observed during the cleaning phase: larger
IGs result in steeper displacement curves and shorter phase durations.
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distances (1 px = 0.24 mm).

Conversely, the welding phase (range 2.8-4 mm) is much longer for
larger IG values. This is attributed to insufficient frictional heat gen-
erated during a short cleaning phase, which impairs the achievement
of adequate welding temperatures. As a result, the welding phase
requires more time to achieve the target head displacement of 4 mm,
which reflects in a lower slope of the displacement curve. Interestingly,
the total duration of all three phases (i.e., penetration + cleaning
+ welding) remains approximately constant at varying IGs. All gap-
affected welding durations fall within the time range of the benchmark
condition (2.46 + 0.14 s), indicating that total process time alone is not
a reliable indicator of the presence of an initial gap between sheets.
However, final displacement values tend to be higher for larger IGs.
During the final compression phase (F = 9 kN for 300 ms), the longer
welding phase allows deeper element penetration, resulting in greater
overall head displacement. Similar considerations also apply to the
two power signals, which exhibit comparable profiles and pronounced
peaks at process phase transitions, occurring when the element head
reaches the preset travel distance.

In conclusion, while all samples share the same displacement tar-
get, the rate at which this displacement is achieved varies with the
initial gap. Therefore, time-based features, such as phase durations and
displacement curve slopes, are more effective for identifying both the
presence and severity of an initial gap between sheets.

2.3.3. Temperature signals analysis

Temperature measurements were acquired for samples with IG of
{0, 0.2, 0.3, 0.4, 0.5, 0.6} mm. Some limitations must be acknowledged
regarding the use of thermocouples and an IR camera for tempera-
ture measurements. Thermocouples, when properly installed, provide
accurate pointwise measurements; however, they suffer from several
disadvantages, including sensitivity to positioning errors, wear degra-
dation, and uncorrect measurements due to machine vibrations, and
considerable challenges related to installation in industrial environ-
ments. Conversely, thermal imaging offers a more practical and robust
approach for process monitoring, as it provides comprehensive spatial
information with lower sensitivity to mechanical wear and alignment
errors. Nevertheless, this technique cannot directly capture the tem-
perature at the joint, since it is enclosed between the downholder
and the anvil. With the thermal camera positioned perpendicular to
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the vertical axis of the machine, it recorded the temperature of the
anvil and downholder surfaces close to the sheet stack and the edge
of the sheet stack. Despite this limitation, the temperature evolution
in these regions, along the ROI, can offer valuable indirect insights
into the thermal behavior during the welding process. Fig. 8 shows an
example of the temperature profile acquired during a single experiment
along the ROI at the end of the welding process (set as tO = O s),
corresponding to the onset of the upward motion of the downholder
as it released the welded sample. The ROI was oriented along a linear
path, aligned to the axis machine, extending from the downholder
to the anvil through the sheet stack (top-right side in Fig. 8). The
thermal camera captured a recurring “bell-shaped” temperature profile.
The first part of the curves progressively shifts left (i.e., toward lower
distance values) over time, corresponding to the opening movement of
the downholder as it releases the welded sample. Each curve displays
two distinct temperature peaks, one located on the anvil and the other
on the downholder. For example, the instant + = 0 s shows the peak
temperature (102 °C) recorded on the downholder surface close to the
sheet stack (at 108 px distance). Beneath this region lies a 20-30 pixel-
wide zone at near-ambient temperature corresponding to the border of
the sheet stack, followed by a second peak of 108 °C.

After 0.6 s, the two temperature peaks decreased to 86 °C and
100 °C, respectively. The temperature reduction was less pronounced
for the anvil because the welded sample remained in contact with it,
whereas the downholder detached and moved upward. These observa-
tions suggest that the heat generated during the FEW process did not
propagate to the sample edges (20 mm away from the weld center)
within the short welding duration (~ 2 s).

Fig. 9 compares IR camera and thermocouple measurements for
IGO0, IGO.3, and IG0.6 over a 4 s time interval, starting from the
onset of the temperature rise (taken as the process start point). The
IR camera measurements correspond to the pixel on the upper side of
the anvil closest to the sheet stack, thereby enabling the most direct
possible comparison of the temperature data obtained from the same
region. Peak temperatures were typically achieved at around 2 s, in
correspondence with the end of the welding process.

Fig. 9 shows that the thermocouples may exhibit segments of the
temperature profile with inconsistent values, as observed in the case
of IGO and IGO0.4, where the measured temperature abruptly decreases
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to build the correlation matrix.

during welding. As noted previously, such anomalies are inherent to
the limitations of the use of thermocouples for monitoring this welding
process. Instead, thermal imaging needs to maintain a clear view of
the environment during acquisition. During the tests, unpredictable
vibrations of the FEW machine or the camera may have altered the line
of sight, which would explain the temperature drop of approximately
40 °C observed for IG0.3 at around 3.2 s.

2.3.4. Feature extraction and selection

Based on the previous discussions, the following features were
extracted from the process and temperature acquisition signals: du-
ration of penetration phase (¢_phase_1), duration of cleaning phase
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(t_phase_2), duration of welding phase (¢_phase_3), total duration of
the above 3 phases (7_3_phases), maximum element head displace-
ment (d_max), axial force measured just before element rotation starts
(f_max_no_rot), average and standard deviation of motors power signals
(avg_feed_pwr, avg_friction_pwr, std_feed_pwr, std_friction_pwr), and
maximum temperature recorded by both the IR camera and thermo-
couples (T_max_camera, T_max_tcouples).

It is worth remembering that the primary goal is to identify the
post-welding gap (see Table 1), rather than to establish a direct re-
lationship between the initial gap between sheets and the extracted
features. Indeed, the process response to variations in initial gaps is not
necessarily predictable, as certain conditions may change significantly.
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Post-welding gaps were measured through macrographic examinations
for 12 samples with IGs of {0, 0.2, 0.3, 0.4, 0.5, 0.6} mm. The range was
limited to 0.6 mm, as observations indicated that the threshold between
conforming and non-conforming post-welding gaps is between 1G0.4
and IGO.6.

As shown in Fig. 1, this stage may involve a feedback loop known
as sensor selection. To support this, Pearson correlation coefficients
were calculated between the extracted features and the measured post-
welding gaps, as

B0 = D0, = )
r= R
VI = 92 T, G - 2

where n is the sample size, (x;, y;) are the individual feature values, and
(x, y) are the feature means. The Pearson coefficient was selected for its
suitability in measuring linear relationships.

Several features exhibit strong correlations (i.e., |r| > 0.8) with the
post-welding gap, including maximum temperature from the IR camera
(T_max_camera), maximum element head displacement (d_max), force
just before element rotation begins (f_max_no_rot), penetration phase
duration (¢_phase_1), and the standard deviation of the friction motor
(std_friction_pwr). In contrast, the maximum temperature measured by
thermocouples only shows a moderate correlation (—0.57), likely due
to their high sensitivity to positioning errors. A moderate correlation
can be observed for both std_feed_pwr and avg_friction_pwr, whereas
phases sum, ¢_3_phases, and avg_f eed_pwr exhibit a low correlation. No-
tably, ¢t_phase_l displays the strongest correlation with the post-welding
gap and also correlates highly with T_max_camera (0.80) and with
std_friction_pwr (0.84). Similarly, f_max_no_rot has a strong correlation
with T_max_camera (0.94), while d_max is closely related with both
f_max_no_rot and t_phase_l.

These findings demonstrate that penetration time, ¢_phase_l, and
force just before element rotation starts, f_max_no_rot emerge as the
most informative predictors of the post-process gap.

(€Y

2.4. Decision support tool development and testing

The final stage of the proposed methodology involves the devel-
opment and validation of a decision support tool. While data quan-
tity could enable more complex approaches such as advanced data
processing and machine learning (ML) methods, a more straightfor-
ward and interpretable solution is proposed here. Specifically, two
3-0 control charts [27] were developed using the most informative
features identified earlier, i.e., t_phase_1 and f_max_no_rot. Control lim-
its for these charts were defined using 34 samples produced under
benchmark conditions. Additional samples with varying IGs were then
processed to evaluate the effectiveness of the control charts in detecting
non-conforming welds.

3. Results and discussion

Following the definition of the benchmark process, a series of
welded samples was produced and examined through cross-sectional
analysis to measure the post-welding gaps. Leveraging the correlation
matrix shown in Fig. 10, the most informative features for identifying
post-welding gaps were extracted, and two 3-¢ limits control charts
were constructed accordingly. Moreover, six additional samples with
IGs of {1.3, 1.5, 1.9} mm were added to validate the proposed control
charts.

Fig. 11 shows the resulting control charts. The first chart (Fig. 11(a))
is based on the duration of the penetration phase, while the second
chart (Fig. 11(b)) tracks the force measured when the element rotation
starts, at the onset of the penetration phase. Both charts show a general
decreasing trend as the IG increases. As a consequence, this decreasing
trend is associated with a corresponding increase in the post-welding
gaps. This behavior results from the control mechanism based on
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Fig. 11. 3-c limits control charts for the selected features. The construction
samples refer to the specimens made under benchmark process conditions and
used to define the chart limits. The post-welding gap dimensions measured
through macrographic examinations are indicated in mm next to each sample.

element head displacement. When an initial gap is present, the element
can move downward more freely, since it initially only presses the
upper sheet toward the lower one. Until the two sheets make contact,
there is little resistance to the motion of the element. Consequently,
especially in the presence of a large gap, the preset element head
displacement of 1.8 mm, which drives the penetration phase, is achieved
faster and with lower force. The time-related chart shows a higher
sensitivity in detecting the extent of the post-welding gap. Samples
with large IGs (i.e., {1.3, 1.5, 1.9} mm) are clearly differentiated from
those with smaller IGs. Notably, in all cases where a post-welding gap is
present, the force before element rotation consistently remains below
1.9 kN. This makes the f_max_no_rot chart effective for detecting the
presence of a post-welding gap, regardless of its extent.

Fig. 12 shows nine cross-sectional images of FEW joints, each rep-
resentative of the effects of different IG values. The metallographic
observations clearly demonstrate that the post-welding gap is strongly
dependent on IG. For the IGO condition, proper matching between the
aluminum and steel sheets is achieved, with no detectable residual
gap. This confirms that, in the absence of an initial gap, the FEW
process ensures an optimal fit between the sheets, thereby minimizing
the likelihood of post-welding separation. As the IG increases up to
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(f) 1G0.6

(i) 1G1.9

Fig. 12. Cross-sections for IG = {0.2, 0.3, 0.4, 0.5, 0.6, 1.3, 1.5, 1.9.} mm. The non-compliant features, as indicated in Table 1, are highlighted in red. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

0.5 mm, a progressive widening of the post-welding gap is observed;
however, all the corresponding joints meet the quality requirements
outlined in Table 1. In these conditions, the measured post-welding
gaps range from 0.22 to 0.45 mm. Conversely, the 1G0.6 condition
exhibits borderline performance: in several cases, both the post-welding
gap and element head criteria are not fulfilled (Fig. 12(f)), while in
other instances compliance is maintained. Although Fig. 12 suggests
a compliance limit of IG0.5, it is important to analyze the post-process
gaps since the same IG could lead, due to uncontrolled factors, to a
different result. For example, IGO.2 resulted in one sample really close
to the compliance limit (post-gap = 0.48 mm) (see Fig. 11). At IGs over
0.6 mm, the degradation in joint quality is more pronounced. Under
these conditions, the welds consistently fail to meet multiple require-
ments, particularly those concerning the element head and under-head
filling (Figs. 12(g), 12(h), 12(i)). The analysis reveals a systematic
relationship between the post-welding gap and other quality features of
the FEW joints. Specifically, whenever the requirements for under-head
filling and element head distance are not met, the post-welding gap
requirement is also not satisfied. Conversely, compliance with the post-
welding gap requirement reliably ensures that all other quality criteria
are fulfilled. Under the examined conditions, the findings indicate that
the post-welding gap requirement is the most conservative requirement
for identifying non-conforming FEW joints. Therefore, larger initial
gaps not only limit sheet matching close to the FEW joint but also
undermine the overall weld integrity.

Overall, the proposed control charts are effective in identifying
post-welding gaps. Specifically, penetration time proves to be a reli-
able indicator for detecting gaps exceeding the acceptable threshold,
provided that appropriate control limits are established. Furthermore,
these control charts serve as a valuable tool for real-time process mon-
itoring, enabling the early detection of undesirable shifts or deviations
during the FEW process.

4. Conclusion

This study proposes a domain-knowledge-based framework for qual-
ity monitoring in FEW, applied to the welding of 6xxx aluminum alloy

27

and Usibor® 2000 steel for automotive applications. The approach
involves process analysis, definition of quality requirements, identifi-
cation of measurable quantities, and sensor system implementation.
The experimental campaign addressed both the benchmark process
and the influence of initial gaps between the sheets as a process
disturbance. Features extracted from the process signals, an IR thermal
camera, and thermocouples were analyzed and correlated with the
resulting post-welding gap, leading to the identification of the most
relevant indicators through three-limits control charts for real-time
quality monitoring. Key findings are as follows:

» The penetration phase duration and the axial force measured just
before element rotation starts are identified as the features most
strongly correlated with the post-process gap.

Peak temperatures during welding are highly informative for
monitoring FEW quality, with increasing IGs correlating to re-
duced peak temperatures. Importantly, peak temperatures corre-
late strongly with process signals. Since direct temperature mea-
surement could be cost-prohibitive and often impractical in large-
scale production, process signals may offer a feasible alternative
for quality assessment.

The proposed control charts, based on penetration time and the
axial force just before element rotation starts, are effective in
identifying post-welding gaps. As such, they serve as practical
tools for FEW process monitoring and for identifying defective
welds in real-time.

Overall, the proposed approach can serve as a basis for developing
more advanced quality monitoring tools for FEW. In the context of In-
dustry 5.0, which emphasizes human-machine collaboration, operators
require accessible and user-friendly decision-support systems. Simple
tools such as control charts, though well-established, continue to meet
modern industrial needs and have regained relevance. While advanced
approaches like machine learning can be powerful, they require large,
structured datasets that are often unavailable from production lines.
In contrast, simple and interpretable tools, like those proposed in this
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study, remain robust under limited data availability and offer practical,
easily applicable solutions. The proposed framework could also sup-
port domain-knowledge-based ML models, enabling further research on
automated defect detection during the quality specification phase.

To conclude, because this work is limited to uniform IG, future
implementation could focus on testing the proposed approach under
other non-ideal conditions, such as the presence of a non-uniform or
one-sided gap.
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